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Abstract

The economic and environmental threats posed by non-native forest insects
are ever increasing with the continuing globalization of trade and travel;
thus, the need for mitigation through effective biosecurity is greater than
ever. However, despite decades of research and implementation of prebor-
der, border, and postborder preventative measures, insect invasions continue
to occur, with no evidence of saturation, and are even predicted to accelerate.
In this article, we review biosecurity measures used to mitigate the arrival,
establishment, spread, and impacts of non-native forest insects and possible
impediments to the successful implementation of these measures. Biosecu-
rity successes are likely under-recognized because they are difficult to detect
and quantify, whereas failures are more evident in the continued estab-
lishment of additional non-native species. There are limitations in existing
biosecurity systems at global and country scales (for example, inspecting
all imports is impossible, no phytosanitary measures are perfect, known
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unknowns cannot be regulated against, and noncompliance is an ongoing problem). Biosecurity
should be a shared responsibility across countries, governments, stakeholders, and individuals.

1. INTRODUCTION

Non-native forest insects cause significant economic, ecological, and social impacts through losses
to production, trade, and asset values; costs of control measures; and reduced biodiversity (6,
19). Consequently, substantial investments globally focus on mitigating the arrival and establish-
ment of additional non-native species through biosecurity measures designed to minimize the
adverse impacts of forest pests while facilitating the global movement of commodities and people
(70).

Insect invasions occur across four successive stages, arrival, establishment, spread, and impact
(Figure 1), each with differentmitigationmeasures, priorities, and economic benefits (41, 96, 151).
The mitigation measures form the biosecurity continuum, with preborder (offshore), border, and
postborder interventions (Figure 1) designed to reduce the movement, establishment, and spread
of non-native insects. However, despite decades of research on and implementation of biosecurity
measures, invasions continue (131) and may be accelerating (130).

Forestry is one of the few industries with specific international regulations intended tomitigate
insect invasions (72). In addition, the non-native insects impacting production forestry, amenity
trees, and natural forest systems are numerous and relatively well understood (e.g., 6, 24, 109, 126).
In this article, we use non-native forest insects as a model to review strategies used to mitigate
invasion processes across the biosecurity continuum and to identify possible gaps that weaken the
successful implementation of these strategies.
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Figure 1

Phases of the biosecurity continuum (gray arrows) and biosecurity measures (colored boxes) corresponding to the different phases of the
invasion process for non-native species introduced from their native range (green area on the map) to a new country (red area on the
map) directly or via a bridgehead country (dark red area on the map). Arrows linking colored boxes represent the benefits that a given
measure or set of measures can have for other biosecurity measures.
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Sirex noctilio:
sirex woodwasp
(Hymenoptera:
Siricidae); the most
important invasive pest
of pines in the
southern hemisphere

Leptocybe invasa:
eucalypt gall wasp
(Hymenoptera:
Eulophidae);
presumed native to
Australia and invasive
on eucalypts in >40
countries

Anoplophora
glabripennis: Asian
longhorned beetle
(Coleoptera:
Cerambycidae); a
wood-borer invasive
on hardwoods in
North America,
Europe, and Japan

Wood packaging
material (WPM):
pallets, crates,
dunnage, boxes, etc.
used for transport of
numerous
commodities and
products in
international trade

Euwallacea fornicatus:
polyphagous shot hole
borer (Coleoptera:
Curculionidae);
ambrosia beetle
invasive in South
Africa, the United
States, and Israel

Agrilus planipennis:
emerald ash borer
(Coleoptera:
Buprestidae); invasive
in North America and
Europe, highly
destructive to Fraxinus
spp.

1.1. Origin

Insect invasions can originate from within a species’ native range or from a previously invaded
range (i.e., bridgehead introductions; 12) (Figure 1). For example, the wood wasp Sirex noctilio has
a complex invasion history comprising separate introductions from its native range and bridgehead
introductions among almost all invaded ranges (17). In contrast, global spread of the gall wasp
Leptocybe invasa proceeded via bridgehead introductions (37), while invasions of the cerambycid
beetle Anoplophora glabripennis mainly proceeded via repeated introductions from its native range
(77).

1.2. Arrival

As is the case for all non-native species (131), international trade is the primary driver of accidental
introduction of forest insects (106). Arrivals are rarely wind assisted (154); imports of live plants,
wood, and wood packaging material (WPM) are the most important forest insect invasion path-
ways, followed by hitchhiking on nonhost cargo or conveyances and movement of passengers and
mail (24, 106). Increased imports are thus associated with greater likelihood of non-native species
introduction (98, 121, 150).

1.3. Establishment

The role of propagule pressure (number of individuals and frequency of arrivals) in invasion suc-
cess is well-recognized (23, 134).The number of individuals required to establish a new population
is influenced by Allee effects and reproductive strategies: Species that reproduce parthenogeneti-
cally (e.g., L. invasa) or via sib-mating (e.g., the ambrosia beetle Euwallacea fornicatus) may require
lower propagule pressure to establish (2). Establishment is also contingent on suitable climatic
conditions, a lack of competitors and natural enemies, and suitable host plants in the area of in-
troduction, all of which may be influenced by temporal and stochastic factors (87, 112). Urban
areas may facilitate forest insect establishment (20, 111) because of high arrival rates via ports and
airports and the presence of a wide variety of possible host tree species grown as ornamental trees.

1.4. Spread

Once established, non-native species expand their geographic ranges via natural and anthro-
pogenic dispersal; in particular, long-distance spread largely arises from accidental movement by
humans (e.g., 55). For example, movement of infested firewood likely facilitated the rapid spread
of several forest pests (135), including E. fornicatus in South Africa (148) and the buprestid beetle
Agrilus planipennis in North America (108). Population expansion into uninvaded areas requires
similar conditions as for establishment, including suitable hosts and climatic conditions.

1.5. Impact

The final—and most subjective and context-dependent—invasion stage is impact. This can be
described in economic (yield, trade, asset values), ecological (ecosystem services, biodiversity,
biomass, carbon), social (health, well-being, amenity values), and cultural (iconic, traditional use
species) losses and in costs of management. Most established non-native forest insects cause no
measurable impact (24, 109); non-native wood- and phloem-boring insects tend to have the high-
est economic and social costs in forest systems (6, 35). Two such forest borer pests,Ag. planipennis
and An. glabripennis, are listed among the top 10 of all invasive species (including weeds and
vertebrates) for postinvasion management costs (34). These, along with the spongy moth, Lyman-
tria dispar, and the balsam woolly adelgid, Adelges piceae, are among the purportedly most costly
non-native insects worldwide (34, 19).
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Lymantria dispar:
spongy moth
(Lepidoptera:
Erebidae); two of three
subspecies are invasive,
and polyphagous
larvae feed on
angiosperms and
conifers

Adelges piceae:
balsam woody adelgid
(Hemiptera:
Adelgidae); sap-feeder
invasive from Europe
on fir in North
America

Pest risk assessment:
evaluation of the
probability of
introduction, spread,
and economic impact
of a pest

Pest risk analysis:
evidence-based
determination of
whether an organism
is a pest that should be
regulated and that
requires phytosanitary
measures

2. PREBORDER BIOSECURITY

Biosecurity measures aimed at preventing arrival are considered more cost effective thanmeasures
implemented during later invasion phases (34, 122), although identifying the optimal invasion
stage for intervention is complex and dependent upon several biological factors (e.g., reproduc-
tion and dispersal rates) and economic factors (e.g., projected impacts, control costs) (44, 151).
Preventative measures focused on populations before they reach the border include prohibitions
on importation of certain plants or commodities, certifications that imported materials are free
of prohibited organisms, and phytosanitary treatments, all of which are underpinned by pest risk
assessment and pathway analysis (Figure 1).

2.1. Risk Assessment and Pathway Analysis

Predicting which forest insect species, groups of species, and pathways pose a biosecurity risk and
warrant intervention is of considerable benefit (70, 86, 88). Pest risk analysis aims to identify biose-
curity risks, justify preborder regulatory measures, and prioritize border and postborder biosecu-
rity activities (99) but can be confounded by new source pools (132), taxa that are undescribed or
of no impact in their native range (37, 126), and unregulated pathways such as smuggling (91).

To evaluate biosecurity risks associated with importing particular goods, countries conduct
risk analyses, which are also required to ensure that phytosanitary measures (see below) comply
with the Agreement on the Application of Sanitary and Phytosanitary Measures (SPS Agreement)
of the World Trade Organization (110). Risk assessments focusing on pathways instead of in-
dividual species can address a range of taxa that are moved with the same imported goods or
transport-related objects and assist with prioritizing border and postborder activities. For exam-
ple, generically assessing risks associated with WPM addresses the many species that are moved
via this pathway (73, 88), including those not yet recognized as damaging invaders.

Risk assessments typically focus on a limited number of individual unwanted species assessed
to have a high likelihood of invasion and impact (91). Prediction can be aided through sentinel
plantings in potential source countries (46) to determine which endemic insects in source coun-
tries attack sentinel species from the destination country. Evaluating biosecurity risk is difficult,
requiring knowledge of habitat and climatic suitability and the likelihood of pest arrival, establish-
ment, spread, and impacts (76, 149). Predicting any one of these elements is challenging because
of methodological difficulties and because most potential invaders are not well-studied or may
be previously unknown to science (e.g., 37). Furthermore, such risk assessments overlook species
with no prior record of invasion or damage. For example,Ag. planipennis and An. glabripennis were
not considered high risk at the time of their first invasions (48).

Fewer than 20 years ago, the scientific discipline of invasive species risk assessment was in
its infancy (4). Now, risk models can incorporate host availability, climatic suitability (82, 149),
estimates of arrival risk from border interception records (144), and potential impact, combining
multiple risk predictors within an integrated suite of models (e.g., 76). Where information on
particular risk predictors is lacking, aggregated assessments made by specialists (structured expert
elicitation) can provide improved estimates (63)—or not (33).

2.2. Regulatory Frameworks

Prohibitions are a simple and effective approach for preventing non-native species arrival. Because
trade in live plants is a common pathway for forest pest invasions, many countries ban importa-
tion of plant genera that are hosts of high-risk pests (45). Some countries implement blacklists of
prohibited plant genera, while others implement more restrictive whitelists allowing only impor-
tation of genera that are considered low risk. In many cases, countries ban imports of live plants
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but allow imports of seeds or cultured plant tissue; many countries ban importation of any plant
with soil (45). However, import prohibitions interfere with free trade, are often opposed by com-
mercial interests, and may be challenged by exporting countries (93). The SPS Agreement was, in
part, implemented to circumvent countries using prohibitions as false justification for protectionist
barriers to trade, requiring risk to be scientifically documented (110).

Certification is a preborder approach to prevention that is intended tomitigate barriers to trade
between exporting and importing countries. In 1952, the International Plant Protection Conven-
tion (IPPC) implemented a system of phytosanitary certification (28) under which all shipments of
plants or plant products must be accompanied by a phytosanitary certificate issued by the export-
ing country. This certificate verifies that the shipment meets phytosanitary requirements set by
the importing country (3, 113). While this system places responsibility on the exporting country
and creates incentives for reducing pest loads, it has practical limitations related to the detection
of pests, particularly in large shipments. The IPPC also recognizes a process by which exporting
countries can certify the pest-free status of parts of their country to facilitate exports (113, 124).

Phytosanitary treatment of imports plays a key role in preborder biosecurity, often allowing
high-risk commodities to be safely imported (1, 64).These treatments are typically specified by the
importing country and may comprise physical or chemical treatments that kill unwanted organ-
isms. For example, many countries require chemical treatment (typically fumigation with methyl
bromide or phosphine) of imported roundwood to prevent introduction of bark- and wood-
boring insects (107, 113). Similarly, heat treatment, kiln drying, and bark removal can mitigate
risk associated with the importation of wood products (1).

WPMaccompanies a variety of cargo and poses considerable risk as a pathway for introductions
of forest insects (106). Although some countries had already mandated phytosanitary treatments
for wood packaging, the IPPC recognized the universal nature of this risk and implemented a
harmonized standard, International Standards for Phytosanitary Measures (ISPM) 15 (54, 60),
requiring either heat treatment or fumigation of all WPM moved in international trade. The
standard includes a system for certifying treatments with a stamp imprinted on wood packaging.
Inspection of ISPM 15–stamped WPM indicates that the standard, when correctly applied, elim-
inates most quarantine risks (60, 157), although failures occur when treatment is not conducted
appropriately, or when certification is fraudulent, and treatment is not conducted at all (60, 61).
However, the economic benefits of reduced pest damage outweigh the costs of ISPM 15 imple-
mentation (88). Measures under ISPM 36 (52), governing plants for planting, and ISPM 39 (53),
governing movement of wood, also reduce risks of forest insect invasions.

3. BIOSECURITY AT THE BORDER

3.1. Inspection

Visual inspection of imports is widely used by national plant protection authorities to detect un-
wanted organisms and to verify compliance with phytosanitary measures (45, 152). In addition,
records of species intercepted during inspections provide valuable information about pathway
risks and species transported with imported goods (23, 80, 144). This information can inform
risk assessments and ultimately justify establishment of new regulatory measures (Figure 1).
However, inspection of imports is not a phytosanitary treatment as such because only a small
proportion (typically 1–2%) of imports is inspected (23, 45). Furthermore, inspections cannot de-
tect all infestations, and this slippage can be substantial (91). The effectiveness of visual inspection
is constrained by limited detectability of some species and life stages, including those concealed
inside plant tissues (e.g., bark beetles,wood borers), and by limited accessibility, such as in shipping
containers (137). Targeting high-risk commodities, producers, or importers based on intelligence
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from customs and phytosanitary agencies can increase the effectiveness of border biosecurity in-
spections. Inspections may also incentivize importers to reduce pest loads in shipments (136),
particularly if infested shipments are refused entry.

3.2. Detection Tools

In theory, unwanted organisms might also be detected using methods such as X-ray imaging to
see inside goods, detector dogs trained to detect odors associated with specific pests, or technolo-
gies that analyze acoustic signals or volatile organic chemicals that are characteristic of particular
unwanted organisms (152). However, there are practical limitations to the availability and effec-
tiveness of such methods. For example, compounds associated with living trees colonized by Ag.
planipennis (153) might be difficult to detect during import inspections. Electronic noses have the
potential to detect target species in border biosecurity but have technological and operational
limitations, including sensor calibration and sensitivity constraints (117). Detector dogs are used
successfully for detection of imports infested with Anoplophora species, and there is good poten-
tial for their use to detect Ag. planipennis (68, 69). Trained dogs can detect traces of juvenile and
adult forms of the target species, showing high sensitivity (75–88% for An. glabripennis and 73.3–
100% for Ag. planipennis) (68, 69). However, detector dogs need target-specific training and
have a limited daily attention span, limiting the volume of imports that they can inspect, and their
use is relatively costly. Acoustic detection of feeding, movement, or stridulation of organisms in-
side wood is possible (11, 32). For example,most bark beetles stridulate, producing species-specific
sounds (10) that can be detected with microphones even when beetles are concealed in bark or
wood—but only if the beetles are close (<20 cm) to themicrophone, constraining the usefulness of
acoustic detection of bark beetles in imported wood products (11). Similar limitations exist for the
detection of other acoustic signals, and practical large-scale use of acoustic signals for inspection
of imports is not yet possible. Sticky traps integrated with an attractant light source have been
developed to detect insects within containers (103) but have been tested only under controlled
conditions to date. Although such tools and techniques show promise, their operational use by
port inspectors, phytosanitary personnel, and regulatory agencies is not widespread (117). Future
technological advancements may help to overcome some of their limitations.

3.3. Phytosanitary Measures

Phytosanitary treatments (including fumigation, heat, cold, and radiation treatments) can be ap-
plied after arrival in the importing country when a regulated organism is detected (64); these treat-
ments are governed by the regulatory frameworkmentioned above. For live plant imports, posten-
try quarantine in a dedicated quarantine facility for a period ranging from several weeks to years
may be required by some countries and decreases the risk of importing unwanted organisms (45).

3.4. Diagnostics

Accurate and rapid diagnostic capacity to identify insects detected at the border—and in post-
border surveillance (31)—underpins successful biosecurity. Identification of intercepted insects
feeds into preborder risk assessments, postborder surveillance activities, and analysis of global
patterns (144) and requires taxonomic expertise and access to reference collections and databases.
Remote microscopy (online sharing of microscope imagery with remote taxonomic experts to as-
sist with species identification) to rapidly access experts (141) and molecular approaches (125),
including metabarcoding (101), are increasingly being used to support rapid diagnostics. In par-
ticular, molecular approaches are beneficial where insects are intercepted as immature stages that
may foil traditional morphological identification methods.
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4. POSTBORDER BIOSECURITY

4.1. Surveillance

If prevention of arrival fails, then the first opportunity to prevent permanent establishment of an
invading species stems from effective surveillance (96). Because early detection is key to eradica-
tion success, surveillance for small, nascent populations is key to successful postborder biosecurity.
As described above, risk assessment plays a key role in surveillance by identifying individual species,
or groups of species, that have the greatest risk of establishment to enable targeted surveillance
and mitigation (99) (Figure 1).

Detection surveys based on visual examination of trees in natural areas around high-risk sites
(ports, airports, warehouses where containers are opened, nurseries, timber importers) have been
a pillar of traditional postborder biosecurity (9). Increasing trade volumes, finite surveillance
resources, and challenges related to tree inspections have highlighted the limitations of this ap-
proach, leading to the development of innovative methods to complement visual inspections (5,
84, 117). Traps baited with species-specific pheromones (e.g., 21) or pheromone blends and host
volatiles to attract multiple species (e.g., 26, 50, 121), portable platforms for on-site molecular
identification coupled with traditional genetic analysis (125), and citizen science campaigns (27)
are already part of the biosecurity systems of several economically developed countries (e.g., 3, 30,
114) and will likely be adopted in developing economies (59). Stakeholder engagement increases
surveillance capacity (31, 57), and surveillance of botanic gardens and sentinel trees in urban and
high-risk areas enhances early detection (111).

The efficient allocation of resources for postborder biosecurity improves the success of de-
tection (42, 43, 81). Strategies include tailoring trapping efforts according to identified high-risk
pathways (e.g., 120, 121) and optimizing sampling efforts among surveillance locations (e.g., 14,
156). Balancing expenditure between surveillance and eradication is crucial for cost-efficient post-
border biosecurity (16). If eradication is unfeasible due to logistics or cost, then surveillance will
remain important to determine species’ distributions, certify areas as free from particular pests,
measure mitigation success, and aid in management decisions and reporting (78).

Surveillance is undergoing constant improvement due to technological advances and improved
knowledge of attractants that can be exploited for pest detection. Increasingly rapid and user-
friendly molecular methods will increase the speed and accuracy of identifications (116) and
detect cryptic or undescribed species. Environmental DNA surveys and metabarcoding of trap
contents can increase the chance of detecting non-native species, overcoming difficulties related
to small species sizes, rapid life cycles, and cryptic behaviors (147). However, detection of non-
native species via these methods has to be coupled with more traditional approaches (i.e., visual
inspections) to understand the distributional range. Additionally, traps baited with a variety of
attractants (e.g., pheromones, host plant compounds, light) can be integrated with cameras to im-
prove surveillance efficiency (119), particularly if these cameras are self-reporting via connection
to the internet.

4.2. Eradication

Eradication is the forced extinction of a population (97). There is a long history of successful (e.g.,
L. dispar in North America; 90) and unsuccessful (e.g., European house borer, Hylotrupes bajulus,
in Australia; 30) eradications of invading forest insect populations, although rates of success have
markedly increased over the past several decades (94, 139, 143). The size of the invaded area
is a major determinant of the cost and probability of eradication success, as is the availability of
sensitive detection tools (e.g., pheromone-baited traps) (143), although a few eradication programs
have been successful even in their absence (94). Eradication is also more feasible for species that
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Discount rate:
adjustment of cost
estimates to align
present, past, and
future values

Anoplophora
chinensis: citrus
longhorned beetle
(Coleoptera:
Cerambycidae);
polyphagous on
hardwood trees

do not disperse far from their natal host, such as An. glabripennis, which was successfully eradicated
in parts of Europe and North America (21). These factors, along with the pest’s potential impact,
should be considered when deciding between eradication or containment (see below) (41).

The prospect of eliminating 100% of an invasive population may seem daunting. However,
eradication is greatly assisted by strong Allee effects, whereby if populations are suppressed below
a certain threshold, they will decline to extinction without further intervention (89, 90). Alterna-
tively, it may be possible to facilitate eradication via pheromone-based mating disruption or by
reducing dispersal by fragmenting the host matrix (8, 155) through selective tree removal. Many
successful eradication programs have applied multiple types of treatments (e.g., host removal, mi-
crobial control, and sterile male releases, as used against the painted apple moth, Teia anartoides;
138) designed to interact to efficiently achieve eradication (15, 140).

In addition to being economically, logistically, and ecologically feasible (25), eradication pro-
grams need to be socially acceptable. Forest pests often initially establish in urban areas where
residents may intensely scrutinize government-run surveillance or eradication campaigns. Eradi-
cation using chemicals, even those considered benign (e.g., species-specific pheromones) or with
narrow toxicity (e.g., microbial pesticides), can result in public backlash, and tree removal can be
particularly fraught (30, 90). Conversely, a do-nothing approach is also viewed as publicly un-
acceptable (104); public outreach and stakeholder engagement are increasingly recognized as key
program components across the forest biosecurity continuum (3, 31), including garnering support
for, or at least acceptance of, eradication measures.

4.3. Containment

As newly established populations spread into adjacent habitats, eradication becomes increasingly
impractical and costly, but there may be substantial benefits from either stopping or slowing
spread (containment) (133). In many cases, delaying (rather than stopping) spread produces eco-
nomic benefit (e.g., Ag. planipennis in Canada; 67); a crucial aspect affecting the net benefit is the
magnitude of the spread rate relative to the discount rate (44).

Containment comprises two general approaches: (a) directly or indirectly reducing movement
of potentially infested materials from invaded to uninvaded regions and (b) surveillance for and
eradication of nascent populations in uninvaded portions of the potential range (Figure 1). For
forest insects, the most common approach to managing movement is through domestic quaran-
tines. For example, the US Department of Agriculture prohibited the movement of firewood and
nursery stock from the invaded range of Ag. planipennis until 2021, when the program was aban-
doned because its effectiveness (in slowing spread) was limited relative to its cost (145). In contrast,
domestic quarantine to slow the spread of Ag. planipennis in Canada was deemed economically ef-
ficient (67). Domestic quarantines limited the spread of other forest insects; for example, in the
United States, quarantine for L. dispar has been in place since 1912, requiring logs, firewood,
nursery stock, Christmas trees, outdoor household articles, and vehicles (including recreational
vehicles) to be inspected when moved outside of the previously invaded region (13). However,
individuals moving such items may be unaware of these requirements, so efforts to educate the
public could help to reduce risk.

Anoplophora chinensis has permanently established in Italy, but ongoing surveillance and eradi-
cation aim to contain its spread in Europe, primarily via visual detection of infested trees followed
by destruction or systemic chemical treatment (21). This approach, much like the general surveil-
lance and eradication described above, emphasizes detection of low-density populations and is
more likely to be successful for species for which sensitive detection methods are available, such
as Lepidoptera that can be detected at low densities using sex pheromone–baited traps. Perhaps
the world’s largest effort to contain the spread of a forest insect targetsL. dispar in theUnited States
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Gonipterus spp:
eucalypt weevils
(Coleoptera:
Curculionidae)
belonging to a cryptic
complex of which
three species are
variously invasive
globally

Adelges tsugae:
hemlock woody
adelgid (Hemiptera:
Adelgidae); sap-feeder
invasive from East Asia
on hemlock and spruce
in North America

(95, 142). This species was accidentally introduced in 1869; a barrier zone, in place since 1999, has
reduced spread by >50%. The program uses a grid of approximately 100,000 pheromone traps
to locate isolated populations (formed via accidental transport of life stages by humans) just ahead
of the expanding population front. Another 100,000 traps are placed in high-risk locations more
distant from the invasion front. Eradication of isolated populations is usually triggered by positive
trap captures in two successive years. The success of this program can be attributed in part to
the species’ limited natural dispersal (females are flightless) and the high sensitivity of pheromone
traps.

4.4. Pest Management

Where prevention, surveillance, and eradication measures fail, and a pest establishes, manage-
ment of the pest becomes the responsibility of government, industry, or private land holders (31).
As the final stage in the biosecurity continuum to mitigate the impacts of insect invasions, man-
agement of established populations may provide the lowest economic return, estimated at 1:1–5
(122), although costs of damage caused by non-native species tend to outweigh expenditures on
management (34, 36). Management options adopted for non-native forest insects include pesti-
cides (including microbial insecticides), classical biological control (e.g., worldwide release of the
egg parasitoid Anaphes nitens to control Gonipterus spp. eucalypt weevils; 129), inoculative biolog-
ical control (e.g., use of pathogens against L. dispar; 62), breeding for resistance (e.g., deployment
of eucalypt genotypes resistant to Leptocybe invasa; 128), and silvicultural manipulation (e.g., pro-
moting tree health to reduce susceptibility to Xylosandrus spp.; 58). Development of more novel
techniques, including kairomone-based push-pull strategies and RNA interference technologies
such as gene silencing, also holds promise for management of invasive forest insects (58, 83).

5. COSTS AND BENEFITS OF FOREST BIOSECURITY

The direct costs of biosecurity implementation are borne across the mitigation activities described
above. Preborder and border activities may simultaneously serve multiple industries and pests,
while postborder activities become increasingly focused on particular tree species or ecosystems
and particular pests within them. For example, Australia is implementing a postborder forest
surveillance program aimed at preventing the establishment of multiple high-risk plantation,
ornamental tree, and native forest pests (31), whereas eradication costs reflect the prevention
of the establishment of a single species (e.g., US$4.3M for giant pine scale in Australia; 30).
Costs of biosecurity measures need to be weighed against the benefits of prevented impacts
through economic cost–benefit analysis (151). The economic impacts of biological invasions
(i.e., biosecurity failures) consist of ongoing pest management expenditures (e.g., suppression of
L. dispar in the United States totaled over US$12.3M in the five years to 2020; 146), as well as
market and nonmarket losses. These losses include social costs (e.g., polyphagous shot hole borer
is predicted to cause urban tree losses equivalent to 1% of South Africa’s GDP; 35), yield loss
(e.g., estimated losses from defoliation by Gonipterus platensis of 30% growth and 51% volume in
Europe; 22), property value loss (e.g., sale prices decreased up to 1.6% due to Adelges tsugae in the
United States; 66), and market access loss when importing countries refuse to trade certain goods
(e.g., 118). Ecosystem service impacts are typically more difficult to quantify (18), and comparing
impacts across different spatiotemporal, taxonomic, and socioeconomic scales is challenging.

Prioritization for allocation of limited resources for prevention, surveillance, and manage-
ment activities is guided by the expected benefits of these activities, based on comparison of
projected impact and biosecurity cost estimates.Conventional wisdom holds that prevention is the
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most cost-effective mitigation measure, with an estimated economic return of 100:1 (122); recent
analyses revealed that costs of damage by invasive species outweigh investment in management
(34, 36), and costs of management outweigh investment in prevention (34). However, long time
lags between establishment and economic damage in some species result in impacts that may be
diminished through discounting, and management during later invasion phases (e.g., eradication
or containment) may sometimes be more cost efficient (42).

5.1. A Biosecurity Paradox?

Biosecurity suffers from its failures being evident but its successes being less visible or even in-
visible. Moreover, the more successful biosecurity is, the fewer new species establish or have an
impact, and the less important it appears. While preborder, border, and postborder biosecurity
efforts “undoubtedly reduce the entry of plant pests” (3, p. 6), it is difficult to measure their di-
rect impact. For example, Australia has invested significantly in biosecurity measures targeting
L. dispar, including strict preborder conditions, border inspections, and specific postborder surveil-
lance. This species has never been detected postborder in Australia (39)—but whether this reflects
biosecurity success, luck, or the failure of populations to establish is unknown. Similarly, where
target populations are small, it may be difficult to attribute successful eradication to the efforts
expended, rather than populations dying out regardless of intervention.

Biosecurity thus suffers from a lack of an alternative universe or counter-factual vision: The
direct impact of biosecurity measures is difficult to observe or to test empirically because the
risk posed by an experimental do-nothing control is deemed too great to include. Using data from
countries that lack comprehensive biosecurity systems as an alternate universe is inherently flawed
because comprehensive inventories of non-native insects are mostly lacking (127), and import vol-
umes, commodities, and risk profiles vary.We term this the biosecurity paradox, i.e., the difficulty
in attributing something that did not happen (e.g., a species that did not establish) directly to the
measures employed to prevent it, or ruling out the probability that it would have happened in the
absence of those measures. However, biosecurity risk is often characterized by low probabilities
but large consequences of failure when a low-probability event does happen (76).

Uncertainty regarding the costs and benefits of national forest border biosecurity measures
appears to have led, in general, to under-regulation, with wait-and-see approaches dominating
phytosanitary policy decisions (65). Recent economic analyses have begun to incorporate a cost of
inaction in response to invasions (e.g., 34), and such analyses often predict substantial additional
costs incurred through delaying intervention.

5.2. But Does Biosecurity Work?

While we cannot directly quantify biosecurity success by knowing what it has prevented—
particularly for arrival and establishment—its failures are evident. Despite biosecurity measures,
new invasions frequently occur, and are even predicted to accelerate (130). While the increase in
global eradication programs may indicate the inadequacy of upstream mitigation measures (139),
it more likely reflects both improved eradication technologies and governments acting on posi-
tive cost–benefit analyses favoring eradication. Other evidence indicates successes in preventing
establishments of certain insect groups. For example, regulation of plant imports has coincided
with a decrease in marginal risk (per unit of imports) of non-native Hemiptera establishments and
a decline in establishment of sap- and foliage-feeding insects in the United States over the past
150 (98) and 100 years (7), respectively. Similarly, worldwide implementation of ISPM 15 resulted
in decreased arrivals of bark- and wood-boring insects, and decreased rates of establishment are
expected (60, 88).
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Australia’s biosecurity system—among the strictest in the world (45, 122)—provides an es-
timated return on investment of 30:1 based on prevented losses over 50 years (38), and global
estimates suggest that each dollar invested in invasive species management saves US$53 in dam-
age (34). Linear accumulation rates of non-native forest species establishing in Australia (109),
New Zealand (24), and the United States (7), against a backdrop of virtually exponential increases
in trade and travel (71) over the same timeframes, suggest that biosecurity is effective in these re-
gions.However, the success of biosecurity may be counteracted by growing globalization opening
new trade pathways and species source pools (132), the increasing movement of goods and peo-
ple leading to ever-higher propagule pressure (23, 139), and differences in biosecurity stringency
among countries (45).

The effectiveness of biosecurity mitigation measures at each step of the continuum is depen-
dent on three factors: pest biology, effective tools or treatments (appropriate for pest biology),
and compliance with implementation of these tools and treatments. For instance, to be effective,
countries must comply with pest reporting and mitigation obligations in trade, importers must
comply with required treatments, biosecurity agencies must use the best tools for detection, and
individuals must comply with reporting and mitigation requirements.

6. A SHARED RESPONSIBILITY

Invasions by non-native organisms cause substantial impacts on forest resources in virtually every
region of the world (18, 92). However, among world regions, there is considerable variation in the
strength of biosecurity capacities (40, 45, 51). Given the ubiquity of bridgehead effects in the in-
tercontinental spread of invading species, this global variation in biosecurity intensity represents a
problem even to economically developed countries: Species may initially colonize countries with
weak exclusion practices, but these regions can then act as sources of elevated propagule pressure
and increase the probabilities of invasion elsewhere (123).Thus, although countries with more de-
veloped economies generally appear to be invaded more frequently than less-developed countries,
world regions with limited capacities for biosecurity may represent a weak link in global efforts to
control invasions (126).

This negative impact of limited biosecurity capacities in some countries suggests the potential
global benefit from greater international cooperation; however, national and international politics
can be an impediment. Historically, the primary role of national plant protection organizations
has been to recognize risk and exclude pests from national borders (100). Simultaneously, national
agro-economic interests seeking to expand agricultural exports may pressure national govern-
ments to facilitate these exports by arguing against the existence of risks to importing countries.
Furthermore, there is a long history of nations using false claims of plant health risks to justify
protectionist policies (i.e., prohibitions of imports) to protect domestic agro-economies from ad-
verse impacts of competition with imported products (e.g., 29).The SPS Agreement is designed to
promote free trade through eliminating protectionist policies by requiring importing countries to
present scientific evidence of risk to justify prohibitions on imports (158). The IPPC also serves
to promote cooperation on biosecurity by setting international biosecurity standards, requiring
national governments to report on pest outbreaks and spread, and sponsoring biosecurity capacity
building in countries with developing economies (74, 100).

Several authors have recognized the limitations posed by current biosecurity practices and pro-
posed the development of a new international body or convention to better implement biosecurity
at an international level, rather than a national level (72, 79, 115). These authors harnessed the
analogy of the global spread of plant pests with the global spread of human pathogens to argue for a
coordinated international body analogous to theWorld Health Organization to better coordinate
national efforts at a global level.
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The existence of sometimes lengthy lags between pest establishment and the onset of dam-
age suggests a similarity between the prevention and management of non-native species and the
global challenge and perfect moral storm posed by climate change, both of which require long-
term proactive and collective cooperation (34). The inherent tensions between plant quarantine
protocols and free trade and national agro-economic interests remain obstacles to implementation
of a globally organized and optimized biosecurity program.

Despite these obstacles to truly cooperative biosecurity, small steps can provide incremental
benefit. For example, there are opportunities for the development of more uniform invasion sci-
ence research capacities among the world’s major trading nations (105). Eyre et al. (49) highlighted
the need to standardize methods and intensify inspections among different countries, even within
the same continent, to enhance data comparability and reliability of interception records for use
in risk analysis and phytosanitary decision-making. Greater opportunities clearly exist for data
sharing among national plant protection agencies. Aichi Target 9 of the Convention on Biological
Diversity required countries to report the occurrence of invasive species within their boundaries,
but such reporting does not always occur (47). However, there are plans for a unified, globally
comprehensive listing of all established non-native species (not limited to agricultural crop pests)
(85, 102). Such comprehensive databases will allow biosecurity agencies to better identify risks,
and invasion scientists to better understand drivers of new invasions (72). Similarly, Turner et al.
(144) demonstrated how compilation of data on insects intercepted during port inspections from
multiple world regions can be used to better understand invasion pathways worldwide. Sharing of
data among nations, and among disciplines (75), perhaps offers the best immediate opportunities
for more effective biosecurity via cooperation.
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