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Abstract
When a non-native species succeeds in establishing in a new habitat, one of the possible responses is to 
attempt its eradication. In the present study, we analysed European eradication programmes against non-
native pests and pathogens of woody plants (PPWP) from 1945 to date. Our main goal was to identify 
which factors affect the success of an eradication programme, reinforcing guidelines for future eradica-
tion of PPWP. Data on eradication campaigns were obtained from online databases, scientific and grey 
literature, and Plant Protection Organizations’ reports. Factors influencing eradication success for both 
arthropods and pathogens were analysed with LASSO regression and decision tree learning.

A total of 848 cases officially declared as eradication attempts were documented in our database (8-fold 
higher than previous reports). Both the number of programmes and their rate of success increased sharply over 
the last two decades. Only less than 10% of the non-native organisms affecting woody plants were targeted for 
attempted eradication despite the high economic and ecological impacts caused by some species for which no 
efforts were undertaken. Almost one-third of the officially declared cases of eradication concerned organisms 
that were still restricted to the material with which they were introduced. For these cases the success rate was 
100%. The success rate of established species was only 50% for arthropods and 61% for pathogens. The spa-
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tial extent of the outbreak was the factor that most affected the outcome of eradication campaigns. The eradi-
cation success decreased abruptly above 100 ha for arthropods and 10 ha for pathogens. Additionally, other 
variables were shown to influence the outcome of eradication programmes, in particular the type of environ-
ment, with the highest eradication success rate found in nurseries and glasshouses, with successful outcomes 
increasing if quarantine measures were applied and when monitoring included asymptomatic plants. Particu-
lar species traits may reduce eradication success: parthenogenetic arthropods, saprotrophic pathogens, wind 
dispersal, the possibility to remain asymptomatic indefinitely, and the existence of resting spores or stages.

In conclusion, small affected areas, quick response, and efficient implementation of quarantine re-
strictions, together with particular species traits, may allow a high probability of eradication success. Pre-
paredness at the country and European level would allow a larger number of target species to be included 
in future eradication programmes.

Keywords
Biological invasions, pest and pathogen management, surveillance

Introduction

The rate of biological invasions has sharply increased over the last century mainly due 
to globalization trends, including intensified travel, population growth, migratory 
fluxes, liberalisation of international trade and the consequent increase in global trade 
(Pimentel 2002; Ghelardini et al. 2016; Brockerhoff and Liebhold 2017; Seebens et al. 
2017). Additionally, global climate change may also contribute to the increase of inva-
sions by alien species (Sala et al. 2000). Forest ecosystems, including those close to na-
ture, forest plantations, and urban forests have been highly affected by invasive species 
(Liebhold et al. 2012; Desprez-Loustau et al. 2016). The resulting negative impacts on 
biodiversity, ecosystem services, socio-economy, and human health provide compelling 
reasons to develop and implement the best management strategies to prevent biologi-
cal invasions and to mitigate their consequences. In optimal circumstances, we need 
to know how to avoid these consequences through prevention or prompt eradication.

The first line of defence against biological invasions relies on preventing the intro-
duction of non-native organisms into a new area. This is considered the most effective 
strategy for dealing with invasive species and is achieved through international quar-
antine measures, such as banning the import of goods from contaminated regions or 
requiring that these goods can only be imported after appropriate phytosanitary treat-
ments (Haack et al. 2014; Sequeira and Griffin 2014; Sikes et al. 2018). Despite the 
biosecurity systems adopted by many countries to detect and intercept potentially dan-
gerous organisms arriving through trade and travel routes (Sequeira and Griffin 2014), 
a huge proportion of them remains undetected (Brockerhoff et al. 2006; Meurisse et 
al. 2019). The situation is aggravated by the fact that phytosanitary measures generally 
target only known species on quarantine lists (Desprez-Loustau et al. 2016). Luckily, 
not all invading populations succeed in establishing in non-native habitats. In fact, 
most invasions fail, either because the new habitat climate is unsuitable or host plants 
are not available (Paap et al. 2022). Also, low-density populations may be subject to 
extinction due to environmental and demographic stochasticity and to Allee effects 
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(Liebhold and Bascompte 2003). Still, many populations of non-native organisms suc-
ceed to overcome phytosanitary measures and become established and potentially in-
vasive in a new region. In such cases, adequate surveillance systems may allow for their 
early detection and implementation of appropriate suppression measures (Liebhold 
and Kean 2019). Eradication may then be the best option for alien species for which 
high impacts are expected, preventing the indefinite accumulation of deleterious effects 
and economic impacts. However, the costs of eradication may exceed its benefits if the 
area colonised by an established invading population is too large, requiring substantial 
resources while the likelihood of eradication success is low (Tobin et al. 2014). In such 
cases, containment might be a better alternative to stop or slow down the spread of an 
invasive organism (Myers et al. 2000; Brockerhoff et al. 2010; Goheen et al. 2017).

Several factors are well accepted as contributing to the success of an eradication pro-
gramme, among which, early detection and quick response are crucial (Brockerhoff et 
al. 2010; Pluess et al. 2012b; Liebhold et al. 2016; Hansen et al. 2019). Further, enough 
resources must be allocated from the start to the end of the program. Funding agencies 
or governments may be inclined to abandon the efforts once the pest or pathogen densi-
ties are no longer causing significant economic or ecological impacts, although invasive 
populations may decline naturally towards extinction once they are suppressed below 
an Allee effect threshold (Simberloff 2002; Liebhold and Tobin 2008; Liebhold et al. 
2016). In addition, eradication measures are doomed to fail if some stakeholders allow 
the invaders to persist on their properties. In these cases, mandatory cooperation is re-
quired to carry out the required procedures. Also, public awareness-raising campaigns 
are needed to increase community support (Pluess et al. 2012b). The availability of ef-
fective surveillance tools is crucial as they determine the capacity to accurately delimit 
the infested area, even when populations are at low densities. For instance, eradication 
of an invasive insect is estimated to be 20-fold more likely to succeed when an attractant 
is available (Tobin et al. 2014; Liebhold et al. 2016; Suckling et al 2021). Finally, success 
depends also on the availability of highly effective eradication techniques, either increas-
ing mortality or reducing reproduction. The combination of more than one eradication 
technique is considered to guarantee better results (Blackwood et al. 2012, 2018).

Previous reviews have attempted to better identify which factors determine the success 
of an eradication programme (e.g., Brockerhoff et al. 2010; Pluess et al. 2012a, b; Tobin 
et al. 2014; Smith et al. 2017). Based on a data set of 136 eradication campaigns against 
invasive alien invertebrates, plants and pathogens, Pluess et al. (2012a) identified the area 
infested at the beginning of the eradication programmes as the sole factor significantly 
determining the success of eradication attempts. In another study, Pluess et al. (2012b), 
using a dataset of 173 eradication campaigns against 94 species worldwide (51% of which 
were successful), identified several other factors influencing eradication success and differ-
ences among taxonomic groups. Bacteria and viruses were the most likely, and fungi were 
the least likely to be eradicated. Infested area, reaction time, and application of sanitary 
measures, such as the prohibition of movement of possibly infested material or equip-
ment, most affected the success or failure of programmes. Eradication in man-made habi-
tats was also more likely to succeed than campaigns carried out in semi-natural or natural 
habitats. In another study, Tobin et al. (2014) analysed 672 programmes targeting 130 ar-
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thropod species. The authors also identified a negative association between the success rate 
and the size of the infested area. However, their analysis indicated that the detectability of 
the target pest was one of the most critical factors associated with eradication success. The 
method of detection and the primary feeding guild of the target species also contributed 
to the success or failure of eradication campaigns. A higher success rate was observed for 
Diptera and Lepidoptera and a lower one for Coleoptera, which was attributed to the ex-
istence of effective and cost-efficient semiochemical lures. Noteworthy was that data used 
by Tobin et al. (2014) were compiled into a web-based database – the Global Eradication 
and Response DAtabase (“GERDA”, Kean et al. 2022 available for public consultation. 
This database includes information on eradication programmes targeting terrestrial ar-
thropods and plant pathogens in 108 countries, and by the end of 2021, 1048 eradication 
programmes were reported. For pathogens, Smith et al. (2017) analysed GERDA data 
from 190 plant pathogen eradication programmes to identify treatment efficiency and 
found in vitro tissue culture in combination with thermotherapy as the most successful, to 
eradicate viral or bacterial pathogens. Although the information in GERDA is extremely 
valuable for accessing global trends and drivers of eradication success and failure, both the 
distribution of invasive pests and pathogens and the number of eradication attempts have 
continued to increase far beyond those reported in this database (Suckling et al. 2021).

In the present study, a systematic analysis of European eradication programmes 
against non-native pests and pathogens of woody plants (PPWP) is addressed. We note 
that in some cases of pests or pathogens, the species might be native to one region of Eu-
rope but non-native to other regions. An example is the oak processionary moth (Thau-
metopoea processionea) which is native to Central Europe and non-native in the UK. For 
pathogens there are a few cases for which the species origin was unknown. The main goal 
of our analysis was to identify key determinants of eradication success/failure against 
non-native PPWP in the European region (considered all countries in the European 
Continent except for Russia) so that guidelines can be developed for countries that are 
subject to EU legislation. Explanatory variables applicable for the European region, and 
countries subject to common legislation, may differ from other world regions, so the re-
sults of previous studies may not be able to fully explain the causes of success or failure of 
eradication programmes in this specific region. To this aim we collected and made avail-
able a comprehensive dataset of eradication attempts against PPWP for the European 
region, with data not previously available in other databases as GERDA. A new meth-
odological approach was also proposed, based on LASSO regression and decision trees.

Methods

Data sources

To identify introduced species of insects associated with woody plants in Europe, we 
used the list provided in Roques et al. (2016) complemented by a search of EPPO 
reporting services (1974–2021) and a search on Google scholar and Web of Science 
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with many combinations of the keywords “alien (or non-native, or exotic) arthropod (or 
insect) species Europe”, “alien insect arthropod (or insect) + each European country”, 
“first report arthropod (or insect) Europe”, “first report arthropod (or insect) + each 
European country”. For pathogens, a list of invasive forest fungi and oomycetes de-
tected in Europe from 1800 to 2008 was retrieved from Santini et al. (2013). Data on 
introduced species from 2008 until 2021 was retrieved from EPPO reporting services. 
We then looked for eradication programmes against each species. To identify eradica-
tion attempts against all pathogen groups (bacteria, nematodes, fungi + oomycetes 
and viruses or viroids), the EPPO A1 and A2 and alert lists were initially consulted for 
pathogens of woody plants, and all eradication programmes were searched in EPPO 
reporting services (1974–2020). To identify eradication attempts for both arthropods 
and pathogens, the EPPO Global Database (https://gd.eppo.int) was the main online 
database we consulted. This information was complemented with information from 
GERDA – Global Eradication and Response Database (http://b3.net.nz/gerda/index.
php) and a search in the scientific and grey literature, including works published in 
scientific journals, conference proceedings, presentations, and books. Published in-
formation was searched through Google Scholar and Web of Science, using the “spe-
cies name”, “alien arthropod”, alien insect”, “plant (or tree) pathogen”, “Europe (or 
individual countries)” and the words “eradication” and “containment” as keywords, 
in different combinations. Additionally, eradication reports or technical reports, pest 
alerts, and press releases from National and Regional Plant Protection Organizations 
(NPPOs and RPPOs) were consulted. The time range for eradication attempts ranged 
from 1945 to 2021. Finally, additional information was kindly provided by some 
countries’ NPPOs and RPPOs. For detailed information on some of the eradication 
cases which were not available in the English language, advanced searches were con-
ducted on Google by introducing the species name and limiting results to the country 
for which information was missing. The information and reports obtained from these 
searches were then translated to extract the information required for our analyses.

Terms criteria

Non-native and invasive species

We used the following definitions for the terms:

• Non-native (=non-indigenous) – an introduced species that does not occur 
naturally in an area, but was introduced as the result of deliberate or accidental human 
activities, or expanded its range as a result of human activities.

• Invasive – a species whose introduction and dispersal threatens ecosystems, 
habitats or species, with socio-economic and/or environmental damage and/or harm 
to human health (CBD 2008)

• Emerging – a species that has increased its population with time becoming 
injurious.

https://gd.eppo.int
http://b3.net.nz/gerda/index.php
http://b3.net.nz/gerda/index.php
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According to (ISPM no. 5) the term “alien” only applies to individuals or popula-
tions that have entered by human agency into the area. However, in some cases it is 
not clear whether the introduction was human-mediated or just the result of natural 
spread. Here we consider all the non-native species independently of the introduction 
pathways, which in some cases are unknown.

For both arthropods and pathogens, the full list of species for which eradica-
tion was considered also includes species that are native to parts of Europe, but 
non-native in the regions where eradication was attempted. For arthropods these 
include the species Dendroctonus micans (Kugelann), Ips typographus (Linnaeus), 
Lymantria dispar (Linnaeus) Thaumetopoea processionea (Linnaeus) and Thaumeto-
poea pityocampa (Denis & Schiffermüller) and for pathogens the species Phytoplas-
ma mali (Seemüller & Schneider, 2004), Phytoplasma pyri (Seemüller & Schneider, 
2004), Plum pox virus and Dothistroma septosporum (Dorogin) Morelet. For three 
species of fungi the origin is still unknown: Cylindrocladium buxicola (Henricot 
& Culham, 2002), Dothistroma pini Hulbary, and Plenodomus tracheiphilus (Petri) 
Gruyter, Aveskamp and Verkley. We included in the analysis all the pathogens for 
which an eradication programme was implemented, including non-native (either 
for Europe or for the region where the programme was implemented) and species 
of unknown origin.

Established and post-border interceptions

Although commonly referred to as “under eradication” in EPPO and NPPO reports 
and GERDA, some of the cases reported as “subject to eradication” corresponded 
to measures taken against a detected pest or pathogen that was still restricted to the 
material with which it was introduced or for which only adult insects were found. 
We considered these cases as post-border interceptions. According to FAO (2019), 
an establishment corresponds to a reproducing population that has already spread 
from the material in which it was introduced and is expected to perpetuate for the 
foreseeable future.

For both arthropods and pathogens, an establishment was considered “new” to 
an area if no report of the particular species was made previously from that area. Also, 
we considered an establishment as new if it occurred in an area previously infested, 
but where the population was assumed to have been previously eradicated, with an 
official declaration of eradication by the relevant authorities. For arthropods, we also 
considered an establishment as new when it was located within an isolated demar-
cated area – to guarantee non-overlapping demarcated areas between newly detected 
establishments. For pathogens, the demarcated area of the infected plants was often 
not reported, due to the high number of reported cases in nurseries and associated 
commercial confidentiality. We thus considered a new establishment when the patho-
gen was first detected in a given NUTS III unit (Nomenclature of territorial units for 
statistical purposes, created by Eurostat).
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Infested/infected and demarcated areas

The infested/infected areas comprised the limited areas determined by the pest or path-
ogen presence. When the extent of these areas was numerically reported, we used the 
published values (in hectares). When only distribution maps were available, affected 
areas were measured using either ArcGIS online measure tool or by transposing the 
points of infested/infected plants to Google Earth Pro (version 7.3.4.8642) and meas-
uring the area delimited by them.

The demarcated area corresponds to the area legally established by each nation-
al plant protection organization (NPPO) as subject to eradication and containment 
measures, and usually comprises an infested core zone, where the pest is present, and 
a buffer zone around the infested zone. We followed the ISPM no. 5 definition of a 
buffer zone (FAO 2019).

Datasets

A comprehensive database was constructed including the following information for 
each case (when available): i) species under eradication, ii) detection date, country, and 
location; iii) detection method, passive surveillance (i.e. casual observations reported 
by researchers, technician or citizens) or official survey conducted with that purpose; 
iv) establishment status (established or post-border interception); v) affected hosts; vi) 
host type (broadleaves, conifers, palms), vi) control methods used (chemical, host re-
moval, biological, traps); vii) size of the infested area (as exact area information was not 
always available we defined it in categories ≤ 1 ha, > 1 ≤ 10, > 10 ≤ 100, > 100 ≤ 1000 
or > 1000 ha); viii) environments infested (urban/peri-urban, protected green-houses, 
countryside); ix) climate, categorized as Temperate, Mediterranean or Continental ac-
cording to Köppen classification system (Peel et al. 2007); x) programme start year, last 
detection, and date of eradication declared; xi) public education, and xii) the outcome, 
i.e. legal status (eradicated, under eradication, failure to eradicate). Categories used in 
each parameter are also described in Table 1 and Suppl. material 1.

For some parameters, information was not always available and so we defined ad-
ditional criteria. For the establishment status, the pest or pathogen was considered 
established unless stated that it was found only on the imported plant material and 
not in other plants at that time or posteriorly to the destruction of the original plant 
material. For the outcome, we consider a pest or pathogen to be eradicated when there 
was an official confirmation, or if no further future records were reported. If the official 
status changed to restricted distribution or containment and it continued to spread, it 
was considered a failure. Otherwise, it was still considered under eradication.

For pathogens, in many cases, the exact location of detection was not known and 
thus, we used the NUTS3. If the pathogen was no longer detected during the next 
two-yearly surveys (or two consecutive surveys when surveys were separated by more 
than one year) in that region, it was considered eradicated.
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Table 1. Variables used as predictors in the modelling analysis and their categories.

List of predictors for arthropods
Control
Control methods Host removal; other (including methods such as chemical, biological or traps; or combo 

(combination of host removal with other methods)
Restrictions on the movement/
quarantine

Yes; or no

Monitoring method Visual observation; or visual observation + traps
Response time ≤1 year; or > 1 year
Use of a semiochemical lure Yes; or no
Environment
Location Island; or mainland
Initial infested area ≤1 ha; > 1 ≤ 10 ha; > 10 ≤ 100 ha; > 100 ≤ 1000 ha; or > 1000 ha
Main type of environment affected 
at start of program

Confined (nurseries, glasshouses and garden centers); urban/peri-urban (private and public 
gardens, along roadsides of habited areas, industrial areas, etc.); or countryside (orchards and 

woodlands or forests)
Climate Mediterranean; Temperate; or Continental (according to Köppen classification)
Species traits
Host type Broadleaf; conifer; or palm
Phytophagous specialisation Monophagous; oligophagous; or polyphagous
Feeding behaviour External; or Internal feeders
Body size small (≤ 2 mm); medium (> 2 mm ≤ 10 mm); or large (> 10 mm)
Voltinism Multivoltine; univoltine; or semivoltine
Main reproduction method Parthenogenesis; or sexual
Yearly flight duration < 4 months; ≥ 4 months < 9 months; or ≥ 9 months
Existence of resistant stages Yes; or no

List of predictors for pathogens
Control
Control methods Host removal or combo (combination with other methods such as chemical or biological)
Restrictions on the movement/
quarantine

Yes; or no

Preventive felling conducted Yes; or no
Surveys at least annual Yes; or no
Response time ≤ 1 year or > 1 year
Environment
Location Island or mainland
Initial infested area ≤1 ha; > 1 ≤ 10 ha; > 10 ≤ 100 ha; > 100 ≤ 1000 ha; or > 1000 ha
Main type of environment affected 
at start of programme

Confined (nurseries, glasshouses and garden centers); urban/peri-urban (private and public 
gardens, along roadsides of habited areas, industrial areas, etc.); or countryside (orchards and 

woodlands or forests)
Native susceptible hosts in the area Yes; or no
Species present in adjacent NUTSIII Yes; or no
Climate Mediterranean; Temperate; or Continental (according to Köppen classification)
Species traits
Host type Broadleaf; broadleaf + conifer; or conifer
Group Fungi/oomycete; bacteria; nematode; or virus/viroid
Host range Specialist (one or a few taxonomically related species); or generalist (which infect multiple 

hosts, and are transmitted efficiently in hosts from different species, often from unrelated taxa)
Incubation period Time since infection until symptom development: ≤ 1 month; > 1 ≤ 12 months; 

or > 12 months
Possibility to remain asymptomatic 
for long periods or indefinitely

Yes; or no

Sporulation/replication ability High; or low
Existence of resting spores or stages Yes; or no
Main dispersal mechanism Wind; biotic vectors; or water
Possible saprotroph Yes; or no
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Some of this information was used only for descriptive analysis whereas other pa-
rameters were used in the modelling analysis (Table 1). To obtain a sufficient number 
of replications per level in a factor, some levels were merged. Cramér’s V correlation 
between variables was estimated with the software package R, for the cases for which 
information for all the variables were available. (Suppl. material 2).

Statistical modelling

The statistical modelling aimed to predict the probability that the species became es-
tablished (i.e., no longer found only on primary material) and next, once established, 
the probability of successful eradication as a function of different explanatory variables. 
Three main categories of factors were distinguished: i) control options, ii) characteris-
tics of the environment/location of the outbreak, and iii) biological traits of the species. 
All analyses were performed for arthropods and pathogens separately.

The combined effect of predictors on the probability of eradication successes

When testing how and which combination of predictors affect eradication success, we 
employed two different statistical methods: LASSO regression and regression trees. Both 
methods have two features that are important for our analysis: 1) they can handle col-
linearity between predictors – which is important because some variables might be con-
founded, for example because a certain management strategy is predominantly applied to 
particular groups of taxa, and 2) they both select variables based on the ability of the model 
to predict new outbreak cases (cases that were not seen by the model during the training 
phase through so-called holdout-validation). The LASSO binomial regression model adds 
a penalty that scales with the size of the regression coefficient. As a result, the parameter es-
timates will become smaller, and, importantly, the parameter values of the non-important 
predictors become zero (Tibshirani 1996). A range of penalties was tested and the penalty 
that minimises the deviance in the hold-out sample was chosen as optimal. Currently, to 
the best of our knowledge, no software package exists that performs LASSO regression with 
random effects. Therefore, for species that had five or more records, a species-specific fixed 
effect was added to account for inherent differences across species. Regression tree analysis 
was also employed to identify the main factors that explain eradication success. Regression 
tree analysis builds a decision tree by splitting the data into branches, and partitioning the 
data into smaller groups as the tree branches branch out. Each split (branching) represents 
a split in the explanatory variable with a given probability. The trees are optimized and 
pruned such that the smallest cross-validation error is obtained. As splits can be different 
from one branch to another, one can take the interaction between variables into account. 
In this analysis, every species was given equal weight and thus the records of the same 
species were weighted by the inverse of the number of records per species. Both methods 
were used to explain factors that explain the establishment and the eradication success of a 
species. All methods were fitted in the software package R using the packages ‘glmnet’ for 
the LASSO regression, and ‘’rpart, “partykit”’ for the tree regression, respectively.
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Results

Descriptive analysis

Eradications and post-border interceptions

A total of 848 cases officially declared as eradication attempts were documented in our 
database, 314 against arthropods and 534 against pathogens. These cases concerned 49 
species of arthropods (47 insect and 2 mite species) and 34 species of pathogens (21 
fungi and oomycetes, 8 bacteria, 2 nematodes, and 3 virus/viroids). A large number of 
reports corresponded to post-border interceptions. These cases represented 49% (154) 
of reports on arthropods and 19% (87) on pathogens.

In the case of insects, these data show that for only 9% of the compiled list of 487 
non-native insect species of woody plants detected in Europe, eradication measures 
were taken (42/487, Fig. 1). Species that are native to parts of Europe but non-native 
in other European countries (e.g. UK) were not included in this analysis.

The total number of insect species for which “eradication” measures were taken (both 
established populations and post-border interceptions), increased in the last two decades 
(Fig. 1). Still, the numbers are very modest when compared with the total number of 
non-native species introduced in Europe, reaching a maximum of 18% of the total num-
ber of introduced species in the last twenty years (25/136). For invasive fungi and oomy-
cetes in European forests, eradication was attempted in only 12% of the cases (17/146).

Figure 1. Cumulative number of non-native species of insects of woody plants for which eradication of 
established or intercepted populations was attempted, and the cumulated number of alien insect species 
reported for Europe until 2019.
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Post- border interceptions were observed for only a few species. For arthropods, 
43% of reported interceptions are linked to the oak processionary moth (Thaumetopoea 
processionea, OPM) in the UK, outside of the containment area in London and South 
East England where the pest has established, after being accidentally introduced from 
mainland Europe (DEFRA 2022). OPM has been intercepted in all types of environ-
ments, from nurseries to urban and peri-urban areas and in recently established planta-
tions. Anoplophora chinensis ranks second in the number of interceptions (21 cases). 
This beetle was mostly intercepted in nurseries and urban and peri-urban environments, 
associated with imported Acer spp. plants for planting and bonsais (Branco et al. 2021). 
The remaining interceptions are distributed among 20 species (Suppl. material 1), most-
ly found in nurseries, garden centres or other confined environments (68% of cases).

Concomitantly, there is a discrepancy between the number of alien insect species 
reported and the number of eradication attempts by taxa. Most of the non-native spe-
cies (52%) are hemipteran sap suckers, but eradication was attempted for only 6% of 
these (Fig. 2). Coleopterans represent 42% of the reported eradication attempts against 
insects and 96% of these attempts were against wood borers (Cerambycidae, Curcu-
lionidae, Buprestidae).

Figure 2. Total number of non-native insect species on woody plants reported for Europe by order (bars) 
and proportion of species attempted to eradicate (established species).
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For pathogens, 11 species have been intercepted outside of import-associated in-
spections, mostly in confined environments (72%). Phytophthora ramorum ranks first 
in the number of interceptions (63%), distributed among 12 European countries, fol-
lowed by Cryphonectria parasitica (13%), the causal agent of chestnut blight, for which 
most interceptions were reported in the UK, where it has only recently established 
(Hunter et al. 2013; Romon‐Ochoa et al. 2022).

Detection

For arthropods 49% of detections occurred during official surveys (53/108). The re-
maining cases were detected by passive surveillance which corresponded mostly to 
members of the public who reported symptoms of infested plants or sightings of adult 
insects to the competent phytosanitary authorities, by operators of nurseries and green-
houses and growers. In contrast, pathogen detections occurred mostly during official 
surveys, in 90% (247/275) of cases.

Success of eradication programmes in Europe

Eradication measures taken against organisms still restricted to the primary mate-
rial with which they were introduced, here defined as post-border interceptions, 
were 100% successful. From here on we will consider only eradication programmes 
targeted at established populations in Europe. In total, 160 programmes were 
launched against 41 species of arthropods (Fig. 3) and 447 programmes against 31 
species of pathogens (Fig. 4). The proportion of successes and failures varied greatly 
among species.

Arthropod species and feeding guilds

Attempts to eradicate arthropods were mostly concentrated on bark and wood borers, 
followed by sap-suckers, and defoliators. Other guilds were rarely targeted. In 50% of 
the concluded programmes (55/111), species were confirmed eradicated. Eradication 
is still in progress in 46 cases (29%). Three species rank the highest in the number of 
eradication attempts: Anoplophora glabripennis (39), A. chinensis (18) and Rhyncho-
phorus ferrugineus (17). Eradication success differed greatly between species (Fig. 3). 
The highest eradication success was reported for A. glabripennis (100% – 23 cases), 
although many programmes (16) are still in progress. Eradication has never been suc-
cessful for 13 arthropod species. Leading among these cases are sap-suckers, notably 
the psyllid Trioza erytreae, for which six programmes were launched, four of which 
failed and two are still ongoing (EPPO- Global database 2022). Although the area 
increased over which this pest is distributed, an effective biological control programme 
has been launched with the introduction of the parasitoid Tamarixia dryi (JC Franco, 
unpublished data).
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Pathogen species and groups

Concluded programmes against established pathogens accounted for 359 cases. In ad-
dition, 80 cases are still in progress and for 8 cases the outcome is still unknown. Erad-
ication programmes targeted 31 species, including fungi/oomycete, bacteria, nema-
todes and viruses (Fig. 4). The success rate for the concluded programmes is 61%, with 
little variation between groups.

Figure 3. Arthropod species for which eradication was attempted in Europe.

Number of eradication attempts

0 10 20 30 40
Acizzia jamatonica 

Aleurocanthus spiniferus 
Comstockaspis perniciosa

Cydalima perspectalis
Ips typographus

Lymantria dispar 
Octodonta nipae

Paracolopha morrisoni
Pistosia dactyliferae

Pityophthorus juglandis 
Pseudococcus viburni 

Saperda candida
Scirtothrips aurantii

Sternochetus mangiferae
Takahashia japonica

Thaumatotibia leucotreta 
Thaumetopoea processionea
Agrilus planipennis Fairmaire

Chrysomphalus aonidum 
Dendroctonus micans

Opogona sacchari
Popillia japonica 

Thaumetopoea pityocampa
Toxoptera citricidus 

Xylotrechus chinensis
Eotetranychus lewisi 

Euwallacea fornicatus 
Rhagoletis cingulata 

Stephanitis takeyai
Xylosandrus crassiusculus

Aromia bungii 
Dryocosmus kuriphilus 

Frankliniella occidentalis 
Scirtothrips dorsalis 

Macrohomotoma gladiata
Trioza erytreae

Paysandisia archon
Rhynchophorus ferrugineus 

Anoplophora chinensis
Anoplophora glabripennis 

Failure to eradicate 
Confirmed eradication
In progress 



Sofia Branco et al.  /  NeoBiota 84: 281–317 (2023)294

As observed for arthropods, eradication of pathogens was mostly focused on a 
few species. Three species alone account for over half of total eradication attempts: 
Phytophthora ramorum (21%), Erwinia amylovora (21%) and Plum pox virus (PPV) 
(14%). Phytophthora ramorum (sudden oak death) was first detected in Europe on 
Rhododendron and Viburnum plants in nurseries (Werres et al. 2001) and later in 
infected Japanese larch trees, Larix kaempferi, in the United Kingdom (Brasier and 
Webber 2010). Erwinia amylovora or fireblight is a pathogen of plants in the family 
Rosaceae (CABI 2019). Plum pox virus disease, commonly known as sharka, is one 
of the most destructive diseases of stone fruits from the genus Prunus (CABI 2019).

Temporal and spatial trends

For both arthropods and pathogens, the total number of eradication programmes against 
established populations increased abruptly in the last two decades, (Fig. 5). The success 
rate of eradication attempts against arthropods reached 72% in the period 2011–2020. 
In contrast, all programmes that started before 2000 failed. For pathogens, the success 

Figure 4. Pathogen species for which eradication was attempted in Europe.
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rate has also increased, being highest for the last two decades (approximately 65%). In the 
decades prior to 2000, the success rate was moderate, ranging between 40% and 52%.

In terms of geographic distribution, the highest number of eradication attempts 
per country were reported for France (81), Spain (61), Italy (57) and Germany (56) 
(Fig. 6). A clear concentration of eradication programmes exists in Western Europe 
(Fig. 6), with many of these programmes still ongoing.

Reaction time and duration of programmes

For arthropods, most of the attempts were carried out within one year after first detec-
tion (84%), and 10.6% were carried out in the second year, with similar success rates 
(53% in both cases). All five programmes starting later than 2 years after detection 
failed. Similarly, for pathogens, 89% of the eradication programmes were launched 
within one year after the first detection, with a success rate of 66%. The rate of success 
dropped to 42% and 25% when they were launched in the second or third year, re-
spectively. Of the 12 programmes launched more than three years after detection, one 
is still in progress and the remaining failed.

The duration of failed eradication programmes was on average 5.8 ± 4.5 years 
(mean ± SD) for arthropods and 6.5 ± 6.5 for pathogens. For successful programmes, 
the duration from the start until the last detection was shorter, with 2.0 ± 2.6 and 
2.0 ± 3.2 years for arthropods and pathogens respectively. Still, monitoring could 
continue for several years after the last observations of the species.

Area affected

For both arthropods and pathogens, the success rate was the highest for infestations 
restricted to small areas (Fig. 7). For infested areas < 1 ha, the success rate was 82% and 

Figure 5. Eradication attempts in Europe by decade and corresponding rate of success of programmes 
targeting a arthropods and b pathogens.

a) b)
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Figure 7. Eradication attempts conducted in Europe by infested area and corresponding rate of success 
against a arthropods and b pathogens. Information on the approximate area affected at the time of pro-
gramme start was retrieved for 139/160 cases for arthropods and 408/447 cases for pathogens.

a b

Figure 6. Eradication attempts against arthropods and pathogens in Europe, by country. The size of each 
pie is proportional to the number of eradication attempts in that country.
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90%, for arthropods and pathogens, respectively (Fig. 7). Success decreased with an 
increase in the affected area, with the sharpest decrease observed for pathogens.

For areas above 1000 ha, success for pathogens was only achieved once out of 
40 concluded programmes (2.5%). This unique success concerned E. amylovora in 
Norway. The programme started in 1986 in an infested area of 30,000 ha where all 
the hosts were removed (i.e., all Cotoneaster, Sorbus and Pyracantha). Within the quar-
antine area (70,000 ha), the production and sale of all common fire blight hosts was 
prohibited and bee hives were moved to areas that were free from hosts of E. amylovora. 
From 1993 to 2000, no new detections were made and the outbreak was declared 
eradicated in 1998. Although fire blight was again detected within the restriction zone 
in 2000, it is unknown whether a re-emergence or a new introduction occurred (Sos-
nowski et al. 2009).

Climate

Regarding the role of climate, for arthropods, the lowest eradication success was re-
ported in Mediterranean climates (Köppen Csa, Csb) (29%), and higher success rates 
were observed for temperate (Köppen Cfa, Cfb) (63%) and continental climates (Köp-
pen Dfb) (67%). For pathogens, the success rate related to climate varied depending 
on the group considered: i) for fungi and oomycetes the highest rate of eradication 
success was reported in Mediterranean climates (93%), intermediate for continental 
(71%), and the lowest for temperate climates (60%); ii) for bacteria the lowest suc-
cess rate was again reported for temperate climates (34%), yet the highest success rate 
was registered in continental climates (77%), with an intermediate rate of success for 
Mediterranean climates (46%); iii) for viruses and viroids, the eradication success was 
low in the Mediterranean and temperate climates, with 62% and 64%, respectively, 
and high in continental ones (93%). Most attempts to eradicate nematodes were con-
ducted in Mediterranean climates, with an overall success rate of 67%.

Detection site and affected hosts

New establishments of arthropods were most often detected in urban or peri-urban 
areas, including residential and industrial areas (65% of cases). The rate of eradication 
success was highest (74%) in confined environments, where the plant materials were 
delimited (nurseries, glasshouses and garden centres), intermediate in residential areas 
(52%), and lowest (26%) in the countryside (orchards, woodlands /forests). Pathogen 
detection, on the other hand, occurred in the countryside in 50% of cases (mostly 
orchards, Fig. 8), followed by confined environments (30% of cases), and only 20% 
of cases were first reported in urban and peri-urban areas. The rate of pathogen eradi-
cation success was also high in confined environments (86%) and similar for the 
remaining environments (50% for countryside and 51% for urban/peri-urban).
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Most eradication programmes targeted PPWPs attacking broadleaves (79%, both 
for arthropods and pathogens). For arthropods attacking broadleaves in urban and 
peri-urban areas, the eradication success rate was 63%, while in the five cases reported 
in confined environments, the success rate was 100%. The lowest success rates were 
reported for pests on countryside woodland and forest conifers and on urban and peri-
urban shrubs, where all six launched eradication programmes have failed (Fig. 8). For 
pathogens, the eradication success rate on different host plants was overall similar in 
countryside and urban and peri/urban environments (Fig. 8), albeit slightly lower on 
broadleaves in woodlands and forests (30%) and on ornamentals in urban environ-
ments (44%). The only exception was the high success rate reported for pathogens 
attacking conifer pests in urban environments with an 80% success rate.

Eradication methods

Information on the eradication methods applied was available for 149 out of 160 
cases for arthropods and for 427 out of 447 cases for pathogens. Eradication methods 
consisted mainly of host removal or destruction of host plants, which was used in 81% 
and 99.8% of the programmes against arthropods and pathogens, respectively. For 
arthropods, this proportion increases to 94% when only wood borers were considered.

When host removal was used alone, or in combination with other methods, the rate 
of success was 58% (48/82) for arthropods and 62% (217/350) for pathogens. Host 
removal was commonly combined with quarantine or movement control restrictions 
imposed by legislation, preventing the movement of host plants or potential host plant 
material outside of the demarcated areas. For nurseries, these measures usually implied 
that for a given period of time, neither potentially affected, nor susceptible plants, could 

Figure 8. Eradication attempts conducted in Europe against a arthropods and b pathogens, by detection 
site and with the corresponding rate of success. Information on the main type of environment affected 
at the time of the programme start was retrieved for 157/160 cases for arthropods and 405/447 cases for 
pathogens. * in woodlands or forests.

a b
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be traded. In the field, the quarantine area usually included the infested zone and a buffer 
zone delimited around the infested/infected zone, which together represented the de-
marcated area of the outbreak. When host removal was combined with quarantine meas-
ures the success rate increased to 70% for arthropods and 65% for pathogens. When 
treatment of a surrounding area of predefined extent around the focus zone was imposed, 
either by removal of all or part of sensitive hosts or by chemical control measures, the 
success rate was overall higher, 67% for arthropods and 70% for pathogens, than when 
no such measures were applied, with 38% for arthropods and 46% for pathogens.

For arthropods, the combination of host removal with chemical treatments was re-
ported in 31% of concluded cases, with an overall success rate of 37%. Chemical treat-
ment without host removal was reported only in 20 cases with low success (25% success 
rate). Other control methods such as biological control or traps were seldom used, alone 
or in combination with other methods (used in 8% and 9% of programmes, respectively).

Against pathogens, disinfection of associated material, such as production machin-
ery and tools used was reported for E. amylovora and F. circinatum (EPPO- Global da-
tabase 2022), which in combination with other methods resulted in a 76% eradication 
success rate. The use of chemical control with either fungicides or antibiotics was only 
reported for 6 concluded cases (50% success rate). For pathogens transmitted or po-
tentially transmitted by insects, vector control was used in several cases (28 concluded), 
and against E. amylovora the prohibition of beehive movement was often imposed.

Monitoring

For arthropods, visual observation was the only monitoring method used in 43% of 
the eradication programmes. Detection dogs were used in 29 eradication programmes 
against the two Anoplophora species, and tree climbers were further used for monitor-
ing A. glabripennis, for which these methods were frequently used simultaneously, with 
a 100% success rate. However, it is important to note that 16 eradication programmes 
against this species are still in progress.

For pathogens, monitoring consisted of visual observation for symptoms and the 
sampling of plant material for laboratory analysis, either by morphological or, more 
commonly, by molecular methods. For some species, such as P. ramorum and the pine 
wood nematode (PWN), only symptomatic plants were commonly sampled, whereas 
for others, such as Citrus Tristeza Virus (CTV) and F. circinatum sampling of asymp-
tomatic hosts is regularly conducted. For E. amylovora and PPV for example, an overall 
higher success rate of eradication was observed when asymptomatic plants were also 
sampled (60% and 92%, vs 51% and 74%, respectively). Annual surveys at places of 
production or other specified areas are mandatory in some cases, and were conducted 
in 84% of concluded cases. Conducting annual surveys provided a higher success rate 
(67%, 185/276) than when surveys were conducted less frequently (44%, 16/36). For 
P. ramorum in the UK, in addition to visual inspection in nurseries and ground surveys, 
aerial surveys were also used in forested areas with larch (Larix spp.), looking for visible 
symptoms. This method was also used for Phytophthora lateralis in UK forests. When 
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symptoms were detected, confirmation was then attained by laboratory analysis of 
plant samples. In many European countries, traps were also commonly used to moni-
tor vectors of pathogens transmitted or potentially transmitted by insects.

EPPO recommendations

Of the eradication attempts reported, the vast majority were against species present in 
EPPO Alert, A1 or A2 lists (EPPO 2021) with or without legal mandatory measures. Only 
14% of cases against arthropods and 9% against pathogens were against species not in-
cluded in EPPO lists. The success rate in these cases was only 10% and 38%, respectively.

Society and citizens’ engagement

Information about the citizens’ education and the engagement of stakeholders during the 
eradication programmes is scarce. The involvement of citizens was reported for 75/160 
cases of arthropod eradication programmes. In approximately half of these cases (51%), 
involvement was limited to the reporting of insects or symptoms to the phytosanitary 
authorities. For the remaining cases, involvement was compulsory, imposed by legisla-
tion, such as the obligation to report sightings or to cut infested/infected trees. Targeted 
species were A. glabripennis, A. bungii, D. kuriphilus, R. cingulata, R. ferrugineus, S. 
dorsalis, Toxoptera citricidus, and T. erytreae. A volunteer collaboration was recorded in 
15 cases, concerning A. chinensis, A. glabripennis, D. kuriphilus and R. ferrugineus. By 
contrast, a mainly negative attitude was recorded against the eradication of A. glabripen-
nis in Kent, UK. The negative perception was due to unwillingness to cut historical trees 
or because citizens were angry claiming that contractors were cutting the wrong trees 
(Porth et al. 2015). Actions for the education of citizens and public information about 
the ongoing eradication program were expressed in half of the programmes, whereas for 
the other half, no information was available. Public education for signs and symptoms 
of pathogens was reported for 62% of the programmes, mostly through the availability 
of web pages and leaflets given to producers and owners of nurseries and garden centres. 
Public involvement was mandatory for many of the targeted species. A negative attitude 
against a programme was only expressed in one case, targeting Xylella fastidiosa in Italy. 
The growers expressed resistance to the massive olive tree culling imposed by European 
Union containment regulations, including old, historical trees and to the use of insec-
ticides for vector control in organic farming (which prohibits the use of chemical pesti-
cides) (Nadeau 2015). Prosecutors in southern Italy accused the researchers of spreading 
the disease and halted the European Union – ordered cull of olive trees (Abbott 2015).

Correlation between variables

The results of the Cramers’ V index for the nominal variables highlighted a strong correla-
tion between some of the variables (Suppl. material 2). For arthropods strong associations 
(V > 0.5) were estimated for variables mainly related with species traits, such as feeding 
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guild and a number of other species traits (Suppl. material 2). Also, for pathogens strong 
associations were estimated between species traits. These correlations are solved by LASSO 
and regression trees, as both methods select variables based on their added predictive ability.

Statistical modelling

Results for establishment probability are given in Suppl. material 3. Here the results of 
LASSO regression and decision tree analysis are reported for the eradication success of 
programmes against established populations.

Arthropods

The LASSO regression results showed that the area affected at the start of the eradication 
programme was the most important factor affecting the outcome of eradication suc-
cess. For areas ≤ 1 ha and > 1 ≤ 10 ha, success is similar, but above this threshold, there 
is a negative relationship between the area affected and the probability of a successful 
eradication (β = -0.72 for > 10 ≤ 100 ha; β = -1.29 for > 100 ≤ 1000 ha and β =-2.69 
for > 1000 ha; coefficients are reported at a log odds scale). Other environmental fac-
tors affecting the outcome of eradication success were the main type of environment 
affected at the start of the program, with a higher success rate in confined environments 
than in the countryside (β = 0.66), and a slightly higher success rate in mainland than 
in island locations (β = 0.01). Regarding control measures, only the implementation 
of quarantine/movement restrictions was positively associated with eradication success 
(β = 0.52). For species traits, internal feeders had a higher probability of eradication 
success than external feeders (β = 0.66), oligophagous species had a lower probability of 
eradication success (β =-0.22), and the group of fruit/seed feeders and gall makers had 
higher eradication success (β =-0.32). Considering the species targeted, A. glabripennis 
was associated with a higher eradication success (β = 2.35) than species for which less 
than five cases were reported. The optimal penalty value (λ) for the model was 0.028.

In the regression tree analysis, the optimised tree resulted in only one split, with 
higher eradication success for areas below 10 ha than for larger infested areas (82.6% 
vs 28.6%). When the area as explanatory factor was removed, a secondary tree was 
obtained (Fig. 9) for which eradication success was higher when quarantine/movement 
restrictions were implemented (69%) than when they were not (31%). The variables 
host type, location and phytophagous specialisation were also excluded from this tree 
construction due to association with the affected area. Further tree divisions highlight-
ed the main type of environment affected, the main reproduction method, and climate 
as explanatory variables affecting eradication success.

Pathogens

The LASSO regression estimated that the affected area was the most important factor 
associated with eradication failure and the higher the area the stronger the association 
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(>1 ≤ 10 ha: β = -0.798; > 10 ≤ 100 ha: β = -1.825; > 100 ≤ 1000 ha: β = -3.246; 
> 1000 ha: β = -4.334). The type of environment affected also influenced the out-
come, with success more likely in confined than in urban/peri urban (β = -0.196) and 
countryside environments (β = -0.237). Eradication success was more likely when the 
eradication programme started within the first year after detection (β = 0.369), in tem-
perate than Mediterranean climates (β = 0.434), when surveys were conducted at least 
annually (β = 0.566), and when host removal alone was used compared to combined 
methods (β = 0.063). Possible saprotrophic species were harder to eradicate, although 
the effect was small (β = -0.050). At the species level, Fusarium circinatum (β = 0.771), 
Plum pox virus (β = 0.438) and Cryphonectria parasitica (β = 0.223) were easier to erad-
icate than species with lower than five eradication attempts, and Hymenoscyphus frax-
ineus (β = -2.013), Phytoplasma mali (β=-0.998), Xanthomonas arboricola pv. Corylina 
(β = -2.453), Xylella fastidiosa (β = -0.511), Citrus tristeza virus CTV (β=-0.059) and 
Lecanosticta acicula (β = 0.196) were harder to eradicate. The optimal penalty value (λ) 
for the model was 0.011.

Figure 9. Optimal classification tree (after removing the size of the affected area) for factors affecting 
eradication success and failures of 102 eradication programmes against non-native arthropods of woody 
plants in Europe. In the model, every species was given equal weight and thus the records of the same 
species were weighted by the inverse of the number of records per species. Light grey in bars represents 
successful eradication, dark grey represents failure to eradicate.
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In the regression tree analysis, the optimized tree resulted in only one split where 
the area was the only variable included, like the results for arthropods. However, here 
the separation occurred for areas below 1 ha, which had higher eradication success than 
larger areas (88.1% vs 34.6%). When the area was removed from the model (Fig. 10), the 
presence of the species in adjacent NUTSIII units resulted in the first split, with higher 
eradication success when the species was not yet present in adjacent NUTS. The variables 
host type and location were also removed due to their close association with area. Other 
environmental factors affecting the outcome of an eradication programme included the 
climate and the main type of environment affected at the start of the program. Several spe-
cies traits were shown to influence the probability of a successful eradication, namely the 
main dispersal mechanism, the host range, the incubation period, the possibility to remain 
asymptomatic for long periods or indefinitely and the existence of resting spores or stages. 
Differences in the influence of these factors between groups were observed. Regarding 
control and monitoring options, the implementation of restrictions on movement/quar-
antine and preventive felling affected the outcome of an eradication programme.

Figure 10. Optimal classification tree (after the area affected removed) for factors affecting eradication 
success and failures of 344 eradication programmes against pathogens of woody plants in Europe. In the 
model, every species was given equal weight and thus the records of the same species were weighted by 
the inverse of the number of records per species. Light grey in bars represents successful eradication, dark 
grey represents failure to eradicate.
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N=32, prob=0.47

>1≤12 months
N=20, prob=0.70

yes
N=22, prob= 0.50

Main type of environment affected 
at start of programme

no
N=10, prob= 0.40

urban/peri-
urban

N=11, prob=0.70

Climate

Continental, Temperate 
N=153, prob=0.56 

Mediterranean
N=41, prob=0.73 

Incubation period

≤1 month, >1≤12 month
N=54, prob=0.59

>12 months
N=44, prob=0.93

Climate

no
N=46, prob= 0.60

Existence of resting 
spores or stages

Group

Mediterranean
N=17, prob=0.41 

Preventive 
felling

Preventive 
felling

yes
N=8, prob= 0.40

yes no

≤1 month, >12 months
N=98, prob=0.53

>1≤12 months
N=55, prob=0.62

Host range

specialist
N=22, prob=0.00 

generalist
N=76, prob=0.68 

Group

Bacteria, virus/viroid
N=40, prob=0.57 

Fungi+ 
oomycete

N=36, prob=0.80

no yes

Possible to remain 
asymptomatic

yes
N=12, prob= 0.30

no
N=43, prob= 0.70

Bacteria
N=18, prob= 0.44

Fungi+ 
oomycete, 
virus/viroid,
nematode

N=23, prob= 0.96

Restrictions on 
movement/quarantine

confined, 
countryside
N=11, prob=0.70 Continental, 

Temperate 
N=29, prob=0.76 
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Discussion

Temporal and spatial trends

An increasing number of non-native forest pests and pathogens was observed in the last 
century in Europe (Santini et al. 2013; Roques et al. 2016, 2020; Ghelardini et al. 2017). 
Here we report a concomitantly increasing number of eradication programmes conduct-
ed in Europe against pests and pathogens affecting woody plants. However, eradication 
was attempted for only 9% of the non-native insect species and for 12% of the patho-
gens. In contrast, for hundreds of species eradication was ever attempted. Nevertheless, 
these figures are better than those reported for alien insects in North America, where 
eradication was attempted for only 1.8% of established species (Liebhold et al. 2016).

We may deduce that species with higher economic or ecological impacts were 
those selected for eradication programmes. A low benefit: cost ratio has been suggested 
as one of the reasons for eradication not to be attempted (Kean et al. 2022). Still, 
there are species with high economic impact, such as Gonipterus platensis in the Iberian 
Peninsula (Cordero-Rivera et al. 1999; Valente et al. 2018) for which eradication was 
never attempted. Several possible reasons for not attempting to eradicate an invasive 
population have been proposed (Liebhold et al. 2016; Kean et al. 2022): 1) the fact 
that the pest or pathogen was already too widespread or abundant, or that spread was 
too rapid; 2) an underestimation of the potential impacts of the pest or pathogen; 3) 
the lack of adequate surveillance mechanisms to detect an invasion early enough; 4) the 
lack of effective control tools; 5) the existence of open pathways for re-introduction; 
6) or policymakers did not consider eradication to be a realistic option. Since the deci-
sion to carry out an eradication programme is typically taken at the national level, and 
frequently imposed at the European level, this leads to responsibilities in the scientific 
community in transferring information to policymakers so that more species could be 
targeted. We hope this revision work may contribute in this regard.

At the European level, eradications were more concentrated in Western regions 
with minor numbers in the northern and eastern European countries. In part, this dis-
tribution coincides with the hotspots of first detections in Europe (Branco et al. 2019), 
that is the countries where most incursions of high-impact invaders occurred. But 
there is still a contrast between the high number of first detections in central-eastern 
countries and the low number of eradication attempts.

Overall eradication success

An optimistic conclusion of our study is that the overall rate of eradication success 
has been increasing over time for both pathogens and arthropods, and especially for 
the latter. In the last decade, eradication success attained levels of 76% for arthropods 
and 68% for pathogens. Yet, these figures include officially declared eradication meas-
ures taken against PPWP on imported materials or against adult insects, i.e. before 
establishment. The success for arthropods is similar to that reported by Tobin et al. 
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(2014) (78%), whereas for pathogens it is higher than the 55% reported by Smith et 
al. (2017), with both of these studies being based on data from the Global Eradication 
Database GERDA. However, care should be taken with the interpretation of these re-
sults, as we found they might be overestimated. In fact, a significant part of successful 
programmes commonly referred to as “eradication” in EPPO and NPPO reports, and 
consequently in GERDA, concern non-established species; i.e. arthropods or patho-
gens that were still restricted to the materials with which they were introduced. We 
propose that these cases could be more accurately defined as interceptions not associ-
ated with import inspections. Cases in which pests and pathogens were still restricted 
to the materials with which they were introduced were mostly found in nurseries and 
in greenhouses, but a few of them were also on trees already planted in the field. An 
example of this latter situation was reported in 2019 on oak trees recently planted in 
the UK, imported from the Netherlands and Germany, which carried oak procession-
ary moth caterpillars. These trees were destroyed and this was considered a successful 
eradication (UK GOV 2019). In the present study, we treated these cases as “post-bor-
der interception”. In total, we counted 241 cases in this category and the eradication 
success rate in these cases was 100%. This outstanding result confirms that the surveil-
lance of plant materials imported and moved inside countries should be done with 
incessant efforts. A higher investment in surveillance and detection has been identically 
defended by many authors (Simberloff 2003; Tobin et al. 2014; Ganley and Bulman 
2016; Liebhold et al. 2016). Many previous studies considered these cases as eradica-
tions as in the GERDA database. However, if one considers eradication in sensu stricto 
only for the programmes against established species, the rate of eradication success is 
significantly lower. In fact, when we consider only the established species, the over-
all eradication success rate decreases to 50% for arthropods and 61% for pathogens. 
However, despite being lower than in other reviews, this value is still relatively high. 
Furthermore, the success rate of programmes has been increasing in recent decades. 
Therefore, more optimism is justified about the likelihood of eradication programmes 
being successful and worthwhile.

On the other hand, eradication success relies on external drivers, and some species 
might be particularly difficult to eradicate which may be related to environmental fac-
tors or species traits. With this aim, we tried to understand the main factors determin-
ing eradication success.

Eradication success: Time and space

One of the most consensual conclusions of previous studies is that eradication success 
is greater the smaller the affected area. Tobin et al. (2014) reported that eradication was 
1.3 times less likely for every log10 increase in the infested area for arthropods, and 
Pluess et al. (2012a) identified a critical threshold of 4905 ha for the infested areas of al-
ien invertebrates, plants, and plant pathogens, above which the probability of successful 
eradication reduced to half (66.7% vs 32.5%). Not surprisingly, our results are consist-
ent with this conclusion, although our thresholds are different. Additionally, our analy-
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ses indicated lower thresholds than in previous studies: below thresholds of 10 ha for 
arthropods and below 1 ha for pathogens, the success rate is very high, corresponding 
to 82% for arthropods and 90% for pathogens. But above these thresholds eradication 
success significantly decreases. Still, an eradication success of 60% was attained between 
10 ha and 100 ha for arthropods and between 1 ha to 10 ha for pathogens. This means 
that for infested areas up to these sizes, eradication may still be considered feasible. 
Nevertheless, if circumstances are favourable, even eradication of infestations over larger 
areas may be successful, provided sufficient resources are available. Interestingly, the 
decreasing slope was steeper for pathogens than for arthropods, which suggests that 
the factor area is likely to be even more important for the former group. The length of 
time elapsed since the first detection also led to a decrease in the success rate, as previ-
ously mentioned by Pluess et al. (2012b). However, it is difficult to separate the factor 
time from the area (as the affected areas usually increase over time). Therefore, the main 
recommendation is that governments and organizations involved should invest in sur-
veillance and detection to achieve detection as soon as possible. Furthermore, prepared-
ness in terms of having tools and plans available is critical to enable timely responses to 
newly detected incursions to start eradication programmes quickly and increase their 
likelihood of success. This also implies being well informed about new potential risk 
organisms and how to eradicate them when they arrive, prior to their invasion.

We observed that species with a higher number of eradication attempts are also 
those with the highest eradication success. This may reflect increased knowledge on 
how to deal with these particular invasive species, accumulated in the previous eradi-
cation attempts, which would also facilitate a quick reaction before its spreading and 
becoming then impossible to eradicate.

Blackburn et al. (2011) proposed a conceptual framework for biological invasions 
which has recently been updated by Paap et al. (2022) to accommodate forest patho-
gens. Both frameworks are composed by a series of stages, namely transport, introduc-
tion, establishment and spread, each stage having a particular barrier that a population 
needs to overcome to reach the next stage. Different management options may apply at 
different stages, and early detection of the invader and a fast response time, increase the 
feasibility of successful eradication. For instance, in nurseries and greenhouses PPWP 
are usually detected in the introduction phase, when populations still must overcome 
the limited distribution barrier. This applies to the reported cases still restricted to the 
primary material in which it was introduced, which had 100% eradication success. By 
contrast, ash dieback, caused by H. fraxineus, is an example of a species that was identi-
fied as invasive too late, when large areas of European forests were already invaded and 
there was no possibility to react anymore (Pautasso et al. 2013).

The similarity of symptoms to native or previously introduced species can mask 
the presence of invasive species for long periods, as occurred for Phytophthora cinnam-
omi and Heterobasidion irregulare, with similar symptoms as Phytophthora × cambivora 
and Heterobasidion annosum, respectively (Brasier et al. 1993; Vettraino et al. 2005; 
Garbelotto et al. 2022). For these cases, the development and/or implementation of 
new genomic biosurveillance tools is critical, so that the taxonomy of the invasive or-
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ganism can be clarified unequivocally and effective eradication program can be started 
rapidly (Hamelin and Roe 2020; Luchi et al. 2020).

All these cases reinforce the concept that we should be able to identify potential in-
vaders before they leave the country of origin to be prepared in advance. A good example 
is the case of P. ramorum, the causal agent of sudden oak death in California. The high 
potential risk identified early for this species, and the fear of having a similar epidemic 
in Europe, boosted the early detection and the rapid implementation of containment 
measures. However, not all potential invaders with high economic and ecological im-
pacts have demonstrated this potential in its native region or other invaded regions. 
Frequently, an organism only becomes emergent in the invaded range, since resistance of 
native host plants and the communities of natural enemies keep them at low or imper-
ceptible levels in its native range (Elton 1958; Jeffries and Lawton 1984; Wolfe 2002).

Environmental drivers and species traits

As expected, species found in confined or limited environments, usually subject to fre-
quent intervention, such as greenhouses, are easier to eradicate. The same results were 
found by Pluess et al. (2012b). Both pathogens and arthropods became established 
more easily, and thus more difficult to eradicate, in urban or peri-urban areas and in the 
countryside (woodlands, forests or orchards) than in confined environments. An inter-
esting outcome from our work is that urban and peri-urban areas have similar establish-
ment probabilities and equal difficulties of eradication as countryside. The relevance of 
urban forests and urban trees for the establishment and spread of invasive forest species 
has been gaining relevance (Poland and McCullough 2006; Paap et al. 2017; Branco et 
al. 2019; Dale et al. 2022; Nunes et al. 2023) which is reinforced by our results.

Climate may play a role in the success of eradication programmes. Warmer cli-
mates may favour higher growth rates for arthropod populations. On the other hand, 
Mediterranean climates with harsher summer conditions, or a continental climate with 
severe winters may explain a lower probability of establishment and a higher probabil-
ity of eradication success for some groups of insect pests and pathogens in these condi-
tions. Still, a general trend of climate in the eradication success did not emerge from 
our analysis. The differences in the climate of origin and the one of the invaded range 
could have played a role in the eradication of specific species. Additional studies could 
address this hypothesis. Further, our dataset does not completely allow to disentangle 
climate effects from other factors, namely cultural and socio-economic ones.

Regarding species traits, we could associate some traits with a higher difficulty of 
eradication. For arthropods, the most remarkable outcome is the extremely low success 
in eradicating Hemipteran species. This is probably explained by several traits shared by 
many hemipteran species, such as the high dispersal ability, frequently mediated by wind 
and their difficulty of detection at low densities due to their often small size and cryptic 
stages, high fecundity and short life cycles. Concomitantly, in the LASSO models, spe-
cies traits associated mostly with hemipterans in our group of species, such as parthe-
nogenesis, were found to be relevant. An example is the psyllid T. erytreae, for which six 
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eradication programmes were launched, and none succeeded, despite the huge effort 
invested in it. For pathogens, as expected, eradication proved to be harder for species with 
high saprotrophic abilities, for species dispersed by wind, for species that may remain in-
definitely asymptomatic and for species with resting spores or stages. Unexpectedly, how-
ever, species with intermediate incubation periods (>1 ≤ 12 months) were overall easier 
to eradicate than those with shorter (≤ 1 month) or longer periods (>12 months). Short 
incubation periods may lead to faster population growth and dispersal thus challenging 
eradication efforts. The concomitant harder difficulty to eradicate species with incuba-
tion periods longer than one year may be associated with poor detection before planting 
infected material: if disease symptoms may appear after plantation, with a lag that may 
reach several years for some pathogens, the infected area may become large, hampering 
eradication success (Migliorini et al. 2015). This highlights the need for detection at-
tempts on asymptomatic plants that indeed improved the eradication prospect (see later).

When calculating correlation between variables, most strong associations (V = 0.5) 
were obtained between pairs of different species traits, both for arthropods and patho-
gens. These correlations are justified given the high number of cases concentrated on 
only a few species. The statistical modelling used were able to deal with collinearity to 
an extent: for the LASSO regression when multiple variables are correlated they will be 
penalized leading to one unique predictor becoming important; for the tree-regression 
it chooses the variables that lead to the best split in the data. Nevertheless, it is impor-
tant to note, that potentially some of the correlated variables could have been used as 
surrogate in the LASSO or tree regression.

Management options

An outstanding result of our study is that management options did not emerge as a 
relevant predictor variable of eradication success. This might be due to the fact that 
host plant removal, almost always combined with other treatments, was the commonly 
used management strategy for both arthropods and pathogens. Chemical control alone 
leads to very low success rates (25%). Other management options are very species-
specific, such as the use of tree climbers for A. glabripennis monitoring, nest removal 
for oak and pine processionary moth control, and vector control for several vector 
transmitted pathogens and thus, do not allow extrapolation to general guidelines. Also, 
generally similar eradication measures were applied everywhere for a given species, 
because frequently these measures are mandatory according to European regulations.

Another main significant outcome of our review is the importance of quaran-
tine measures for the success of arthropod eradication. For pathogens, however, the 
implementation of such measures was relevant only when the target organisms were 
wind-borne. The intensification of surveys, at least in an annual rhythm, was shown 
to be relevant both for the detection of pathogen infection before establishment and 
for the success of eradication. Giving up the efforts of surveillance and control after 
a while, especially when the populations are under low levels and difficult to detect, 
is a common error leading to unsuccessful eradication campaigns (Simberloff 2002; 
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Liebhold and Tobin 2008; Tobin et al. 2014). Therefore, persisting in monitoring for 
several years after the last detection can be crucial for the success of programmes. Tobin 
et al. (2014) reported that the existence of a sensitive monitoring tool (such as phero-
mone traps) was one of the most important predictors in the success of an eradication 
campaign against arthropods. However, in our study, the use of a semiochemical lure 
neither affected the outcome of an eradication campaign nor the probability of estab-
lishment, and the use of traps for monitoring only slightly increased the eradication 
success. In the study by Tobin et al. (2014), however, the authors highlighted that 
when Lymantria dispar and Ceratitis capitata were excluded from the analysis, the use 
of targeted traps or lures was no longer significant in the outcome of an eradication 
attempt. The high efficiency of the available semiochemical lures for these two species 
may contrast with the lures currently available for the arthropod species targeted for 
eradication in Europe. For A. glabripennis, for e.g., a recent study has shown that the 
available pheromone traps, although recommended for monitoring and mass trapping 
of this insect, are inefficient at intercepting the pest (Marchioroand Faccoli 2021). For 
pathogens, we observed that an overall higher success rate of eradication was observed 
when asymptomatic plants were also sampled (60% to 92%), compared to when only 
symptomatic trees were sampled 51% to 74%.

Conclusions

We conducted a thorough review of the eradication programmes carried out in Europe 
against arthropods and pathogens of woody plants and their successes or failures. Con-
trary to the general scepticism regarding the potential success of eradication measures, 
our review demonstrates that eradication programmes can be very successful, especially 
when detections occurred at an early stage of invasions and when the infested areas 
were still small. Difficulties in eradication are naturally higher in the countryside con-
ditions in comparison with confined environments. In this respect, pests and patho-
gens of woody plants are as difficult to eradicate in urban and peri-urban areas as in 
rural forests and orchards.

We should be aware that the high success reported in previous studies and data-
bases results in part from the inclusion of cases in which pests and pathogens were still 
restricted to the primary plant material with which they were introduced. After remov-
ing these cases the overall success dropped to 50%. Thus, particular attention should 
be paid to imported primary plant materials, involving the awareness of different ac-
tors and not only Plant Protection Inspectors.

It is surprising that eradication efforts in Europe targeted only a small group of 
non-native species (<10% of the non-native organisms affecting woody plants). Since 
the decision to carry out an eradication program is taken at the national level and 
frequently imposed also at the European level, we believe that more species could be 
considered for eradication if policymakers would be better informed about the advan-
tages of eradication measures and actions taken quickly to ensure success of eradication. 
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This leads to responsibilities for the scientific community in transmitting these pieces 
of information to policymakers.

Management strategies used in eradication programmes are very species specific 
and there is no general golden rule in this respect. Still, most of the successful pro-
grammes invested in integrating multiple methods combined with relentless and per-
sistent monitoring.
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Data type: Results of statistical analysis (excel document)
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Establishment success analysis, using LASSO regression and decision trees
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regression and decision trees.
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