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Incorporating a citizen science approach into biological invasion management
strategies can enhance biosecurity. Many citizen science projects exist to strengthen
the management of forest pest and pathogen invasions within both pre- and post-
border scenarios. Besides the value of citizen science initiatives for early detection
and monitoring, they also contribute widely to raising awareness, informing decisions
about eradication and containment efforts to minimize pest and pathogen spread,
and even finding resistant plant material for restoration of landscapes degraded by
disease. Overall, many projects actively engage citizens in the different stages of
forest pest and pathogen invasions, but it is unclear how they work together across
all stages of the entire biological invasion process to enhance biosecurity. Here we
provide examples of citizen science projects for each stage of the biological invasion
process, discuss options for developing a citizen science program to enhance
biosecurity, and suggest approaches for integrating citizen science into biosecurity
measures to help safeguard forest resources in the future.

citizen science, invasive species, forest health, biosecurity, public engagement

1. Introduction

Forest ecosystems are threatened by the anthropogenic dispersal of tree pests and pathogens,
climate change and the synergies between parasites and novel environments. For example,
the introduction and spread of forest pathogens such as Cryphonectria parasitica (causing
chestnut blight) and Hymenoscyphus fraxineus (causing ash dieback) and insects such as Agrilus
planipennis (emerald ash borer) and Anoplophora glabripennis (Asian longhorned beetle) have
devastated tree populations in forests and urban areas worldwide (FHaack et al., 2010; Herms
and McCullough, 2014; Prospero and Cleary, 2017; Rigling and Prospero, 2018) and in some
cases caused irreversible ecological impacts (Loo, 2008; Flower et al., 2013; Mitchell et al,, 2014;
Klooster etal., 2018; Hultberg et al., 2020). Although these organisms, and indeed more generally
forest pests and pathogens, are highly diverse, the management strategies for these biological
invasions have generally followed the same pattern.

The options for managing forest pest and pathogen invasions can be categorized into
opportunities of pre-border and post-border mitigation (Cunniffe et al,, 2016; Epanchin-Niell,
2017; Tovar et al, 2017; Nahrung et al,, 2023). Before an non-native species is introduced
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to a new area (pre-border), preventative measures can be informed
by horizon scanning, pathway action planning and risk assessments
(Brasier, 2008b; Roy H. E. et al,, 2014), coupled with implementation
of surveillance and monitoring, including the establishment of
sentinel plantings for early warning and rapid detection (Vettraino
et al, 2015; Eschen et al, 2019; Morales-Rodriguez et al,
2019). Additionally, pathway action planning can underpin trade
restrictions (Leung et al,, 2002; Hulme, 2009; Roy B. A. et al,, 2014)
and pathway regulations (e.g., ISPM-15 or ISPM-36) (Haack et al,,
2014). However, once the non-native species has been introduced
(post-border), options to minimize the impact include implementing
measures for detection, and assessing the feasibility to eradicate
founding populations, contain the spread, and ultimately restoration
(Pysek and Richardson, 2010; Hulbert et al., 2017; Carnegie and
Nahrung, 2019). Inherently, the efficiency of these post-border
approaches and the feasibility of reducing the impacts are largely
dependent on early detection and rapid response (Lodge et al., 20065
Westbrooks etal,, 2014; Liebhold et al., 2016). Therefore, preventative
strategies, that is pre-border approaches, are considered to give the
best return on investment when considering the costs in terms of
damage and control efforts following incursion (Leung et al,, 2002;
Hansen, 2008). However, despite increased awareness of the benefits
of preventative strategies as opposed to post-border management, the
number and extent of forest pest and pathogen incursions continue
to increase (Seebens et al., 2017).

Recent examples of the emergence and continued spread of plant
pathogens such as Austropuccinia psidii (myrtle rust) in Australia and
New Zealand, Phytophthora ramorum (ramorum blight and sudden
oak death) in the United Kingdom and USA, or the insect pest
Euwallacea fornicatus (polyphagous shot hole borer) in South Africa,
California, and Israel demonstrate the need to consider the gaps in
protecting forests in current biosecurity frameworks (Brasier, 2008a;
Carnegie and Pegg, 2018; Paap et al, 2018, 2020). For example,
pre-border options to prevent plant pathogen invasions or conduct
horizon scanning and risk assessments are challenged by the vast
number of unknown species, potential for host shifts (Desprez-
Loustau et al., 2007; Burgess et al., 2016; Burgess and Wingfield,
2016; Roy et al, 2017), complexities in genetic diversity and the
possible exchange of genetic material within or between species
(McTaggart et al, 2016; Wingfield et al., 2017), including interspecific
hybridization (Brasier, 2001; Stukenbrock, 2016). Roy et al. (2017)
noted this pronounced unpredictability of pathogen invasions as the
greatest challenge to managing their threat. In addition, the quantities
of live plants in trade is beyond the capacity to monitor and inspect
at the border (Liebhold et al., 2012; Nahrung et al., 2023) and the
global online market has increased the number of sources to monitor
(Humair et al,, 2015). Moreover, lack of stakeholder awareness about
the risks and threats of invasive non-native pathogens is also low
(Marzano et al,, 2015, 2016) and in some cases pathogens may fall
through regulatory frameworks, barring coordinated action (Roy
et al,, 2017). Furthermore, incursions of non-native species affecting
trees in forests and urban environments have increased exponentially
in recent years (Santini et al,, 2013; Roques et al.,, 2016) and non-
native species accumulation worldwide is continuing to increase
and predicted to continue to do so (Seebens et al, 2017). These
challenges suggest current biosecurity capacities are insufficient to
deal with this growing global problem and additional methods and
initiatives are needed to enhance capacity in managing invasive
non-native species throughout all stages of the biological invasion
process.
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Although the options and challenges with managing biological
invasions are thoroughly considered in many of the original and
revised biological invasion frameworks (e.g., Blackburn et al,, 2011;
Wingfield et al, 2017; Bonello et al, 2020), the potential for
public participation has not been incorporated. Recognition of
public engagement, especially citizen science, as an effective tool for
biosurveillance and monitoring is growing (Poland and Rassati, 2018;
Johnson et al, 2020; Encarnacao et al,, 2021), and its inclusion in
biosurveillance and biological invasion management strategies has
been suggested as an important area for further research (Caley
et al, 2020; van Rees et al, 2022). Here we consider the value
citizen science projects, generally defined as projects with public
participation in knowledge production (Fraisl et al, 2022), could
add within the context of invasive non-native pest and pathogen
management strategies.

Citizen science programs can enhance biosecurity, especially
in post-border situations where the early detection of a new
incursion is critical to enable any chance at successful eradication
where the founding population is localized. The value of directly
engaging volunteers or incorporating passive data (e.g., iNaturalist
observations) in surveillance of plant pests has been widely
demonstrated. In Australia, personnel working on Barrow Island
voluntarily detected eighteen non-native invertebrate species new
to the island over 5 years (Thomas et al, 2017) and hundreds
of Acute Oak Decline observations have been recorded by citizen
scientists in the United Kingdom (Baker et al,, 2018). Brown et al.
(2017) demonstrated the value of incorporating citizen scientist
observations into a statutory monitoring program for Acute Oak
Decline by using citizen reports to delineate and focus monitoring
on the boundaries of the affected areas. Similarly, Meentemeyer
et al. (2015) used samples collected by citizens to predict hotspots of
disease incidence of Phytophthora ramorum to inform stakeholders
about areas to focus detection and management efforts. Together
these examples demonstrate how incorporating broader participation
in biosecurity frameworks can add to the capacity and efficiency
of monitoring and management of invasive non-native pests and
pathogens.

Many citizen science projects exist within the field of forest
health. For example, twenty-nine projects are listed on the
Forest Health Citizen Science community webpage (Supplementary
Table 1; Hulbert et al,, 2019a). The projects cover the entire spectrum
of biological invasion stages, with most engaging participants in
monitoring approaches, although some contribute to pre-border
strategies, containment strategies or protection and restoration of
threatened species. The objectives of this manuscript are therefore
to review examples of active programs within the context of
biological invasions by forest pests and pathogens and provide
recommendations for integrating citizen science projects to enhance
forest biosecurity.

2. Citizen science applications in the
forest pest invasion detection and
management process

2.1. Pre-border scenarios

Citizen science programs can enhance pre-border biosecurity
initiatives by raising awareness of biosecurity approaches and
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concerns amongst diverse stakeholders while engaging citizen
scientists to recognize the symptoms and signs of invasive non-native
species prior to their arrival, collect baseline data, or monitor sentinel
plantings. Below we highlight approaches and provide examples of
programs that engage the public with these pre-border objectives.

2.1.1. Raising awareness

Many invasive non-native pest and pathogens are introduced
unintentionally via pathways driven by consumers such as the trade
of ornamental plants for planting (Brasier, 2008b; Liebhold et al,
2012). However, many of the stakeholders involved in the “plants-
for-planting” pathway are generally unaware of the risk and their
possible roles in the introduction and spread of these organisms
(Marzano et al,, 2015). Therefore, methods that raise awareness of
the risks associated with the trade of living plants, for example, could
be effective at preventing the introduction of invasive non-native
species.

Citizen science programs can increase participant knowledge and
awareness. For example, reviews of citizen science projects active in
biodiversity and environmental monitoring reported knowledge gain
and increased community awareness as main participant learning
outcomes (Stepenuck and Green, 2015; Peter et al., 2019; Gardiner
and Roy, 2022). However, studies about the learning outcomes of
participating, in terms of knowledge or behavior change, in citizen
science projects aimed at monitoring invasive non-native species
are limited and generally inconclusive (Crall et al,, 2013; Bela et al,,
2016), although it is assumed that participation increases awareness
(Gallo and Waitt, 2011; Bates et al,, 2015). Incorporating mechanisms
for participant feedback and evaluation within more citizen science
initiatives can help inform future citizen science initiatives.

Raising public awareness can increase support for invasive non-
native species management (Klapwijk et al, 2016; Novoa et al,
2017) and citizen science can complement these programs (Pocock
et al,, 2020). For example, resources from dontmovefirewood.org are
routinely referenced during training activities in the Forest Health
Watch? citizen science program, and these resources have increased
awareness of firewood as the pathway of invasive non-native species
(Solano et al, 2020). Indeed, increasing awareness of the signs
and symptoms of biological ivnasions before they arrive can be an
effective method to promote early detections. For example, members
of the public were responsible for locating and sharing observations
and signs of Anoplophora glabripennis (Asian longhorned beetle)
infestations in multiple locations of North America (Meng et al,
2015). Therefore, projects that incorporate resources from other
awareness campaigns or highlight general signs or symptoms can
be an effective pre-border strategy promote the early detection of
biological invasions.

2.1.2. Promoting effective horizon scanning

Citizen science programs can also contribute to enhanced
biosecurity in pre-border situations by providing relevant
information on biological invasion history of pests and pathogens
that can be used within horizon scanning or risk assessments.
For example, Hulbert et al. (2019b) engaged staft in Cape Citizen
Science to detect and sample plant pathogens affecting exotic
and native plants in botanical gardens. These surveys identified

novel plant-microbe interactions and detected pathogen species

1 https://foresthealth.org;
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outside of their previously known distributions. Botanical gardens
and arboreta are hubs of non-native plant species that provide a
unique opportunity to integrate citizen science (Martellos et al,
2016) with initiatives aimed at monitoring sentinel trees such as
the International Plant Sentinel Network (Barham et al, 2016).
Planting non-native species can serve as a source entry point for
non-native pests or pathogens (Kirichenko and Kenis, 2016; Eschen
et al, 2019). For example, the quarantine pathogen Lecanosticta
acicola which causes brown spot needle blight was recently detected
on exotic Pinus mugo planted at an arboreta in southern Sweden
and represents a new risk for commercially important Scots pine
(Cleary et al, 2019). Therefore, conducting citizen science to
monitor tree species planted outside of their native range can
generate information pertinent for horizon scanning and risk
assessment.

Urban forests and urban green spaces also provide important
opportunities for collecting data useful to horizon scanning (Paap
et al, 2017) and there are many citizen science initiatives and
tools that have been designed to monitor street trees (Hawthorne
et al,, 2015; Roman et al, 2017). For example, the Healthy Trees
Healthy Cities program was initiated to engage citizen scientists
to establish and monitor urban trees (TNC, 2020). Urban forests
are also recognized as places to connect people to nature (Gulsrud
et al, 2018) and programs such as the Urban Forest Visual
program in Melbourne (City of Melbourne, 2017) have generated
and engaged citizens in extensive datasets of urban forest health
with novel forms of engagement such as giving individual trees
email addresses. The extensive potential to incorporate public
engagement and surveillance of tree health in urban settings is
widely recognized (Meentemeyer et al., 2015; Hulbert et al., 2017;
Hallet and Hallett, 2018).

2.1.3. Advancing baseline species inventory and
distribution data

Citizen science programs can also contribute important baseline
data on the distribution, and host range, of invasive non-native
pests and diseases. For example, the discovery and subsequent
description of two Phytophthora species was possible because
of the Cape Citizen Science program (Bose et al, 2021). Such
information is critical for local post-border management, but also
for informing pre-border biosecurity within uninvaded regions. The
general requirement within current regulatory frameworks for a non-
native species to have been previously identified based on taxonomic
information can be a major pitfall because only a small proportion
of microbes have been found or adequately described (McTaggart
et al, 20165 Roy et al,, 2017). Therefore, projects that aim to explore
the distribution and diversity of pests or pathogens, such as the
Phytophthora Citizen Science project in Sweden, Cape Citizen Science
in South Africa? or the Backyard Bark Beetles program in the USA,?
are important because of the potential to discover and describe
novel species. Taken together, there are many citizen science projects
generating data about potential forest pests and pathogen species
that could emerge as major threats within different environments
or hosts. Sharing data rapidly, openly and widely (e.g., Findability,
Accessibility, Interoperability, and Reusability (FAIR) Principles;

2 https://citsci.co.za/

3 https://www.citizenscience.gov/catalog/397/
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Wilkinson et al,, 2016) is critical to maximize the benefits of such
information.

host
susceptibility, and environmental/climate suitability with respect

Programs that provide baseline distribution data,
to imported commodities and potential diseases are critical for
understanding the potential risks associated with imports (Hulme,
2009; Webber, 2010). For example, once an invasive non-native
species is known to occur in an exporting country, the importing
country can include it in risk assessments or specifically screen
imported material for the organism during inspections. However,
distribution data is often limited because the origins for most
pathogens are unknown (Stukenbrock and McDonald, 2008) and
the increasing connectivity of previously separated biogeographical
areas and phenomena such as “the bridgehead effect” (Lombaert
et al,, 2010) are increasing the spread of forest pests and pathogens
(Hulme, 2009; Wingfield et al., 2015; Hulbert et al., 2017; Prospero
and Cleary, 2017). Indeed, efforts to improve understanding of the
distribution of potential threats are critical because invasion risk is
strongly linked with the distribution of non-native species within
a country’s trade network (Chapman et al, 2017). Thus, citizen
science programs that increase information about the distribution
of potential pests and pathogens provide important data that can
enhance pre-border biosecurity measures in other parts of the
world.

Datasets derived from citizen science platforms like iNaturalist
can also contribute to the passive surveillance for invasive non-
native species. For example, citizen scientists may add observations
of Thaumetopoea processionea (oak processionary moth) out of
curiosity or simply to document the biodiversity. This passive
surveillance can lead to the first detection of an invasive non-
native pest in a new area (Brown et al, 2020) and provides a
potential long-term and widescale dataset at a relatively low cost
(Pocock, 2013). These datasets can also be actively monitored
for priority pests.* However, these occurrence datasets are usually
derived from opportunistic data collection which can result
in ambiguity of whether the organism is truly absent from
an area without recorded presence data (Pocock et al, 2017).
These challenges can be overcome through active recruitment
and training of citizen scientists for structured monitoring that
records failure to detect the target organism (Cooper et al, 2012),
but this design depends on the resources and objectives of the
project.

2.1.4. First detector training

Immense value can be realized in training citizen scientists
to recognize specific symptoms and signs of damaging agents on
trees to effectively inform and implement control measures. For
example, several “first detector” programs include training via the
National Plant Diagnostic Workshop® or state and country specific
programs such as the Oregon Forest Pest Detector training® or
Observatree’ in the United Kingdom. These projects raise awareness
by offering training sessions, materials, and online courses to
first detectors.

https://www.inaturalist.org/projects/usda-aphis- priority - forest- pests

4
5 https://firstdetector.org

6 https://extension.oregonstate.edu/ofpd/
7

https://www.observatree.org.uk
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2.2. Post-border scenarios

Citizen science programs can add capacity to post-border
strategies by promoting early detection and rapid response to
biological invasions, helping to eradicate founding populations
or contain the spread, and assisting with efforts aimed at long-
term management and possible restoration of impacted areas.
Below we highlight programs that exist within each stage of the
biological invasion process following introduction of an invasive
forest pest or pathogen.

2.2.1. Increased capacity for early detection

Human activities drive biological invasions (Santini et al,, 2018),
and consequently involving citizens in surveillance efforts increases
the chance of detecting an outbreak or epidemic sufficiently early
to ensure effective response. Detecting a new incursion shortly
after introduction is critical to limiting subsequent impacts because
eradication and containment have higher levels of success for
biological invasions which are locally established (Licbhold et al,
2016; Hansen et al,, 2019; de Groot, 2020). In many cases, biological
invasions are first detected by landowners or homeowners making
initial reports to local officials that are then amplified. For example,
sudden oak death was first detected by a California homeowner and
then amplified by an extension specialist (Garbelotto et al., 2001;
Hulbert et al, 2017). Training citizens as first detectors can be key
to making early detections for responding rapidly and reducing the
impacts of biological invasions.

There are many examples of programs actively engaging the
public in surveillance in addition to the first detector programs
mentioned previously. Observatree (see text footnote 7) trains
volunteers to monitor for priority pests and diseases in the
United Kingdom. The UK also has a Tree-Alert system® for untrained
volunteers to report concerns or sightings of pests and diseases.
Similarly, New Zealand has developed the Find-A-Pest® program
and the USA has an initiative called Forest Health Watch (see text
footnote 1). Collectively, these projects emphasize the possibility to
raise awareness and empower citizens as first detectors.

Citizen science programs are also known to increase the
number of observations and their distributions at relatively low
costs (Bonney et al, 2009) while also increasing information
from private lands (Meentemeyer et al, 2015) because of the
inclusion of volunteers. Citizen participation in many of the
forest health focused programs led to many first reports or
findings. For example, a citizen scientist in the Observatree
program found the second site for the oriental chestnut gall
wasp outbreak in the UK (Observatree, 2015; Brown et al,, 2020),
quickly stimulating the response of officials. Similarly, the first
report of Phytophthora ramorum from a county connecting the
epidemics in California and Oregon was made during a Sudden
Oak Death (SOD) Blitz (COMTF, 2019). The SOD Blitz program
is a long-standing citizen science program to monitor the spread
of P. ramorum throughout the state of California (Garbelotto
et al, 2014). Results of the initiative have also contributed to the
understanding of the epidemiology of the pathogen (Meentemeyer
et al, 2015; Lione et al, 2017). In the Cape Citizen Science
program in South Africa, nine Phytophthora species were recovered

8 https://forestresearch.gov.uk/tools-and-resources/tree-alert/

9 http://www.findapest.nz
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for the first time that would not have been possible without
citizen participation (Hulbert, 2020). Together, these examples
demonstrate the merit of engaging the public in detection efforts
and the value of having “many eyes” in nature to enhance
biosecurity in the post-border stages of an biological invasion
framework.

2.2.2. Eradication

Citizen science programs can increase the chances of successful
eradication through early detection and possibly, through direct
action to remove invasive non-native pests or pathogens. Early
detection of a pest or pathogen from citizen scientists can on occasion
directly enable successful eradication in local environments. The
report of the oriental chestnut gall wasp by a trained Observatree
participant led to rapid intervention measures to eradicate the pest
around St. Albans, UK (Brown et al, 2020). Eradication of forest
pests and pathogens before they spread is often difficult because of
the long lag phase between when the introduction occurred and the
first detection, but citizen science programs can increase capacity
of early warning systems and reduce the lag phase (Crow and de
Groot, 2020). In another example from the Sudden Oak Death (SOD)
Blitz program, local citizens took it upon themselves to remove
trees in their community confirmed infected with P. ramorum (Pers.
Comm. Garbelotto, 2017). Together these examples demonstrate that
citizen scientists can increase the success of rapid responses and be
empowered to act to reduce the spread of invasive non-native pests
and pathogens.

2.2.3. Containment

Citizen science programs can also benefit management strategies
focused on containment rather than eradication or detection.
For example, the SOD Blitz program has provided accurate and
up-to-date information about the distribution and epidemiology
of P. ramorum in California to be able to predict hotspots
of disease emergence (Meentemeyer et al, 2015) and detect
relationships between climatic data and the epidemiology of the
pathogen (Lione et al, 2017). This information is invaluable
for prioritizing targeted areas for intervention and for adaptive
management under anticipated changes to the climate. Similarly,
Oregon has also adopted a strategy to involve citizens in
monitoring for sudden oak death (Kline et al,, 2019). The program
involves citizens in sampling streams with bait leaves, a method
used for early detection of infestations in entire watersheds
(Sutton et al,, 2009), and provides valuable data for their active
containment and site-based eradication strategies (Iansen et al,
2019).

Citizen science has also been used in conjunction with statutory
surveys to map the distribution of disease epidemics. Brown
et al. (2017) evaluated the value of incorporating pre-existing
citizen reports (e.g., TreeAlert) to increase the efficiency of
statutory surveys of acute oak decline in England; the study
indicated that incorporating citizen reports maximized the
use of available resources to focus on defining boundaries of
the affected area. Crow and de Groot (2020) also highlight
how Observatree and LIFE ARTEMIS have been integrated in
official monitoring systems in the UK and Slovenia, respectively.
Therefore, citizen observations can provide important distribution
information that can be further used to amplify ongoing
regulatory surveys to determine boundaries of biological invasions.
These data can then be used to inform interventions in areas
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near the boundaries similarly to the strategy used to manage
the sudden oak death epidemic in Oregon (Hansen et al,
2019).

A final example of a citizen science project actively engaging
citizens in the containment stage of a forest epidemic is the
Kauri Rescue Program in New Zealand.'® The program invites
citizens to test treatments of varying phosphite stem-injection doses
to reduce the impacts of a root disease caused by Phytophthora
agathidicida on the culturally important kauri (Agathis australis) tree
(Bradshaw etal,, 2020). As of 2019, about seventy citizens had treated
more than a thousand trees using treatment kits provided by the
program and many were on private lands (Kauri Rescue, 2019). This
program therefore demonstrates the possible engagement of citizens
in strategies to reduce impacts and contain the expansion of forest
disease epidemics.

2.2.4. Documenting impacts

Citizen scientists can also play a role in documenting the spread
and impacts of invasive non-native species and contributing to
understanding of biological invasions or measuring the success
of management approaches. Indeed, forest pests or pathogens
provide an opportunity to convey the ecological complexity of
biological invasions and specifically the importance of documenting
interactions amongst species to contribute to assessment of impacts
on biodiversity and ecosystems (Groom et al., 2021).

2.2.5. Restoration

Options to restore ecosystems back to a resilient state after
an invasive non-native forest pest or pathogen has been contained
or eradicated are limited. Re-planting non-host species is often a
strategy used in urban environments (Liu, 2018), but efforts to
breed resistant varieties may be the best solution to restore natural
ecosystems (Sniezko, 2006). However, the availability of genetic
material with potential for resistance and suitable for breeding can
be difficult to find.

Citizen science can aid restoration efforts with increased numbers
of people searching for naturally resistant material and providing
a low-cost means to maximize search efforts (Ingwell and Preisser,
2011). The Save the Ash Citizen Science program!! in Sweden aimed
to encourage citizens to help locate rare “vital” ash trees within
landscapes devastated by ash dieback. European ash populations
have been significantly reduced following the introduction of the
non-native fungus Hymenoscyphus fraxineus, and in Sweden the
tree species is endangered (Hultberg et al, 2020), though a small
proportion of the natural population shows high resistance to
the disease (Cleary et al,, 2017; Liziniewicz et al, 2022). Citizen
participation was ideal for identifying resistant phenotypes for
breeding because ash in Sweden is found at very low proportions
within forests (<1% of the forest inventory stock), usually mixed with
other temperate broadleaved tree species, and is sparsely distributed
across the country (Cleary et al., 2017). Widespread publicizing of the
project in media (radio, TV, newspapers, nature/forestry magazines,
social media, and the website) and instruction on specific criteria
for identifying healthy trees, generated hundreds of responses from
the public and informed subsequent surveys. Consequently, more
than 900 ash genotypes are now included in the resistant inventory

10 www.kaurirescue.org.nz/

11 https://raddaasken.nu/
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database and currently undergoing screening by established field
trials to identify tolerant or resistant ash populations suitable for
restoration. The initiative provided a low-cost means of maximizing
search efforts across wide geographic areas, raised awareness of the
concern regarding the loss of this important keystone species and
risk to other associated biodiversity, and has even resulted in wider
spreading of awareness regarding ex-situ conservation of ash by
the citizens themselves, through online blogs which they themselves
manage.

Similar citizen science approaches are underway with a number
of tree species in the United States using a mobile application
called TreeSnap.'? The application was created for citizen scientists
to contribute to research by locating seemingly resistant trees
(Crocker et al,, 2019). The application invites citizens to contribute
observations of nine focal tree species, including tanoak, one of the
species critically threatened by Phytophthora ramorum (Cobb et al,,
2012). The application has received more than 2500 observations
from at least 1600 users (Crocker et al, 2019), demonstrating the
value that citizens can contribute to research and improvements for
restoration through breeding with naturally resistant genotypes.

2.3. Summary

Forests are under threat globally because of introductions of
invasive non-native pests and diseases and changes in climate
(Ramsfield et al, 2016). Invasive non-native forest pests and
pathogens continue to emerge and challenge biosecurity because of
the complexity of their biology (McTaggart et al., 2016; Wingfield
et al, 2017), the overwhelming amount of plant material traded
(Liebhold et al., 2012), insufficient awareness (Marzano et al.,, 2015),
and gaps within regulations and coordination (Roy et al., 2017). The
historical and continued accumulation of forest pests and pathogens
demonstrates the need for new approaches to reduce the impacts. The
examples presented here demonstrate the merits of citizen science to
add capacity for biosecurity and management through each stage of
the biological invasion process.

Many projects are actively engaging citizen scientists to reduce
the effects of both insect pests and pathogens. Some programs
provide value in the context of pre-border scenarios, but the
citizen science approach is more broadly applied in post-border
scenarios (i.e., after an invasion has been detected). While we
discussed projects in the context of either pre-border or post-border
stages of invasions, many projects contribute to both scenarios.
For example, all of citizen science projects discussed above likely
increase the awareness of the threats and consequences of non-
native forest pest and pathogen invasions. Therefore, while each
citizen science initiative may have substantial merit for adding
capacity at a certain stage in the biological invasion process
(e.g., monitoring an ongoing biological invasion), the programs
also have far-reaching impacts, allowing for capacity building in
society, fostered learning, networking among public stakeholders,
and exchange of information between the public and the scientific
community. Furthermore, while a program may exist within
a single stage of the biological invasion process, it may be
beneficial to include another project within the program focused
on another stage. For example, programs that are monitoring the
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spread of a forest disease could simultaneously launch a project
to survey stands for evidence of genetic resistance within the
infestation area.

In summary, there are many citizen science programs adding
to the capacity of management strategies across all stages of
biological invasions. These programs enhance biosecurity by
raising awareness, generating important data for horizon scanning,
advancing knowledge about the distribution and diversity of potential
threats, and adding capacity for containment and restoration.

3. Precautions for future projects

Data quality is widely scrutinized in citizen science projects
(Dickinson et al.,, 2010; Crall et al., 2011; Welvaert and Caley, 2016;
Roman et al., 2017; Baker et al., 2018; Hallet and Hallett, 2018)
and methods to validate findings are critical in biosecurity research.
For example, a false-positive result for the internationally regulated
and nationally quarantined pathogen, Phytophthora ramorum, could
have substantial effects on the local economy through consequential
trade restrictions. In this sense, a false positive could reduce trust
in citizen science as a tool for biosecurity related to quarantined
organisms (Pers. Comm. Garbelotto, 2019). However, projects can
alleviate this risk by working closely with regulating agencies
to verify findings. For example, the SOD Blitz program has
overcome this risk through close collaboration with state and
federal agencies and developed protocols for validating early warning
information from citizen scientists. These relationships are critical
and demonstrate the need for support from regulating agencies
to incorporate citizen science in biosurveillance systems as has
been done in the UK and Slovenia (Crow and de Groot, 2020).
On the other hand, avoiding false-negatives may also be difficult
and negatives in general are ambiguous because it may not
necessarily represent the absence of a species (Cooper et al., 2012;
Pocock et al., 2017).

Evaluating the programs discussed herein more closely can also
provide insight for overcoming data quality challenges. For example,
some of the projects (e.g., TreeAlert) incorporate professionals in
the validation methods and Brown et al. (2017) recommend re-
visiting sites for validation. Such validation is especially critical for the
efficiency of projects that rely on citizens to share observations rather
than collections. For example, all citizen-fed tips for the location
of vital ash trees in Sweden are followed up with field surveys to
verify the criteria and quality traits needed for selecting genotypes
for clonal propagation and testing. However, some tools such as
iNaturalist incorporate confirmations from the wider community as a
form of validation (Nugent, 2018). Mass participation and collection-
based projects such as the SOD Blitz program may be less prone
to data quality issues because the collections are evaluated within
a central lab. However, the program also relies on validation of
positive samples from new locations through coordination with state
and federal officials because of the focus on a quarantine organism.
Other attempts to increase data quality might include qualifying
the relative capability of the citizen scientist by asking about their
background (e.g., Meentemeyer et al,, 2015), limiting participation to
artisans or professionals, or incorporating an assessment of recorder
effort (Pocock et al, 2017). Alternatively, many of the programs,
especially the “first detector” programs, provide substantial training
and resources to participants. Offering training to citizens and
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FIGURE 1

Summary of the fit of the citizen science approach before and after the start of a biological invasion.

providing targeted areas for sampling that are randomized can
also overcome some of the challenges to data quality (Gardiner
et al, 2012; Meentemeyer et al., 2015; Hulbert et al.,, 2019¢c). It
is also critical that volunteers have sufficient understanding to
ensure appropriate responses (Pocock et al,, 2014); there is a risk
of unintended consequences if volunteers do not adhere to best
practice in managing biological invasions, including the potential
to increase the rate of spread of some non-native species if on-
site biosecurity protocols are inadequate. For example, training for
boot and equipment washing may be an important management
practice for citizens actively searching for Phytophthora ramorum
or other plant pathogens that can be spread via infested soil or
water.

Citizen science approaches may not work equally well for
all forest pest and pathogens. For example, Caley et al. (2020)
noted citizen reporting probabilities was highly dependent on
the morphological characteristics of insects, suggesting citizen
science initiatives were less likely to be valuable for small or
uncharismatic insects. In this case, effective public engagement
may require innovative methods of collection such as the DIY
traps used in the Barkyard Bark Beetles program (Steininger
et al,, 2015). Furthermore, while there are abundance of projects
focused on microscopic organisms that cause disease, particularly for
Phytophthora, for which there are at least seven projects (Hulbert
et al,, 2019a), the value or number of citizen contributions may
depend on the invasion stage of the taxa. For example, participation
is likely to be higher to accommodate research surrounding
the active invasion of Phytophthora ramorum, compared to the
general Phytophthora biodiversity projects led in South Africa
and Sweden. In summary, while citizen science has merit to
enhance biosecurity throughout the invasion framework, not every
forest pest or pathogen invasion may be appropriate for citizen
science.

4. Recommendations

This review provides the first attempt to categorize citizen science
projects within the biosecurity strategy for invasive non-native forest
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pests and pathogens. Citizen scientists can add capacity in each
stage of managing biological invasions (Figure 1). Understanding
how citizens contribute in each project can inform the development
of future projects. For example, there is considerable potential to
increase the role of citizen science in the monitoring of sentinel
plantings and field guides have already been designed to aid the
efforts in classifying potential damaging agents on woody sentinels
(Roques et al,, 2017). One idea could be to adapt methods from the
Mildew Mania project (e.g., Rennie, 2015) to provide citizens with
exotic species that are locally propagated as “baits” for potential pests
to inform horizon scanning in other countries. Such an initiative
would also provide opportunities for parallel projects and foster
global collaboration and coordination because many forest pests and
pathogens have global impacts (Ramsfield et al., 2016).

Engaging citizens and designing citizen science projects to fit
within biosecurity strategies is not mutually exclusive and unlikely
to detract from other efforts of surveillance or control. In this
review, we highlight many benefits of integrating such projects
alongside other efforts and do not see a downside to engaging citizen
scientists. Indeed, programs involving high-consequence invasive
species may need to be carefully designed to incorporate or streamline
professional verification. Even still, incorporating some element of
citizen science in surveillance and management strategies is likely to
enhance biosecurity.

Citizen science projects aimed at enhancing biosecurity will
need to consider implementing extra precautions for confirming
detections and first reports accurately. Indeed, data quality is
a common theme when citizen science projects are examined
(Cox et al, 2012; Kosmala et al., 2016; Lukyanenko et al., 2016;
Roman et al,, 2017). Once the purpose of a citizen science project
moves beyond citizen engagement, environmental awareness, and
education, basic scientific principles apply with respect to data quality
assurance and understanding the limitations. Quantifying error is
important regardless of whether experts or non-experts are engaged
in data collection. Once error is quantified this informs how the
data may be used. For citizen science projects that aspire to enhance
biosecurity we recommend implementing QA/QC procedures that
provide reliability statistics for the data set. In addition, new
detections and decreases in tree health can be verified by experts.
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One objective of this review was to provide a list of active projects
to serve as examples and advance the application of the citizen science
approach within the field of forest health. Reviewing these projects
and adopting training protocols and procedures aimed at improved
data quality is pivotal to further demonstrate and advance the rigor
and value of future projects. We encourage further review of the
possible methods to increase data quality and error assessment of
citizen science within biological invasion management strategies.

While the data collected and generated by citizen science
programs have already contributed important information pertinent
to biosecurity (Meentemeyer et al, 20155 Thomas et al, 2017;
Baker et al, 2018; Caley et al, 2020) and most projects assume
participation is increasing awareness, little research has evaluated the
educational outcomes for participants or empirically demonstrated
participation increases awareness of forest pests or pathogens.
Biosecurity is a shared responsibility and raising awareness is
an important component to “safeguarding the land” as noted
in the programs discussed from New Zealand. Many polices
dealing with invasive species stress the importance of raising
public awareness and commitment to take responsibility such
that it will encourage private efforts and voluntary compliance,
and influence behavioral changes in stakeholders, decision makers
(politicians) and citizens (consumers) who play a role in the
movement of non-native species. A vulnerability assessment to
identify potential areas of security risk could be done to find
opportunities where citizen science can strengthen support within
invasion frameworks.

As a final note, we recommend engagement with the broader
community through communities of practices such as the Forest
Health Citizen Science Community.'* Each of the projects described
herein fits into one or more parts of the invasion framework and
the purpose of the community is to enhance coordination between
countries, programs, and projects. For example, the abundance of
citizen science projects focused on Phytophthora demonstrates there
is immense potential for parallel studies or at least comparisons
of methods of public engagement. Therefore, while each program
discussed herein is likely contributing to enhance biosecurity in
its respective country, the community provides an opportunity to
enhance biosecurity globally.

5. Conclusion

Citizen science programs can play key roles in surveillance
and biosecurity at many levels and across the biological invasion
spectrum. Countries aiming to strengthen the detection and
management of invasive forest pests and pathogens should
integrate citizen science programs because of the enhanced
protection and inherent benefits of community engagement. To our
knowledge, there are no downsides of involving citizen scientists
and their contributions to biosecurity can only be improved
through intentional training, targeted survey designs, and explicit
QA/QC procedures. Robustly designed citizen science programs
can strengthen biosecurity when integrated in biological invasion
strategies or early warning systems.

13 https://fhcs.page/

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1113978

Author contributions

All authors contributed equally in writing and synthesis of
literature to compile this review manuscript and contributed to the
article and approved the submitted version.

Funding

The preparation of this manuscript was supported by the
following sources: JH was supported by USDA National Institute of
Food and Agriculture through a Postdoctoral Fellowship agreement
#2019-07338 and funding provided by the Albert Victor Ravenholt
Fund and HR was supported by the Natural Environment Research
Council award 371 number NE/R016429/1, under the UK-SCAPE
programme delivering National Capability, and COST Action
CA17122 Alien CSI.

Acknowledgments

The success of the projects summarized within this manuscript
and their utility within the biosecurity context depends enormously
on the dedication of many engaged citizen scientists. We are grateful
for their contributions to help keep trees and communities healthy.
We also acknowledge this synthesis was only possible because of the
many research programs pioneering methods to meaningfully engage
communities in the science and monitoring of biological invasions.
We hope this synthesis increases appreciation for the hard work and
innovation of these colleagues. This synthesis also benefitted from
internal review within the USDA Forest Service, and we are grateful
for the feedback of the reviewers.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fev0.2023.1113978/
full#supplementary-material

SUPPLEMENTARY TABLE 1
Citizen science projects listed on Forest Health Citizen Science Community
webpage (https://fhcs.page).

frontiersin.org


https://doi.org/10.3389/fevo.2023.1113978
https://fhcs.page/
https://www.frontiersin.org/articles/10.3389/fevo.2023.1113978/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2023.1113978/full#supplementary-material
https://fhcs.page
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Hulbert et al.

References

Baker, E., Jeger, M. J., Mumford, J. D., and Brown, N. (2018). Enhancing plant
biosecurity with citizen science monitoring: Comparing methodologies using reports of
acute oak decline. J. Geogr. Syst. 21, 111-131. doi: 10.1007/s10109-018-0285-2

Barham, E., Sharrock, S., Lane, C., and Baker, R. (2016). The International Plant
Sentinel Network: A tool for regional and national plant protection organizations. EPPO
Bull. 46, 156-162. doi: 10.1111/epp.12283

Bates, A. J., Lakeman Fraser, P., Robinson, L., Tweddle, J. C., Sadler, J. P., West, S. E.,
et al. (2015). The OPAL bugs count survey: Exploring the effects of urbanisation and
habitat characteristics using citizen science. Urban Ecosyst. 18, 1477-1497. doi: 10.1007/
s11252-015-0470-8

Bela, G., Peltola, T., Young, J. C., Balazs, B., Arpin, L, Pataki, G., et al. (2016).
Learning and the transformative potential of citizen science. Conserv. Biol. 30, 990-999.
doi: 10.1111/cobi.12762

Blackburn, T. M., Pysek, P., Bacher, S., Carlton, J. T., Duncan, R. P., Jarosik, V., et al.
(2011). A proposed unified framework for biological invasions. Trends Ecol. Evol. 26,
333-339. doi: 10.1016/j.tree.2011.03.023

Bonello, P., Campbell, F. T., Cipollini, D., Conrad, A. O., Farinas, C., Gandhi,
K.J. K, etal. (2020). Invasive tree pests devastate ecosystems—A proposed new response
framework. Front. For. Glob. Change 3:2. doi: 10.3389/ffgc.2020.00002

Bonney, R., Cooper, C. B., Dickinson, J., Kelling, S., Phillips, T., Rosenberg, K. V., et al.
(2009). Citizen science: A developing tool for expanding science knowledge and scientific
literacy. BioScience 59, 977-984. doi: 10.1525/bi0.2009.59.11.9

Bose, T., Hulbert, J. M., Burgess, T. I, Paap, T., Roets, F., and Wingfield, M. J. (2021).
Two novel Phytophthora species from the southern tip of Africa. Mycol. Progress 20,
755-767. doi: 10.1007/s11557-021-01702-y

Bradshaw, R. E,, Bellgard, S. E., Black, A., Burns, B. R,, Gerth, M. L., McDougal, R. L.,
et al. (2020). Phytophthora agathidicida: Research progress, cultural perspectives and
knowledge gaps in the control and management of kauri dieback in New Zealand. Plant
Pathol. 69, 3-16. doi: 10.1111/ppa.13104

Brasier, C. M. (2001). Rapid evolution of introduced plant pathogens via interspecific
hybridization. BioScience 51, 123-133. doi: 10.1641/0006-35682001051[0123:REOIPP]2.
0.CO;2

Brasier, C. M. (2008b). The biosecurity threat to the UK and global environment from
international trade in plants. Plant Pathol. 57, 792-808. doi: 10.1111/j.1365-3059.2008.
01886.x

Brasier, C. M. (2008a). “Phytophthora ramorum + P. kernoviae = international
biosecurity failure,” in Proceedings of the sudden oak death third science symposium. Gen.
Tech. Rep. PSW-GTR-214, eds S. J. Frankel, J. T. Kliejunas, and K. M. Palmieri (Albany,
CA: U.S. Department of Agriculture, Forest Service, Pacific Southwest Research Station),
133-139,214.

Brown, N., Pérez-Sierra, A., Crow, P., and Parnell, S. (2020). The role of passive
surveillance and citizen science in plant health. CABI Agric. Biosci. 1:17. doi: 10.1186/
543170-020-00016-5

Brown, N., van den Bosch, F., Parnell, S., and Denman, S. (2017). Integrating
regulatory surveys and citizen science to map outbreaks of forest diseases: acute oak
decline in England and Wales. Proc. R. Soc. B 284, 20170547. doi: 10.1098/rspb.2017.
0547

Burgess, T. I, and Wingfield, M. J. (2016). Pathogens on the move: A 100-year global
experiment with planted eucalypts. Bioscience 67, 14-25.

Burgess, T. I, Crous, C. ], Slippers, B., Hantula, J., and Wingfield, M. J. (2016). Tree
invasions and biosecurity: Eco-evolutionary dynamics of hitchhiking fungi. AoB Plants
8:plw076. doi: 10.1093/aobpla/plw076

Caley, P., Welvaert, M., and Barry, S. C. (2020). Crowd surveillance: estimating citizen
science reporting probabilities for insects of biosecurity concern. J. Pest Sci. 93, 543-550.
doi: 10.1007/s10340-019-01115-7

Carnegie, A. J., and Nahrung, H. F. (2019). Post-border forest biosecurity in Australia:
Response to recent exotic detections, current surveillance and ongoing needs. Forests
10:336. doi: 10.3390/f10040336

Carnegie, A. J., and Pegg, G. S. (2018). Lessons from the incursion of myrtle rust in
Australia. Annu. Rev. Phytopathol. 56, 457-478. doi: 10.1146/annurev-phyto-080516-
035256

Chapman, D., Purse, B. V., Roy, H. E., and Bullock, J. M. (2017). Global trade
networks determine the distribution of invasive non-native species. Glob. Ecol. Biogeogr.
26, 907-917. doi: 10.1111/geb.12599

City of Melbourne (2017). Nature in the city strategy. Melbourne, VIC: City of
Melbourne.

Cleary, M., Laas, M., Oskay, F., and Drenkhan, R. (2019). First report of Lecanosticta
acicola on non-native Pinus mugo in southern Sweden. For. Pathol. 49:e12507. doi:
10.1111/efp.12507

Cleary, M., Nguyen, D., Stener, L.-G., Stenlid, J., and Skovsgaard, J.-P. (2017). “Ash
and ash dieback in Sweden: A review of disease history, current status, pathogen and
host dynamics, host tolerance and management options in forests and landscapes,

in “Dieback of European ash (Fraxinus spp.),” in dieback of European ash (Fraxinus
spp.) - Consequences and guidelines for sustainable management the report on european

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1113978

cooperation in science & technology (COST) action fp1103 fraxback, eds R. Vasaitis and R.
Enderle (Uppsala: Swedish University of Agricultural Sciences), 195-208.

Cobb, R. C,, Filipe, J. A. N., Meentemeyer, R. K., Gilligan, C. A., and Rizzo, D. M.
(2012). Ecosystem transformation by emerging infectious disease: Loss of large tanoak
from California forests. J. Ecol. 100, 712-722. doi: 10.1111/.1365-2745.2012.01960.x

COMTF (2019). California oak mortality task force newsletter: October 2019.
California Oak Mortality Task Force. Available online at: http://www.suddenoakdeath.
org/newsletter/ (accessed November 12, 2019).

Cooper, C., Dhondt, A. A., and Hochachka, W. M. (2012). “The opportunities and
challenges of citizen science as a tool for ecological research,” in Citizen science: Public
participation in environmental research, eds J. L. Dickinson and R. Bonney (Ithaca, NY:
Cornell University Press), 99-113.

Cox, T. E., Philippoff, J., Baumgartner, E., and Smith, C. M. (2012). Expert variability
provides perspective on the strengths and weaknesses of citizen-driven intertidal
monitoring program. Ecol. Appl. 22, 1201-1212. doi: 10.1890/11-1614.1

Crall, A. W,, Jordan, R., Holfelder, K., Newman, G. J., Graham, J., and Waller, D. M.
(2013). The impacts of an invasive species citizen science training program on participant
attitudes, behavior, and science literacy. Public Understanding Sci. 22, 745-764. doi:
10.1177/0963662511434894

Crall, A. W., Newman, G. ], Stohlgren, T. J., Holfelder, K. A., Graham, J., and Waller,
D. M. (2011). Assessing citizen science data quality: An invasive species case study.
Conserv. Lett. 4, 433-442. doi: 10.1111/j.1755-263X.2011.00196.x

Crocker, E., Condon, B., Almsaeed, A., Jarret, B., Nelson, C. D., Abbott, A. G., et al.
(2019). TreeSnap: A citizen science app connecting tree enthusiasts and forest scientists.
Plants People Planet 2, 47-52. doi: 10.1002/ppp3.41

Crow, P., and de Groot, M. (2020). Using Citizen Science to monitor the spread of tree
pests and diseases: Outcomes of two projects in Slovenia and the UK. MBI 11, 703-719.
doi: 10.3391/mbi.2020.11.4.06

Cunniffe, N. J., Cobb, R. C., Meentemeyer, R. K., Rizzo, D. M., and Gilligan, C. A.
(2016). Modeling when, where, and how to manage a forest epidemic, motivated by
sudden oak death in California. Proc. Natl. Acad. Sci. U.S.A. 113, 5640-5645. doi: 10.
1073/pnas.1602153113

de Groot, M. (2020). Challenges and solutions in early detection, rapid response
and communication about potential invasive alien species in forests. MBI 11, 637-660.
doi: 10.3391/mbi.2020.11.4.02

Desprez-Loustau, M.-L., Robin, C., Buée, M., Courtecuisse, R., Garbaye, J., Suffert, F.,
etal. (2007). The fungal dimension of biological invasions. Trends Ecol. Evol. 22, 472-480.
doi: 10.1016/j.tree.2007.04.005

Dickinson, J. L., Zuckerberg, B., and Bonter, D. N. (2010). Citizen Science as an
ecological research tool: Challenges and benefits. Annu. Rev. Ecol. Evol. Syst. 41, 149-172.
doi: 10.1146/annurev-ecolsys-102209- 144636

Encarnagio, J., Teoddsio, M. A., and Morais, P. (2021). Citizen science and biological
invasions: A review. Front. Environ. Sci. 8:602980. doi: 10.3389/fenvs.2020.602980

Epanchin-Niell, R. S. (2017). Economics of invasive species policy and management.
Biol. Invasions 19, 3333-3354. doi: 10.1007/s10530-017-1406-4

Eschen, R., O’Hanlon, R., Santini, A., Vannini, A., Roques, A., Kirichenko, N., et al.
(2019). Safeguarding global plant health: The rise of sentinels. J. Pest Sci. 92, 29-36.
doi: 10.1007/510340-018-1041-6

Flower, C. E., Knight, K. S., and Gonzalez-Meler, M. A. (2013). Impacts of the emerald
ash borer (Agrilus planipennis Fairmaire) induced ash (Fraxinus spp.) mortality on forest
carbon cycling and successional dynamics in the eastern United States. Biol. Invasions 15,
931-944. doi: 10.1007/s10530-012-0341-7

Fraisl, D., Hager, G., Bedessem, B., Gold, M., Hsing, P.-Y., Danielsen, F., et al. (2022).
Citizen science in environmental and ecological sciences. Nat. Rev. Methods Primers 2,
1-20. doi: 10.1038/s43586-022-00144-4

Gallo, T., and Waitt, D. (2011). Creating a successful citizen science model to detect
and report invasive species. BioScience 61, 459-465. doi: 10.1525/bi0.2011.61.6.8

Garbelotto, M., Maddison, E. R., and Schmidt, D. (2014). SODmap and SODmap
mobile: Two tools to monitor the spread of sudden oak death. For. Phytophthoras 4,
doi: 10.5399/0su/fp.4.1.3560

Garbelotto, M., Svihra, P., and Rizzo, D. M. (2001). New pests and diseases: Sudden oak
death syndrome fells 3 oak species. California Agric. 55, 9-19. doi: 10.3733/ca.v055n01p9

Gardiner, M. M., Allee, L. L., Brown, P. M., Losey, J. E., Roy, H. E., and Smyth,
R. R. (2012). Lessons from lady beetles: Accuracy of monitoring data from US and UK
citizen-science programs. Front. Ecol. Environ. 10:471-476. doi: 10.1890/110185

Gardiner, M. M., and Roy, H. E. (2022). The role of community science in entomology.
Annu. Rev. Entomol. 67, 437-456. doi: 10.1146/annurev-ento-072121-075258

Groom, Q., Pernat, N., Adriaens, T., de Groot, M., Jelaska, S. D., Mareiulyniené, D.,
et al. (2021). Species interactions: Next-level citizen science. Ecography 44, 1781-1789.
doi: 10.1111/ecog.05790

Gulsrud, N. M., Hertzog, K., and Shears, I. (2018). Innovative urban forestry
governance in Melbourne?: Investigating “green placemaking” as a nature-based
solution. Environ. Res. 161, 158-167. doi: 10.1016/j.envres.2017.11.005

frontiersin.org


https://doi.org/10.3389/fevo.2023.1113978
https://doi.org/10.1007/s10109-018-0285-2
https://doi.org/10.1111/epp.12283
https://doi.org/10.1007/s11252-015-0470-8
https://doi.org/10.1007/s11252-015-0470-8
https://doi.org/10.1111/cobi.12762
https://doi.org/10.1016/j.tree.2011.03.023
https://doi.org/10.3389/ffgc.2020.00002
https://doi.org/10.1525/bio.2009.59.11.9
https://doi.org/10.1007/s11557-021-01702-y
https://doi.org/10.1111/ppa.13104
https://doi.org/10.1641/0006-35682001051[0123:REOIPP]2.0.CO;2
https://doi.org/10.1641/0006-35682001051[0123:REOIPP]2.0.CO;2
https://doi.org/10.1111/j.1365-3059.2008.01886.x
https://doi.org/10.1111/j.1365-3059.2008.01886.x
https://doi.org/10.1186/s43170-020-00016-5
https://doi.org/10.1186/s43170-020-00016-5
https://doi.org/10.1098/rspb.2017.0547
https://doi.org/10.1098/rspb.2017.0547
https://doi.org/10.1093/aobpla/plw076
https://doi.org/10.1007/s10340-019-01115-7
https://doi.org/10.3390/f10040336
https://doi.org/10.1146/annurev-phyto-080516-035256
https://doi.org/10.1146/annurev-phyto-080516-035256
https://doi.org/10.1111/geb.12599
https://doi.org/10.1111/efp.12507
https://doi.org/10.1111/efp.12507
https://doi.org/10.1111/j.1365-2745.2012.01960.x
http://www.suddenoakdeath.org/newsletter/
http://www.suddenoakdeath.org/newsletter/
https://doi.org/10.1890/11-1614.1
https://doi.org/10.1177/0963662511434894
https://doi.org/10.1177/0963662511434894
https://doi.org/10.1111/j.1755-263X.2011.00196.x
https://doi.org/10.1002/ppp3.41
https://doi.org/10.3391/mbi.2020.11.4.06
https://doi.org/10.1073/pnas.1602153113
https://doi.org/10.1073/pnas.1602153113
https://doi.org/10.3391/mbi.2020.11.4.02
https://doi.org/10.1016/j.tree.2007.04.005
https://doi.org/10.1146/annurev-ecolsys-102209-144636
https://doi.org/10.3389/fenvs.2020.602980
https://doi.org/10.1007/s10530-017-1406-4
https://doi.org/10.1007/s10340-018-1041-6
https://doi.org/10.1007/s10530-012-0341-7
https://doi.org/10.1038/s43586-022-00144-4
https://doi.org/10.1525/bio.2011.61.6.8
https://doi.org/10.5399/osu/fp.4.1.3560
https://doi.org/10.3733/ca.v055n01p9
https://doi.org/10.1890/110185
https://doi.org/10.1146/annurev-ento-072121-075258
https://doi.org/10.1111/ecog.05790
https://doi.org/10.1016/j.envres.2017.11.005
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Hulbert et al.

Haack, R. A, Britton, K. O., Brockerhoff, E. G., Cavey, ]J. F, Garrett, L. ],
Kimberley, M., et al. (2014). Effectiveness of the international phytosanitary standard
ISPM No. 15 on reducing wood borer infestation rates in wood packaging
material entering the United States. PLoS One 9:¢96611. doi: 10.1371/journal.pone.00
96611

Haack, R. A., Hérard, F.,, Sun, J,, and Turgeon, J. J. (2010). Managing invasive
populations of Asian longhorned beetle and citrus longhorned beetle: A worldwide
perspective. Annu. Rev. Entomol. 55, 521-546. doi: 10.1146/annurev-ento-112408-
085427

Hallet, R., and Hallett, T. (2018). Citizen science and tree health assessment: How
useful are the data? Arboric. Urban For. 44, 236-247.

Hansen, E. M. (2008). Alien forest pathogens: Phytophthora species are changing world
forests. Boreal Environ. Res. 13, 33-41.

Hansen, E. M., Reeser, P., Sutton, W., Kanaskie, A., Navarro, S., and Goheen,
E. M. (2019). Efficacy of local eradication treatments against the sudden oak
death epidemic in Oregon tanoak forests. For. Pathol. 49:¢12530. doi: 10.1111/efp.
12530

Hawthorne, T. L., Elmore, V., Strong, A., Bennett-Martin, P., Finnie, J., Parkman, J.,
et al. (2015). Mapping non-native invasive species and accessibility in an urban forest: A
case study of participatory mapping and citizen science in Atlanta, Georgia. Appl. Geogr.
56, 187-198. doi: 10.1016/j.apgeog.2014.10.005

Herms, D. A., and McCullough, D. G. (2014). Emerald ash borer invasion of North
America: History, biology, ecology, impacts, and management. Annu. Rev. Entomol. 59,
13-30. doi: 10.1146/annurev-ento-011613-162051

Hulbert, J. M. (2020). Phytophthora diversity in the cape floristic region. Available online
at: https://repository.up.ac.za/handle/2263/77828 (accessed August 9, 2022).

Hulbert, . M., Agne, M. C., Burgess, T. L, Roets, F., and Wingfield, M. J. (2017). Urban
environments provide opportunities for early detections of Phytophthora invasions. Biol.
Invasions 19, 3629-3644. doi: 10.1007/s10530-017-1585-z

Hulbert, J., Barton, M., Castagneyrol, B., Oraizo, C., and Rosemartin, A. (2019a). Forest
health citizen science. Available online at: https://github.com/jmhulbert/fhes (accessed
December 12, 2019).

Hulbert, J. M., Paap, T., Burgess, T. L, Roets, F., and Wingfield, M. J. (2019b). Botanical
gardens provide valuable baseline Phytophthora diversity data. Urban For. Urban Green.
46:126461. doi: 10.1016/j.ufug.2019.126461

Hulbert, J. M., Turner, S. C., and Scott, S. L. (2019¢). Challenges and solutions to
establishing and sustaining citizen science projects in South Africa. S. Afr. J. Sci. 115,
15-18. doi: 10.17159/sajs.2019/5844

Hulme, P. E. (2009). Trade, transport and trouble: Managing invasive species pathways
in an era of globalization. J. Appl. Ecol. 46, 10-18. doi: 10.1111/j.1365-2664.2008.01600.x

Hultberg, T., Sandstrom, J., Felton, A., Ohman, K., Rénnberg, J., Witzell, J., et al.
(2020). Ash dieback risks an extinction cascade. Biol. Conserv. 244:108516. doi: 10.1016/
j.biocon.2020.108516

Humair, F., Humair, L., Kuhn, F., and Kueffer, C. (2015). E-commerce trade in invasive
plants. Conserv. Biol. 29, 1658-1665. doi: 10.1111/cobi.12579

Ingwell, L. L., and Preisser, E. L. (2011). Using citizen science programs to identify host
resistance in pest-invaded forests. Conserv. Biol. 25, 182-188. doi: 10.1111/j.1523-1739.
2010.01567.x

Johnson, B. A., Mader, A. D., Dasgupta, R., and Kumar, P. (2020). Citizen science and
invasive alien species: An analysis of citizen science initiatives using information and
communications technology (ICT) to collect invasive alien species observations. Glob.
Ecol. Consery. 21:e00812. doi: 10.1016/j.gecco.2019.e00812

Kauri Rescue (2019). Kauri Rescue Newsletter, August 2019. Kauri Rescue.
Available online at: https://mailchi.mp/a6dad9016e3f/kauri-rescue-newsletter-august
2019%e=d4eda3ba34 (accessed November 13, 2019).

Kirichenko, N., and Kenis, M. (2016). Using a botanical garden to assess factors
influencing the colonization of exotic woody plants by phyllophagous insects. Oecologia
182, 243-252. doi: 10.1007/500442-016-3645-y

Klapwijk, M. J., Hopkins, A. J. M., Eriksson, L., Pettersson, M., Schroeder, M.,
Lindeléw, A, et al. (2016). Reducing the risk of invasive forest pests and pathogens:
Combining legislation, targeted management and public awareness. Ambio 45, 223-234.
doi: 10.1007/s13280-015-0748-3

Kline, N., Navarro, S., and LeBoldus, J. (2019). Citizen scientists deploy bait stations to
monitor sudden oak death. Rural Connect. 13, 17-20.

Klooster, W., Gandhi, K., Long, L., Perry, K., Rice, K., and Herms, D. (2018). Ecological
impacts of emerald ash borer in forests at the epicenter of the invasion in North America.
Forests 9:250. doi: 10.3390/f9050250

Kosmala, M., Wiggins, A., Swanson, A., and Simmons, B. (2016). Assessing data quality
in citizen science. Front. Ecol. Environ. 14:551-560. doi: 10.1002/fee.1436

Leung, B., Lodge, D. M., Finnoff, D., Shogren, J. F., Lewis, M. A., and Lamberti, G.
(2002). An ounce of prevention or a pound of cure: Bioeconomic risk analysis of invasive
species. Proc. R. Soc. Lond. B 269, 2407-2413. doi: 10.1098/rspb.2002.2179

Liebhold, A. M., Berec, L., Brockerhoff, E. G., Epanchin-Niell, R. S., Hastings, A.,
Herms, D. A, et al. (2016). Eradication of invading insect populations: From concepts
to applications. Annu. Rev. Entomol. 61, 335-352. doi: 10.1146/annurev-ento-010715-
023809

Frontiers in Ecology and Evolution

10

10.3389/fevo.2023.1113978

Liebhold, A. M., Brockerhoff, E. G., Garrett, L. J., Parke, J. L., and Britton, K. O. (2012).
Live plant imports: The major pathway for forest insect and pathogen invasions of the
US. Front. Ecol. Environ. 10:135-143. doi: 10.1890/110198

Lione, G., Gonthier, P., and Garbelotto, M. (2017). Environmental factors driving
the recovery of bay laurels from Phytophthora ramorum infections: An application of
numerical ecology to citizen science. Forests 8, 1-24. doi: 10.3390/f8080293

Liu, H. (2018). Under siege: Ash management in the wake of the emerald ash borer.
J. Integr. Pest Manage. 9:5. doi: 10.1093/jipm/pmx029

Liziniewicz, M., Tolio, B., and Cleary, M. (2022). Monitoring of long-term tolerance of
European ash to Hymenoscyphus fraxineus in clonal seed orchards in Sweden. For. Pathol.
52:€12773. doi: 10.1111/efp.12773

Lodge, D. M., Williams, S., Maclsaac, H. J., Hayes, K. R,, Leung, B., Reichard, S., et al.
(2006). Biological invasions: recommendations for U.S. Policy and management. Ecol.
Appl. 16,2035-2054. doi: 10.1890/1051-07612006016[2035:BIRFUP]2.0.CO;2

Lombaert, E., Guillemaud, T., Cornuet, J.-M., Malausa, T., Facon, B., and Estoup, A.
(2010). Bridgehead effect in the worldwide invasion of the biocontrol Harlequin ladybird.
PLoS One 5:¢9743. doi: 10.1371/journal.pone.0009743

Loo, J. A. (2008). Ecological impacts of non-indigenous invasive fungi as forest
pathogens. Biol. Invasions 11, 81-96. doi: 10.1007/s10530-008-9321-3

Lukyanenko, R., Parsons, J., and Wiersma, Y. F. (2016). Emerging problems of data
quality in citizen science. Conserv. Biol. 30, 447-449. doi: 10.1111/cobi.12706

Martellos, S., Laganis, J., Bacaro, G., Bonacquisti, S., Derewnicka, L., and Attorre, F.
(2016). Botanical gardens and citizen science: An (as yet) under-exploited potential. Plant
Biosyst. 150, 381-383. doi: 10.1080/11263504.2016.1179234

Marzano, M., Dandy, N., Bayliss, H. R, Porth, E., and Potter, C. (2015). Part of the
solution? Stakeholder awareness, information and engagement in tree health issues. Biol.
Invasions 17, 1961-1977. doi: 10.1007/s10530-015-0850-2

Marzano, M., Dandy, N., Papazova-Anakieva, I., Avtzis, D., Connolly, T., Eschen, R.,
etal. (2016). Assessing awareness of tree pests and pathogens amongst tree professionals:
A pan-European perspective. For. Policy Econ. 70, 164-171. doi: 10.1016/j.forpol.2016.
06.030

McTaggart, A. R, van der Nest, M. A., Steenkamp, E. T., Roux, J., Slippers, B., Shuey,
L. S, et al. (2016). Fungal genomics challenges the dogma of name-based biosecurity.
PLoS Pathog. 12:¢1005475. doi: 10.1371/journal.ppat.1005475

Meentemeyer, R. K., Dorning, M. A., Vogler, J. B., Schmidt, D., and Garbelotto, M.
(2015). Citizen science helps predict risk of emerging infectious disease. Front. Ecol.
Environ. 13:189-194. doi: 10.1890/140299

Meng, P. S., Hoover, K., and Keena, M. A. (2015). Asian longhorned beetle (Coleoptera:
Cerambycidae), an introduced pest of maple and other hardwood trees in North America
and Europe. J. Integr. Pest Manage. 6:4. doi: 10.1093/jipm/pmv003

Mitchell, R. J., Beaton, J. K., Bellamy, P. E., Broome, A., Chetcuti, J., Eaton, S., et al.
(2014). Ash dieback in the UK: A review of the ecological and conservation implications
and potential management options. Biol. Conserv. 175, 95-109. doi: 10.1016/j.biocon.
2014.04.019

Morales-Rodriguez, C., Anslan, S., Auger-Rozenberg, M.-A., Augustin, S,
Baranchikov, Y., Bellahirech, A., et al. (2019). Forewarned is forearmed: harmonized
approaches for early detection of potentially invasive pests and pathogens in sentinel
plantings. NB 47, 95-123. doi: 10.3897/neobiota.47.34276

Nahrung, H. F,, Liebhold, A. M., Brockerhoff, E. G., and Rassati, D. (2023). Forest
insect biosecurity: Processes, patterns, predictions, pitfalls. Annu. Rev. Entomol. 68,
211-229. doi: 10.1146/annurev-ento-120220-010854

Novoa, A., Dehnen-Schmutz, K., Fried, J., and Vimercati, G. (2017). Does public
awareness increase support for invasive species management? Promising evidence across
taxa and landscape types. Biol. Invasions 19, 3691-3705. doi: 10.1007/s10530-017-1592-0

Nugent, J. (2018). iNaturalist: Citizen science for 21st-Century naturalists. Sci. Scope
41:12.

Observatree (2015). ‘No sting in this tale, amanda yorwerth, observatree volunteer.
Observatree - The official project website. Available online at: https://www.observatree.
org.uk/blog/2015/07/no-sting-in-this- tale/ (accessed November 12, 2019).

Paap, T., Burgess, T. I, and Wingfield, M. J. (2017). Urban trees: bridge-heads for
forest pest invasions and sentinels for early detection. Biol. Invasions 19, 3515-3526.
doi: 10.1007/s10530-017-1595-x

Paap, T., de Beer, Z. W., Migliorini, D., Nel, W. J., and Wingfield, M. J. (2018). The
polyphagous shot hole borer (PSHB) and its fungal symbiont Fusarium euwallaceae: A
new invasion in South Africa. Australas. Plant Pathol. 47, 231-237. doi: 10.1007/s13313-
018-0545-0

Paap, T., Wingfield, M. J., Wilhelm de Beer, Z., and Roets, F. (2020). Lessons from a
major pest invasion: The polyphagous shot hole borer in South Africa. S. Afr. J. Sci. 116,
1-4. doi: 10.17159/sajs.2020/8757

Peter, M., Diekétter, T., and Kremer, K. (2019). Participant outcomes of biodiversity
citizen science projects: a systematic literature review. Sustainability 11:2780. doi: 10.
3390/sul11102780

Pocock, M. (2013). Developing a strategic framework to support citizen science
implementation in SEPA. Wallingford: NERC Centre for Ecology & Hydrology.

Pocock, M. J. O., Chapman, D. S., Sheppard, L. J., and Roy, H. E. (2014). Choosing
and using citizen science: a guide to when and how to use citizen science to monitor

frontiersin.org


https://doi.org/10.3389/fevo.2023.1113978
https://doi.org/10.1371/journal.pone.0096611
https://doi.org/10.1371/journal.pone.0096611
https://doi.org/10.1146/annurev-ento-112408-085427
https://doi.org/10.1146/annurev-ento-112408-085427
https://doi.org/10.1111/efp.12530
https://doi.org/10.1111/efp.12530
https://doi.org/10.1016/j.apgeog.2014.10.005
https://doi.org/10.1146/annurev-ento-011613-162051
https://repository.up.ac.za/handle/2263/77828
https://doi.org/10.1007/s10530-017-1585-z
https://github.com/jmhulbert/fhcs
https://doi.org/10.1016/j.ufug.2019.126461
https://doi.org/10.17159/sajs.2019/5844
https://doi.org/10.1111/j.1365-2664.2008.01600.x
https://doi.org/10.1016/j.biocon.2020.108516
https://doi.org/10.1016/j.biocon.2020.108516
https://doi.org/10.1111/cobi.12579
https://doi.org/10.1111/j.1523-1739.2010.01567.x
https://doi.org/10.1111/j.1523-1739.2010.01567.x
https://doi.org/10.1016/j.gecco.2019.e00812
https://mailchi.mp/a6dad9016e3f/kauri-rescue-newsletter-august-2019?e=d4e4a3ba34
https://mailchi.mp/a6dad9016e3f/kauri-rescue-newsletter-august-2019?e=d4e4a3ba34
https://doi.org/10.1007/s00442-016-3645-y
https://doi.org/10.1007/s13280-015-0748-3
https://doi.org/10.3390/f9050250
https://doi.org/10.1002/fee.1436
https://doi.org/10.1098/rspb.2002.2179
https://doi.org/10.1146/annurev-ento-010715-023809
https://doi.org/10.1146/annurev-ento-010715-023809
https://doi.org/10.1890/110198
https://doi.org/10.3390/f8080293
https://doi.org/10.1093/jipm/pmx029
https://doi.org/10.1111/efp.12773
https://doi.org/10.1890/1051-07612006016[2035:BIRFUP]2.0.CO;2
https://doi.org/10.1371/journal.pone.0009743
https://doi.org/10.1007/s10530-008-9321-3
https://doi.org/10.1111/cobi.12706
https://doi.org/10.1080/11263504.2016.1179234
https://doi.org/10.1007/s10530-015-0850-2
https://doi.org/10.1016/j.forpol.2016.06.030
https://doi.org/10.1016/j.forpol.2016.06.030
https://doi.org/10.1371/journal.ppat.1005475
https://doi.org/10.1890/140299
https://doi.org/10.1093/jipm/pmv003
https://doi.org/10.1016/j.biocon.2014.04.019
https://doi.org/10.1016/j.biocon.2014.04.019
https://doi.org/10.3897/neobiota.47.34276
https://doi.org/10.1146/annurev-ento-120220-010854
https://doi.org/10.1007/s10530-017-1592-0
https://www.observatree.org.uk/blog/2015/07/no-sting-in-this-tale/
https://www.observatree.org.uk/blog/2015/07/no-sting-in-this-tale/
https://doi.org/10.1007/s10530-017-1595-x
https://doi.org/10.1007/s13313-018-0545-0
https://doi.org/10.1007/s13313-018-0545-0
https://doi.org/10.17159/sajs.2020/8757
https://doi.org/10.3390/su11102780
https://doi.org/10.3390/su11102780
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Hulbert et al.

biodiversity and the environment. Centre for Ecology & Hydrology. Available online
at:
interactive_4web_final _amended-bluel.pdf (accessed November 8, 2022).

Pocock, M. J. O., Marzano, M., Bullas-Appleton, E., Dyke, A., de Groot, M,
Shuttleworth, C. M., et al. (2020). Ethical dilemmas when using citizen science for
early detection of invasive tree pests and diseases. Manage. Biol. Invasions 11, 720-732.
doi: 10.3391/mbi.2020.11.4.07

Pocock, M. J. O, Roy, H. E,, Fox, R,, Ellis, W. N., and Botham, M. (2017). Citizen
science and invasive alien species: Predicting the detection of the oak processionary
moth Thaumetopoea processionea by moth recorders. Biol. Conserv. 208, 146-154. doi:
10.1016/j.biocon.2016.04.010

https://www.ceh.ac.uk/sites/default/files/sepa_choosingandusingcitizenscience_

Poland, T. M., and Rassati, D. (2018). Improved biosecurity surveillance of non-native
forest insects: A review of current methods. J. Pest Sci. 92, 37-49. doi: 10.1007/s10340-
018-1004-y

Prospero, S., and Cleary, M. (2017). Effects of host variability on the spread of invasive
forest diseases. Forests 8:80. doi: 10.3390/f8030080

Pysek, P., and Richardson, D. M. (2010). Invasive species, environmental change and
management, and health. Annu. Rev. Environ. Resour. 35, 25-55. doi: 10.1146/annurev-
environ-033009-095548

Ramsfield, T. D., Bentz, B. J., Faccoli, M., Jactel, H., and Brockerhoff, E. G. (2016).
Forest health in a changing world: Effects of globalization and climate change on forest
insect and pathogen impacts. Forestry (Lond) 89, 245-252. doi: 10.1093/forestry/cpw018

Rennie, L. J. (2015). “Making science beyond the classroom accessible to students,” in
The future in learning science: What's in it for the learner? What’s in it for the learner?,
eds D. Corrigan, C. Buntting, J. Dillon, A. Jones, and R. Gunstone (Cham: Springer
International Publishing), 151-173. doi: 10.1007/978-3-319-16543-1_8

Rigling, D., and Prospero, S. (2018). Cryphonectria parasitica, the causal agent of
chestnut blight: Invasion history, population biology and disease control. Mol. Plant
Pathol. 19, 7-20. doi: 10.1111/mpp.12542

Roman, L. A., Scharenbroch, B. C., Ostberg, J. P. A., Mueller, L. S., Henning, J. G.,
Koeser, A. K., et al. (2017). Data quality in citizen science urban tree inventories. Urban
For. Urban Green. 22, 124-135. doi: 10.1016/j.ufug.2017.02.001

Roques, A., Auger-Rozenberg, M.-A., Blackburn, T. M., Garnas, J., Pysek, P., Rabitsch,
W., etal. (2016). Temporal and interspecific variation in rates of spread for insect species
invading Europe during the last 200 years. Biol. Invasions 18, 907-920. doi: 10.1007/
510530-016-1080-y

Roques, A., Cleary, M., Matsiakh, I., and Eschen, R. (2017). Field guide for the
identification of damage on woody sentinel plants. Available online at: https://www.
cabidigitallibrary.org (accessed March 26, 2020).

Roy, B. A., Alexander, H. M., Davidson, J., Campbell, F. T., Burdon, J. J., Sniezko,
R, et al. (2014). Increasing forest loss worldwide from invasive pests requires new trade
regulations. Front. Ecol. Environ. 12:457-465. doi: 10.1890/130240

Roy, H. E., Hesketh, H., Purse, B. V., Eilenberg, J., Santini, A., Scalera, R., et al. (2017).
Alien pathogens on the horizon: Opportunities for predicting their threat to wildlife.
Conserv. Lett. 10, 477-484. doi: 10.1111/conl.12297

Roy, H. E,, Peyton, J., Aldridge, D. C., Bantock, T., Blackburn, T. M., Britton, R.,
et al. (2014). Horizon scanning for invasive alien species with the potential to threaten
biodiversity in Great Britain. Glob. Change Biol. 20, 3859-3871. doi: 10.1111/gcb.12603

Santini, A., Ghelardini, L., De Pace, C., Desprez-Loustau, M. L., Capretti, P.,
Chandelier, A., et al. (2013). Biogeographical patterns and determinants of invasion by
forest pathogens in Europe. New Phytol. 197, 238-250. doi: 10.1111/j.1469-8137.2012.
04364.x

Santini, A., Liebhold, A., Migliorini, D., and Woodward, S. (2018). Tracing the role
of human civilization in the globalization of plant pathogens. ISME J. 12, 647-652.
doi: 10.1038/s41396-017-0013-9

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., Jeschke, J. M.,
etal. (2017). No saturation in the accumulation of alien species worldwide. Nat. Commun.
8, 1-9. doi: 10.1038/ncomms14435

Frontiers in Ecology and Evolution

11

10.3389/fevo.2023.1113978

Sniezko, R. A. (2006). Resistance breeding against nonnative pathogens in forest
trees — Current successes in North America. Can. J. Plant Pathol. 28, S270-S279. doi:
10.1080/07060660609507384

Solano, A., Rodriguez, S. L., and Coyle, D. R. (2020). The nature conservancy’s
don’t move firewood campaign: an analysis of the 2005-2016 survey data. Forestry
and environmental conservation, clemson university: The nature conservancy. Available
online at: https://www.dontmovefirewood.org/resources/Survey- Data- Analysis-2005-
2016 (accessed September 2, 2020).

Steininger, M. S., Hulcr, J., Sigut, M., and Lucky, A. (2015). Simple and efficient trap
for bark and ambrosia beetles (Coleoptera: Curculionidae) to facilitate invasive species
monitoring and citizen involvement. J. Econ. Entomol. 108, 1115-1123. doi: 10.1093/jee/
tov014

Stepenuck, K. F., and Green, L. T. (2015). Individual- and community-level impacts of
volunteer environmental monitoring: A synthesis of peer-reviewed literature. Ecol. Soc.
20:19.

Stukenbrock, E. H. (2016). The role of hybridization in the evolution and emergence
of new fungal plant pathogens. Phytopathology 106, 104-112. doi: 10.1094/PHYTO-08-
15-0184-RVW

Stukenbrock, E. H., and McDonald, B. A. (2008). The origins of plant pathogens
in agro-ecosystems. Annu. Rev. Phytopathol. 46, 75-100. doi: 10.1146/annurev.phyto.
010708.154114

Sutton, W., Hansen, E. M., Reeser, P. W., and Kanaskie, A. (2009). Stream monitoring
for detection of Phytophthora ramorum in Oregon tanoak forests. Plant Dis. 93, 1182—
1186. doi: 10.1094/PDIS-93-11-1182

Thomas, M. L., Gunawardene, N., Horton, K., Williams, A., O’Connor, S., McKirdy,
S., et al. (2017). Many eyes on the ground: Citizen science is an effective early
detection tool for biosecurity. Biol. Invasions 19, 2751-2765. doi: 10.1007/s10530-017-
1481-6

TNC (2020). Healthy trees healthy cities app. The nature conservancy’s healthy trees
healthy cities app. Available online at: https://healthytreeshealthycitiesapp.org/ (accessed
February 23, 2020).

Tovar, F., Carnegie, A. ., Collins, S., Horwood, M., Lawson, S., Smith, D., et al. (2017).
Framework for national biosecurity surveillance of exotic forest pests. Canberra, ACT:
Department of Agriculture and Water Resources.

van Rees, C. B,, Hand, B. K., Carter, S. C., Bargeron, C., Cline, T. J., Daniel, W.,
et al. (2022). A framework to integrate innovations in invasion science for proactive
management. Biol. Rev. 97, 1712-1735. doi: 10.1111/brv.12859

Vettraino, A., Roques, A., Yart, A., Fan, J., Sun, J., and Vannini, A. (2015). Sentinel
trees as a tool to forecast invasions of alien plant pathogens. PLoS ONE 10:e0120571.
doi: 10.1371/journal.pone.0120571

Webber, J. (2010). Pest risk analysis and invasion pathways for plant pathogens. N. Z. J.
For. Sci. 40(Suppl), 45-56 .

Welvaert, M., and Caley, P. (2016). Citizen surveillance for environmental monitoring:
Combining the efforts of citizen science and crowdsourcing in a quantitative data
framework. SpringerPlus 5:1890. doi: 10.1186/s40064-016-3583-5

Westbrooks, R. G., Manning, S. T., and Waugh, J. D. (2014). Early detection and rapid
response: A cost-effective strategy for minimizing the establishment and spread of new and
emerging invasive plants by global trade, travel and climate change. Wallingford: CABI
Invasives Series No.4. 305-325. doi: 10.1079/9781780641645.0305

Wilkinson, M. D., Dumontier, M., Aalbersberg, I., Appleton, G., Axton, M., Baak,
A, et al. (2016). The FAIR guiding principles for scientific data management and
stewardship. Sci. Data 3:160018. doi: 10.1038/sdata.2016.18

Wingfield, M. J., Brockerhoff, E. G., Wingfield, B. D., and Slippers, B. (2015). Planted
forest health: The need for a global strategy. Science 349, 832-836. doi: 10.1126/science.
aac6674

Wingfield, M. J., Slippers, B., Wingfield, B. D., and Barnes, I. (2017). The unified
framework for biological invasions: A forest fungal pathogen perspective. Biol. Invasions
19, 3201-3214. doi: 10.1007/s10530-017-1450-0

frontiersin.org


https://doi.org/10.3389/fevo.2023.1113978
https://www.ceh.ac.uk/sites/default/files/sepa_choosingandusingcitizenscience_interactive_4web_final_amended-blue1.pdf
https://www.ceh.ac.uk/sites/default/files/sepa_choosingandusingcitizenscience_interactive_4web_final_amended-blue1.pdf
https://doi.org/10.3391/mbi.2020.11.4.07
https://doi.org/10.1016/j.biocon.2016.04.010
https://doi.org/10.1016/j.biocon.2016.04.010
https://doi.org/10.1007/s10340-018-1004-y
https://doi.org/10.1007/s10340-018-1004-y
https://doi.org/10.3390/f8030080
https://doi.org/10.1146/annurev-environ-033009-095548
https://doi.org/10.1146/annurev-environ-033009-095548
https://doi.org/10.1093/forestry/cpw018
https://doi.org/10.1007/978-3-319-16543-1_8
https://doi.org/10.1111/mpp.12542
https://doi.org/10.1016/j.ufug.2017.02.001
https://doi.org/10.1007/s10530-016-1080-y
https://doi.org/10.1007/s10530-016-1080-y
https://www.cabidigitallibrary.org
https://www.cabidigitallibrary.org
https://doi.org/10.1890/130240
https://doi.org/10.1111/conl.12297
https://doi.org/10.1111/gcb.12603
https://doi.org/10.1111/j.1469-8137.2012.04364.x
https://doi.org/10.1111/j.1469-8137.2012.04364.x
https://doi.org/10.1038/s41396-017-0013-9
https://doi.org/10.1038/ncomms14435
https://doi.org/10.1080/07060660609507384
https://doi.org/10.1080/07060660609507384
https://www.dontmovefirewood.org/resources/Survey-Data-Analysis-2005-2016
https://www.dontmovefirewood.org/resources/Survey-Data-Analysis-2005-2016
https://doi.org/10.1093/jee/tov014
https://doi.org/10.1093/jee/tov014
https://doi.org/10.1094/PHYTO-08-15-0184-RVW
https://doi.org/10.1094/PHYTO-08-15-0184-RVW
https://doi.org/10.1146/annurev.phyto.010708.154114
https://doi.org/10.1146/annurev.phyto.010708.154114
https://doi.org/10.1094/PDIS-93-11-1182
https://doi.org/10.1007/s10530-017-1481-6
https://doi.org/10.1007/s10530-017-1481-6
https://healthytreeshealthycitiesapp.org/
https://doi.org/10.1111/brv.12859
https://doi.org/10.1371/journal.pone.0120571
https://doi.org/10.1186/s40064-016-3583-5
https://doi.org/10.1079/9781780641645.0305
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1126/science.aac6674
https://doi.org/10.1126/science.aac6674
https://doi.org/10.1007/s10530-017-1450-0
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

	Citizen science can enhance strategies to detect and manage invasive forest pests and pathogens
	1. Introduction
	2. Citizen science applications in the forest pest invasion detection and management process
	2.1. Pre-border scenarios
	2.1.1. Raising awareness
	2.1.2. Promoting effective horizon scanning
	2.1.3. Advancing baseline species inventory and distribution data
	2.1.4. First detector training

	2.2. Post-border scenarios
	2.2.1. Increased capacity for early detection
	2.2.2. Eradication
	2.2.3. Containment
	2.2.4. Documenting impacts
	2.2.5. Restoration

	2.3. Summary

	3. Precautions for future projects
	4. Recommendations
	5. Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


