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Abstract. As part of national biosecurity programs, cargo imports, passenger baggage,
and international mail are inspected at ports of entry to verify compliance with phytosanitary
regulations and to intercept potentially damaging nonnative species to prevent their introduc-
tion. Detection of organisms during inspections may also provide crucial information about
the species composition and relative arrival rates in invasion pathways that can inform the
implementation of other biosecurity practices such as quarantines and surveillance. In most
regions, insects are the main taxonomic group encountered during inspections. We gathered
insect interception data from nine world regions collected from 1995 to 2019 to compare the
composition of species arriving at ports in these regions. Collectively, 8,716 insect species were
intercepted in these regions over the last 25 yr, with the combined international data set com-
prising 1,899,573 interception events, of which 863,972 were identified to species level. Rarefac-
tion analysis indicated that interceptions comprise only a small fraction of species present in
invasion pathways. Despite differences in inspection methodologies, as well as differences in
the composition of import source regions and imported commodities, we found strong positive
correlations in species interception frequencies between regions, particularly within the Hemi-
ptera and Thysanoptera. There were also significant differences in species frequencies among
insects intercepted in different regions. Nevertheless, integrating interception data among mul-
tiple regions would be valuable for estimating invasion risks for insect species with high likeli-
hoods of introduction as well as for identifying rare but potentially damaging species.

Key words: biological invasions; biosecurity; border inspection; invasive species; species composition;
species pools.

INTRODUCTION

International trade and travel have grown rapidly over
the past century. This has resulted in increases in the
unintentional movement of small organisms that may

contaminate goods moved across borders (Hulme 2009,
Essl et al. 2011). Many of these contaminating organisms
are insects, some of which have caused serious detrimental
economic, ecological, and human-health impacts after
they have arrived and established in nonnative habitats
(Kenis et al. 2009, Bradshaw et al. 2016). As part of
national biosecurity programs, inspection officers aim to
reduce the global and domestic spread of unwanted
organisms. They conduct inspections of arriving goods
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and personal baggage at ports of entry (land borders,
ports, and transitional facilities) (Saccaggi et al. 2016,
Black and Bartlett 2020). However, the overwhelming vol-
ume of trade and travel means that it is usually only prac-
tical to inspect a small fraction of arriving material.
Insects are the most species-rich group of animals in

the world, and that diversity is reflected in the large
number of insects detected at ports of entry (McCul-
lough et al. 2006). Insect life history traits often include
cryptic habits as well as dormant and minute life stages
that make detecting the full range of arriving insects a
challenging task for border security agents. True arrival
rates of potentially invading species are usually difficult
to estimate. We use the term “arrival” in this paper to
refer to arrival at a point of entry to a region. However,
it does not automatically follow that an arriving insect
will enter the region as, for example, phytosanitary treat-
ments that kill, inactivate or remove pests, may be
applied to shipments upon arrival (Hennessey et al.
2014). In addition, most nonnative species that enter will
not establish successfully, and of those that do establish
the majority are relatively innocuous in the invaded
region (Brockerhoff and Liebhold 2017). Several studies
have explored the relationship between arrival rates
(propagule pressure) and establishment of nonnative
species (e.g., Lockwood et al. 2005, Brockerhoff et al.
2006, Brockerhoff et al. 2014). Hence, information on
insect contamination obtained from inspections per-
formed at points of entry may serve as a useful proxy for
arrival rates that could be used to evaluate invasion risk
even though they may represent a small sample of the
full cohort of globally traveling insects.
The concept of a species pool as a set of species that

can potentially colonize and establish in a new commu-
nity has been used to explain species richness in different
ecological contexts and spatial scales (Zobel et al. 1998,
Bennett et al. 2016). A source pool of potentially invad-
ing insect species would include species from source
regions that have a high probability of being transported
to new regions and, under favorable conditions, could
establish at the destination (Seebens et al. 2018). In the
context of the species arriving in a country, this global
source pool includes species that have yet to establish as
well as species that have already established in the desti-
nation country. As a simplification, insect species arriv-
ing at ports of entry may simply be “drawn” from a
common global source pool, leading to a positive corre-
lation between species abundance in the global source
pool and border interception frequencies of arriving
species. We refer to this model as the Global Model.
Under this model, we would expect border interceptions
of individual species to be correlated among different
regions.
Under an alternative model, we could expect that the

source pools of arriving insects show regional differences
in that the composition of interceptions may also vary
among regions due to differences in trading patterns and
inspection practices. Interception frequencies are a

function of both the true arrival rates and the probabil-
ity of (1) being found during inspections (which depends
on how these are carried out) and (2) being recorded
and entered into a database. We expect both of these fac-
tors to contribute to regional differences.
Ideally, interception information from multiple

regions would be integrated to build a more complete
picture of the species composition of insects in invasion
pathways to identify invasion risk of individual species
and higher taxa better. This could facilitate better pre-
diction of species or families of insects that are likely to
arrive and establish before they are detected in all indi-
vidual regions, thus informing the process of pest risk
analysis (MacLeod 2015). Such predictions would
improve the readiness of regions with fewer resources
available to monitor pathways and, in turn, could collec-
tively slow the global spread of invading insects.
Here, our objective is to compare the differences and

similarities in the composition of insect border intercep-
tions among the following nine countries or world
regions: New Zealand, Australia, South Korea, Japan,
Canada, mainland United States, Hawaii, the United
Kingdom and the region of the European and Mediter-
ranean Plant Protection Organization (EPPO). For this
we used available data collected at national ports of
entry between 1995 and 2019 (details in Appendix S1:
Table S1). Our goals here are (1) to identify similarities
and differences among regions at the species level and
summarized by higher taxa and (2) to use the Global
Model as a reference to investigate the extent to which
interceptions in individual regions deviate from each
other. With this information, operational integration of
international interception data sets may be uniquely
valuable for increasing each region’s awareness of the
range of insect species likely to arrive.

DATA AND METHODS

Data acquisition and cleaning

We analyzed interception data consisting of records of
insects detected during inspections of international air
and sea cargo, mail, vessels, and passenger baggage at
ports of entry. Unwanted organisms discovered during
these inspections were destroyed, so interceptions do not
directly represent introductions of a species into a region
but can be considered proxies for unobserved arrival of
species. Port-of-entry interception data were provided by
various government agencies around the world (see over-
view in Table 1). The sources and associated literature are
listed in Appendix S1: Table S1, and data summaries in
Data S1. In most regions, inspectors do not record the
number of individuals discovered, but instead, they
simply report species as being present in an inspected
shipment or in passenger luggage. Hence, one intercep-
tion represents a single detected arrival event for that spe-
cies regardless of how many individuals were associated
with that particular interception. Most of the data sets
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did not contain information on whether interceptions
originated from inspections of the passenger, cargo, or
other pathways, so statistics on the average number of
yearly interceptions per import value or international
arrivals are based on the approximate percentage of inter-
ceptions that can be attributed to each pathway as listed
in Appendix S1: Table S1. Further details on the sources
of uncertainty are described in Appendix S1.
Not all interceptions were recorded at the species

level. Depending on the region, a varying number of
interceptions were recorded at the species, genus,
tribe, family, or order level. However, for the analyses
reported here only interceptions recorded at the spe-
cies level were included, except for the overview statis-
tics in Table 1. Over time and among regions, there
has been variation in the nomenclature used to record
names of species and higher taxa. A common taxo-
nomic system was required to compare the data sets
from all regions and years. No one single database
exists for all insect names and their synonyms, so we
used a multistep process based on the Global Biodi-
versity Information Facility (GBIF) backbone taxon-
omy to standardize taxonomic names. We chose
GBIF (GBIF Secretariat 2020) as a base taxonomic
database as it has good coverage of insect names and
convenient access via R packages rgbif (Chamberlain
et al. 2017) and taxize (Chamberlain and Sz€ocs 2013).
Occasionally, the taxonomic names in GBIF are not
the most up-to-date; however, we prioritized standard-
izing to unique taxonomic names over assigning the
most up-to-date names. A detailed summary of the
taxonomic resolution method and the R code is pro-
vided in Data S2. Despite our application of this lar-
gely automated and objective system, some synonyms
may still be present among the tens of thousands of
taxonomic names in the data set, although this is
likely to be minimal.

Analysis of taxonomic proportional representation

To examine overall taxonomic trends, species intercep-
tion counts from all nine regions were summed by spe-
cies, family, and order levels. To evaluate whether
intercepted species were a representative sample of world
fauna, we compared the proportion of intercepted spe-
cies in each order with comparable proportions from the
entire world fauna (Zhang 2011). To test if the intercep-
tion frequencies deviated from the null hypothesis that
the proportions in each order are the same as for the
globally described species, we calculated 95% confidence
intervals around the expected number of intercepted spe-
cies using the binomial distribution (standard binomial
parameter for the probability of success, P = number of
interceptions/number of globally described species, or
P = number of intercepted species/number of globally
described species). Statistical analyses were conducted in
the R language (R Development Core Team 2019).

Analyses of species richness

There was considerable variation among regions in
the total numbers of interceptions, and this affects the
comparability of numbers of species intercepted in each
region. We therefore used rarefaction to standardize
sample sizes to compare species richness of equal-sized
samples (Chiarucci et al. 2008). Interception records are
thought to represent only a small fraction of the total
pool of insects arriving in each region (Kenis et al.
2007). Given the highly skewed distribution of species
interception frequencies (Liebhold et al. 2017), it is
likely that many species that arrive infrequently were
never detected during inspections (Brockerhoff et al.
2014, Turner et al. 2020). Species richness was examined
using sized-based rarefaction curves and sample
coverage-based rarefaction curves using the iNext

TABLE 1. International port-of-entry interception summary statistics including all Insecta.

Region Years Interceptions

% identified
to species

level
Number
of species

% of species
with only one
interception

Yearly
interceptions per
2018 import value
(in US$ billions)

Yearly
interceptions per
2018 international
passenger arrivals

(millions)

New Zealand 2000–2017 71,588 (3,977/yr) 47 1477 47 86† 11†
Australia 2003–2016 142,851 (10,204/yr) 43 1974 48 35 222
South Korea 1996–2014 131,061 (6,898/yr) 87 1040 33 12† 5†
Japan 1997–2017 355,422 (16,925/yr) 70 1153 25 21† 5†
Canada 1997–2019 13,640 (593/yr) 44 1259 54 1† 0†
USA mainland 1998–2018 1,140,279 (54,299/yr) 29 5641 45 12 273
USA Hawaii 1998–2018 17,261 (822/yr) 33 299 43 45 62
EPPO 1995–2010 14,718 (920/yr) 67 309 48 NA NA
UK 2010–2018 12,753 (1,417/yr) 34 300 40 2 0

Notes: Data have been collected spanning the last two decades where possible. The year range is inclusive of the listed start and
end year. Interception data may include detections from air and sea cargo, maritime vessels, international passenger baggage, and
international mail/courier parcels. NA indicates not applicable. See Methods section and Appendix S1: Table S1 for notes about
individual-region data sets.
†Estimates only as full data was not available, see Methods and Appendix S1 for further details.
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package (Hsieh et al. 2016). Here, sample coverage
refers to the proportion of the assemblage of arriving
insects, that is, considering their relative abundances,
which are represented by species in the interception sam-
ple sensu Good (1953, 2000) and Chao and Chiu (2016).
We used abundance-based methods rather than
incidence-based methods as used by Work et al. (2005),
as interceptions in our data sets were consistently avail-
able as interception events but not consistently recorded
with an associated sampling unit such as the container
inspected. Work et al. (2005) note several of the limita-
tions associated with using interception abundance data
because of inspection and recording strategies. There-
fore, we present the abundance-based rarefaction curves
and explore the broad patterns while acknowledging the
influence of interception probability. Chao1 species rich-
ness estimates were calculated using the package’s
ChaoRichness() function on the intercepted species
abundance data.

Correlation analyses

Pearson correlation coefficients in numbers of inter-
ceptions per species between regions were calculated to
evaluate similarities among regions. Separate correla-
tions among regions were calculated for each of the six
most commonly intercepted orders, as well as for the
most commonly intercepted families within those orders.
We used Pearson’s correlations of log(x + 1) trans-
formed interception frequencies to reduce the effect of
extreme outliers, which might occur in some regions
because of targeting of particular pathways, origins, or
taxonomic groups. Following this transformation, the
relationships between different regions’ interception
frequencies were roughly linear. However, to test the
significance of correlations, we used Spearman’s rank
correlation coefficients because they are not sensitive to
the highly skewed distribution of counts present in our
species count data.
To evaluate the extent to which the compositions of

interceptions in each region differ, we tested the null
hypothesis that all regions were randomly sampled from
a single pool of globally transported insect species; we
compared observed correlations between pairs of
regions with expected correlations generated under a
null hypothesis of random draws from a single finite set
of species with a set of relative frequencies (the Global
Model). The pairwise correlations are analogous to a
similarity matrix but, because each country has a differ-
ent sample size, the correlations would be expected to
deviate from 1 even if sampling with the same method
from exactly the same pool of arriving insects (as in the
Global Model). For an example of correlations expected
under the Global Model for a range of sample sizes see
Appendix S2: Fig. S1. The deviation from 1 is due to
differences in sampling size and sampling with replace-
ment. Observed correlations are likely to be less than the
Global Model correlations because of both actual

differences in insect arrival rates (e.g., due to differences
in imported goods and import sources), and differences
in inspection methods and recording practices.
Expected correlations under the Global Model were

calculated using a simulation method as follows for each
taxonomic group: the Global Model is that all regions
are randomly sampling from a single pool using equiva-
lent methods, but at different sampling intensities; hence
all interceptions could be combined into a pooled data
set giving the total number of interceptions per species.
For each region, a random sample (with replacement)
was then drawn from this common pool of insects
weighted by their frequency in the combined pool. The
size of the random samples was set to the same number
as the observed number of interceptions in each region.
Note that the resulting simulated data set of interception
frequency per species by region, just like the observed
dataset, included zeros for species in the total pool which
were not intercepted in the particular region. Correla-
tions were calculated between the simulated data sets for
each pair of regions. This process was replicated 1,000
times to generate samples from which the mean and
standard deviation of the Fisher r to z transformed cor-
relation coefficients for each regional pair could be cal-
culated. Taking sample sizes into account, as we have
done here, is important, because smaller sample sizes
result in smaller correlations expected under the Model
(as more of the data set are zeros, and see Appendix S2:
Fig. S1 for an example of expected correlations relative
to sample size). Fisher’s r to z transformation was
applied as the sampling distribution of correlation coef-
ficients is not normal. To visualize the deviation of the
observed correlation coefficients from the Global Model
correlations, we calculated z-scores for each region pair.
The z-score was calculated as the difference between the
Fisher r to z transformed observed correlation and the
mean of the Fisher r to z transformed correlations simu-
lated under the Global Model, divided by the standard
deviation. Observed correlations outside the range of
95% of the correlations simulated under the Global
Model were identified based on the mean and standard
deviations calculated from the Fisher’s r to z trans-
formed simulated correlation coefficients. A Bonferroni-
type correction was applied to account for the 36 com-
parisons made per order (i.e., the pairwise comparison
of all nine regions).

RESULTS

Species interception frequencies and regional variation

Across all regions, 863,972 of the 1,899,573 intercep-
tions were identified to species level, with a total of 8,716
different insect species intercepted. Of those, 56% were
intercepted more than once, 21% were intercepted more
than 10 times, and 6% (563 species) were intercepted
more than 100 times. Over half of all interceptions were
of 82 species in common between at least eight (out of
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nine) regions; 26 species, representing 21% of all inter-
ceptions, were intercepted in all regions. In contrast, a
total of 75% of species were intercepted only in a single
region, representing just 6% of all interceptions.
There was a strong correlation between the log-

transformed total frequency of interceptions per species
and the number of regions in which a species was inter-
cepted (R = 0.75, P < 0.001; Fig. 1). However, many
species were intercepted very frequently (in the hundreds
to thousands) at ports of entry in only one region; the
most frequently intercepted species intercepted in only a
single country were Frankliniella auripes (Thysanoptera:
Thripidae; 2,163 interceptions in mainland United
States, arriving from South America), Balanogastris
kolae (Coleoptera: Curculionidae; 1,476 interceptions in
mainland United States, mainly with baggage from
Africa), Brachypeplus rubidus (Coleoptera: Nitidulidae;
1,208 interceptions in South Korea), and Amrasca

biguttula (Hemiptera: Cicadellidae; 1,031 interceptions
in Japan, on vegetables from Southeast Asia). Despite
the large diversity of insect species intercepted, the 2%
most frequently intercepted species (174 species)
accounted for 81% of all interceptions identified to spe-
cies level. Across all regions the most frequently inter-
cepted species were the gray pineapple mealybug
Dysmicoccus neobrevipes (Hemiptera: Pseudococcidae;
49,905), the western flower thrips Frankliniella occiden-
talis (Thysanoptera: Thripidae; 43,809), and the onion
thrips Thrips tabaci (Thysanoptera: Thripidae; 42,057).
Thysanoptera were overrepresented in the 174 most fre-
quently intercepted species compared to the full range of
intercepted species (Pearson’s one-sided chi-squared
test, P = 0.003; Fig. 2).
The overdispersed distribution of species interception

frequencies was also seen in each of the individual
regions’ data sets, with a large proportion of species in
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FIG. 1. Distribution of species’ total interception frequencies by the number of regions in which they were intercepted. Intercep-
tion frequencies, plotted on the log scale, of species identified to the species level from the combined international interception data
set. Each gray point in the main panel represents a species. The top panel shows the total number of species intercepted in each
region and the right panel shows the overall distribution of interception frequency across all regions and species.
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each region having only one interception, hereafter
referred to as singleton interceptions (Table 1). The
mainland U.S. data set, which had the largest number of
interceptions of all data sets, also had the largest number
of species intercepted, comprising 65% of species inter-
cepted from all regions (Fig. 3a). However, with only

around 50% of interceptions identified to the species
level across all nine regions, it is likely that many other
species were intercepted in each region but not recorded
at the species level. Japan had a similar number of inter-
ceptions identified to the species level as the mainland
United States (293,320 and 334,721, respectively) but
many fewer species and a smaller percentage were single-
tons. In contrast, Canada, which had a similar number
of intercepted species as Japan, had the highest percent-
age of singletons and no species intercepted >300 times.
Consequently, the Canadian data set had the lowest
average number of interceptions per species compared to
all other regions.
As stated above, there were inconsistencies among

regions with respect to the fraction of intercepted organ-
isms that were identified to species. Biosecurity agencies
in each region likely had different priorities for identify-
ing and reporting different species. Furthermore,
although data from most regions included records with
higher taxonomic identification of interceptions lacking
species identifications, interception data from South
Korea did not include any data on interceptions that
were not identified at the species level, and data from
Japan did not include data on interceptions that were
not identified to at least genus level. Such inconsistencies
limit the use of these data in several ways and likely
introduce biases in the use of data for characterizing the
composition of arriving species.
The number of intercepted species (i.e., species rich-

ness) per order had only a weak linear relationship with
the total number of interceptions identified to the species
level by order, even on the log scale (Fig. 3b), whereas at
the family level, the relationship between the number of
species and the total number of interceptions was stron-
ger (Fig. 3c). We further examined the proportion of
interceptions in each order using both the number of
species intercepted and the total number of species-level
interceptions (Fig. 3c, d respectively). Across all regions,
Thysanoptera had the most species-level interceptions
per species on average, followed by Hemiptera (Fig. 3b).
Thysanoptera and Hemiptera were overrepresented in
interception data relative to global species richness based
on both species-level interception counts and number of
species (Pearson’s chi-squared test, P values <0.001,
Fig. 3d, e). However, some of these patterns varied
among regions; for example, Hemiptera comprise a sig-
nificantly larger fraction of interceptions in the United
States compared to other regions (Appendix S2:
Fig. S2).
A subset of regions included interception data at the

level of order, family, or genus that were not identified
to species level. For this subset of the interception
data, the proportional representation of orders, for all
interceptions, was compared to proportions of intercep-
tions by order for interceptions that were identified to
the species level (Appendix S2: Fig. S3). Analysis of
variance was used to test whether the proportion of
interceptions in an order within a region were dependent

FIG. 2. Comparison of number of species by order. (a) Pro-
portion of intercepted species in each insect order for all species
and the 2% most frequently intercepted species from the
combined data sets. EPPO, European and Mediterranean Plant
Protection Organization; UK, United Kingdom; NZ, New
Zealand. The proportion of species in each order are signifi-
cantly different in the top 2% most frequently intercepted spe-
cies compared to all intercepted species (Pearson’s chi-squared
test P-value = 0.001). The asterisks on the graph indicate which
orders have significantly different proportions comparing all
intercepted species with the most frequently intercepted species
at the 95% confidence level, applying a Bonferroni correction
for multiple comparisons. (b) Pearson’s correlation matrix
between regions in log(x + 1) numbers of species per order.
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on whether interception data included interceptions not
recorded at the species level. Although there were signifi-
cant differences in the proportional representation
among orders (P < 0.001), there was no significant inter-
action with whether data included interceptions not
recorded at the species level (P = 0.6). Hemiptera was,
on average, the most frequently intercepted order
regardless of whether interceptions not recorded at the
species level were included (Appendix S2: Fig. S3).
Diaspididae and Thysanoptera were among the most fre-
quently intercepted families both for interceptions
recorded at the species level and for all interceptions.
Less than 5% of the interceptions in most regions were

from passenger baggage and even less were from interna-
tional mail, with the predominant pathway being
imported cargo. Yearly interception frequencies were
normalized relative to the pathway size in each region
using the estimated proportion of interceptions on the
cargo or passenger baggage pathways. Although the
mainland United States had the highest absolute yearly
interception frequency, New Zealand, followed by Aus-
tralia and Hawaii, had the highest yearly interception
frequency expressed as a function of the value of
imported cargo, consistent with the relative importance
placed on biosecurity in these regions (Table 1). The
U.S. mainland, Hawaii, and Australia, the only regions
with more than 5% of their interceptions from the air
passenger pathway, had the highest yearly interception
frequency per international traveler arrivals. The statis-
tics for South Korea and Japan are underestimates,
because these countries only reported interceptions of
organisms identified to the genus or species level.

Species richness

Size-based rarefaction curves of pooled interception
frequencies (Fig. 4a) show the relative species richness
of the six most frequently intercepted insect orders.
When interception data were standardized for equal
sample size, Coleoptera was the most species-rich order
and Thysanoptera was the least species rich, consistent
with the relative number of globally described species.
The coverage-based rarefaction curves (Fig. 4b) indicate
that Thysanoptera is the closest to complete coverage,
followed by Hemiptera, while Hymenoptera lags far
behind.
The Chao1 estimator for abundance data gives a

biased estimate of species richness such that the esti-
mates can be viewed as lower bounds for the species
richness of the unobserved total arriving assemblage.
Chao1 estimates of species richness (and estimated stan-
dard error) for pooled interceptions are 5,148 (182)
Coleoptera, 853 (87) Diptera, 4,516 (143) Hemiptera,
965 (74) Hymenoptera, 2,540 (152) Lepidoptera, and
561 (39) Thysanoptera.
Differences in the species’ rarefaction patterns among

regions varied with insect order (Fig. 4c). For most
orders, Canada appears to have a higher species richness

per sample size, but this may be an artifact of the data
collection methodology driving the low average number
of interceptions per species. For most orders, the U.S.
mainland generally had a high species richness relative
to sample size compared to other regions. Aside from
Canada, Australia and New Zealand had high Diptera
species richness relative to sample size. Australia and
New Zealand also had high Hymenoptera species rich-
ness comparable with the mainland United States.

Correlations of species frequencies among regions

Correlations in species interception frequencies quan-
tify the species-level similarity of the assemblages inter-
cepted among regions. That is, correlations quantify the
extent to which the same species are intercepted at differ-
ent regions. Linear relationships, on the log scale, are
reported using Pearson’s correlations in Fig. 5, and rank
similarities are reported using Spearman’s correlations
in Appendix S2: Fig. S4. Correlations were positive and
significantly different from zero (tested using Spearman
correlations) between most regions for most orders
except for the Hymenoptera (Appendix S2: Fig. S4).
Similarly, most correlations were significant for the
Diaspididae, the Thripidae, and the Noctuidae, but most
were not significant for the Tephritidae and the Formici-
dae (Appendix S2: Fig. S5). These trends may reflect
sample size, because the regions and families with the
most significant correlations were generally the orders
and families with the greatest numbers of observations
(Appendix S2: Fig. S4 and Appendix S2: Fig. S5; also
see Appendix S2: Fig. S1).
To test the hypothesis that all regions are randomly

drawn from the same pool of arriving species and subse-
quently examine how the observations deviate from the
Global Model, correlations between pairs of regions
were compared to correlations expected under the Glo-
bal Model. In general, correlations between regions were
lower than expected under the Global Model (Fig. 5). In
fact, among the six main orders and all the regional
comparisons, only Thysanoptera interceptions in the
U.K. and the EPPO data sets were more highly corre-
lated than expected under the Global Model. The
expected variation in the correlation coefficient declines
with increasing sample size per number of species
(Appendix S2: Fig. S1) so we show the difference
between observed and expected correlations as z-scores
(Figs. 5b, 6b). In general, deviations from the expected
mean were smallest for the Thysanoptera and Hymenop-
tera. For Hymenoptera in particular, the observed corre-
lations varied strongly between pairs of regions.
However, this correlation can be explained in part by dif-
ferences in sample size between regions as the z-scores
show roughly similar deviations for all pairs from the
simulated correlations. For example, correlations in
Hymenoptera species interception counts between Japan
and other regions are quite low. This may be because the
Japanese data set contains no interceptions of the
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FIG. 3. Number of interceptions by number of species among the six insect orders: Coleoptera, Diptera, Hemiptera, Hymenop-
tera, Lepidoptera, and Thysanoptera, for interceptions identified to species level, and comparison of intercepted species with global
species. (a) Grouped by region. EPPO, European and Mediterranean Plant Protection Organization; UK, United Kingdom; NZ,
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globally most frequently intercepted Hymenoptera fam-
ily—Formicidae (ants). The regions with the strongest
correlations in Hymenoptera were those with the most
intercepted Formicidae species.
Observed correlations were also compared to correla-

tions generated by the Global Model for species in the
most frequently intercepted families. The spread in cor-
relation strengths was much greater at the family level,
with some families showing very strong correlations
between pairs of regions and others showing very weak
correlations. The families shown in Fig. 6 are the fami-
lies with the highest number of intercepted species for
each of the six most common insect orders in the com-
bined international data set. Correlations for a broader
range of insect families can be found in Appendix S2:
Fig. S6 and Appendix S2: Fig. S7.

DISCUSSION

Similarities and differences

Border interception records provide a unique window
into the composition of insects arriving in areas outside
their native ranges via global trade, travel, and interna-
tional mail. Although there were considerable differ-
ences among regions in the composition of intercepted
species (as evidenced by the unsurprising rejection of the
null hypothesis that all regions sampled from the same
global source pool), we also found some remarkable sim-
ilarities in the composition of insect assemblages inter-
cepted among different regions. Within most orders and
families, species-level frequencies were significantly cor-
related (Figs. 5a, 6a, as well as Appendix S2: Fig. S4
and Appendix S2: Fig. S5), indicating that many species
are arriving at various ports in roughly similar propor-
tions. Similarly, the proportion of arriving species within
each order was highly correlated between regions
(Fig. 2b) suggesting that most of the same types of
insects, as well as the same individual species, are arriv-
ing at different ports around the world.
Furthermore, we observed some similarity between

the composition of intercepted species and the composi-
tion of the world’s insect fauna (Fig. 3d). For example,
the Coleoptera, the most species-rich insect order in the
world, was also the most species-rich order among all
interceptions. This pattern supports the notion that
insects from various orders are in principle capable of
entering invasion pathways.
Like the composition of interception data, the compo-

sition of established alien insects only broadly resembles

the world’s insect diversity. Some taxa are over- or
underrepresented in nonnative assemblages compared to
native assemblages (Liebhold et al. 2016). For example,
Liebhold et al. (2016) found that the Hemiptera and
Thysanoptera are generally overrepresented in estab-
lished alien species assemblages and hypothesized that
the unexpectedly high species richness of these groups
reflected both their high frequency in invasion pathways
and their pronounced abilities to establish successfully.
Our analysis here (see Fig. 3d, e) confirms that these
insect orders, in particular, are overrepresented in path-
ways (see also Roques and Auger-Rozenberg 2006, Lieb-
hold et al. 2012, Meurisse et al. 2019). The success of
Thysanoptera as highly successful global invaders can be
attributed in part to their small size, cryptic habits and
frequent presence in plants transported with global trade
and travel (Mound 2005, Morse and Hoddle 2006). Sim-
ilarly, the overrepresentation of Hemiptera in alien
assemblages can also be attributed to their association
with live plant movement pathways (Liebhold et al.
2016, Brockerhoff and Liebhold 2017). In addition,
some Thysanoptera and Hemiptera possess life-history
traits such as parthenogenesis that facilitate successful
establishment of newly arrived populations (Liebhold
et al. 2016, Brockerhoff and Liebhold 2017).
Frequency distributions of intercepted species suggest

that a large fraction of individual species is rarely inter-
cepted. Indeed, 44 percent of all species were intercepted
only once across all regions. On the other hand, there
were a few species that were intercepted very frequently.
The 2% most frequently intercepted species (174 species)
accounted for 81% of all interceptions. Such a pattern of
a highly skewed species frequency distribution is also a
ubiquitous phenomenon in most naturally occurring
communities (Magurran 2004). The presence of this pat-
tern in interceptions (see also Liebhold et al. [2017],
Turner et al. [2020]) suggests that the composition of
invasion pathways can be considered a “sample” from
natural communities. However, the abundance of species
in invasion pathways may reflect both their abundance
in source species pools as well as a biological propensity
to become associated with commodities in trade (Gippet
et al. 2019).
One of the consequences of this highly skewed distri-

bution is that a small number of species are very abun-
dant in invasion pathways. The three most frequently
intercepted species, the gray pineapple mealybug (Dys-
micoccus neobrevipes), the western flower thrips
(Frankliniella occidentalis), and the onion thrips (Thrips
tabaci) are all sap-feeding insects commonly associated

New Zealand. Blue line shows linear regression fit of logged data, adjusted R-squared: 0.52, P = 0.017. (b) Grouped by insect order.
Blue line shows linear regression fit of logged data, adjusted R-squared: 0.38, P = 0.12. (c) Grouped by insect family. Families with
more than 200 intercepted species or 5,900 interceptions are labeled. Black line shows linear regression fit of logged data, adjusted
R-squared 0.78, P < 0.001. (d), (e) Global numbers for each order are the number of named species from Zhang (2011). Black line
with gray surrounding region shows (d) the number of intercepted species or (e) number of interceptions expected per global species
and the 95% confidence interval assuming that the interceptions would occur in the same proportions as in the global species.

(FIG. 3. Continued)
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with widely traded plants and plant material, and all
these have been successful invaders worldwide (e.g., Kirk
and Terry [2003], Ji et al. [2010]). Such species can be
considered “super-invaders” because they have a

frequent presence in pathways and have successfully
invaded several world regions. Many of these very abun-
dant species are common among the interceptions of all
or most regions.

FIG. 4. Species richness rarefaction curves for each insect order. (a) Size-based rarefaction curves from pooled international
interceptions by insect order (i.e., abundance data), shown on the log scale. (b) Coverage-based rarefaction from pooled interna-
tional interceptions by insect order. (c) Size-based rarefaction curves by region and by order. Symbol locations show the observed
values.
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Despite the similarities among regions in the fre-
quently intercepted species, about 75% of all species were
intercepted in only one region (see Fig. 1). These
included both species that were rarely intercepted (see
“Taxonomic coverage”) and species that were intercepted
quite often. The latter case appears to reflect specific
bilateral trade patterns of products not widely traded
globally or inspection targeting. Because of the large
proportion of these region-specific interceptions, it
appears that different regions are not always “sampling”
the exact same global pool of insects that are being
transported.
Even though there are many rarely intercepted species

and species unique to a single region, there are some
strong similarities in species interception frequencies
among regions within certain orders (e.g., Thysanoptera;
Fig. 4a). Correlations are particularly strong for some
insect families. For example, the correlations for the
Bostrichidae and Tenebrionidae are much stronger than
for the Coleoptera as a whole (Appendix S2: Fig. S6 and
Appendix S2: Fig. S7), possibly because of the high num-
ber of interceptions per species relative to other speciose
Coleoptera families. Correlation analyses also indicate
that assemblages in some regions are more similar to each
other than others. For example, EPPO and U.K. species
interception frequencies are consistently similar across the
Diptera, Lepidoptera, and Thysanoptera (Fig. 5a); this
similarity likely reflects the overlap in actual interception
records, similarities in species targeted during intercep-
tions, and similarity in trading partners. Exceptional simi-
larities are also seen between Australia and New Zealand
as well as between Japan and South Korea (Fig. 5a),
again reflecting possible similarities in import source
regions or inspection targets.
Despite the existence of substantial positive correla-

tions in species interception frequencies among regions,
our analysis revealed that these correlation strengths are
mostly lower than expected under the Global Model that
all regions are sampling from the same pool of arriving
insects (Figs. 5, 6). The Thysanoptera generally had
higher correlations relative to other orders, and the devia-
tions from expectations under the Global Model were
among the lowest for the six insect orders examined along
with the Hymenoptera. The exceptionally high correla-
tions of interception frequencies for the Thysanoptera
may be explained by their generally high coverage in most
data sets; rarefaction analysis (see “Taxonomic coverage”)
indicated that interceptions were detecting a higher frac-
tion of all species in pathways. Nevertheless, deviations
from the Global Model for most groups indicate that
inspections carried out in each region intercept slightly
different sets of insect species. There are multiple factors
that may contribute to these deviations.

Sources of differences: real and apparent

First, correlations of interception frequencies between
regions would be lowered by the simple existence of

species with low interception probabilities (decreasing
the chance a region will intercept the same species, in the
same proportions) or variation in interception probabili-
ties or underlying arrival rates between regions. Hence,
given that the correlations for Thysanoptera are strong,
this suggests that interception probabilities are reason-
ably high, which is supported by the sample coverage
estimates, and the high number of interceptions to num-
ber of globally described species ratio (Fig. 3e; >20 inter-
ceptions per species on average). In addition, there is
low variability in interception probabilities and arrival
rates among Thysanoptera species between regions.
However, it is also possible that all the regions included
here have the same blind spots and are missing com-
monly arriving Thysanoptera that are hard to find or on
alternative pathways. In contrast, the strong Pearson’s
correlations between several regions for Hymenoptera,
specifically Formicidae (Fig. 6), and their high intercep-
tion frequencies relative to the other regions suggests
that correlation with the remaining regions is weak
partly because of low interception probabilities in these
regions. Interceptions of Formicidae in countries such as
Australia and New Zealand are high (among both
species-level and all taxonomic-level interceptions),
probably because of focused national biosecurity surveil-
lance programs to improve management of risk posed
by invasive ants in those countries (Craddock and Matt-
son 2014, Wylie et al. 2020).
Another highly likely reason why different regions

intercept slightly different sets of species is that there are
biases in data collection that influence the selection of
commodities or pathways that are most intensely
inspected and hence which species are reported. On one
hand, frequently arriving species become easy to iden-
tify, and are therefore more likely to be recorded. For
example, 80% of Thysanoptera interceptions in Australia
were comprised of two species. On the other hand, a
region may prioritize recording information on uncom-
monly detected species that have not yet established and
refrain from sending common species for identification
or even refrain from recording common species, leading
to their underrepresentation. The availability of taxo-
nomic keys will also influence recording. Certain coun-
tries and regions maintain priority lists of regulated
goods liable to convey species with quarantine status
(Eschen et al. 2015) that are searched out and recorded
preferentially or exclusively. The relatively small number
of species in the interception records of EPPO and the
United Kingdom may reflect the focused priority list of
pest species and pathways, respectively, as well as the
general low intensity of inspection due to generally low
priority being given to biosecurity in these regions
(Eschen et al. 2015). However, with the implementation
of new biosecurity regulations in Europe (e.g., Anon
[2016, 2019]), this may be changing.
In general, inconsistencies among countries with

regard to inspection and reporting priorities prevent us
from explaining deviations from the Global Model. It is
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clear that the regions from which we sourced data vary
with regard to inspection and reporting priorities, but
we were unable to obtain consistent information docu-
menting those differences. This lack of information con-
strains the use of interception data for quantifying
invasion risk at a global level.
Although we assume countries follow international

standards for sampling imported consignments (FAO
2008), we agree with the recommendation of Saccaggi
et al. (2016) that the value of interception as a monitor-
ing tool would be greatly enhanced if biosecurity agen-
cies provided documentation of their inspection
sampling strategies, including records of inspection
effort, to assist in the interpretation of these complex
interception data sets (Kenis et al. 2007, EFSA Panel on
Plant Health 2019). Furthermore, port inspections based
on a statistically based sampling program are much
more powerful for the utilization of data to estimate true
approach rates and other properties (Moffitt et al.
2010). The International Plant Protection Convention
has adopted two International Standards, ISPM 23
“Guidelines for Inspection” and “ISPM 31 “Methodolo-
gies for Sampling of Consignments” that guide countries
in implementing border inspection (International Plant
Protection Convention 2005, 2009) that specify methods
that countries can adopt for implementing statistically
based inspections. Many countries are adopting statisti-
cally based risk-based inspection methods (Griffin 2017)
and such statistically based inspection procedures will
provide much greater power in comparing and combin-
ing interception records from different countries in order
to quantify risk better.
Another reason explaining differences in the composi-

tion of intercepted species among regions is variation in
the source of imports. Several studies have shown that
the sources (i.e., countries) of imported goods influence
the composition of established species (Meyerson and
Mooney 2007, Banks et al. 2015, Paini et al. 2016,
Chapman et al. 2017, Liebhold et al. 2017, Turbelin
et al. 2017, Lichtenberg and Olson 2018). Not surpris-
ingly, the proportion of interceptions originating from
different world regions differs among the intercepting
regions. This is reflected, for example, in the differences
among the interception data of South Korea (see Lee
et al. [2016]), the United States (see McCullough et al.
[2006]), and Europe (see Roques and Auger-Rozenberg
[2006]). The higher-than-expected number of species that
are highly intercepted in only one region observed here
aligns with the conclusion that different regions are not

receiving identical pools of arriving species. Unfortu-
nately, data on the source country, pathway (e.g., passen-
ger baggage, international mail, vessel, air, or sea cargo),
commodity (e.g., fresh produce, inanimate object, etc.)
of material inspected was not available for all the data
sets analyzed here; thus, we were unable to evaluate the
influence of these factors. However, it is highly likely that
the composition of arriving insects is strongly influenced
by the composition of trade and international travelers
arriving in that region. This is consistent with the find-
ings of Work et al. (2005), who applied rarefaction anal-
ysis to examine relationships among the number of
source countries, cargo pathways, and commodities on
arrival rates of nonnative insects in the United States
between 1997 and 2001. They found that there were
higher rates of interception of new species on pathways
with a wider variety of commodities. On the other hand,
the relationship between arrival rates and the number of
source countries was ambiguous. Clearly, the role of
import origins and types of import commodities on the
composition of insects in pathways warrants further
investigation.
An interesting result of our study is that Hawaii ranks

high in terms of the number of interceptions from both
the cargo and passenger pathways (Table 1). The
emphasis placed on inspection of both cargo imports
and passengers arriving in Hawaii is understandable
because Hawaii has been impacted particularly severely
by many invasive insect species. As of 2006, Hawaii had
at least 2,651 established nonnative insect species with
up to 500 species causing widespread economic or eco-
logical damage (Nishida 2002, Kraus and Duffy 2010).
New Zealand, which ranks first in terms of interceptions
per import value, is known to have a particularly rigor-
ous biosecurity system, perhaps the strictest in the world
(e.g., Eschen et al. [2015]). That New Zealand ranks
lower (fourth) in terms of interceptions per passenger
arrivals seems surprising as New Zealand also operates
very strict inspections of passenger baggage. However,
New Zealand has an effective system to discourage
arriving passengers from carrying fruit and other high-
risk items and provides amnesty quarantine bins; this
may be the reason for the relatively smaller number of
interceptions with passengers.

Taxonomic coverage

Rarefaction analysis indicates that we are probably
not close to complete coverage of the total number of

FIG. 5. Pearson’s correlations of species interception frequencies between regions within orders. EPPO, European and Mediter-
ranean Plant Protection Organization; UK, United Kingdom; NZ, New Zealand. Showing deviation from the Global Model of
arriving species. (a) Correlation of number of interceptions for each species (using log(x + 1) transformation) between regions by
order. (b) z-scores showing difference between the observed Fisher’s r to z transformed correlation and the Fisher’s r to z trans-
formed correlation expected under the Global Model. Negative (blue) values show that observed correlations were less than
expected. A black square indicates if the observed correlation was outside the range of 95% of the correlation distribution simulated
under the Global Model (using a Bonferroni-type correction to account for the 36 pairwise comparisons made per order).
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arriving species for any of the orders (Fig. 4) though an
exceptional situation exists for the Thysanoptera. Of all
the orders, Thysanoptera has the lowest percentage of
species with singleton interceptions in the combined data
set (29% compared to 45%–52% for the remaining five
main orders). Similarly, Thysanoptera has the highest
observed sample coverage at 99.9%, and Hymenoptera
the lowest observed coverage at 98.2% that fits with the
trend seen in the correlation strengths. The sample cov-
erage estimates take into account the relative abundance
of species, hence the high estimates for coverage.
Given the high percentage of species in the intercep-

tion data with singleton interceptions (44%) and the
results of the rarefaction analysis, it is difficult to esti-
mate the true total number of species moving globally.
There are various methods for estimating species rich-
ness (e.g., Chao richness [Chao 1984, 1987]) but these
are often lower bounds and hence tend to underestimate
the true total number of species. Inspection-method
biases will also limit the range of species intercepted. For
example, strategies that favor inspection of certain path-
ways or species over others or recording procedures,
which do not record species level identifications of some
groups, may not sample from the full range of arriving
species. Therefore, the true number of internationally
moving insects is likely to be greater than the Chao1 esti-
mates for the minimum species richness reported here,
contributing to the deviation between observed and
expected correlations.
Rarefaction analyses are strongly affected by the

distribution of the interception frequencies in each
region. For example, Fig. 4 shows Canada having
greater diversity because the most frequently inter-
cepted species in Canada are not that frequent rela-
tive to its rarely intercepted species (only 100s of
interceptions) even considering the lower total inter-
ception frequency for all Insecta. Gotelli and Graves
(1996) noted that greater evenness in the species dis-
tribution results in a steeper rarefaction curve, as is
seen in the Canadian interception data. Japan and
South Korea illustrate the opposite extreme, with their
most frequently intercepted species recorded tens of
thousands of times and thus rarefaction curves indi-
cate relatively low diversity (Fig. 4). However, it is
often difficult to discern whether such differences in
species interception frequency distributions among
regions reflect a difference in sampling methodology
or true differences in rates of arriving insects.

Variation in coverage across insect taxonomic groups
indicates that family-level differences in coverage should
be considered if using interception frequency to predict
arrival rates. For example, the spotted lanternfly,
Lycorma delicatula, has only been intercepted once in
the combined international data set—even though it is
spreading rapidly on a global scale (Lee et al. 2019).
However, this should not be surprising since the entire
Fulgoridae family is infrequently intercepted relative to
other families in Hemiptera, indicating that the limited
interception of Lycorma delicatula was to be expected.
The relative interception frequencies of different families
may reflect differences in detectability as well as inspec-
tion effort and efficiency rather than actual differences
in arrival rates. Furthermore, differences in inspection
effort may be caused by a focus on particular pathways
rather than particular families.

CONCLUSIONS

We found that there is a remarkable similarity in the
composition of insect species arriving in different world
regions, with a small number of species frequently inter-
cepted in most world regions and a large number of spe-
cies intercepted infrequently in just one or a few regions.
Despite similarities among regions, there are unique
aspects to the composition of species intercepted in dif-
ferent regions. The differences may be due in part to dif-
ferences in the composition of source countries or
pathways for each region as well as differences in inspec-
tion methodology and inspector priorities. Analyses also
demonstrate that a large fraction of species present in
invasion pathways have not been detected during inspec-
tions. Many of these undetected species probably arrive
at low rates but some still pose significant risk.
These results highlight the potential benefit that may

come from sharing interception data among world
regions. Given that inspection programs in most coun-
tries are only able to detect a small fraction of species
present in import pathways, pooling of interception data
from other regions may allow countries to identify the
presence of potentially dangerous organisms in invasion
pathways and adapt biosecurity practices to mitigate
that risk.
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Summary data are provided in the supplementary material Data S1 and additional meta data in Appendix S1. Example R code
for taxonomic processing is available in Data S2. The data accessibility for individual regions or countries are as follows: New Zeal-
and: Sensitive data collected by the Ministry for Primary Industries, New Zealand, are subject to data agreements. For details of the
data and how to request access contact Michael Ormsby at the Ministry for Primary Industries or info@mpi.govt.nz. Australia.
Sensitive data collected by the Australian Government Department of Agriculture, Water and the Environment are subject to data
agreements. Details of the data and how to request access are available from the Australian Chief Plant Protection Office
(ACPPO@awe.gov.au). Japan: Data collected by Ministry of Agriculture, Forestry and Fisheries (MAFF) are available: http://www.
pps.go.jp/TokeiWWW/Pages/report/index.xhtml or contact MAFF via their website: https://www.maff.go.jp/e/index.html. Canada:
Sensitive data collected by the Canadian Food Inspection Agency are available upon request. For details of the data and how to
request access contact the Plant Health Lab Services Unit (cfia.plantdiagnostics-diagnosticsvegetaux.acia@inspection.gc.ca). USA:
Sensitive data collected by the U.S. Department of Agriculture, Animal and Plant Health Inspection Service (APHIS), are subject
to data agreements. For details of the data and how to request access contact Barney Caton at the United States Department of
Agriculture, USA or Phytosanitary.Advanced.Analytics.Team@usda.gov. EPPO region: Data compiled by the European and
Mediterranean Plant Protection Organization (EPPO) Secretariat are available from the EPPO reporting service: https://www.eppo.
int/RESOURCES/eppo_publications/eppo_reporting_service. Issues from the EPPO global database containing information on
interceptions can be found by filtering the cumulative index for the keyword “interceptions”. United Kingdom: Data collected by
the Department for Environment, Food & Rural Affairs are available upon request. To request data collected by Department for
Environment, Food & Rural Affairs, please e-mail plantpestrisks@defra.gov.uk.
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