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When are eradication campaigns successful? A test

of common assumptions

Therese Pluess - Ray Cannon - Vojtéch Jarosik -
Jan Pergl - Petr PysSek - Sven Bacher

Abstract Eradication aims at eliminating popula-
tions of alien organisms from an area. Since not all
eradications are successful, several factors have been
proposed in the literature (mainly by referring to case
studies) to be crucial for eradication success, such as
infestation size or reaction time. To our knowledge,
however, no study has statistically evaluated which
factors affect eradication success and attempted to
determine their relative importance. We established a
unique global dataset on 136 eradication campaigns
against 75 species (invasive alien invertebrates, plants
and plant pathogens) and statistically tested whether
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the following factors, proposed by others were signif-
icantly related to eradication success: (1) the reaction
time between the arrival/detection of the organism and
the start of the eradication campaign; (2) the spatial
extent of the infestation; (3) the level of biological
knowledge of the organism; and (4) insularity. Of
these, only the spatial extent of the infestation was
significantly related to the eradication outcome: local
campaigns were more successful than regional or
national campaigns. Reaction time, the level of
knowledge and insularity were all unrelated to erad-
ication success. Hence, some factors suggested as
being crucial may be less important than previously
thought, at least for the organisms tested here. We
found no differences in success rates among taxo-
nomic groups or geographic regions. We recommend
that eradication measures should generally concen-
trate on the very early phase of invasions when
infestations are still relatively small.

Keywords Eradication success - Invasive species -
Contingency planning - Pest Risk Analysis - Invasive
species management - Biological invasions

Introduction

Despite increased research efforts about the impact of
invasive species (Winter et al. 2009; Vila et al. 2009;
Nentwig et al. 2010), their economic costs (Kettunen
et al. 2009), and intensive exploration of management
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options (Hulme 2006, 2009; Pysek and Richardson
2010), little is known about how environmental
settings, species traits and other contingent factors
affect the outcome of management actions against
invasive species. Key management options for inva-
sive species include: prevention, eradication, contain-
ment, and various forms of mitigation (Pysek and
Richardson 2010; Shine et al. 2010). Among these,
eradication represents the ultimate course of action,
but often also the most expensive solution. Eradication
is the application of control measures aiming at
extirpating an entire population of a pest from an area
(FAO 2007) or from a management unit (Pysek and
Richardson 2010). Recently, there has been a renewed
interest in eradicating invasive species, following a
period when the prevailing view was that the elimi-
nation of a pest population was very seldom achiev-
able (Simberloff 2009; Pysek and Richardson 2010).

Much research is being published suggesting deci-
sion-tools for an efficient application of control
measures in specific situations such as the infestation
of the gypsy moth (Lymantria dispar) in the United
States (Bogich et al. 2008), the campaigns against the
brown rat (Rattus norvegicus) in South Georgia,
Southern Ocean (Robertson and Gemmell 2004) or
against bitterweed (Helenium amarum) in Australia
(Rout et al. 2009a, b; Regan et al. 2006). However,
these are case-specific decision-aid tools that do not
allow drawing general conclusions as to which factors
are important for eradicating a pest population.

The difficulty is that it is not always clear at first
what is the most appropriate way to react to a new pest
incursion. When responsible authorities are confronted
with a new infestation, they need to know which factors
are most important for enhancing the likelihood of
eradicating the unwanted organism so that an appro-
priate control strategy can be designed and imple-
mented. A number of reviews of eradication campaigns
has been published in the last two decades, comparing
the outcomes for various taxonomic groups based on
descriptive case studies (Clout and Veitch 2002;
Simberloff 2003b, 2009, Myers et al. 2000; Genovesi
2007; Bomford and O’Brien 1995), or assessing
taxonomic groups separately, such as plants (Mack
and Lonsdale 2002; Rejmanek and Pitcairn 2002;
Simberloff 2003a), mammals (Courchamp et al. 2003),
moths (Brockerhoff et al. 2010), invertebrates (Dahl-
sten and Garcia 1989), plant pathogens (Sosnowski
et al. 2009) or vertebrates and plants (Genovesi 2005).

All of these reviews drew general conclusions as to
why eradication campaigns fail or succeed based on
evidence from the case studies they reviewed and
suggested a number of factors relating to eradication
success. However, evidence from case studies can be
equivocal as to which factors may be relevant for
eradication success. There is thus a need to take a
quantitative approach that assembles data on as many
cases as possible, including both successful and failed
eradications. By applying statistical analyses it may be
possible to identify general principles or critical factors
associated with successful eradication campaigns. In
the following, four of the success factors proposed in
the literature which can be quantified and therefore be
subject to statistical analyses are discussed and
hypotheses formulated for subsequent analyses.

Several authors consider that a rapid response,
following the first detection of the invasive organism,
is crucial for eradication success, because it prevents
the organism from spreading (Clout and Veitch 2002;
Simberloff 2003b, 2009, Myers et al. 2000; Genovesi
2007; Bomford and O’Brien 1995). It is also assumed
that small and isolated populations are easier to
eradicate, and that a rapid reaction prevents further
population growth and spread (Liebhold and Basco-
mpte 2003; Clout and Veitch 2002; Mack and Lonsdale
2002; Brockerhoff et al. 2010). As a consequence, it is
expected that infestations occupying a small area are
easier to eradicate, because measures can be applied
more thoroughly and are more likely to be cost
effective at smaller scales. Brockerhoff et al. (2010)
examine this type of approach for six moth species, all
forest pests in New Zealand and found a strong positive
relationship between the size of the affected area and
eradication costs. Furthermore, Allee effects favoring
eradication might be stronger if the pest population and
the area it occupies are still small (Vercken et al. 2011;
Liebhold and Bascompte 2003).

Another argument often put forward is that detailed
biological knowledge concerning an organism is
needed in order to design appropriate control mea-
sures; the target species must be studied well enough
to suggest vulnerabilities (Simberloff 2009). Exam-
ples are the use of super-Judas goats (i.e. the release of
sterilized and hormone-treated female goats) to erad-
icate goats from the Galapagos Islands or the devel-
opment of pheromone lure traps against the sea
lamprey (Petromyzon marinus) in the Great Lakes
(Simberloff 2009). Another example is the eradication
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of the painted apple moth (Teia anartoides) in New
Zealand, were a combination of tactics was used,
including the sterile insect technique (Suckling et al.
2007). We assume that understanding the biology of
the species translates into better plans to eradicate it.
This implies that campaigns with species-specific
eradication or contingency plans should be more
successful than those following only generic plans.

Many eradications are initiated on islands because
it is assumed that eradication campaigns carried out on
islands might be more likely to succeed than those on
mainland sites (Courchamp et al. 2003). At least for
vertebrates, especially mammals, the most notable
successes were achieved on isolated island popula-
tions (Clout and Veitch 2002; Courchamp et al. 2003).
Successful campaigns have also targeted insects on
small islands, beginning with the tsetse fly (Glossina
spp.) campaign on Principe or the screw-worm
(Cochliomyia hoinivorax) campaign on Curacao
(Simberloff 2008). Eradication of plants from islands
appears to be, in quantitative terms, less successful: as
illustrated by a review of the outcomes of plant
eradication efforts on the Galapagos Islands (Gardener
et al. 2010), where of 30 eradication projects covering
23 potentially invasive plant species with limited
distributions on four Galapagos Islands, only four
were successful (but see Simberloff et al. 2011).

The present study statistically analyzes four factors
proposed in the literature (reaction time, the extent of
the infestation, the knowledge of the invading species’
biology, and whether the campaign was on an island or
the mainland) for their association with eradication
success. These factors were tested on data of eradica-
tion campaigns against invasive alien invertebrates,
plants and plant pathogens (bacteria, fungi, and
viruses/viroids) that are of economic (e.g. agricultural)
but also of ecological importance. Eradication of plant
pest populations is most often attempted in the
agricultural sector (i.e. the repeated eradication of
the Colorado beetle in the United Kingdom; Bartlett
1979). Nonetheless, there is a strong need to improve
the decision-making process in plant protection in
both economic and ecological environments and
especially for newly emerging pest species (Opstal
and Sunley 2009). In particular, the following four
hypotheses were tested:

(1) A rapid response to a pest incursion increases the
chances of eradication success.

(ii) Small infestations are easier to eradicate than
larger ones.

(iii) Biological knowledge and a high level of
preparedness to react to an incursion increase
the chances of eradication success.

(iv) Island eradications are more likely to succeed
than those carried out on mainland areas.

It was also tested, whether there are differences in
the eradication success among organisms from differ-
ent Kingdoms and among biogeographic regions.

Materials and methods
Data collection

The scientific and grey literature was searched for
information about eradications of invasive alien
invertebrates, plants and plant pathogens, published
in scientific publications, eradication reports, other
technical reports, pest alerts and online press releases
from national plant protection organizations (NPPOs).
Information about eradication campaigns is often
difficult to obtain from published literature (Simberl-
off 2009), and the European project PRATIQUE
(Baker et al. 2009) provided a unique and unprece-
dented opportunity to access unpublished (expert)
knowledge. Thus national and regional plant protec-
tion organizations were important sources of infor-
mation, and pest managers from NPPOs from Europe,
North America, Australia and New Zealand were
contacted to provide examples and detailed informa-
tion about eradication campaigns from their countries.

We collected data on 136 plant pest and weed
eradication campaigns from 5 Kingdoms, of which 70
were targeted against invertebrates (belonging to 34
species, mostly insects), 19 against bacteria (six
species or subspecies), 13 against fungi (10 species),
18 against plants (18 species) and 16 against viruses/
viroids (seven species or subspecies), see Table 1 for a
species list. Information from 26 countries, divided
into 74 European, 39 American and 23 Australasian
campaigns was collated. The campaigns had been
launched between 1914 and 2009, with the large
majority (71%) being started after 1990 (Fig. 1a). The
campaigns were carried out in a variety of habitat types
including wetland, grassland, woodland, agricultural,
horticultural or domestic habitats and constructed,
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Kingdom and number of case studies in the dataset Kingdom Species % #
Success  Cases
Kingdom Species % #
Success  Cases Bacteria Clavibacter 100 2
michiganensis
Animalia Anoplophora chinensis 75 4 michiganensis
(= invertebrates) Anoplophora 10 10 Clavibacter 100 1
glabripennis michiganensis
Anthonomus grandis 50 4 sepedonicus
Aphelenchoides besseyi 0 1 Erwinia amylovora 2 4
Bactrocera cucurbitae 100 1 Ralstonia solanacearum 71
Bactrocera dorsalis 100 1 Xanlhomonqs 100 2
axonopodis
Bactrocera tryoni 100 2 Xanthomonas citri 67 3
Bemisia tabaci 30 2 Bacteria average/total 77 19
Bryobialago dechiana 0 1 Fungi Ceratocystis ulmi 0 ;
Blzz:s::iithus 100 ! Cryphonectria parasitica 0 2
Bursaphelenchus 0 1 Eutypella parasitica 0 1
xylophilus Glomerella acutata 0 2
Ceratitis capitata 100 3 Mycosphae_r_ella 0 1
Cydia pomonella 0 1 dearnessii
Cylas formicarius 100 1 Mpycosphaerella fijiensis 100 1
Diabrotica virgifera 17 6 Puccinia horiana 50 2
Diaspidiotus perniciosus 100 1 Seiridium cardinale 0 1
Epilachna varivestis 100 1 Ustilago maydis 100 !
Frankliniella 50 5 Venturia inaequalis 100 1
occidentalis Fungi average/total 35 13
Hyphantria cunea 100 1 Plantae Ageratina adenophora 1
Leptinotarsa 100 3 Ageratina riparia 1
decemlineata Araujia sericifera 1
Liriomyza huidobrensis 100 1 Cenchrus echinatus 1
Liriomyza trifolii 100 1 Ceratophyllum 100 1
Lymantria dispar 40 5 demersum
Opogona sacchari 50 2 Chromolaena odorata 0 1
Orchidophilus aterrimus 0 1 Citharexylum gentryi 100 1
Orgiya thyellina 100 1 Cortaderia jubata 1
Parlatoria blanchardi 67 3 Cortaderia selloana 1
Pectinophora gossypiella 0 3 Heracleum ' 0 1
Peltoschema suturalis 100 1 mantegazzianin
Rhynchophorus 0 1 Ludwigia uruguayensis 100 1
ferrugineus Lysichiton americanus 0 1
Saperda candida 0 1 Orobanche ramosa 0 1
Spodoptora litura 100 1 Pueraria phaseoloides 100 1
Stephanitis takeyai 0 1 Rhizophora mangle 100 1
Teia anartoides 0 1 Rubus adenotrichos 100 1
Animalia 56 70 Rubus glaucus 100 1
(= invertebrates) Rubus megalococcus 100 1
average/total Plantae average/total 44 18
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Table 1 continued

Kingdom Species % #
Success  Cases
Virus(-like) Beet necrotic yellow vein 0 1
virus
Chrysanthemum stem 100 1
necrosis virus
Citrus tristeza virus 50 2
Impatiens necrotic spot 100
virus
Plum pox virus 13 8
Tomato spotted wilt virus 100 2
Tomato yellow leaf curl 100 1
virus
Virus(-like) 66 16
average/total
Total average 53 136

industrial or other artificial habitats, see Fig. 1b) for
more details. The dataset was dominated by campaigns
against organisms in artificial habitats (62%) with 21
campaigns being carried out exclusively in protected

(a)

areas (e.g. glasshouses). Most other campaigns were
carried out in a variety of different habitat types,
including (semi-)natural habitats (Fig. 1b).

A campaign was considered a success if successful
eradication of the organism had been officially
declared; otherwise it was treated as failure. Cam-
paigns on-going as of December 2009, were also
considered as having failed, since successful eradica-
tion had not yet been declared. A list of all cases and
tested factors is given in Table Al as Supplementary
Material.

Explanatory variables

For each eradication campaign, the following vari-
ables, corresponding to the four hypotheses, were
considered (see Table 2 for their detailed description).

(1) Reaction time: The time elapsed between the
arrival of an organism and the beginning of
management measures was counted in months.
If the arrival date was not known, the date of first
record was taken as starting point.

1920 1940

(b)

Number of eradication campaigns

1960 1980 2000

o —— = == [ [
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Fig. 1 Frequency distribution of a the starting year of 136
eradication campaigns against invasive alien invertebrates,
plants and plant pathogens and b the type of habitats affected
by these campaigns. Habitat types are following the EUNIS
habitat classification by Davies and Moss (2003;
http://eunis.eea.europa.eu/habitats.jsp): B: coastal habitats; C:

inland surface waters; D: mires, bogs and fens; E: grasslands,
and lands dominated by forbs, mosses or lichens; G: woodland,
forest and wooded land; H: inland unvegetated or sparsely
vegetated habitats; I: regularly or recently cultivated agricul-
tural, horticultural and domestic habitats (including glasshous-
es); J: constructed, industrial and other artificial habitats
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Table 2 Description of dependent variable, explanatory variables (potential success factors for plant pest and weed eradications) and
random factors

Dependent variable

1) Successful eradication

The eradication campaign was successful, which was confirmed by surveys over a time period

relevant for the life-cycle of the organism, the campaign stopped, N = 66

0) Failed eradication All other campaigns, N = 70

Explanatory variables (potential success factors)

(i) Reaction time

campaign, counted in months

(i1) Size of infested area

(1) Local
(2) Regional

(3) National

(4) International

infestation foci, N = 32

The time elapsing between the arrival (or detection) of the organism and the start of the eradication

One rather small, isolated infestation focus, N = 51

A larger area, but never the entire country, was affected including more than one and up to ten

A campaign in an entire country, usually including more than ten infestation foci. For campaigns

in the United States and Canada, states or provinces were classified as “national”, N = 44

A campaign involved several countries (or states or provinces in the USA and Canada),

the number of infestation foci is irrelevant, N = 9

(iii) Biological knowledge and preparedness to act

(0) None

(1) Low
(2) Medium

(3) High

Information about the species and possible management measures were collected and evaluated
only after the incursion, N = 16

Pest alerts, pest notices or similar information were available when the pest was detected, N = 56

A Pest Risk Analysis for the species or a generic contingency plan was available when the pest

was detected or the pest was well known and control experience existed, N = 25

A contingency plan against the species was available when the pest was detected, or a precise

plan to eradicate the pest was mentioned, N = 39

(iv) Insularity

Island
Mainland

Random factors

Kingdom

Name Species name

Biogeographic region

Eradication on a continent, N = 96

Latin name of taxonomic Kingdom

Eradication on an island (including New Zealand), N = 40

Name of the continent the eradication took place

(ii) Infestation size: To account for the spatial extent

1)

2)

3)

of an eradication campaign, a semi-quantitative
spatial variable at four levels was introduced.

Local; one small, isolated infestation focus,
for example a finding in an individual glass-
house, a crop field, a nursery or on a group of
trees.

Regional; eradication measures taken at a regional
scale, but within a country, including more than
one and up to ten local infestation foci.

National; the campaign was addressed against
an organism across an entire country, including
more than ten local infestation foci. For cam-
paigns in the United States and Canada,

measures affecting an entire state or province
were also classified as “national”. This classi-
fication was chosen assuming that campaigns
within one country/state/province should be
easier to manage than international campaigns
because they largely fall under one jurisdiction.
4) International; if several countries (or states or
provinces in the case of the USA and Canada)
were collectively managing an organism.

While this categorization of scale was easily derived
from the description of the situation in the literature, a
more precise quantitative measurement of the infesta-
tion area (in km?) was rarely available.
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(iii)) Biological knowledge and preparedness to act:
As a measure of the level of biological knowl-
edge, the type of documented information avail-
able at the moment of the infestation was ranked,
assuming that simply having a pest notice or fact
sheet would be less informative than an entire
Pest Risk Analysis (PRA; FAO 2004) and that a
PRA would be less informative than a detailed
contingency or eradication plan. It was also
assumed that different types of documentation
will translate into different levels of preparedness
of authorities to appropriately react to an infes-
tation: Contingency or eradication plans would
indicate a higher level of preparedness than a
PRA or a pest notice, which both usually do not
detail pest risk management measures. The
degree of knowledge about the species and the
readiness of authorities to eradicate an incursion
were thus ranked as follows:

0) No knowledge/preparedness; information
about the species and possible management
measures were collected and evaluated only
after the incursion.

1) Low knowledge/preparedness; pest alerts, pest
notices or similar information were available
when the pest was detected, but neither a PRA
nor a contingency plan were available at that
incursion.

2) Medium knowledge/preparedness; a PRA
for the species or a generic contingency
plan on how to react to an infestation in
general was available at the incursion.

3) High knowledge/preparedness; a species-
specific contingency/eradication plan was
available at the incursion.

(iv) Insularity. Tt was distinguished whether a
campaign was carried out on an island (includ-
ing New Zealand) or a continent.

Reaction time, spatial extent and knowledge/prepa-

redness were coded as numerical variables, while

insularity was a factor in the model.

Analyses
General approach

The relationship between the four factors and eradi-
cation success was tested with Generalized Linear

Mixed Models (GLMM; Bolker et al. 2009). We used
the function glmer from the R package Ime4 (version
0.999375-28, Bates et al. 2008). The outcome of each
campaign (success/failure) served as the dependent
variable and the factors expected to affect the outcome
were included as fixed factors: (i) “reaction time”, (ii)
“spatial extent”, (iii) “biological knowledge & pre-
paredness” and (iv) “insularity”.

To allow direct comparisons of their relative
importance, all numerical variables (i, ii, iii) were
scaled prior to the analyses, using the function scale
from the R package base (version 2.8.1, R Develop-
ment Core Team 2008). Collinearity between the
success factors was low (Spearman rank correlation
coefficients, all r < 0.3; Zuur et al. 2009).

The outcomes of campaigns against related species
can not be considered as independent, because they are
likely to share similar characteristics (Manchester and
Bullock 2000). Likewise, eradication campaigns in the
same biogeographic region may have similar, i.e.
dependent outcomes. We accounted for this by
including the taxonomic Kingdom of the organism
(Animalia, Bacteria, Fungi, Plantae and viruses) and
the biogeographic region in which the campaign was
conducted (America, Australasia and Europe) as
random factors in the models. Additionally, the
outcome of eradication campaigns directed against
the same pest species can be expected to be related due
to intrinsic characteristics of the species concerned.
We corrected for this non-independence by including
the species as a random factor, nested within Kingdom.

Model selection

Model selection for ecological inference was done in
an information theoretic framework (Burnham and
Anderson 2002). In a first step, the random part of the
model was chosen (Zuur et al. 2009). For that, the AIC
of models with all possible combinations of random
factors were compared (i.e. no random factor, only
species, only Kingdom, only biogeographic region,
species nested within Kingdom, species and biogeo-
graphic region, Kingdom and biogeographic region,
and species nested within Kingdom and geographical
region). Each of these models included all four fixed
effects. The structure of the random effects of the best-
fitting model, i.e. the one with the lowest AIC, or, if
AAIC < 2, the most parsimonious model was chosen
for further analysis (Zuur et al. 2009).
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After the random part was chosen, the fixed factors
that best explained variation in eradication success
were determined. For that, the AIC of models with all
possible combinations of the four fixed factors were
calculated. All models conforming to two rules were
selected for ecological inference (Richards 2008):
First, all models with a AAIC value <6 were selected
for parameter estimation. This threshold of 6 is much
higher than the widely-accepted rule-of-thumb of
selecting all models with a AAIC value <2 proposed
by Burnham and Anderson (2002), but it recently has
been demonstrated that the most parsimonious model,
defined as the one with the lowest expected Kullback—
Leibler distance, being a measure of the mean
discrepancy between the model and the unknowable
truth, may be missed otherwise (Richards 2005). As a
second rule, a model was only selected if its AIC value
was less than the AIC value of all the simpler models
within which it is nested in order to avoid selecting
overly complex models (Richards 2008). The reason-
ing for this is that if an additional parameter provides
little or no increase in model fit, then the more
complex model with the additional parameter will
have a AAIC-value less or equal to 2 to the simpler
model; thus the more complex model fits the data
equally well as the simpler model. However, in such
cases the more complex model with the additional
parameter should not be considered for ecological
inference, since nothing is explained by the additional
complexity (Burnham and Anderson 2002; Richards
2008).

Finally, the values of all four parameters were
estimated by model averaging among the set of
candidate models chosen by model selection (function
modavg from the package AICcmodavg, version 1.18
in R; Mazerolle 2011). A parameter can be considered
as having a significant effect if the confidence interval
does not include zero.

Results

Considering each case as independent, about half of
the eradication campaigns (49%) were declared as
successful in terms of eliminating the pest from the
targeted area.

There were no obvious differences in the eradica-
tion success among Kingdoms (Fig. 2a) or biogeo-
graphic regions (Fig. 2b). This was supported by

N=34 N=6 N=10 N=18 N=7

0.75
I

0.50
|

0.25
I

Animalia  Bacteria Fungi Plantae Viruses

(b)

Mean success rate

1.00

N=37 N=23 N=23

0.75
I

0.50
|

Europe Americas Australasia

Fig. 2 Mean success rate of eradication campaigns against
invasive alien invertebrates, plants and plant pathogens, across
a five taxonomic Kingdoms and b three biogeographic regions.
Pseudo-replication is corrected for by calculating the average
success rate for each species. Depicted are the means of these
species-averages for each Kingdom or biogeographic region,
respectively. Animalia = invertebrate animals

logistic regressions of the eradication success with
Kingdom or biogeographic region as explanatory
variables and the species as random factor (analysis
of deviance; Kingdom: )(2 =458, df. =4, P =
0.333, biogeographic region: y* = 3.50, d.f. =2,
P =0.174). It was also tested if the taxonomic
Kingdom or the biogeographic region explained a
significant proportion of variation in the data by
including them as random factors in models with all
other explanatory variables. However, all models
including Kingdom or biogeographic region fitted
the data significantly worse according to the AIC
(AAIC > 2) than a model with only the species as
random factor. Thus, only species identity was kept as
random factor in the following model selection
procedure.

Eleven of the 16 fitted models had a AAIC-value
<6 (Table 3); the other models were discarded for
ecological inference according to the first rule of
model selection. The best-fitting model (m2)
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contained only infestation size to explain eradication
success (Table 3). The seven next best-fitting models
all also contained infestation size plus additional
explanatory variables (Table 3). They were discarded
from ecological inference according to the second rule
of model selection, because they represent extensions
of a simpler model (m2) and had a worse fit. Apart
from the best-fitting model (m2), only three other
models were retained for ecological inference: a
model with no explanatory variable (m1), and models
with either only the level of preparedness (m5) or the
reaction time (m4; Table 3). However, these latter
three models all had AAIC-values >4 and were thus
not well supported (AIC weights <3%; Table 3).
Parameter averaging among the four retained models
(m2, m1, m4 and m5) revealed that only the effect of
infestation size was significantly different from zero
(model-averaged estimate = —0.56; 95% uncondi-
tional confidence interval of the scaled estimate: —
0.14, —0.98); confidence intervals for the level of
preparedness (0.66, —0.16; average = 0.25) and for
the reaction time (0.23, —0.57; average = —0.17)
included zero. Insularity never was in a model

Table 3 Results of model selection

considered for ecological inference. Thus, infestation
size was the only parameter that received strong
support to affect eradication success. The relationship
between the four tested potential factors for eradica-
tion success and the outcome of campaigns is depicted
in Fig. 3.

Discussion

Of all stipulated success factors tested here, only the
extent of the infestation was important for eradication
outcome. Not unexpectedly, local infestations were
easier to eradicate than regional or national ones. This
is in accordance with a study of plant eradications in
California, were the eradication of exotic plant
infestations smaller than one hectare was usually
possible, but the likelihood of eradication declined
rapidly with increasing area, making the eradication of
species occupying >1,000 ha very unlikely, given the
resources typically committed to such operations
(Rejmanek and Pitcairn 2002). Eradications at the
local level might be easier because the infestation is

Model Infestation Insularity Reaction Knowledge and AIC AAIC AIC Cumulative
size time preparedness weight AIC weight

m2 (¥) X 182.82 0 0.22 0.22

m38 X X 182.88 0.07 0.21 0.43

mo6 X 183.82 1.01 0.13 0.56

ml3 X X 184.13 1.32 0.11 0.67

m7 X X 184.85 2.04 0.08 0.75

ml4 X X X 185.03 221 0.07 0.83

ml2 X X 185.86 3.05 0.05 0.87

ml6 X X X 186.3 3.49 0.04 0.91

ml (¥) 186.98 4.17 0.03 0.94

m5 (¥) X 187.88 5.06 0.02 0.96

m4 (¥) X 188.44 5.62 0.01 0.97

m3 X 188.98 6.17 0.01 0.98

mll X 189.55 6.73 0.01 0.99

ml0 189.96 7.14 0.01 0.99

m9 190.42 7.6 0 1

ml5 X X X 191.64 8.82 0 1

x Factors present in the models. Models are ordered according to their AIC values

AAIC: Difference between the AIC of the best-fitting model and the current model. AIC weight: The Akaike weights; these measures
indicate the level of support (i.e. weight of evidence) in favor of any given model being the most parsimonious among the candidate

model set. * Models selected for parameter estimation
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Fig. 3 Mean success rates of eradication campaigns against
invasive alien invertebrates, plants and plant pathogens,
depending on a reaction time in months, b the infestation size
at four levels, ¢ four different levels of biological knowledge and
preparedness to react and d whether the eradication took place

isolated and delimitation is therefore more straight-
forward. Small-sized populations may not yet have
become fully established, may not have spread and
may be more prone to Allee effects than larger
populations (Liebhold and Bascompte 2003). For
example, a recent study found evidence that a critical
patch size exists across the invasion front of the
European gypsy moth (Lymantria dispar) in the
United States, below which pest populations cannot
persist due to Allee effects (Vercken et al. 2011). Such
a mechanism could be useful for invasive species
management (Tobin et al. 2011), because it implies
that not every single individual of a target population
needs to be removed, the population only needs to be
reduced below a critical patch size when extinction is
inevitable. However, it is yet unclear if the concept of
the critical patch size is applicable to many species. A
recent study on Allee effects during establishment of
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on an island or the mainland. Pseudo-replication is corrected for
by calculating the average success rate for each species.
Depicted are the means of these species-averages for the four
potential success factors

natural populations suggests that strong Allee effects,
a prerequisite of critical patch size, are rare in many
animal taxa (Duncan, Blackburn, Rossinelli & Bacher,
unpublished data). In addition, targeting large infes-
tations is more resource-demanding, hence eradicating
a pest at the regional or even the national level might
only be possible with a huge investment of resources
(Brockerhoff et al. 2010; Rejmanek and Pitcairn
2002). The importance of the size of the infestation
for eradication success suggests that eradication
measures should concentrate on the early phase of
the invasion when infestations are still relatively
small. This also highlights the importance of delim-
iting the infestation quickly after its discovery, in
order to have a solid basis for decision-making and
investing the appropriate efforts in surveillance and
control measures (Panetta and Roger 2005; Panetta
2007). As pointed out by Panetta and Lawes (2007), a
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fundamental criterion for evaluating eradication suc-
cess is an accurate delimitation of an invasion (defined
as the determination of its full spatial extent), because
unless the invasion has been delimited, undetected
infestations will continue to expand and give rise to
additional foci of infestation. Nevertheless, eradica-
tion success at the national level is not impossible: In
our study, 32% of national campaigns were successful.

Eradications on islands were not more successful
than those on the mainland. Hence for plant pests and
weeds at least, eradication chances seem equal on
mainland and on island sites and the actual infestation
size is of higher importance than insularity.

As for reaction time and the level of preparedness, it
might not be the time or the contingency plan itself
that matter, but rather the degree of implementation of
the plan. For instance, in the campaigns in our dataset,
authorities usually reacted quickly (74% within the
first year), but such campaigns were not more likely to
succeed than those with slow reaction times. The lack
of any relationship between the level of biological
knowledge and the outcome of the campaign might
mean that having a contingency plan is not in itself
enough for successful eradication or does not fully
reflect the level of knowledge available. Hence, using
the existence of a PRA or a contingency/eradication
plan as an indicator for available knowledge might be
too coarse a variable, because aspects of the ecology of
species and management actions are mixed. We
conclude that having a contingency or eradication
plan is no guarantee for success, nor should lack of
knowledge about the species be an excuse for inaction.
In a next step, we suggest to evaluate the degree of
implementation of a contingency or eradication plan:
Having the authority to enforce cooperation and
dedicated project leaders, thus insuring that an erad-
ication plan is implemented, are also key for success
(Simberloff 2009). However, indices to measure the
degree of implementation are still missing and could
be developed in collaboration with economists.

An average success rate of 49% to eradicate plant
pests and weeds may appear high, but it supports
Simberloff’s argument that eradication success may
often go unnoticed while failures are well publicized
(Simberloff 2009). One could argue that the high
success rate might be due to the dominance in the
dataset (62%) of mainly agricultural pests that were
repeatedly successfully eradicated, such as the Colo-
rado potato beetle (Leptinotarsa decemlineata)
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(Bartlett 1979), several fruit flies species or the
bacterial and virus diseases in our dataset (Table 1).
Many of these infestations occurred in artificial or
protected environments, and as such may have been
easier to eradicate than invasive species occupying
natural habitats. However, compared to other eradi-
cation databases the success rates reported here do not
seem high. The Global Island Invasive Vertebrate
Eradication Database (www.islandconservation.org;
accessed Oct. 2011) lists 952 attempts of vertebrate
eradications of which 784 were classified as successes
and only 88 as failures (89.9% successes). Howald
etal. (2007) report similarly high success rates varying
between 95% (Norway rats, Rattus norvegicus) and
81% (house mice, Mus musculus) for rodent eradica-
tion attempts on islands. However, for weed eradica-
tions on the Galapagos islands success rates of only
13% have been reported (Gardener et al. 2010). The
present study is the first to quantitatively analyze
eradication campaigns against plant pests and weeds;
similar analyses on taxonomic groups not included
here are currently lacking, but they would be neces-
sary to judge if patterns found here are general. For
example, it might be worthwhile to test economic and
ecological pests separately. Such a restriction of the
target system will reduce potential sources of variation
due to differing habitat properties or heterogeneous
stakeholder interests and allow gaining deeper insights
into the role of factors determining eradication
success.

The lack of support for an effect of reaction time,
the level of knowledge/preparedness and insularity in
our study does not necessarily mean that these factors
are never relevant for eradication success. It could be
argued that their non-significance is caused by the
limited size of the dataset or by a large variation within
the data. However, two expected sources of variation
(differences due to taxonomy and biogeographic
regions) had no significant effect on eradication
success.

While no differences were found in eradication
success between the main biogeographic regions
Europe, America and Australasia, it can still be
expected that a country’s invasive species policy and
the amount of resources it invests in this issue affect
eradication success. We did not attempt to capture
such socioeconomic aspects of eradications in this
study, although we are aware of their potentially
critical importance for an efficient invasive species
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management (Keller et al. 2009). Optimal resource
allocation in prevention (surveillance) and control
have been modeled by several authors and for
different organisms and ecosystems such as the
Zebra mussel (Dreissena polymorpha) (Leung et al.
2002) or orange hawkweed (Hieracium aurantia-
cum) (Hauser and McCarthy 2009). A recent review
found that a management objective explicitly con-
sidering both costs and damages is most appropriate
for determining economically optimal strategies, but
faces challenges due to uncertainty (Epanchin-Niell
and Hastings 2010). Instead of capturing a country’s
invasive species policy or optimal resource alloca-
tion, we attempted to collate information about
actual eradication costs (monetary costs and man-
power involved). However, this kind of information
was available in only 35% (monetary costs) and
15% (manpower) of the cases, and had thus to be
discarded from the quantitative analysis. This is a
serious shortcoming in our knowledge of eradication
projects. In the absence of more precise figures, an
economic indicator like Gross Domestic Product of
the country in which a campaign was carried out as
a proxy for funding efforts could be used instead.
Nonetheless, we encourage pest managers to thor-
oughly collect and communicate eradication costs
for future research and thus also provide a basis for
future cost-benefit analyses.
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