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Abstract  Propagule pressure is one of the key 
drivers of establishment success of non-native spe-
cies, including insects. However, border interception 
data, which have the potential to act as a proxy for 
true arrival rates (i.e., propagule pressure) of insects 
into a country, are seldom used to predict invasions. 
This can be due to the limited amount of interception 
data in some countries, difficulties accessing such 
data, and when these data are available, difficulties in 
addressing biases caused by variation in interception 
probability for different taxa due to policy changes, 

and operational influences of import inspections. The 
type of interception data required to reliably estimate 
arrival rates is rarely available. To improve the use of 
interception data as a proxy for propagule pressure, 
we investigated the fraction of established species 
which had interceptions and vice versa by taxonomic 
group and by biological characteristics (development 
type and feeding group), using several national data-
sets from five continents. We identified higher frac-
tions of established species that were intercepted for 
plant feeding insect groups compared to fractions 
of non-plant feeding groups, even in countries with 
more general import inspection strategies. This is 
likely to reflect greater search effort for and recording Supplementary Information  The online version 
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org/​10.​1007/​s10530-​024-​03502-3.
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of plant-feeding insect groups during inspections. To 
address this variation in interception probability and 
improve establishment predictions based on inter-
ception frequency, we developed a methodology to 
account for such taxonomic variation. We apply this 
to three hazard lists of insects, containing potential 
pests for an industry or potential pests for a country, 
to assess its effectiveness.

Keywords  Biological invasions · Biosecurity · 
Establishment · Invasion ecology · Non-native 
species · Plant-feeding

Introduction

Given the extensive ecological and economic impacts 
that biological invasions can have, the most efficient 
approach to managing invasions is to prevent the 
introduction of non-native species in new countries 
or regions (Leung et al. 2002). National governments 
operate biosecurity programmes aimed at preventing 
the arrival of new and potentially damaging unwanted 
organisms while minimizing negative impacts on 
trade (Hulme 2010). Risk assessment is a crucial ele-
ment of biosecurity, as it involves first identifying the 
likelihood of species arriving and the magnitude of 
their potential impacts (Montibeller et al. 2020). Cer-
tain pest taxa are predisposed to invading (Liebhold 
et al. 2021; 2016; Mally et al. 2022), and insect spe-
cies that have already invaded one part of the world, 
for instance, are generally more likely to invade oth-
ers (Worner and Gevrey 2006). However, predicting 
which insect species will invade new regions remains 
difficult due to their wide diversity and the millions of 
species that exist globally (Stork 2018).

An important resource for predicting invasions 
is border interception data, which can potentially be 
used as a proxy for arrival rates (Brockerhoff et  al. 
2014; McCullough et  al. 2006; Turner et  al. 2021). 
Border interception data are collected at ports of 
entry in many countries around the world and provide 
evidence for insects or other organisms associated 
with particular import and passenger entry pathways. 
Such evidence is used in biosecurity risk analyses at 
the pathway or individual species or taxonomic group 
level. This is then used to improve border biosecu-
rity procedures (including pre-border measures, phy-
tosanitary treatments, prohibitions, etc.) to reduce the 

risks associated with those pathways, or from those 
particular species.

However, border inspections typically do not 
represent a statistically based sample of all path-
ways (although the USDA’s Agricultural Quarantine 
Inspection Monitoring (AQIM) program is based on 
statistically-based risk assessment as per US Depart-
ment of Agriculture Animal and Plant Health Inspec-
tion Service [USDA APHIS] (2021)), or of all species 
arriving in a country; there is not an equal detection 
likelihood across all taxa, nor even an estimated like-
lihood of detection in most cases (e.g., based on slip-
page surveys as per Kean et al. (2008) and Ministry 
of Agriculture and Forestry (2003)). This compli-
cates the use of interception frequency to represent 
the relative propagule pressure of different species. 
Most border interception data are difficult to work 
with, partly due to data access restrictions related to 
trade sensitivity, but also because they are collected 
under a set of priorities and operational constraints 
unique to each country and time period rather than 
with a systematic design for analysis of arrival rates 
(Saccaggi et al. 2016). Despite this, interception data 
are of value if we can understand their limitations—
the known unknowns (e.g. types of species which we 
know will arrive but are less likely to be intercepted 
or identified)—and incorporate this into analysis and 
expressions of uncertainty.

Inferences about relative arrival rates and estab-
lishment probabilities have been attempted using 
interception data from several countries over the past 
couple of decades, including Australia (Caley et  al. 
2015; Nahrung and Carnegie 2021; Suhr et al. 2019), 
New Zealand (Bertelsmeier et  al. 2018; Brockerhoff 
et al. 2006, 2014; Phillips et al. 2018), South Korea 
(Lee et  al. 2016), USA (Bertelsmeier et  al. 2018; 
Haack 2006; Jenkins et al. 2014; Liebhold et al. 2006; 
McCullough et al. 2006; Work et al. 2005)), Europe 
(Bacon et  al. 2012; Eschen et  al. 2015b) and South 
Africa (Saccaggi et al. 2021). Several of these studies 
generally show some of the idiosyncratic limitations 
of data collected in each country. Caley et al. (2015), 
for instance, found a positive correlation between the 
frequency of interceptions of species and the num-
ber of recorded insect incursions in Australia, but 
the overall number of intercepted species which also 
had incursions remained too low for their dataset to 
be effective for predicting future invasions. To coun-
teract the disadvantages of sparse data and individual 
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country biases, some studies have used interception 
data from multiple countries (Brockerhoff et al. 2006; 
Turner et  al. 2020). Focusing on particular taxa or 
groups rather than all insects can also help control 
variation in interception probability per arrival for 
different insect taxa or guilds. This is a key aspect 
when interpreting interception data because taxa vary 
greatly in their detectability in imports. For exam-
ple, interceptions of bark and woodboring beetles in 
infested timber typically involve galleries which often 
contain some adult beetles (especially in the case of 
bark beetles), facilitating their identification based on 
morphological characteristics. By contrast, intercep-
tions of moths and flies typically involve eggs or lar-
vae, life stages that are difficult or impossible to iden-
tify without using molecular diagnostics.

Variation in detection probability among taxa is a 
key limitation of border interception data. For exam-
ple, the diversity of plant pathogens (e.g., fungi, bac-
teria, viruses, or oomycetes) present in pathways such 
as soil on shoes, shipping containers and machinery 
(McNeill et  al. 2011, 2023) is likely under-reported 
because the sophisticated methods needed to detect 
and diagnose them are usually targeted at traded 
plant material and pathogens of quarantine concern 
(Eschen et  al. 2015a). Moreover, infected plants 
may be difficult to recognise, especially when plants 
are asymptomatic (Migliorini et al. 2015). Thus, the 
coverage of pathogens is unlikely to improve until 
molecular diagnostics can be applied to a greater 
diversity of pathways and pathogen species. In the 
present study, we focus on variation in coverage 
within insects. Among Lepidoptera, Microlepidop-
teran species are less likely to be intercepted interna-
tionally than Macrolepidoptera compared to members 
of these groups which have established historically 
(Mally et al. 2022). In other words, we expect fewer 
Microlepidoptera interceptions relative to Macrolepi-
doptera interceptions given equal propagule pressure. 
This might be because of the typically smaller size of 
microlepidoptera, or, alternatively (and not necessar-
ily mutually exclusively), Microlepidoptera could be 
more ‘successful’ in establishing non-native popula-
tions given equal propagule pressure.

While interception frequency of species inter-
cepted at least once has been found to be positively 
associated with the likelihood of establishment 
(Brockerhoff et  al. 2006, 2014; Caley et  al. 2015), 
there are still many species which have established 

without ever having been intercepted knowingly 
(e.g., Caley et  al. 2015; Navia et  al. 2010). Further-
more, lists of potentially high-risk species maintained 
by biosecurity agencies or other organisations may 
include many species which have neither been inter-
cepted nor established. Therefore, it is useful if mod-
els used for predicting establishment can statistically 
account for the species with zero interceptions, such 
as the models explored in Turner et al. (2020). Exam-
ples of such lists, include the list of insects known 
to feed on Pinus radiata (Brockerhoff et al. 2023), a 
tree native to North America but widely planted espe-
cially in the southern hemisphere, or lists of organ-
isms which countries target for exclusion, such as the 
regulated insect species from the Pest Register for 
New Zealand importers (https://​pierp​estre​gister.​mpi.​
govt.​nz/​pest-​regis​ter-​impor​ting/) and the US Dept. of 
Agriculture’s Regulated Pest list (https://​www.​aphis.​
usda.​gov/​plant-​impor​ts/​regul​ated-​pest-​list). Industry 
and government agencies use these species lists for 
biosecurity planning, by considering their potential 
impacts and likelihood of establishment.

In this study, we compiled a large dataset of inter-
ception records from multiple countries across five 
continents to explore how the relationship between 
interception frequency and establishment varies 
among different insect taxa. The specific goals are to: 
(i) describe the variation in coverage of interceptions 
among taxa, including testing for differences between 
plant-feeding and non-plant-feeding species; and (ii) 
assess whether accounting for taxonomic variation 
can improve predictions of established insect spe-
cies, including those that have historically never been 
intercepted. Such models can provide more robust 
predictions of establishment probabilities, which can 
be applied to improve biosecurity risk assessments.

Materials and methods

Interception, establishment, and hazard datasets

Border interceptions

Insect border interception data from the following 
reporter regions: Australia, Canada, European and 
Mediterranean Plant Protection Organization (EPPO), 
Hawaii, Japan, New Zealand, Okinawa, South Africa, 
South Korea, the UK and the USA were compiled 

https://pierpestregister.mpi.govt.nz/pest-register-importing/
https://pierpestregister.mpi.govt.nz/pest-register-importing/
https://www.aphis.usda.gov/plant-imports/regulated-pest-list
https://www.aphis.usda.gov/plant-imports/regulated-pest-list
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from sources given in Table  S1, most of which are 
described in more detail in Turner et al. (2021). It is 
important to note that usually only a small fraction 
of imported cargo or passenger baggage is inspected, 
and apart from specimens kept for diagnostics, inter-
cepted unwanted organisms are exterminated during 
treatment or destruction of infested imports at ports 
of entry. Treatments applied to expedite biosecurity 
clearance can bypass the need for diagnostic results, 
leaving many infesting organisms remaining uniden-
tified and unrecorded in interception databases. Con-
sequently, interceptions are not direct measures of 
insect entry rates but instead represent samples from 
specific pathways. Each country or region implements 
different border inspection protocols such that there is 
variation in the proportion of pathways (air cargo, sea 
cargo, vessels, international mail, international pas-
senger baggage) and types of commodities inspected. 
Moreover, criteria differ for reporting organisms and 
the taxonomic level used in identifications, with some 
jurisdictions only recording species only and others 
also documenting interceptions at higher taxonomic 
levels. We did not account for this variation because 
such information is often missing and may change 
over time, so all interceptions were included in the 
analyses. Given the variation in how inspections and 
interceptions are handled and recorded among coun-
tries, biases likely exist in the datasets; however, we 
combined data from multiple countries in the follow-
ing analysis to minimize the effect of biases from any 
one country.

Establishments of non‑native species

Comprehensive lists of all non-native insect species 
known to be established in 11 different world regions 
(North America, Hawaii, New Zealand, Australia, 
South Korea, Japan, Ogasawara, Okinawa, Great 
Britain, Europe, South Africa) were collected from 
the sources in Table S2. Miscellaneous updates were 
also included from various sources (Turner et  al. 
2024a). These establishment lists covered all insects 
and largely coincided with the countries for which we 
had interception datasets. Establishment records of 
species only known to occur indoors (e.g., in green-
houses) or intentionally released (e.g., biological con-
trol agents) were excluded. Records of a temporary 
occurrence of a species followed by an active eradica-
tion were not removed from the establishment dataset 

since they show potential for an intercepted species 
to breach a border and become established (were it 
not for the successful eradication). These lists also 
included the year of first record, when available, for 
each species-region combination.

Case study hazard species lists

We used three case study lists of potential hazard spe-
cies to test the use of border interceptions for predict-
ing establishment.

The first is a list of insect species feeding on Pinus 
radiata globally (Brockerhoff et al. 2023) which con-
tains species with all combinations of intercepted, not 
intercepted, established internationally or not estab-
lished. Thirty percent of the 649 species were present 
in the international interception dataset, and twenty 
percent were present in the international establish-
ment dataset. Most species on this list are Coleoptera 
and Lepidoptera. Due to the criteria used to compile 
the list, they are also all plant feeders.

The second case study hazard list is a list of regu-
lated insect species from the Official Pest Register for 
New Zealand importers, maintained by the NZ Min-
istry for Primary Industries (https://​pierp​estre​gister.​
mpi.​govt.​nz/​pest-​regis​ter-​impor​ting/). This list was 
download on the 19th of October 2023 to include 
all results returned using the search term “insect” in 
the “organism type” data field. The retrieved results 
were then filtered to include only “regulated” organ-
isms, and those identified at the species level (i.e., all 
entries at genus level were removed and subspecies 
were replaced by their corresponding species). This 
returned a final list of 7945 species, of which 25% 
were present in the international interception dataset, 
and 18% in the international establishment dataset. 
Most insect species on this list belong to Hemip-
tera, followed by Lepidoptera and Coleoptera. Not 
all species are plant feeders, with some expected to 
cause human health, social, cultural or environmental 
impacts.

The third case study hazard list is from the US 
Regulated Plant Pest table, maintained by the US 
Department of Agriculture (USDA) (https://​www.​
aphis.​usda.​gov/​plant-​impor​ts/​regul​ated-​pest-​list). 
This list was downloaded on the 8th of May 2024, 
filtered to insects, then only to those entries identi-
fied to species. This returned a final list of 2733 spe-
cies, of which 78% were present in the international 

https://pierpestregister.mpi.govt.nz/pest-register-importing/
https://pierpestregister.mpi.govt.nz/pest-register-importing/
https://www.aphis.usda.gov/plant-imports/regulated-pest-list
https://www.aphis.usda.gov/plant-imports/regulated-pest-list
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interception dataset, and 18% in the international 
establishment dataset. Most insect species on this 
list belong to Hemiptera, followed by Coleoptera 
and Lepidoptera, and including mainly plant-feeding 
species.

Taxonomy and plant feeding categories

To compare species data collected from multiple 
sources, which may contain spelling errors or differ-
ent synonyms for the same species, we applied a taxo-
nomic cleaning process using the R taxize package 
(Chamberlain and Szöcs 2013). The Global Biodiver-
sity Information Facility (GBIF) taxonomic backbone 
was used as the primary taxonomic standard, which 
accounted for approximately 90% of the names in 
our datasets, including fixing spelling mistakes and 
harmonising synonyms. The taxonomy for all data-
sets was updated to the GBIF taxonomic backbone 
GBIF (GBIF Secretariat 2021). Family structures for 
Coleoptera and Lepidoptera are as per Liebhold et al. 
(2021) and Mally et al. (2022) respectively.

In the combined international dataset, a species 
was counted as intercepted internationally if it was 

intercepted at least once regardless of the region, 
and a species was counted as established if it was 
established at least once regardless of the region (the 
regions in which a species was intercepted or estab-
lished were not always the same).

Each family with at least 25 established species in 
the combined international dataset from the Coleop-
tera, Diptera, Hemiptera, Hymenoptera, Lepidoptera 
and Thysanoptera was categorized as plant feeding 
or non-plant feeding based on the predominant feed-
ing form within the family. A list of the plant feeding 
categorizations is provided in Turner et  al. (2024b). 
Likewise, families were categorized as having holo-
metabolous or hemimetabolous development.

Descriptive statistics

All analyses and data visualizations were conducted 
in R version 4.1.2 (Core Team 2021).

We compared the average year of first establish-
ment record between insect orders. The analysis 
was restricted to orders with at least 20 dated first 
records of establishment, and since the variances 
differed significantly between orders, we used the 
Welch one-way test followed by the Games-Howell 
test (Games and Howell 1976).

For each insect order, we calculated the expected 
overlap of intercepted and established species to 
compare with the observed overlap assuming that 
the probabilities of a species being intercepted and 
of being established were independent. To do this, 
we first approximated the probability of a species 
being intercepted or established as the observed 
number of species intercepted or established divided 
by the total number of described species per order 
(from Zhang 2013). Then, under the assumption of 
independence, we multiplied those probabilities to 
obtain the probability of a species being both inter-
cepted and established. Finally, this probability was 
multiplied by the described number of species per 
order to obtain the expected number of species both 
intercepted and established (Eq. 1).

For the remaining statistics and figures in which 
proportions of intercepted species established were 
calculated, we removed the species known to be 
intentionally introduced in all regions where they 
occur from the interception dataset. Conversely, if 
a species was intentionally established in one region 
but unintentionally established in another, then it 
was left in the international border interception 
dataset.

For species from families with at least 25 spe-
cies established and belonging to the top six orders 
(with the highest species richness in the intercep-
tion dataset), we tested whether the median per-
centage of established species intercepted per 
family was higher for plant feeding compared to 
non-plant feeding families using Mood’s median 
test with Fisher’s exact test. A similar procedure 
was used for comparing between hemimetabolous 

(1)E(overlap) = P(interception)P(establishment)(number of described species in order)
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and holometabolous families. We also compared 
the proportions of established species intercepted 
between groups, using Pearson’s Chi-squared 
test. We applied the same procedures to test the 
effects of both feeding modes and ontogeny on the 
reverse—the median percentages of intercepted spe-
cies established per family, and the proportion of 
intercepted species established.

Establishment prediction models

Four models were compared for predicting species 
probabilities of establishments (i.e., presence in the 
international non-native species establishment data-
set) based on their interception frequency in the com-
bined international dataset. Species which were only 
intentionally introduced were excluded from both 
the interception and establishment datasets for this 
analysis.

Logistic regression species interception frequency 
only

Logistic regression models (Eq. 2) using the total spe-
cies interception frequency were fitted to the training 
dataset of species intercepted at least once.

In this model, y , is the binary response of whether 
or not the species has established in the international 
dataset, x is the interception frequency, and a and b 
are the two fitted parameters.

Logistic regression including family or taxon 
as a factor

Logistic regression models using the total species 
interception frequency were fitted to the dataset of 
species intercepted at least once including family or 
taxon as a factor in the model.

(2)p(y = 1|x) = ea+bx

1 + ea+bx

(3)p(x) =
ea+b1x1+…+bixi

1 + ea+b1x1+…+bixi

Uniform model

We used the uniform model (Eq.  3) for predicting 
establishment probability ( p(x) ) as a function of total 
international interception frequency ( x ) as per Turner 
et al. (2020) fitted for each family or taxa group using 
the data for species intercepted at least once:

Turner et  al. (2020) presented two possible pro-
cess-based models, but for the purposes of fitting 
establishment models across multiple taxa we chose 
the uniform model as it is simpler to fit. The model 
assumes a uniform distribution of arrival rates. 
This model has two parameters, pI (probability of 
an arrival event being intercepted) and pE (the per 
arrival event probability of establishment, i.e., the 
conditional probability of establishment given a non-
intercepted arrival event). However, it is difficult to 
fit both parameters simultaneously as they are effec-
tively proportional. Hence, we chose to fix pI = 0.001 
while fitting pE separately for each taxonomic group.

Ratio model

This model assumes that the effect of the relative 
interception probability versus the establishment 
probability per family or taxon can be approximated 
by normalizing the species interception frequency by 
the ratio of species richness per family or taxon in 
each dataset. I.e., the species interception frequency 
was multiplied by the ratio of establishment species 
richness to intercepted species richness ( ri ) for each 
family or taxon to account for relative establishment 
probability. This is effectively the logistic regression 
model (Eq. 2) but with normalized species intercep-
tion frequencies.

Each of the four models were applied in each of 
five scenarios (see Table 1). Two are based on inter-
cepted species in species rich families or taxa, three 
are based on hazard lists.

Scenarios 1 and 2 represent the idealized situa-
tion where all species of interest are intercepted 

(4)p(x) = 1 −

(
pI

pI + pE
(
1 − pI

)

)x+1

(5)p(x) =
ea+brix

1 + ea+brix
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at least once. The higher-level taxonomic group-
ings used in scenario 2 (referred to as “taxa”) 
were selected such that insect species on the Pinus 
radiata hazard lists were within taxa containing at 
least 10 intercepted species and at least 20 estab-
lished species. A list of the taxa used (e.g., super-
family, order) are provided in Turner et al. (2024b). 
Species were randomly allotted into the training and 
test datasets, and subsequent training and testing of 
the model was repeated 10 times.

Scenarios 3, 4, and 5 represent more realistic 
situations where the list of species of interest, (i.e., 
our three case study hazard datasets), include many 
species with zero interceptions. These hazard data-
sets (the Pinus radiata hazard list, the NZ-regulated 
insects hazard list, and the US-regulated plant pest 
hazard list respectively) contain diverse species, 
and not just those from the most species-rich fami-
lies. Hence, species on the list from smaller fami-
lies were grouped into higher taxa (e.g., superfam-
ily, order) such that each taxon contained at least 
20 established species and at least 10 intercepted 
species in our interception and establishment data-
sets. The scenario 3 taxa were as per scenario 2 and 
the scenario 4 and 5 taxa were slightly different in 
order to encompass the broader range of species on 
the regulated insects hazard lists (both taxa lists are 
provided in Turner et  al. (2024b); note that Neu-
roptera, Zygentoma, and Trichoptera species were 

excluded from the NZ regulated hazard list as data 
for these taxa were too few for fitting). In scenar-
ios 3, 4, and 5, the models were fit to the species 
intercepted at least once in the taxa with at least 20 
established species and at least 10 intercepted spe-
cies (i.e., as per scenario 2). Each model was then 
tested on the relevant hazard dataset which included 
the species intercepted zero times (i.e., both the 
training and test datasets contain some of the spe-
cies intercepted at least once).

Specifically for the ratio model, in scenarios 1 and 2, 
the species richness per family or taxon was calculated 
from samples of 75% of the full interception dataset and 
samples of 75% of the full establishment dataset rather 
than the subset of species intercepted at least once. 
Subsequently in scenarios 1 and 2, the ratio model was 
tested on the remaining 25% of the full interception 
dataset. In scenarios 3, 4 and 5, species richness was 
calculated from the full interception dataset and full 
establishment dataset, then applied to the full hazard 
dataset.

For each model test, a Receiver Operating Charac-
teristic curve (ROC) was plotted to visualize the per-
formance of each model for balancing sensitivity and 
specificity. Summary statistic Area Under the Curve 
ROC (AUC-ROC) was also calculated for each test. A 
high AUC-ROC, i.e. close to one, indicates good model 
performance while an AUC-ROC close to 0.5 means 

Table 1   Description of the five modelling scenarios

a The training dataset top taxa numbers here differ for each of the hazard lists (scenarios 3, 4 and 5) as the hazard lists contain spe-
cies in different sets of families. If a hazard list species is in a family which is too small by itself (i.e. did not meet the criteria of at 
least 20 established species and at least 10 intercepted species in the international datasets) then the family was merged up to a higher 
level taxon (e.g. superfamily or order) to meet these criteria

Scenario Training dataset Test dataset

1 Randomly selected 75% of the species intercepted at least 
once in the top families (75% of 6756 species)

The remaining 25% of the species intercepted at least once in 
the top families (at least 20 established species, and at least 
10 intercepted species, excluding the Chironomidae as 
there was no overlap between intercepted and established 
species). (25% of 6756 species)

2 Randomly selected 75% of the species intercepted at least 
once in the top taxa. (75% of 8483 species)

The remaining 25% of the species intercepted at least once in 
the top taxa (25% of 8483 species)

3 All of the species intercepted at least once in the top taxa 
(8483a species)

The species in the Pinus radiata hazard list (regardless of 
whether they were intercepted, 649 species)

4 All of the species intercepted at least once in the top taxa 
(9009a species)

The insect species in the NZ Regulated organisms hazard list 
(regardless of whether they were intercepted), 7874 species

5 All of the species intercepted at least once in the top taxa 
(8741a species)

The insect species in the USDA hazard list (regardless of 
whether they were intercepted), 2733 species
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that the model is no better than random at distinguish-
ing between established and non-established species.

Results

Descriptive statistics

There were 14,136 recorded species in the combined 
interception and establishment datasets. About 17% 
of these records, 2398 species, were both established 
and intercepted, while 6782 species were intercepted 
and not established, and 4956 species were estab-
lished but not intercepted. There were overall similar 
numbers of all taxa recorded as intercepted or estab-
lished (Table  2), however, these two sets only over-
lapped slightly at the lower taxonomic levels (species 
and genera).

A third (33%) of known established species also 
had interceptions. For higher taxonomic level taxa, 
regardless of whether detections were identified to 

species, 59% of genera with establishments had inter-
ceptions, increasing to 91% at family level, and 95% 
at order level. However, if only interceptions identi-
fied to species level were included, these overlaps 
dropped to 47% of the recorded established genera, 
72% of established families, and 82% of established 
orders.

Order level comparison

The establishment data included records dating back 
several centuries (Table S2). The six orders with the 
most established species were, in descending order, 
Coleoptera, Hemiptera, Hymenoptera, Diptera, Lepi-
doptera, and Psocodea. The interception datasets were 
collected since the 1990s (Table S1). The six orders 
with the most intercepted species were, in descending 
order, Coleoptera, Hemiptera, Lepidoptera, Hyme-
noptera, Diptera, and Thysanoptera (Fig. 1).

The establishment records for Thysanoptera were 
generally more recent than for the other insect orders 

Table 2   Taxonomic 
richness of border 
interception and 
establishment datasets and 
overlap

Taxonomic level Number 
intercepted

Number of taxa with intercep-
tions identified to species level

Number 
established

Number inter-
cepted and estab-
lished

Species 9180 9180 7354 2398
Genus 6674 4379 3851 2259
Family 629 386 432 392
Order 25 20 22 21

Fig. 1   Comparison of A species richness and B event frequency within orders considering both border interceptions and establish-
ments. B Inclusive of interception events identified only to order, family, or genus level in addition to those identified to species level
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(mean year of first record: 1963, significantly higher 
based on pairwise comparisons using the Games-
Howell test, all P < 0.05). First records of Hymenop-
tera (mean year: 1955), Lepidoptera (1953), Hemip-
tera (1952) and Diptera (1951) were also more recent 
on average compared to first records for Coleoptera 
(mean year = 1938, pairwise comparisons in the 
Games-Howell test all P < 0.001). In contrast, Der-
maptera (mean year = 1916) and Psocodea (1922) 
years of first record were significantly earlier than 
Coleoptera (both P < 0.05).

Seven of the 11 national or regional interception 
datasets also included records at higher taxonomic 
levels than species (at genus, family or order level). 
These datasets varied in the percentage of intercep-
tions identified to species level (NZ: 47%, Australia: 
40%, Canada 45%, mainland USA 30%, Hawaii 34%, 
UK: 35%, EPPO 59%, South Africa 49%). The per-
centage identified to species level varies among 
insect orders and between regions. Strikingly, with 
the exception of the EPPO dataset, less than 25% 
of Diptera interceptions were identified to species 
level—among the lowest percentage for any of the 
top six orders (Fig. S2). However, the percentage of 
interceptions identified to species was not uniformly 
low for all Diptera families in all reporter regions. 

Tephritidae, which contains many pests of economic 
importance, had a higher percentage identified to spe-
cies level in New Zealand at 64%.

Among the six orders with the highest species 
richness in border interceptions there was a higher 
proportion of established species that had been 
intercepted in Thysanoptera, and Hemiptera, and a 
lower proportion in the Diptera and Hymenoptera 
(Fig. 2). Hymenoptera had a significantly lower pro-
portion of established species intercepted than any 
other order, in addition to having the lowest total 
interception frequency among the top six orders 
(inclusive of interception events identified to spe-
cies, genus, family or order). Of the six main orders, 
only Thysanoptera had over 50% of its established 
species intercepted in the international dataset 
(Figs.  2, S1). However, in addition to Thysanop-
tera, Coleoptera, Hemiptera, and Lepidoptera had 
over 50% of their established genera intercepted. 
Figure  S1 shows that while the overlap between 
intercepted and established species was not large, 
the overlap was, for all orders, larger than would 
be expected if the probability of interception and 
establishment for a species were completely inde-
pendent (given the number of described species per 
order).

Fig. 2   Percentage of established species or genera which have 
been intercepted. When calculating the percentage of genera 
intercepted, the genera of records identified to species level 
were also included. Letters above species bars indicate which 

percentages are significantly different (pairwise comparison of 
proportions, with Holm (1979) method of adjustment for mul-
tiple comparisons, P < 0.01)
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Family level comparison

Within orders, there was further variation in the cov-
erage across families (Fig. 3). Eighteen families with 
at least 25 established species had at least 50% of 
their established species intercepted internationally. 
Bostrichidae had the largest percentage of established 
species intercepted (97%).

Established plant feeding insects were more likely 
to be intercepted than established non-plant feed-
ers in all reporter regions (Figs. 4, S3). The median 
percentage of intercepted species established was sig-
nificantly higher in plant feeding families (those with 
at least 25 established species in the top six orders) 
than non-plant feeding families (39% compared to 7% 
respectively, Mood’s median test P = 0.0013). This 
was even apparent in reporter regions such as Aus-
tralia which tended towards recording a greater diver-
sity of intercepted species (Pearson’s Chi-squared test 
with Yates’ continuity correction: Chi-sq = 31.93, 
P < 0.001).

While the median percentage of established spe-
cies intercepted was not significantly higher in hem-
imetabolous families compared to holometabolous 
families (Mood’s median test, P = 0.37), the propor-
tion of established hemimetabolous species inter-
cepted was significantly higher than for holometabo-
lous species (Pearson’s Chi-squared test with Yates’ 
continuity correction: Chi-sq = 202.84, P < 0.001).

The median percentages of intercepted species 
established per family was not significantly differ-
ent between feeding types nor between development 
types (Mood’s median test, P = 0.47 and P = 0.17, 
respectively). However, the proportion of intercepted 

species established was higher for non-plant feeding 
species compared to plant feeding species (Pearson’s 
Chi-squared test with Yates’ continuity correction: 
Chi-sq = 9.86, P = 0.0008), and higher for hemime-
tabolous species compared to holometabolous species 
(Pearson’s Chi-squared test with Yates’ continuity 
correction: Chi-sq = 22.16, P < 0.001).

Establishment prediction

If the probabilities of interception are reasonably sim-
ilar across different species, then border interception 
frequencies could be used as a proxy for propagule 
pressure and thereby predict which species are most 
likely to establish. However, as seen in the previous 
results, different insect families had substantially dif-
ferent average probabilities of detection at the border 
relative to their establishment likelihood. In the fol-
lowing establishment prediction models, variation 
among families or other taxa was taken into account, 
though we could not distinguish whether the variation 
was due to differences in detection or diagnosis rates 
at the border, or differences in the probability that an 
arriving species establishes. A summary of all model 
results is shown in Table 3.

In the scenarios in which the models were applied 
to species intercepted at least once (scenario 1 and 
scenario 2), only the uniform model with family/taxa 
term and the ratio model improved both the sensi-
tivity and specificity for historical establishments to 
above 0.7 (Fig. 5) on our test datasets.

In contrast to the application to datasets in which 
all species were intercepted at least once (scenarios 
1 and 2, Fig. 5), the models behaved quite differently 
when applied to insect lists which also contain species 
with no interceptions (scenarios 3, 4 and 5, Fig.  6). 
When applied to our three case study lists, the logis-
tic regression models with a taxa term (fitted to data-
sets with species intercepted at least once) performed 
worse than using just total interception frequency as the 
sole predictor (see also Fig. S4 for an example model 
fit to several taxa in scenario 4). Neither the uniform 
nor ratio models offered a large improvement if aim-
ing for balanced sensitivity and specificity. However, 
if the model’s application requires a greater degree of 
sensitivity (e.g., if the cost of failing to predict a species 
establishment outweighed the cost of needlessly prepar-
ing for additional species which would not establish), 
then the uniform model was best able to improve the 

Fig. 3   A Boxplot showing the variation in the percentage 
of established species intercepted among families by order 
(n = families). The families included are those with at least 25 
established species, from the top six orders. The two Hyme-
noptera outliers are Vespidae and Formicidae. Red triangles 
show the percentage intercepted of all established species in 
the order (inclusive of species in smaller families). B Boxplot 
showing the variation in the percentage of intercepted spe-
cies established among families by order (n = families). The 
families included are those with at least 25 intercepted spe-
cies, from the top six orders. The three Hemiptera outliers are 
Aphididae, Coccidae, Diaspididae, the Lepidoptera outlier is 
Tineidae. Red triangles show the percentage of all intercepted 
species in the order (inclusive of species in smaller families) 
which were established. Outliers in boxplots were defined as 
values above or below the upper and lower quartile boundaries, 
respectively, by at least 1.5 times the interquartile range

◂
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sensitivity while retaining a specificity of more than 
> 0.6. That said, the improvement in sensitivity when 
the uniform model was applied to the NZ regulated pest 
list (scenario 4) was much weaker, and if the use case 

required a greater emphasis on specificity (e.g., aim-
ing for specificity above 0.8), then the uniform model 
performed worse than the default total interception fre-
quency model.

Fig. 4   Boxplots showing the variation in the percentage of 
established species intercepted among families by A feeding 
group or B type of development (hemimetabolous or holome-
tabolous). The families included in A and B are those with at 
least 25 established species, from the top six orders. C and D 
show the variation in percentage of intercepted species estab-

lished among families by feeding group or type of develop-
ment respectively. The families included in C and D are those 
with at least 25 intercepted species, from the top six orders. 
Outliers in boxplots were defined as values above or below the 
upper and lower quartile boundaries, respectively, by at least 
1.5 times the interquartile range
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Table 3   Evaluation of establishment models based on species interception frequency and family or taxon. AUC-ROC is the area 
under the receiver operator curve

"top" families or taxa are defined as those with at least 20 established species and at least 10 intercepted species in the interception 
and establishment datasets. Taxa for Scenario 2–5 are listed in Turner et al. (2024b)

Scenario Models AUC-ROC (sd)

1 Logistic regression based on species interception frequency 0.73 (0.0095)
Logistic regression with family term 0.73 (0.0056)
Uniform model by family 0.77 (0.0126)
Interceptions normalized by establishment/interception species richness ratio by family 0.78 (0.0096)

2 Logistic regression based on species interception frequency 0.72 (0.012)
Logistic regression with taxa term 0.73 (0.009)
Uniform model by taxa 0.77 (0.010)
Interceptions normalized by establishment/interception species richness ratio by taxa 0.78 (0.009)

3 Logistic regression based on species interception frequency 0.81
Logistic regression with taxa term 0.76
Uniform model by taxa 0.83
Interceptions normalized by establishment/interception species richness ratio by taxa 0.81

4 Logistic regression based on species interception frequency 0.77
Logistic regression with taxa term 0.67
Uniform model by taxa 0.77
Interceptions normalized by establishment/interception species richness ratio by taxa 0.77

5 Logistic regression based on species interception frequency 0.7
Logistic regression with taxa term 0.69
Uniform model by taxa 0.74
Interceptions normalized by establishment/interception species richness ratio by taxa 0.71

Fig. 5   Receiver operator curves for a scenario 1 (insects inter-
cepted at least once in families with at least 10 intercepted spe-
cies and at least 20 established species—6756 species total) 
and b scenario 2 (insects intercepted at least once in taxa with 
at least 10 intercepted species and at least 20 established spe-
cies—8483 species total). Note that the ROC curve for the 

model based on total interception frequency only is equivalent 
to the logistic regression model without a family or taxa term, 
and to the uniform model if fitted without breaking the dataset 
into family or taxa, and to the ratio model if all ratios were the 
same. The grey horizontal and vertical lines mark 0.7 sensitiv-
ity and specificity respectively
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Discussion

While there were similar numbers of insect spe-
cies in the establishment and interception databases 
(Table  2), the overlap was small (approximately 
30%, Figs.  2, S1). However, if the intercepted and 
established species were randomly sampled from the 
same pool of potential species, e.g., all described spe-
cies, an even smaller overlap would be expected. We 
instead observed a much greater overlap which we 
suggest is attributed to the underlying distribution of 

arrival rates and therefore the potential for intercep-
tions to predict invasions.

We also observed that the overlap between inter-
cepted and established species differed between insect 
groups (Figs. S1, 1, 2, 4, 5). For example, Hemiptera 
and Thysanoptera had larger proportions of their 
established species intercepted (Fig. 1) and were the 
same two orders with the highest border intercep-
tion sample coverage observed for species at ports 
of entry in Turner et al. (2021). We argue that some 
of this variation is non-random. Border interception 

Fig. 6   Receiver operator curves for a scenario 3 (insects on 
the Pinus radiata hazard list—649 species total), b scenario 4 
(insects on the list of New Zealand regulated pests—7874 spe-
cies total) and c scenario 5 (USDA hazard list). Note that the 
ROC curve for the model based on total interception frequency 

only is equivalent to the logistic regression model without a 
taxa term, and to the uniform model if fitted without breaking 
the dataset into taxa, and to the ratio model if all ratios were 
the same. The grey horizontal and vertical lines mark 0.7 sen-
sitivity and specificity respectively
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systems are complex and driven by multiple policy 
and operational constraints. But some influences are 
consistent (or mostly consistent) among countries, 
leading to predictable effects in interception data (e.g. 
plant feeder vs non-plant feeders, Fig. S3). There are 
clear differences in the distribution of species among 
taxa comparing international border interception data 
with establishment data (Fig.  1). These differences 
may reflect variation in detection (and identification) 
probability, or variation in establishment probabilities 
among families, though we cannot fully distinguish 
these two factors without independent data.

There are some groups of insects with low inter-
ception probabilities relative to their historical estab-
lishment probability—the known unknowns. We 
know that insects in these groups are likely to estab-
lish without being intercepted. Ideally, a large propor-
tion of established species will have also been inter-
cepted, although there may be historical invasions 
which were facilitated by pathways not monitored 
by border inspections, or because the species were 
in fact intercepted but not identified to species. Low 
coverage may be due to multiple factors including 
low detection probability, difficulty of species iden-
tification, arrival via non-anthropogenic means such 
as wind dispersal, or historic arrivals due to path-
ways which are no longer are common (e.g., naval 
provisions) due to modern transport technology, and 
pre-biosecurity measures. The general influences 
identified in this analysis are (i) lower interception 
probabilities for non-plant feeding insects, (ii) lower 
interception probabilities for Diptera, and (iii) lower 
interception probabilities for Hymenoptera. The fol-
lowing sections will discuss the drivers of each trend 
and the exceptions to the general trend which illus-
trate strategies for uncovering blind spots (e.g. taxo-
nomic groups or pathways lacking in border intercep-
tion data).

Low interception probabilities for non-plant feed-
ing insects might be expected given that border bios-
ecurity is often primarily driven by phytosanitary 
measures. This reflects the historical focus of bios-
ecurity measures on excluding insect pests of plants. 
However, there is increasing recognition of ecological 
impacts of insect groups such as predators, pollina-
tors and detritivores (McGeoch et al. 2016; Brocker-
hoff et al. 2010). There are exceptions to the general 
trends in some reporter regions, which shows that, 
with deliberate interventions at the border, some of 

the blind spots can be removed. Some exceptions to 
the low coverage for certain groups are the focus by 
Australia and New Zealand on Formicidae due to an 
aspiration to exclude non-native ants. The example of 
substantial interceptions of Formicidae in some coun-
tries (Bertelsmeier et  al. 2018) demonstrates that it 
is possible to improve detection probability for these 
species.

Diptera often arrive at the border as immature 
stages which are difficult or impossible to quickly 
identify to the species level (as for many Holome-
tabolous insects, Fig. 4, and note the low proportion 
of Diptera interceptions identified to species level in 
many of the reporter regions, Fig. S2). One exception 
to the general trend of low Diptera interception prob-
abilities is the richness of Tephritidae interceptions 
by New Zealand. Internationally, Tephritidae are a 
recognized high impact group of insects (Trombik 
et al. 2023). However, New Zealand protocols include 
a priority on sending suspected Tephritidae larvae to 
a government diagnostics laboratory for identifica-
tion, and a greater time allowance (compared to other 
biosecurity samples) to complete molecular diag-
nostics. Diptera are not the only insect group which 
tend to arrive as immatures (eggs, larvae or pupae); 
however, we could not find a consistent source of data 
(among reporter regions) on the most common life 
stage of arriving insect taxa. Some border intercep-
tion datasets do include information on life stage, but 
it is generally incomplete. Differences in the rate of 
establishments and interceptions are partially depend-
ent on the extent to which phytosanitary measures 
are implemented and enforced in different countries. 
However, it is difficult to synthesize a set of indica-
tors that reflect the extent of biosecurity measures 
for individual countries because of the large number 
of phytosanitary measures and operational processes 
which vary among countries but also within coun-
tries, among commodity types and pathways, date of 
implementation, degree of enforcement, and because 
many pests can enter via multiple pathways.

Hymenoptera are generally underrepresented in 
border interception data. We suggest that this is, in 
part, due to many Hymenoptera being predatory or 
parasitic rather than plant feeders. Endoparasitic 
Hymenoptera arriving inside host insects would 
be particularly difficult to detect. Fenn-Moltu et  al. 
(2024) found that parasitic Hymenoptera are reported 
in interception data, albeit at a low rate. Many 
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hymenopterous parasitoids tend to be small adding 
to the detection difficulty. As mentioned above, a key 
exception for Hymenoptera is the Formicidae which 
include many species that are widely considered to 
be important invasive pests, which is likely to have 
led to their being considered a priority, resulting in 
enhanced targeting for inspections and an improved 
detection probability.

Psocodea, while containing more historically 
established species than Thysanoptera, are poorly 
recorded in interception data. However, this is, in 
general, not likely to be an issue as most establish-
ment records in this order occurred on average nearly 
a century ago. Many of these establishments will have 
been associated with early human migration including 
lice of humans and domestic animals (e.g.,  Philop-
teridae and Menoponidae). Families within the order 
with more recent years of first record (e.g., Liposce-
lididae—booklice) are still intercepted (primarily by 
NZ and Australia).

There are other insect groups that are very suc-
cessful at establishing after arrival. For example, a 
large fraction of species in the Hemiptera subfamily 
Sternorrhyncha exhibit parthenogenic reproduction 
which facilitates their establishment at low densities 
(Vershinina and Kuznetsova 2016). In these groups, 
the ratio of intercepted species to established species 
can also be low. This may be explained by the par-
thenogenetic reproduction of many Hemiptera, such 
as aphids, which may make them highly successful 
invaders as even the arrival of very few individuals 
could lead to successful invasions (Liebhold et  al. 
2024).

When border interception frequencies are used 
to predict probabilities of species establishment, the 
preferred approach depends on the context and avail-
ability of data. In this study, we considered the con-
text of predictions for hazard lists which typically 
contain several taxa groups. Our results indicate that 
both the sensitivity and specificity of predictions can 
be improved by taking information about the family/
taxon into account (Fig.  5) when applied to lists of 
species which have been intercepted at least once.

When using such models to prioritize species 
from existing hazard lists, it can be anticipated that 
many insect species on these lists have never been 
intercepted. In this case, models which include con-
sideration of the probability of establishment for 
species with zero interceptions have an advantage. 

The uniform model is one of these and as dem-
onstrated in Fig.  6, has the particular advantage 
of retaining reasonable specificity (> 0.7) while 
improving sensitivity. However, the magnitude of 
this advantage depends on the composition of the 
hazard list. As seen in Fig.  6b, for the NZ hazard 
list, the uniform model actually performed worse 
than the default total interception frequency model 
if wanting to retain specificities above 0.7. This was 
largely due to the large number of species from the 
infraorder Aphidomorpha (e.g., aphids) on the NZ 
hazard list. The uniform model fit to the Aphido-
morpha gave a relatively high predicted probability 
of establishment for the species with zero intercep-
tions (0.34) whereas only 11% of the Aphidomorpha 
on the NZ hazard list actually have established. This 
meant that all Aphidomorpha would be predicted 
to have established given a low enough threshold, 
in contrast to the other insect taxa on the list. This 
overprediction of establishment for Aphidomorpha 
species can be partially attributed to the assump-
tion of the model that arrival rates are uniformly 
distributed rather than following a right skewed 
distribution which might be more realistic. Fitting 
a model to Aphidomorpha interceptions is particu-
larly challenging given that, while Aphidomorpha 
are plant feeders and we would therefore expect 
them to be relatively well detected, many are also 
parthenogenic (Vershinina and Kuznetsova 2016) 
which means that their probability of establishment 
is relatively high per arrival (Rubio-Meléndez et al. 
2019). Furthermore, establishment predictions for 
species that have not yet been established may be 
realised in future. It has been shown that new spe-
cies become successful invaders all the time, and 
hundreds of arthropod species, probably mainly 
insects, that have not yet been recorded as invaders, 
are predicted to invade in coming decades (Seebens 
et al. 2021).

There is considerable variation in coverage of 
border interception data in relation to historical 
establishments, a large part of which is likely due to 
variation in detection probability. Some of this vari-
ation is due to country-specific operations at ports 
of entry (as well as during diagnostics) as illustrated 
by the variation between reporter regions (we leave 
further investigation of reporter region variation to 
future research). However, some trends are consist-
ent across all reporter regions such as the tendency 
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for higher interceptions (relative to establishments) 
of plant feeding insects relative to non-plant feeders 
reflecting the historical emphasis on phytosanitary 
inspections at the border. Models, such as those pre-
sented here provide a means for predicting the risk of 
species establishment even for insect species that are 
not detected. Improved establishment predictions ulti-
mately should lead to improved risk assessments and 
general increases in biosecurity programmes meeting 
their goals of excluding damaging non-native species.
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