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Abstract

We reviewed exotic insect species that are considered threats to Australia’s plantation, amenity, native forests and
timber-in-service (“risk species”), comparing them to already-established non-native species. We examined
biological and phylogenetic traits, border interceptions, origins and geographic distributions, to identify similarities
between groups. Border interceptions of insect species considered an invasion risk were further analysed to identify
their likely pathways. The two groups “risk species” and “established species” differed compositionally, with the
dissimilarity possibly due to: (1) neither timber pests nor, to a lesser extent, exotic amenity tree host taxa being
considered in industry or environmental biosecurity plans (e.g. explaining the under-representation of Bostrichidae
in perceived risks compared to establishments and interceptions); (2) the importance of high-profile pests overseas
(e.g. Monochamus spp., Lymantria spp.) inflating some groups over others; (3) unpredictability (“known
unknowns”) (e.g. establishment of unexpected species such as Marchalina hellenica and Essigella californica); (4)
identification of emerging pests or pathways that may differ from historical arrivals; and (5) surveillance — for insects
at least — traditionally targeting more detectable taxa (possibly explaining the over-representation of moths and
cerambycids in risk lists compared to establishments). The under-representation of Hemiptera on risk lists may
reflect their low visibility as impact species outside Australia, their lower detectability, and hence, unpredictability.
Risk and established species groups could be separated based on body size and geographic distribution, as well as in
the frequency (proportion of species intercepted), but not number, of border interceptions. Risk species were often
intercepted from their invaded range, and were largely associated with wood products and packaging and non-
commercial pathways (mail, baggage, personal effects). Our study highlights common factors that might assist with
developing risk lists — e.g. polyphagy, history of invasiveness, body size — and the fallibility of such lists. Improving
general surveillance capacity and capability will increase the chance of detecting cryptic or unpredictable pests that
are not effectively targeted in specific surveillance.
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Introduction

Invasive species cost the Australian economy almost
$AUD14B annually [1], as invasions continue worldwide
with no evidence of saturation [2]. Australia has
accumulated ~140 non-native forest insect species in
native, amenity and plantation trees and timber, > 95%
of which are invasive elsewhere [3] and many of which
continue to move globally through trade and travel [4].
The globalised movement of goods and people inevitably
leads to an increased risk of the arrival of additional
invasive species [5], with commensurate requirements
for their prevention and mitigation.

The Australian biosecurity system aims to minimise
adverse impacts of exotic invasive pests and diseases on
the economy, environment and community, whilst
facilitating trade and the movement of people and
commodities [6] and is estimated to provide an average
return on investment of 30:1 [7]. Australia’s biosecurity
system is among the strictest in the world [8]; the

Australian Government’s Department of Agriculture,
Water and the Environment (DAWE) is the lead agency
for biosecurity in Australia, with partnerships across
government, industry, the community, and other
countries to help manage risks overseas, at the border,
and within Australia [9]. The recent proposal to establish
a National Forest Pest Surveillance Program aims
specifically to reduce the risk of establishment and
spread of exotic forest pests through targeted post-
border surveillance strategies [10, 11]. Pest risk
prioritisation for allocation of limited funds for
surveillance is an important consideration for
stakeholders [12], with formal pest risk analyses forming
a mainstay for this prioritisation.

Typically, biosecurity pest risk analyses involve
assessment at each step of the invasion process to
identify the likelihood and consequence of a pest’s
arrival, establishment, spread and impact. This provides
a foundation for prevention and mitigation measures
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[13, 14], and facilitates the prioritisation of pre-border,
border and post-border activities and response measures
[15]. Accurate and up-to-date information on exotic pest
threats, likely pathways, and potential impacts is
required to develop pest and pathway risk assessments
and ensure adequate biosecurity measures are in place
[16]. Prevention of arrival and establishment is the most
cost-beneficial outcome of biosecurity [17, 18], while
effective management can provide a 13-fold benefit over
the economic costs of damage [19]. In Australia, the
management of three invasive forest insects alone
(Hylotrupes bajulus, Marchalina hellenica and
Cryptotermes brevis) has cost over $3M pa in
eradication and containment measures since 2003 [16,
20].

Here we examine the exotic insects considered
biosecurity threats to Australia’s forests, comparing
them compositionally and biologically to those already
established in Australia, and using border interception
data to identify their potential pathways, commodity
associations and origins. Our findings aim to inform
stakeholders towards effective pest risk prioritisation
regarding biosecurity policy, early detection and
increased likelihood of eradicating potentially
devastating invasive forest pests.

Materials & Methods
Construction of datasets

To compare perceived threats with pests that have
already established, we constructed two datasets: the
Risk dataset and the Establishment dataset. For insects
in each dataset, we recorded the same attributes as used
previously [4] (i.e. global distribution, body size,
concealment, reproductive strategy, polyphagy, host-
associated lifestages, native range, and impact/priority
in forestry). We also recorded whether close (genus-
level) relatives of each are present in Australia as native
or invasive taxa. Each dataset was further classified into
forest-relevant taxa  (i.e. those specific to
forest/amenity/timber hosts, not primarily associated
with other industries such as horticulture) — see [3], and
priority pests (PPs) as defined by those causing moderate
to high impact in Australia [3, 16], or assessed as
moderate to high risk in assessment processes (see
below).

Risk dataset

Exotic insects listed as threats to Australian forests
(defined here as plantation, amenity and native forest
trees), as well as threats to timber-in-service were
considered. Threats included those formally assessed
nationally [21], in industry (plantation forestry and
nursery) biosecurity plans [22-25], in environmental
biosecurity prioritisation lists [26], in exotic forest-
relevant insects listed as “regulated pests” in the Pest and
Diseases Image Library (www.padil.gov.au), in exotic
timber pest guides [27, 28], and forest-relevant insects
on the Northern Australia Quarantine Strategy (NAQS)
surveillance list (J. Walker, pers. comm.). We note that
the assessment processes by which these species were
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included differed between sources, although several
species were included in more than one source (see
Supplementary data table 1). Relevant host plants were
the same native, plantation and amenity genera, and
timber, as used in [3]. We restricted our list to insects
explicitly described or assessed as being of some threat
to Australia rather than using records of all exotic insects
associated with our forest hosts as these would number
into the thousands (e.g. >400 exotic insect species
recorded on eucalypts alone ([29; HFN unpubl.]). The
risk dataset thus comprised of 74 insect species, 44 of
which were primarily forest species, and 17 of which were
designated as moderate or high priority pests (PPs); in
total, 52 of these species had been formally risk-assessed
through government [30], industry [22-25] and
environmental biosecurity processes [26], while a
further four were on the NAQS watch list
(Supplementary data table 1).

Establishment dataset

We used the 135 non-native insect species established
in Australia from [3, 4] to which we added four
established non-native termite species (Cryptotermes
brevis, C. cyanocephalus, C. domesticus, and C. dudleyi
[31]). Of these 139 species, 70 were primarily forest pests,
and 20 were considered to cause moderate—high impact
(see 3; Supplementary data table 2).

Border interceptions

The number of border interceptions of species on each
list were accessed from the Australia-wide DAWE border
interception database (2003—2016), through a formal
data-sharing deed with HFN. These interception data
comprise air, sea and mail border detections made
during inspection by biosecurity officers at ports of entry
associated with international cargo, travellers, and mail.
Available details included country of origin and
commodity-association, which were categorised to
geographic region and broad commodity classes (Table
1) for analyses.

We acknowledge the limitations of the border
interception data including: a lack of information on
relative inspection rates and import volumes; difficulties
in accurately identifying different insect lifestages; lack
of data on the number of insects found and their lifestage
at the time of discovery; potential differences in
inspection rates and methods between jurisdictions; and
potential unreliability in country of origin records given
multiple port stops. Intercepted insects were destroyed,
and potential risk of any associated consignments were
mitigated as part of usual biosecurity processes.
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Table 1. Types of commodities on which interceptions were made and their classification into commodity classes.

Commodity class Commodity description

Plant material Fresh and dried fruit, vegetables, flowers, woven grasses, nursery stock, seeds,
herbs and spices, grains

Wood products Wooden articles that are the commodity e.g., timber, artefacts and ornaments,
furniture, panels, personal effects (where wood is specified as material)

Wood packaging Crates, pallets, dunnage, packing material (where wood is specified as
material)

Machinery/vessel Typically non-host material associated with cargo or vessels e.g., tyres, empty
containers, ship or part of ship, tools, new and used vehicles, machinery and
parts thereof

Other/unknown  Animal products (e.g., fish meal, meat meal), personal effects (where wood is

not specified), slate, paper, plastic, cardboard; or no commodity recorded

Asian gypsy moth, Lymantria dispar, was not
recorded in border interceptions at subspecies level, so
subspecies was inferred based on origin (i.e. L. d. dispar
from Europe or North America, L. d. japonica from
Japan, L. d. asiatica from elsewhere in Asia). The single
border interception of Euwallacea fornicatus was split
between the two taxa in the risk list that it might have
been (E. kuroshio and E. fornicatus), although there are
two other species in the complex [32]. Finally,
Cryptotermes breuvis is formally listed as a high priority
exotic pest for Australia [21, 25] but because it is
established in several locations, albeit under control [31,
33], we included it in the establishment list, rather than
the risk list.

Comparisons between risks and establishments

Taxonomic compositional differences between all,
forestry-specific, and moderate—high priority lists of
established species and risk species were visualised at the
Order level using simple bar graphs, and at the family
level by plotting the number of species in each family
represented in each list.

Differences in established and risk taxa between the
larger dataset based on the first six attributes above were
quantified using analysis of similarity (ANOSIM) based
on the index of association [34] and visualised using
non-multidimensional scaling (nMDS) in Primer 7
(v.7.0.13, PRIMER-e¢), with those that contributed most
strongly to group separation being identified with
similarity percentage (SIMPER) [35]. To avoid any
potential phylogenetic bias in the larger dataset, the
same analysis was repeated for Coleoptera only, as one of
the most important groups of invasive forest insects.
Border interceptions were compared between risk and

established species using chi-square tests, t-tests and
regression analyses conducted in SPSS (IBM SPSS V26).

Border interceptions of risk species

Interception frequencies were compared between risk
and established groups using chi-square and Mann-
Whitney U-tests. Border interception data for the risk
species only was examined further to identify taxonomic
patterns, origins and commodities that they were
associated with. Spearman rank correlation was used to
examine relationships between the number of
interceptions and numerical trait scores. These were
further examined using ANOSIM and Mann-Whitney U-
tests comparing trait ranks between binary groups
“intercepted” and “not-intercepted”.

Results
Comparisons between risks and establishments

The broadest list (all native, amenity, plantation and
timber-in-service insects) showed little taxonomic
similarity between risk (n = 74) and established (n = 139)
insects (Figure 1a), with Hemiptera extremely over-
represented, and Lepidoptera under-represented, in
establishments compared to risks. There were six
families of insects with at least two species established
that were not considered risks (Adelgidae, Aphididae,
Cicadellidae, Diaspididae, Psyllidae and
Tenthridinidae), and ten families considered risks for
which no forestry representatives are established
(Coreidae, Cossidae, Erebidae, Lasiocampidae,
Pentatomidae, Pyralidae, Rhinotermitidae, Saturniidae,
Thaumetopoeidae, Tortricidae), four of which have no
invasive representatives in  Australia at all
(Rhinotermitidae, Thaumetopoeidae, Cossidae,
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Lasiocampidae — HFN, unpubl.). A similar percentage of
species had native Australian congeners between the risk
and established lists (32% and 27%, respectively; y2: =
0.61, P=0.44) but significantly more non-native
established species had invasive congeners in Australia
than did risk species (60% vs 28% respectively; x2:=19.8,
P<0.001).

Considering primarily forest insects, six families with
two or more established species were unrepresented in
the risk list (Adelgidae, Aphididae, Cicadellidae,
Diaspididae, Psyllidae, Tenthridinidae) and six families
appeared on the risk list which currently have no invasive
forest species present (Cossidae, Lasiocampidae,
Pyralidae, Rhinotermitidae, Thaumetopoeidae,
Tortricidae) (Figure 1b). The comparison of exotic pests
(PPs) of moderate—high priority to those documented
causing moderate—high impact (Figureic) illustrated
general incongruence for all families except the
Curculionidae; cerambycid beetles were over-
represented by risk, with only one (Hylotrupes bajulus)
established species causing economic impact so far.
Similarly, there are not yet representatives of the
Rhinotermitidae or Erebidae established in forestry or
causing impact.

The two groups (risk species and established species)
were separated based on their biological attributes for all
three data subsets (ANOSIM: all: R = 0.49, P = 0.001;
forestry: R= 0.19, P = 0.001; PPs: R = 0.31, P = 0.002 —
only nMDS for the full dataset presented — Figure 2),
with SIMPER showing that body size and global
distribution were the strongest contributors (>70%) to
group separation in all cases, with established species
being smaller and having broader global distributions
than risk species. When number of interceptions was
added to the model, it replaced global distribution as a
discriminating factor, with established species having
higher numbers of interceptions than risk species.

The risk species that clustered most closely to the
established species based on their six measured
biological attributes are listed, along with their
respective number of border interceptions, in Table 2.

The same group separation held for Coleoptera alone
(ANOSIM: R = 0.18, P = 0.001) with the same attributes
(body size, global distribution) responsible for group
partitioning (Figure 3).

In addition to the five beetles in Table 2, Lyctus
africanus (Bostrichidae) was identified in this analysis as
a risk species of overlap, with 76 border detections.

Border interceptions of risk species and established
species

There were 1,079 border interceptions between 2003
and 2016 of 28 of the 74 exotic species considered in our
risk list, and 4,058 of 78 out of 139 established species.
Significantly more established non-native species (56%)
were intercepted than risk species (38%) (x2:=6.5,
P=0.01). However, the mean number of interceptions
per intercepted species did not differ between
established (52.0 + 12.6) and risk (38.6 + 16.1) groups (t-
test, t104=0.58, P=0.56).
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At family level, there was a linear relationship between
the number of species intercepted and the number of
species established (Figure 4A), with 5 of the 11 families
with no established representatives also having no
border interceptions among forest taxa. Aphids were an
outlier in their over-representation in establishments
compared with interceptions, and when removed the
linear relationship became y = 0.7278x - 0.19409;
R2=0.96, P<0.001. The relationship between the number
of interceptions per intercepted species, and number of
species established per family, was not significant
(R2=0.07, P=0.1) (Figure 4B).

For the nine (of forty) families of overlap between the
established and risk lists (comprising 60 and 47 species,
respectively), the number of interceptions is shown in
Table 3. In both groups, the Buprestidae had no
interceptions, and Bostrichidae had the highest number
of interceptions per species, but the Cerambycidae had
substantially higher numbers of interceptions among the
risk species than established species (driven by high
numbers of Arhopalus ferus — see below for
explanation). Interceptions of Curculionidae were most
divergent between groups, with 200 times the number of
interceptions of established species compared with risk
species (Table 3).

Border interceptions of risk species

Within the risk species, those that were invasive
elsewhere were more likely to be intercepted (59%) than
those that were non-invasive (20%) (x2:=10.3, P<0.001),
and 91% of interceptions were of species invasive
elsewhere. However, of the 20 invasive species
intercepted, half were intercepted at least once from
their invaded range, while all but Dysmicoccus
neobrevipes were intercepted at least once from their
native range. Over 95% of interceptions of species from
their invaded ranges were of only three species:
Arhopalus ferus, Halymorpha halys, and Sinoxylon
conigerum; when these were excluded, there were more
interceptions from native range than invaded range, of
invasive species (Figure 5). South America had the
highest diversity among interceptions, while New
Zealand had no diversity, with only A. ferus being
intercepted from there.

Overall, there was no difference between intercepted
and non-intercepted risk species based on their
biological attributes (ANOSIM: R=0.02, P=0.213),
however, the number of border interceptions was
significantly correlated with invasiveness (number of
adventive regions) and polyphagy (Spearman rank
correlations: rho = 0.45, P<0.001; rho = 0.32, P = 0.006;
although these two factors were also correlated: rho =
0.41, P <0.001). Intercepted species were found
invasively in 1.6 regions, and non-intercepted species in
only 0.5 (Mann-Whitney U-test, U = 857, P = 0.007) and
intercepted species had a broader host range than non-
intercepted species (Mann-Whitney U-test, U = 950,
P<0.001).

All commodity types hosting forest risk species had
similar numbers of species intercepted (11—16), with the
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greatest number of interceptions from commercial wood
products and packaging. There were 230 interceptions
with no specific commodity recorded, associated with
non-commercial pathways (baggage, personal effects
and mail) (Figure 6).

There were 485 interceptions of 9 of the 17 moderate—
high priority insects between 2003 and 2016, 77% of
which were Arhopalus ferus (Table 4). Queensland,
Victoria and New South Wales accounted for 86% of all
interceptions (Figure 7), with 20, 18 and 22 species each,
respectively, and 96% of all HPP interceptions (7, 5, 8
HPP species, respectively).

High numbers of A. ferus from New Zealand is not
unexpected, and import conditions are imposed
specifically for this pest
(www.biocon.agriculture.gov.au/biconweb4.0/). DAWE
and the New Zealand Ministry for Primary Industries
(NZ MPI) jointly recognise a A. ferus management plan
for the export of wood products and movement of vessels
from New Zealand to Australia. At particular times of the
year, usually between October and April, adult flight
activity of A. ferus is monitored by NZ MPI and after
thresholds of adults captured are reached, any
contamination of wooden products by adults is managed.
Vessel movement is strictly monitored, and vessels are
inspected en route by crew and again on-arrival by
Australian biosecurity officers for the presence of adult
A. ferus.

Discussion

We asked, “how similar are perceived forest risks to
historical establishments?” using different diversity
measures and data partitioning, to compare non-native
forest insects established in Australia with those
considered biosecurity threats, under the assumption
that historical invasion patterns may assist with
predicting future events [36, 37]. Overall, the risk list
differed in ordinal and familial composition from the
established list, and likewise when partitioned into
forest-specific, and high priority pests, with the greatest
congruence for Coleoptera at order level. Risk and
established species groups could also be separated based
on body size and geographic distribution, as well as in the
frequency (proportion of species intercepted), but not
number, of border interceptions.

We found that Hemiptera are under-represented on
risk lists compared with establishments, while
cerambycid beetles and Lepidoptera are considered
more of a risk to forestry than they have proven
historically. Australia has very high diversity among
native fauna of Lepidoptera, and among the lowest ratio
of non-native to native Lepidoptera species in the world
[38]. This apparent lower establishment rate may, in
part, be driven by competitive exclusion (e.g. 39),
adaptation of native natural enemies (e.g. 40) and
evolutionarily unfamiliar host plants [41], particularly in
eucalypts [42]. Less than one-third of our established
and risk taxa had native congeners in Australia, possibly
reflecting that the majority of non-native insects are
invasive on exotic hosts [3], and/or suggesting the
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presence of co-evolutionary barriers to establishment on
native hosts [42]. Polyphagous insects are those most
amenable to establishing on novel taxa [42, 43], and
polyphagy was correlated with invasiveness (spread) and
interceptions here, as in our previous studies [3, 4].

Although established species were more frequently
intercepted than risk species, there was no clear
relationship between the number of interceptions (used
as a proxy of propagule pressure — e.g. 44) and
establishments. In all, just 15% of intercepted species
accounted for 81% of interceptions among the
established and risk forest taxa in Australia. In contrast
to established species, there was no group separation of
intercepted and non-intercepted risk species, although
the most important trait in separating established
species (year of establishment) was not relevant for risk
species. For established and risk taxa, interceptions were
correlated with polyphagy and global distribution. As we
found for established forest insects [4], the role of
bridgehead populations in interceptions is likely behind
the latter pattern, where the more regions in which a
species is established, the more opportunities for
movement exist. For example, 95% of interceptions of
the three most-intercepted risk species, accounting for
70% of interceptions, were from their invaded ranges.
Despite this, movement from the native range was also
significant among the other invasive risk species, and
Seebens et al. [45] cautioned against basing risk lists on
species that are invasive elsewhere, arguing that
emerging invaders commonly arise through increased
accessibility of new source species pools in native ranges.

Mirroring first detections and interceptions of
established insects, whereby pests from Asia were more
likely to occur in Queensland [3, 4], more interceptions
of risk insects also occurred in Queensland from Asia-
Pacific regions than in other Australian states. The most
common pathways associated with the global movement
of forest insects are wood packaging materials (WPM)
and live plants [46]. Both pathways are strictly regulated
in Australia using different approaches based on the
inherent differences between them, such as volume of
trade, and capacity to inspect goods (DAWE pers.
comm.). In this study, very few detections were made of
risk insects on live plants, while wood products and
WPM associated with commercial pathways were the
most important source of interceptions of risk species.
Krishnankutty et al. [47] suggested that risk associated
with WPM may be independent of geographic origin;
although detections were made in WPM from all regions
in our study, the majority (79%) were from the Asia-
Pacific region. Non-commercial pathways (baggage,
personal effects and mail) were again an important
source of border interceptions, as in our previous study
[4].

The absence of interceptions of risk species of bark
beetles suggests that Australia’s phytosanitary
requirements, including the requirement for bark
freedom through Australia’s adoption of ISPM 15 or
equivalent measures for imported WPM and the
acceptance of systems approaches (Canadian Sawn
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Wood Certification Program [48]) may be effective in
reducing bark beetle movement.

Some studies have criticised the effectiveness of ISPM
15, for WPM in particular, (e.g. 47, 49, 50), however,
interceptions of some borers associated with WPM may
not necessarily indicate phytosanitary treatment failure.
The scope of ISPM 15 (and most wood product
phytosanitary treatments) is limited to mitigating the
risk of pests of living trees and other organisms that may
be present in the timber at the time of treatment, rather
than ongoing protection from contaminating pests or
other organisms [51]. A great number of interceptions in
WPM (82%) and wood products (44%) were bostrichid
borers that colonise dry wood or timber-in-service. Thus,
a proportion of these infestations may have occurred
after the phytosanitary treatments were applied.
Bostrichids are not considered on risk lists compiled by
the forest industry [25] (represented by growers only) as
potential pests, despite some established species being of
moderate impact [3].

The inclusion of timber-in-service pests on forestry
pest lists in Australia is contentious, as they are not
covered by the Emergency Plant Pest Response Deed
(EPPRD) unless they impact living trees (Plant Health
Australia, pers. comm.). Within the forest industry in
Australia, only growers are signatories to the EPPRD,
hence there is no clear avenue for cost-sharing during an
incursion, and no identification of an affected party or
industry for decision-making about detections of such
insects [11]. Trait analyses suggested that three species of
Bostrichidae may be of risk of establishing in Australia,
all of which are frequently intercepted at the border, and
collectively accounted for almost 500 post-quarantine
detections between 2003 and 2016 (HFN unpubl.). This
is consistent with observations that the Bostrichidae
tend to be highly represented globally in interceptions
[52] and in non-native establishments [53].
Nevertheless, two species of drywood termites are listed
as high priority pests in the forest plantation biosecurity
plan [25], and the attempted eradication of Hylotrupes
bajulus was cost-shared among governments and the
forest industry despite being primarily a timber-in-
service pest [11, 16].

Trait similarity analysis also suggested that the
ambrosia beetles Euwallacea fornicatust and E.
kuroshio may be at risk of establishing in Australia. Both
were assessed as low risk to the plantation industry [25]
as they are not pests of plantation species, but E.
fornicatus and its associated fungus (Fusarium

Nahrung HF & Carnegie AJ. Predicting Forest Pest Threats in Australia:
Are Risk Lists Worth the Paper they’re Written on? Global Biosecurity,
2022; 4(1).

euwallaceae) were identified as significant risks to the
environment [26]. There was only one interception of
either Euwallacea species between 2003 and 2016.
These species belong to a cryptic complex of at least four
species [32, 54], one of which (E. perbrevis) is likely an
established non-native species in Australia (Nahrung et
al. in prep.) and in a forest context probably most likely
to impact amenity trees. Some amenity trees are
tangentially considered under the nursery and garden
industry and environment biosecurity plans, but the
incomplete overlap of host tree taxa may further partly
explain some of the differences in risk and established
species we found here.

Another potential reason behind the incongruence
between insects identified as risks and insects that have
historically established and caused impact in Australia’s
forests may be because insects are often included on
priority surveillance lists based on their detectability
[55]. Along with pathway identification, and likelihood
and consequences of establishment and spread, the
ability to detect a pest is recommended as a
consideration in biosecurity surveillance prioritisation
[56]. Although it was not explicitly considered in the pest
risk assessments here [25], historical inclusion of some
risk species may have included this criterion. The ability
to implement management activities, including
delineating surveys, is dependent on effective detection
methods, and the ability to trap is also associated with
eradication success [57, 58]. This may partially explain
the risk list weighting towards taxa that are easily
trapped, such as beetles and moths, in risk lists
compared with Hemiptera, which are difficult to predict
[58]. Hemiptera may further be overlooked in risk
assessments that use arrival rates/propagule pressure to
predict risk because they are not as detected in border
inspections [59, but see 52]. They are also more likely to
be overlooked in passive surveillance such as public
reporting/citizen science [60], which accounted for the
second-highest number of forest insect detections in
Australia [16].

1Since preparing the ms, E. fornicatus was detected in Western Australia, but its establishment status is still under consideration
[https://www.outbreak.gov.au/current-responses-to-outbreaks/polyphagous-shot-hole-borer].
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Pest risk prioritisation for allocation of limited funds
for surveillance is an important consideration for policy
makers, conservationists, and land managers [12].
Despite trade-offs associated with the inaccuracy of
invasion predictions (e.g. 61), risk assessments are
viewed as cost-effective means of reducing invasions and
impacts [62, 63]. Lawson et al. [50] suggested that more
effort should be put into refining forest pest lists and
carrying out risk analyses for key pests through analysis
of interception data, and the Australian plantation forest
sector recently reviewed the plantation timber
biosecurity plan and undertook risk assessment to
identify exotic pest threats, in parallel with the advent of
the National Forest Pest Surveillance Program: 58% of
the species in our risk list analysed here were assessed
under the new plan.

Pest species’ risk prioritisation is undertaken from an
initial list of candidate species known to cause damage in
forests overseas, and this alone may explain why high-
profile groups dominate our risk list. In particular,
cerambycid beetles (e.g. Monochamus spp.) and
Lepidoptera (e.g. Lymantria spp.) are well-known forest
pest species, while (with some exceptions) Hemiptera
are not as prominent as high-impact species either as
native or introduced pests overseas, and hence, are not
necessarily placed on initial pest lists for risk assessment.

Traditional risk assessments — including those that
generated our forestry risk list — involve expert
consensus predictions of arrival, establishment, spread
and impact of individual species [14]. Kean et al. [64]
suggested that biosecurity risk analyses incorporating
these risk indices with interception data as a proxy of
propagule pressure may assist with prioritisation,
however, interception data is subject to several
limitations in its scope and utility, and it may merely
provide  greater  predictability @ of  historical
establishments than contemporaneous ones [4, 59].

We compared the suite of established forest insects
with the risk list assessed as above under the tenet that
understanding historical invasion patterns in Australia
may assist with predicting future events [36, 37], and
while they differed, it is unclear what weight to place on
this finding. We suggest that future risk analyses could
incorporate: (i) climate-modelling to predict pest
establishment and spread under current and projected
climate scenarios [65]; (ii) greater emphasis on pathway
assessment [14] and pathway management, over risk
analysis based on specific pests [50]; and (iii) the
connectivity of trade networks as another predictor of
invasion [66].

However, risk lists will inevitably omit “unknowns” —
organisms that are not pests in their native or invaded
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ranges (e.g. Essigella californica — [67]), have no prior
invasion history [45], may be deliberately introduced
(e.g. Marchalina hellenica — [68]), belong to cryptic
complexes (e.g. Euwallacea fornicatus — [54]) or are
undescribed or unknown in their country of origin prior
to invasion (e.g. several species of eucalypt gall wasps —
[69]). Because of this unpredictability and subsequent
inability to be included in risk lists, such species may
have a higher likelihood of slipping through border
controls and escaping early detection [45]. Recognising
risks more broadly (e.g. at the family or guild level) may
assist to mitigate these issues. The ability to expect and
respond to “known unknowns” is paramount, given that
three out of four moderate—high impact species
established in the last 20 years were not identified as
high priority pests in risk assessments [16]. Considering
that, on average, one new non-native forest insect
establishes each year and almost one-fifth of these cause
moderate—high impact [16], prevention of invasion is
crucial as the most cost-beneficial outcome [17], with
early detection similarly paramount.

Our study highlights factors that may assist with
developing risk lists (e.g. polyphagy, history of
invasiveness) but also illustrates the fallibility of such
lists. Host and climate suitability mapping — the latter
not routinely conducted — will improve forecasting;
thorough pest risk assessments (e.g. 70) are not routinely
conducted for forestry pests in Australia. Priority pest
lists serve to focus national preparedness capability,
including managing potential pathways to minimise the
risk of introduction, ensure diagnostic capability and
capacity, develop and implement national surveillance —
including effective surveillance protocols — for early
detection, and contingency plans in the event of an
incursion, including ensuring capacity and capability to
respond effectively (e.g. 71). Thus, while it is recognised
that pests on risk lists are not the only species of
biosecurity concern and risk lists are not foolproof, they
serve to increase broader biosecurity awareness and
capability. Increasing surveillance capacity (i.e. more
eyes on the ground) is one avenue to increase the chance
of detection of non-listed pests (e.g. “unknowns”),
especially with limited resources for targeted
surveillance, which often relies on ability of target pests
to be captured. Increasing the capability and capacity of
general surveillance, through which a high proportion of
pests are detected [16], will serve to improve early
detection of cryptic or unpredictable pest species.
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Figure 1. Comparison between numbers of exotic forest insect species considered at risk of establishing in
Australia (grey) with those already present (black) by Order (inset) and Family. (A) all species associated with forest
hosts; (B) species affecting primarily forest hosts; (C) those considered of moderate—high priority (risk species) and
to cause moderate—high impact (established species). Dotted line shows where equivalent representation would fall

(adjusted for sample size). COL=Coleoptera; BLT=Blattodea; LEP=Lepidoptera; HEM=Hemiptera; HYM=
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Figure 2. Non-metric multidimensional scaling ordination of all exotic forest-related insects at risk of establishing
in Australia (grey) and those already established (black). LEP = Lepidoptera, COL = Coleoptera, HEM = Hemiptera,
BLT = Blattodea, HYM = Hymenoptera, THYS = Thysanoptera.
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Table 2. The ten risk species most similar to established forest species based on their biological attributes, and the
number of border interceptions of each.

Species Order: Family N interceptions
Aleurocanthus woglumi Hemiptera: Aleyrodidae 3
Coptotermes formosanus Blattodea: Rhinotermitidae 15
Coptotermes gestroi Blattodea: Rhinotermitidae 18
Dysmicoccus neobrevipes Hemiptera: Pseudococcidae 3
Euwallacea fornicatus* Coleoptera: Curculionidae 0.5
Euwallacea kuroshio* Coleoptera: Curculionidae 0.5
Lyctoxylon dentatum Coleoptera: Bostrichidae 19
Paracoccus marginatus Hemiptera: Pseudococcidae 0
Sinoxylon unidentatum Coleoptera: Bostrichidae 240
Xylosandrus compactus Coleoptera: Curculionidae 0]

*one interception recorded as E. fornicatus may have been either species
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Figure 3: Non-metric multidimensional scaling ordination (nMDS) of exotic forest Coleoptera at risk of
establishing (grey) and already established (black).
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Figure 4. Relationships between border interceptions and establishments of forest species (risk + establishments
combined; N=213 species) by family. (A) number of species intercepted and established per family; and (B) number
of interceptions (per intercepted species) and number of species established per family.
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Table 3. Number of species and interceptions for nine families of forest insects established (Est) and at risk (Risk)
of establishing in Australia.
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N species Total Interceptions

N species intercepted (%) interceptions per species
Family

Est Risk Est Risk Est Risk Est Risk
Aleyrodidae 3 1 2 (67) 1(100) 4 3 1.3 3.0
Bostrichidae 6 3 6 (100) 3(100) 1573 335 262.2 111.7
Buprestidae 3 0] 0 0 0] 0] 0]
Cerambycidae 3 14 3 (100) 9(64) 16 402* 5.3 28.7
Coccidae 15 2 10 (67) 0 60 o) 4.0 o)
Curculionidae 19 18 14 (74) 1(6) 224 1 11.8 0.1
Kalotermitidae 4 1 4 (100) 1(100) 45 12 11.3 12.0
Pseudococcidae 7 6 (86) 1(50) 139 3 19.9 1.5
Siricidae 2 2 (100) 3 (100) 4 18 2 6

* 371 were a single species (Arhopalus ferus) — see Table 4

Figure 5. Number of interceptions of risk forest insect species in Australia from different regions, and the status of
the species in that region. Numbers above bars indicate the number of species intercepted from each region. Inset is

the same data with the top three species (accounting for 794 interceptions) removed.
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Figure 6. Number of interceptions of risk forest species of different orders on different commodity types in
commercial (cargo) and non-commercial (baggage, mail, personal effects) between 2003 and 2016. The number in
parentheses shows the number of species intercepted for each commodity type in total.
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Table 4: Number of border interceptions of Australian plantation forestry’s highest priority pest risks between
2003 and 2016.

Species/group Order: Family N interceptions
Arhopalus ferus Coleoptera: Cerambycidae 371
Coptotermes (2 spp.) Blattodea: Rhinotermitidae 33
Dendroctonus (3 spp.) Coleoptera: Curculionidae 0]
Lymantria (4 spp.) Lepidoptera: Erebidae 68
Monochamus (5 spp.) Coleoptera: Cerambycidae 12

Tomicus piniperda Coleoptera: Curculionidae 0]
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Figure 7. Number of interceptions at each Australian state/territory of Australian forestry risk pests according to
shipment origin (top five origins only, N = 995 interceptions). *All interceptions from NZ were a single species,
Arhopalus ferus, a species with specific mitigation in place.
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