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Abstract
Social insects are successful and globally significant invaders. Compared to ongoing suppression, eradication is seen as an 
ideal solution and cost effective in the long term. The success of eradication attempts is not guaranteed and identifying key 
factors that could influence the success of such management programs would be beneficial. In this study, 239 eradication 
attempts were compiled and analysed to identify why eradication attempts fail, with a focus on how eusociality of the target 
species impacts eradication success. All else remaining constant, the odds of successful eradication were 79% lower when 
targeting social species compared to non-social insects. Eradication success was shown to increase when comparing more 
recent attempts to earlier ones but was found to decrease as the duration of the attempt went on. Eradication attempts that 
occurred on islands, and those that targeted species with a broader host range, were also associated with increased success. 
A review of cited reasons for eradication failure highlighted the importance of employing effective control treatments, man-
agement, and monitoring systems, as well as garnering adequate social and political support. This study indicates how social 
insects are particularly challenging to eradicate; it also notes the importance of considering both logistical and biological 
aspects of any eradication, before initiating eradication attempts.
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Introduction

Biological invasions are one of the most significant threats 
to global biodiversity (Bellard et al. 2016). The reshuffle of 
species worldwide has led to many organisms establishing 
across new ranges, often to the detriment of resident spe-
cies. In response, conservation managers have attempted to 
reduce populations of these invasive species in their non-
native ranges by reducing or controlling their populations, 
typically with the ideal outcome to eradicate entire popula-
tions of invasive species.

The causes of success or failure of eradication programs 
have been discussed and debated over the decades. Dahl-
sten (1986) suggested that eradication of pest species, while 
attractive, can be costly and can cause more economic and 

environmental damage than the pest might have otherwise 
caused. They went on to highlight the need for more careful 
evaluation over whether the cost of the actions taken out-
weighs the cost of the harm exerted by the target species, 
something echoed in later discussion surrounding eradica-
tion attempts (Bomford and O’Brien 1995; Phillips et al. 
2019). The success of eradication attempts has increased 
with time as we make technological advancements (Brock-
erhoff et al. 2010; Tobin et al. 2014; Spatz et al. 2022); 
however, there are still many factors that contribute to an 
eradication outcome and success is never guaranteed. Prior 
studies have examined a range of factors than might contrib-
ute to the success of eradication efforts. Key factors such as 
spatial extent, relative detectability of the target species and 
rate of response have been observed to significantly influ-
ence eradication programme outcomes (Pluess et al. 2012a, 
2012b; Tobin et al. 2014).

Social insects are an especially well-represented group 
in biological invasions, despite only 2% of insects being 
considered eusocial (Wilson and Hölldobler 2005). Euso-
ciality appears to confer many behavioural, reproductive 
and genetic traits that give an advantage for invasion and 
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establishment in new ranges (Manfredini et al. 2019; Eyer 
and Vargo 2021). A generalist diet, high reproductive out-
put, and behavioural plasticity have allowed social insects to 
successfully invade new habitats all over the world (Beggs 
et al. 2011; Manfredini et al. 2019) and they are frequently 
cited as some of the world’s worst invasive species (Lowe 
et al. 2000; Chapman and Bourke 2001). The ability or 
even preference of some social insects to inhabit human 
altered environments may also lead to their invasion suc-
cess (Lester and Beggs 2019; McGruddy et al. 2021). Weak 
nest mate discrimination has been hypothesised to lead to 
the promotion of polygynous reproductive strategies, while 
supercolonies in newly invaded ranges allow social insects to 
experience high reproductive success which aids their estab-
lishment (Eyer and Vargo 2021). We hypothesised that these 
same advantages that have enabled the widespread success 
of social insects may also make them distinct from other 
species, regarding the ability of conservation mangers to 
successfully eradicate them.

Social insects including ants, bees, wasps, and termites 
have frequently been the target of eradication and control 
campaigns worldwide (Wenner et al. 2009; Hoffmann et al. 
2016; Leza et al. 2021; Horwood and Lo 2022). Previous 
analyses of eradication programs have not incorporated 
eusociality as a predictive factor to explain eradication out-
comes (Pluess et al. 2012a; Tobin et al. 2014). To investigate 
the effects of sociality on eradication success a compilation 
of 239 eradication attempts, which included 50 aimed at 
social insects, was analysed. We first asked if the success 
of eradication programmes targeting social insects differed 
from those aimed at non-social species. Then, we considered 
what other factors may lead to reduced eradication success 
and whether eusociality had any further influence on these 
factors. Logistic regression was used to identify different 
predictors of eradication success. In addition, common 
causes of eradication failure were assessed for each failed 
eradication, to highlight where eradication programs should 
aim to improve for future success.

Materials and methods

The Global Eradication and Response DAtabase (GERDA) 
contains a compilation of summaries of various eradica-
tion programmes (Kean et al. 2022). Each entry represents 
a single eradication project and contains a range of infor-
mation about the eradication attempt and the target species 
(Table 1). In this analysis the GERDA database was used 
to find a selection of eradication projects that could help 
to identify reasons why eradication projects fail. When 
applying filters, we selected entries that looked at Arthro-
pods and where the outcome was specified as “eradication 
confirmed” or “eradication failed”. Only records after 1950 

were considered in this analysis, since prior to that date the 
eradication actions were still relatively crude, or they were 
poorly reported. Supporting literature was used to back up 
the information provided in the GERDA database. Both peer 
reviewed and “grey” literature such as government reports 
were considered. To supplement this list, 20 additional erad-
ication attempts that occurred, since the development of the 
GERDA database was found using web searches (Online 
Resource 1). In some cases, we were unable to find data for 
some fields, so some entries remain incomplete. It must be 
acknowledged that publication biases are likely present to 
some degree. These may include biases around reporting 
eradication failure, target species of high economic impor-
tance or of geographically widespread eradication attempts. 
It is assumed that the data used in these analyses are as rep-
resentative as possible; however, these biases must be con-
sidered and acknowledged.

Logistic regression was used to investigate how differ-
ent variables influenced eradication success. A wide range 
of predictor variables was initially compiled (Table 1). A 
logistic regression model with eradication success or fail-
ure as the response was fitted with these predictors, using 
the ‘glm’ function of the ‘stats’ package in R version 4.2.0 
(R Core Team 2022). It should be noted that this function 
ignores cases that contain missing data for any variable 
used in the model. When building the model, the number of 
cases excluded was considered and minimised where possi-
ble. Explanatory variables Cost and Area were removed due 
to the high amount of missing data (≥ 117 cases missing). 
The variable End year was considered redundant due to the 
inclusion of Start year and Duration. Variables that showed 
no statistically significant relationship with the success of 
eradication attempts were removed from the logistic regres-
sion. Interaction terms were also included in the model ini-
tially, namely, interactions between Sociality and variables, 
such as Start year, Duration and Insularity. These variables 
were a priori chosen for investigation but were ultimately 
removed from the model due to statistically insignificant 
effects. From the final model, effect coefficients (βi) for each 
variable are reported with associated standard errors. Rela-
tionships between the response and explanatory variables 
were assessed using type II analysis of Deviance tables pro-
duced using the ‘Anova’ function from the ‘car’ package 
(Fox and Weisberg 2019). The likelihood-ratio chi square 
statistic (G2), degrees of freedom (df) and associated p val-
ues (p) are reported. Statistical significance was assumed 
at p < 0.05. All plots were produced in R studio using the 
package ‘ggplot2’ (Wickham 2016).

Alongside the statistical analysis, to further investigate 
common reasons for eradication failure, a qualitative review 
of the failed eradications within the compiled data set was 
performed. Failed eradication attempts retrieved from the 
GERDA database often listed reasons for failure and these 
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were recorded. In other entries, the source information was 
searched and any cited reasons for eradication failure were 
categorised and recorded. The results were compiled and tal-
lied among both social and non-social target species. Com-
mon themes were compiled and discussed in the context of 
results discovered from the quantitative analysis carried out 
in this paper.

Results

Compilation and model building

We compiled 239 eradication programs for statistical analy-
sis. Two hundred and nineteen of these eradication attempts 
came from the GERDA database with a further 20 added 
from web searches.

Variable selection was largely a priori with the main focus 
of this study being how sociality impacts eradication suc-
cess. Feeding guild did not have a significant association 
with eradication success (p = 0.526). The variable Voltinism 

was removed for the same reason (p = 0.092). Interaction 
terms were initially included to investigate relationships 
between Sociality and Starting year, Duration, and Insular-
ity. These were all statistically insignificant (p ≥ 0.113) and 
so were removed from the model and the data re-analysed. 
Start date and Duration were weakly correlated (r = − 0.131, 
p < 0.05). Ultimately, the explanatory variables selected for 
the logistic regression model were Sociality, Starting year, 
Duration, Insularity and Host range.

Of the 239 eradication attempts compiled, 12 were 
excluded from the statistical model due to missing data 
leaving 227 eradication attempts for quantitative analysis. 
Of these eradication attempts, 169 were successful, while 
58 failed. Eighty-one target species across eight arthropod 
Orders are represented within this selection of eradication 
attempts. Social species were the target of 50 eradication 
attempts, with ants (Formicidae) making up the majority 
of these with 33 eradication attempts. Wasps and hornets 
(Vespidae), Bees (Apidae) and termites (Kalotermitidae and 
Rhinotermitidae) were also represented. Fruit flies belonging 
to the family Tephritidae were the most represented group 

Table 1  List of potential predictor variables collected for each eradication attempt

Data for some predictors were missing, resulting in a data set with cases of incomplete records

Variable name Explanation of variable

Success/failure 0 = failure of eradication attempt, 1 = success of eradication attempt
Order Taxonomic classification
Family Taxonomic classification
Genus Taxonomic classification
Species Taxonomic classification
Sociality 0 = non-social, 1 = eusocial
Host range 1 = monophagous (host is specific to one genus), 2 = oligophagous (hosts span multiple genera within one family), 3 = poly-

phagous (hosts span more than one family)
Feeding guild 1 = leaf/flower feeder, 2 = predator/parasite, 3 = root/stem/wood feeder, 4 = scavenger/generalist. Species that could be placed 

in multiple categories were include within the scavenger/generalist guild
Voltinism The number of generations per year that a target species produces. 1 = univoltine (one or fewer generations per year), 

2 = multivoltine (2 or more generations per year)
Continent The continent on which the eradication took place; Africa, Asia, Europe, North America, Oceania, South America
Country Country where eradication attempt took place
Location More specific geographical information such as City or State. This variable was included to provide additional context to 

some entries (e.g., an eradication attempt in the Mariana Islands would be listed as taking place in Oceania, despite falling 
politically within the country of the USA, a nation more associated with the continent of North America)

Area Stated extent of spread or treatment in hectares (ha)
Start year Year in which eradication efforts began
End year Year in which eradication efforts halted
Duration Number of years that eradication efforts were sustained. Calculated as the difference between the ‘Start year’ and ‘End year’. 

In cases where the eradication attempt was completed within the same year as initiation, the duration was rounded to 1 to 
remove instances of durations lasting 0 years

Method of control Each cited treatment or type of control action. The treatments or control actions were comprised of 12 categories based on 
what was reported in the GERDA database (Kean et al. 2022) (Online Resource 1)

Cost Cost of total eradication attempt (USD 2015)
Insularity This variable relates to whether the eradication attempt occurred on an island or mainland/continental setting and was 

informed by the Global Island Database (Sayre et al. 2019): 0 = continental mainland, 1 = Island
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(58 eradication attempts) with the Mediterranean fruit fly 
(Ceratitis capitata) being the target of 29 of these eradica-
tion attempts, nearly twice the next most represented spe-
cies (New-World screw-worm fly, Cochliomyia hominivorax, 
which was the target of 15 eradication attempts). To ensure 
that C. capitata was not influencing the results, analysis was 
repeated removing all eradication attempts targeting the spe-
cies. This exclusion made no significant impact to the results 
so eradication attempts targeting C. capitata were kept in 
the analysis.

Logistic regression

Sociality appeared to negatively influence eradication suc-
cess. Just under 24% of eradications targeting non-social 
species resulted in failure, compared to 33% of eradica-
tions targeting social species (Fig. 1). Logistic regression 
supported this relationship, showing sociality of the target 
species was negatively associated with eradication success 
(βsocial = − 1.541 ± 0.475, G2 = 10.530, df = 1, p < 0.01). The 
model output suggests that all else remaining constant, an 
eradication targeting a social species has 79% lower odds of 
success than an eradication attempt targeting a non-social 
species.

The starting year of the eradication programme was 
positively associated with eradication success, indicating 

that the likelihood of eradication success increases with 
more recent eradication attempts (βstart = 0.046 ± 0.011, 
G2 = 18.313, df = 1, p < 0.001) (Fig. 2A, B). The duration 
of the eradication attempt was negatively associated with 
eradication success (βduration = − 0.117 ± 0.040, G2 = 9.363, 
df = 1, p < 0.01). To ensure this result was not too heavily 
influenced by a small number of outliers, the analysis was 
repeated with a subset of the data that included only those 
eradication attempts that lasted 5 years or less. We found 
that eradication duration still had a significant negative asso-
ciation with eradication success (βduration = − 0.451 ± 0.150, 
G2 = 9.262, df = 1, p < 0.01) and so we chose to keep all data 
in the analysis. Our analysis indicated unsuccessful eradica-
tion attempts were typically sustained for over twice as long 
as successful attempts (Fig. 2C, D). The median duration of 
unsuccessful attempts was 5 and 3 years for non-social and 
social species, respectively (4 years over all), compared to 
successful attempts with a median duration of 2 and 1 years 
for non-social and social species, respectively (2 years over 
all).

Insularity was found to have a significant influence on 
eradication success, as success rates of eradication attempts 
that took place on islands were significantly higher than 
on continents (βisland = 1.088 ± 0.432, G2 = 7.026, df = 1, 
p < 0.01) (Fig.  3A). Our model estimates that, all else 
remaining constant, the odds of an eradication attempt suc-
ceeding are nearly 3 times higher when conducted on an 
island than on a continent. An example of this phenomenon 
is in the eradication attempts of fire ants (Solenopsis spp.). 
Four out of 7 eradications occurring on continents were 
unsuccessful. In comparison, eradication attempts of Sole-
nopsis spp. on islands were much more successful with only 
1 of 5 eradication attempts ending in failure.

Logistic regression suggested that eradication suc-
cess was higher for those eradication attempts targeting 
species with broader host ranges (βoligo = 0.742 ± 1.117, 
βpoly = 2.932 ± 1.039) (Fig. 3B). This association between 
host range breadth and eradication success was statistically 
significant (G2 = 17.832, df = 2, p < 0.001). This association 
suggests target species with a more generalist feeding habit 
may be more susceptible to control methods such as toxic 
baits than a more specialist species.

Qualitative analysis of causes for eradication failure

Across the 239 compiled eradication attempts there were 66 
failed attempts with cited reasons for failure. The reasons 
for failure were varied but the most common cause cited 
was that of ineffective treatment (Table 2). Thirty-seven of 
the 66 failed eradications (56%) were said to fail at least in 
part because the treatment failed to achieve adequate control 
of the target species. A decline in political or social will 
was also a highly cited reason for eradication failure, with 

Fig. 1  Eradication success by sociality of the target pest arthropod 
species. Based on the results of our analysis, target species sociality 
was found to be negatively correlated with eradication success. Only 
23.8% of eradication attempts targeting non-social species ended in 
failure compared to 32.6% of eradications targeting social species. 
This difference was statistically significant (p < 0.01)
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a third of all failed eradication attempts citing this reason 
as a contributing factor. Flawed management of eradication 
attempts encompassed issues such as the inability to moni-
tor target species populations, falsely announcing eradica-
tion, or an inability to apply control treatment uniformly or 
effectively. Flawed management was cited as a contributing 
cause of failure in just over 31% of all failed eradications, 
though was more prevalent in eradication attempts targeting 
non-social species. Conversely, an inability to access or treat 
pest populations was cited in just over 13% of all failures, 
disproportionately more in attempts targeting social species. 
Reinfestation, rapid spread of target species, and an inabil-
ity to detect or delimit target species populations were also 
heavily cited. Interestingly, eradications that cited budget 

depletion as a reason for failure were relatively rare in this 
data set, as were those that cited failures due to extreme 
climatic or disturbance events (Table 2).

Discussion

Based on a logistic regression analysis of 227 eradication 
attempts, we found that the sociality of insects had a sig-
nificant impact on eradication success. Social insects have 
adaptations that allow them to better deal with changes in 
their environment (Menzel and Feldmeyer 2021). It has been 
suggested that eusociality confers a higher basic reproduc-
tive output and reduced risk of extinction when compared to 

Fig. 2  a Number of successful and failed eradication attempts target-
ing non-social species since 1950. b Number of successful and failed 
eradication attempts targeting social species since 1950. Our analy-
sis shows that eradication start year was positively associated with 
eradication success, suggesting more recent eradications were more 
likely to be successful. c Duration of successful and failed eradication 
attempts targeting non-social species. d Duration of successful and 

failed eradication attempts targeting social species. The dots in both 
violin plots represent the median duration of the eradication attempts, 
with medians for failed eradications of 5 and 3 years for non-social 
and social species, respectively. Successful eradications typically 
lasted under half this time, with 2- and 1-year medians for non-social 
and social species, respectively
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solitary nesting strategies (Field and Toyoizumi 2020). This 
hypothesis would imply that eusocial species could experi-
ence higher rates of individual colony member mortality, 
while a colony as a whole might experience a reduced risk 
of failure. The structure of social insect colonies can allow 
for high worker mortality, without necessarily reducing the 
reproductive output of the colony (Lemanski et al. 2020). 
This resilience to individual mortality can confer advantages 

to these invasive social species in the face of control actions 
against them. For example, Toft and Harris (2004) con-
ducted a study simulating mass trapping of invasive Asian 
paper wasps (Polistes chinensis). They were able to show 
that despite paper wasp nests experiencing mortality rates of 
up to 75% they exhibited almost no changes in nest growth 
rate or survival when compared to control nests. This out-
come highlights how control methods for social species must 

Fig. 3  a Eradication success based on insularity. Insularity was sig-
nificantly associated with eradication success, suggesting eradications 
that take place on islands are more likely to succeed (p < 0.01). b 
Eradication success by target species host range, with monophagous, 

oligophagous and polyphagous species represented. Logistic regres-
sion confirmed host range significantly influenced eradication success 
(p < 0.001)

Table 2  List of cited reasons for 
failure with associated number 
and percentage of eradication 
attempts 

Across the total 239 compiled eradication attempts, 66 failed and noted one or more reasons for failure. Of 
these failed attempts, 48 targeted non-social species, while 18 targeted social species. Percentages do not 
add to 100 as eradication attempts could cite multiple reasons for failure. Percentages were calculated as 
how many attempts cited the reason out of the total number of failed attempts for non-social and social spe-
cies, respectively. These values are rounded to 1 decimal place

Reasons for eradication failure Eradication attempts of 
non-social insects

Eradication 
attempts of social 
insects

Treatments failed to achieve adequate control 26 (54.2%) 11 (61.1%)
Decline in political or social will 15 (31.3%) 7 (38.9%)
Program management systems were flawed 18 (37.5%) 3 (16.7%)
Unable to access or treat all infestations 4 (8.3%) 5 (27.8%)
Re-infestation from elsewhere 13 (27.1%) 4 (22.2%)
Disruption by climate or disturbance event(s) 2 (4.2%) 0 (0%)
Unable to detect or delimit infestations adequately 11 (22.9%) 6 (33.3%)
Local infestations spread more rapidly than anticipated 6 (12.5%) 4 (22.2%)
Allocated budget ran out 3 (6.3%) 1 (5.6%)
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target not just workers but, more importantly, the reproduc-
tive castes and be effective at the colony level.

Our analysis also shows eradication attempts appear to 
be getting more successful over time. This trend is likely a 
reflection of pest management getting more sophisticated 
as control techniques and monitoring technologies get more 
advanced. Advances in toxicant development and application 
have been shown to improve mammal eradication success on 
islands (Towns and Broome 2003).

Successful eradication attempts were on average shorter 
in duration than unsuccessful attempts. This association 
may be the logical result of ending an eradication attempt 
once the target species has been successfully removed, while 
unsuccessful eradications are continued until support for the 
program is lost or resources are exhausted. Insularity exhib-
ited a positive association with eradication success. Islands 
are generally smaller in scale and more isolated from prop-
agules than mainland or continental settings. Smaller project 
scale and reduced risk of reinvasion have been linked to 
eradication success (Phillips et al. 2019) and may explain 
this association.

Finally, host range was shown to have a significant posi-
tive association with eradication success. A species with 
a more generalist feeding habit may be more susceptible 
to control methods such as toxic baits than a specialist. It 
should be noted that the vast majority of invasive species 
included in this study are polyphagous. A broad host range 
is a common trait in invasive species, however, as generalist 
feeding behaviours have been noted as a trait that promotes 
invasive success (Crowder and Snyder 2010).

Reasons for eradication failure identified in this study 
were varied. The most cited reason for failure was due to 
ineffective control method treatment. For an eradication 
attempt to be successful, the control method must effectively 
reduce the population of the target species populations, 
regardless of density (Bomford and O’Brien 1995; Phil-
lips et al. 2019). The incorporation of multiple methods of 
population control has been suggested to ensure that target 
species are vulnerable to control at all stages of development 
(Phillips et al. 2019). In some cases, sufficiently effective 
treatments have not been developed yet and it is only with 
technological advancement that eradication could become 
possible in the future. In the case of spongy moth (Lymantria 
spp.) eradications in the USA, most attempts to control or 
eradicate the species prior to the 1980s used blanket spray-
ing of pesticides, such as carbaryl and DDT, largely unsuc-
cessfully (Dreistadt and Weber 1989). The development of 
more advanced treatments such as Bacillus thuringiensis 
kurstaki (Btk) and delivery techniques during the following 
decades have increased eradication success (Dreistadt and 
Weber 1989; Hajek and Tobin 2009). The development of 
more specific and sophisticated treatments may explain the 
association of increasing probability of eradication success 

over time; a trend also identified by Tobin et al. (2014). 
In the case of social species, invasive wasps (Vespidae) 
have historically been controlled by destroying nests that 
are found. While a single nest can easily be destroyed this 
method of control is largely ineffective when attempting 
eradication (Crosland 1991; Davies et al. 2020). Improve-
ment has come with the advent of poison baits which provide 
control at a larger scale (Edwards et al. 2017); however, large 
scale eradication may have to wait for future technological 
advancements (Davies et al. 2020).

A decline in public or political support for eradication 
was a common reason for failed eradication attempts. Dura-
tion of eradication attempts likely factor into this issue, 
especially when incorporating control methods perceived 
as harsh or restrictive. The prolonged use of chemical pes-
ticides has long been challenged due to concerns for human 
or environmental health and risk of pesticide resistance. 
The extended use of pesticides has led to the development 
of resistance in invasive mosquitos (Aedes aegypti in the 
USA (Slosek 1986); Aedes albopictus in Italy (Kasai et al. 
2019)) and likely contributed to failed eradication attempts 
in those respective regions. As non-target effects of some 
of these control methods became better understood, both 
political and social support for the use of these pesticides 
have declined. During the attempted eradication of fire ants 
(Solenopsis spp.) in the Southern USA, political and social 
pressures forced changes in the pesticides used. Chemicals 
used in these attempts were causing high rates of non-target 
species by-kill with limited success in reducing the ant popu-
lation (Davidson and Stone 1989). Similarly, social pres-
sure halted the large scale aerial spraying in the attempted 
eradication of the cereal leaf beetle (Oulema melanpous) 
when chemical residues damaged the paint on private vehi-
cles (Haynes and Gage 1981). Without social and political 
backing, eradication and wider invasive species management 
are much less likely to succeed (Crowley et al. 2017; Phillips 
et al. 2019), so taking social considerations into account and 
a high level of public engagement will be key to continued 
success.

For an eradication program to be successful, the engage-
ment and subsequent management of the program must be 
well-reasoned and organised to ensure successful outcomes. 
The decision to attempt eradication must be well-considered 
and once the effort is initiated, progress must be monitored 
effectively. Some eradication attempts are much more likely 
to fail due to issues of reinvasion, inability to detect target 
species and monitor progress, and failures in the broader 
organisation of such actions. The success of eradication 
attempts, especially in a continental setting, may benefit 
from increased international cooperation. The eradication 
of the cattle screw worm (Cochliomyia hominivorax) in 
Texas, USA from 1962 to 1972, failed due to populations 
reinvading from Mexico (Graham and Hourrigan 1977). 
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Similarly, the eradication attempt of the Carambola fruit fly 
(Bactrocera carambola) from Brazil, Suriname and Guyana 
failed after French Guiana ceased their efforts, creating a 
source of reinvasion (van Sauers-Muller 2008; Godoy et al. 
2019). Leza et al. (2021) describe a successful eradication 
program targeting the yellow-legged hornet (Vespa velutina 
nigrithrorax) on the island of Majorca, Spain but notes that 
there was no coordination between the other countries in 
Europe, where this species has invaded. These examples 
highlight the importance of considering international actions 
when developing eradication plans, especially in a continen-
tal context. This issue is perhaps less important in island 
eradications and may explain the positive relationship we 
found between eradication success and insularity. Insularity 
often confers a reduced chance of reinvasion due to isola-
tion (Carter et al. 2020; Schmack et al. 2020) and islands are 
generally smaller geographically. Smaller scale eradication 
efforts have been highlighted as criteria for eradication suc-
cess (Phillips et al. 2019).

From this study we may conclude that when attempting 
an eradication, it should be based on solid research, progress 
be well-monitored and managed and, critically, it must be 
well-resourced and supported. Effective methods of reduc-
ing the target species population must either be employed or 
developed. Aspects of the target species behaviour and biol-
ogy must be taken into consideration. Eusociality appears 
to confer certain advantages that make it harder for conser-
vation managers to eradicate these invasive species. When 
conducting eradication attempts the geographical context of 
the invasion must be considered. Insular eradication attempts 
are likely subject to less reinvasion events than when con-
ducting an eradication attempt on a continental setting. As 
time goes on and advances in control technologies improve, 
the chances of eradication success will likely improve. This 
analysis highlights the importance of political and social 
support for eradication attempts and how this influences the 
success of these conservation measures. To substantially 
increase the success of future eradication attempts both 
technical and societal aspects of those attempts must be 
considered jointly.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00040- 023- 00921-8.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions.

Data availability The authors confirm that the data supporting the find-
ings of this study are available within the supplementary materials. 
These data were derived from the Global Eradication and Response 
Database, resources available in the public domain: https:// b3. net. nz/ 
gerda/.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Beggs JR, Brockerhoff EG, Corley JC, Kenis M, Masciocchi M, Muller 
F, Rome Q, Villemant C (2011) Ecological effects and manage-
ment of invasive alien Vespidae. Biocontrol 56:505–526. https:// 
doi. org/ 10. 1007/ s10526- 011- 9389-z

Bellard C, Genovesi P, Jeschke J (2016) Global patterns in threats to 
vertebrates by biological invasions. Proc R Soc B 283:20152454. 
https:// doi. org/ 10. 1098/ rspb. 2015. 2454

Bomford M, O’Brien P (1995) Eradication or control for vertebrate 
pests? Wildl Soc Bull 23:249–255

Brockerhoff EG, Liebhold AM, Richardson B, Suckling DM (2010) 
Eradication of invasive forest insects: concepts, methods, costs 
and benefits. NZ J Forest Sci 40:S117–S135

Carter ZT, Perry GLW, Russell JC (2020) Determining the underlying 
structure of insular isolation measures. J Biogeogr 47:955–967. 
https:// doi. org/ 10. 1111/ jbi. 13778

Chapman RE, Bourke AF (2001) The influence of sociality on the con-
servation biology of social insects. Ecol Lett 4:650–662. https:// 
doi. org/ 10. 1046/j. 1461- 0248. 2001. 00253.x

Crosland M (1991) The spread of the social wasp, Vespula germanica, 
in Australia. NZ J Zool 18:375–387. https:// doi. org/ 10. 1080/ 
03014 223. 1991. 10422 843

Crowder DW, Snyder WE (2010) Eating their way to the top? Mecha-
nisms underlying the success of invasive insect generalist preda-
tors. Biol Invasions 12:2857–2876. https:// doi. org/ 10. 1007/ 
s10530- 010- 9733-8

Crowley SL, Hinchliffe S, McDonald RA (2017) Invasive species man-
agement will benefit from social impact assessment. J Appl Ecol 
54:351–357. https:// doi. org/ 10. 1111/ 1365- 2664. 12817

Dahlsten D (1986) Control of invaders. In: Mooney HA, Drake JA (eds) 
Ecology of biological invasions of North America and Hawaii. 
Springer, New York, NY, pp 275–302. https:// doi. org/ 10. 1007/ 
978-1- 4612- 4988-7

Davidson NA, Stone ND (1989) Imported Fire ants. In: Dahlsten DL, 
Garcia R, Lorraine H (eds) Eradication of exotic pests: analy-
sis with case histories. Yale University Press, Newhaven, CT, pp 
196–217. https:// doi. org/ 10. 2307/j. ctt22 50vh8

Davies SJ, Jordaan MS, Karsten M, Terblanche JS, Turner AA, Wil-
gen NJV, Veldtman R, Zengeya TA, Measey J (2020) Experience 
and lessons from alien and invasive animal control projects in 
South Africa. In: van Wilgen BW, Measey J, Richardson DM, 
Wilson JR, Zengeya TA (eds) Biological invasions in South 
Africa. Springer Nature Switzerland AG, Cham, Switzerland, pp 
629–663. https:// doi. org/ 10. 1007/ 978-3- 030- 32394-3_ 22

Dreistadt SH, Weber DC (1989) Gypsy Moth in the Northeast and 
Great Lakes States. In: Dahlsten DL, Garcia R, Lorraine H (eds) 
Eradication of exotic pests. Yale University Press, Newhaven, CT, 
pp 229–256. https:// doi. org/ 10. 2307/j. ctt22 50vh8. 18

Edwards E, Toft R, Joice N, Westbrooke I (2017) The efficacy of 
Vespex® wasp bait to control Vespula species (Hymenoptera: 

https://doi.org/10.1007/s00040-023-00921-8
https://b3.net.nz/gerda/
https://b3.net.nz/gerda/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10526-011-9389-z
https://doi.org/10.1007/s10526-011-9389-z
https://doi.org/10.1098/rspb.2015.2454
https://doi.org/10.1111/jbi.13778
https://doi.org/10.1046/j.1461-0248.2001.00253.x
https://doi.org/10.1046/j.1461-0248.2001.00253.x
https://doi.org/10.1080/03014223.1991.10422843
https://doi.org/10.1080/03014223.1991.10422843
https://doi.org/10.1007/s10530-010-9733-8
https://doi.org/10.1007/s10530-010-9733-8
https://doi.org/10.1111/1365-2664.12817
https://doi.org/10.1007/978-1-4612-4988-7
https://doi.org/10.1007/978-1-4612-4988-7
https://doi.org/10.2307/j.ctt2250vh8
https://doi.org/10.1007/978-3-030-32394-3_22
https://doi.org/10.2307/j.ctt2250vh8.18


293Sociality reduces the probability of eradication success of arthropod pests  

1 3

Vespidae) in New Zealand. Int J Pest Manag 63:266–272. https:// 
doi. org/ 10. 1080/ 09670 874. 2017. 13085 81

Eyer P-A, Vargo EL (2021) Breeding structure and invasiveness in 
social insects. Curr Opin Insect Sci 46:24–30. https:// doi. org/ 10. 
1016/j. cois. 2021. 01. 004

Field J, Toyoizumi H (2020) The evolution of eusociality: no risk-
return tradeoff but the ecology matters. Ecol Lett 23:518–526. 
https:// doi. org/ 10. 1111/ ele. 13452

Fox J, Weisberg S (2019) An R companion to applied regression. Sage, 
Thousand Oaks, CA

Godoy MJS, Pinto WS, Brandão CA, Vasconcelos CV, Pires JM (2019) 
Eradication of an outbreak of Bactrocera carambolae (Carambola 
Fruit Fly) in the Marajo Archipelago, State of Para, Brazil. In: 
Perez-Staples D, Diaz-Fleischer F, Montoya P, Vera M (eds) Area-
wide management of fruit fly pests. CRC Press, Boca Raton, FL, 
pp 315–323. https:// doi. org/ 10. 1201/ 97804 29355 738

Graham OH, Hourrigan JL (1977) Eradication programs for the arthro-
pod parasites of livestock. J Med Entomol 13:629–658. https:// doi. 
org/ 10. 1093/ jmede nt/ 13.6. 629

Hajek AE, Tobin PC (2009) North American eradications of Asian 
and European gypsy moth. In: Hajek AE, Glare TR, O’Callaghan 
M (eds) Use of microbes for control and eradication of invasive 
arthropods. Springer, Dordrecht, Netherlands, pp 71–89. https:// 
doi. org/ 10. 1007/ 978-1- 4020- 8560-4

Haynes D, Gage S (1981) The cereal leaf beetle in North America. 
Annu Rev Entomol 26:259–287. https:// doi. org/ 10. 1146/ annur ev. 
en. 26. 010181. 001355

Hoffmann BD, Luque GM, Bellard C, Holmes ND, Donlan CJ (2016) 
Improving invasive ant eradication as a conservation tool: a 
review. Biol Cons 198:37–49. https:// doi. org/ 10. 1016/j. biocon. 
2016. 03. 036

Horwood M, Lo N (2022) First detection and eradication of a struc-
tural infestation by western drywood termite, Incisitermes minor 
(Hagen)(Isoptera: Kalotermitidae), in Australia. Austral Entomol-
ogy 61:378–383. https:// doi. org/ 10. 1111/ aen. 12615

Kasai S, Caputo B, Tsunoda T, Cuong TC, Maekawa Y, Lam-Phua SG, 
Pichler V, Itokawa K, Murota K, Komagata O (2019) First detec-
tion of a Vssc allele V1016G conferring a high level of insecticide 
resistance in Aedes albopictus collected from Europe (Italy) and 
Asia (Vietnam), 2016: a new emerging threat to controlling arbo-
viral diseases. Eurosurveillance 24:1700847. https:// doi. org/ 10. 
2807/ 1560- 7917. ES. 2019. 24.5. 17008 47

Kean JM, Suckling DM, Sullivan NJ, Tobin PC, Stringer LD, Smith 
GR, Kimber B, Lee DC, Flores Vargas R, Fletcher J, Macbeth F, 
McCullough DG, and Herms DA. 2022. Global eradication and 
response database. https:// b3. net. nz/ gerda/. Accessed 5 Sept 2022

Lemanski NJ, Bansal S, Fefferman NH (2020) The sensitivity of a 
honeybee colony to worker mortality depends on season and 
resource availability. BMC Evol Biol 20:1–9. https:// doi. org/ 10. 
1186/ s12862- 020- 01706-4

Lester PJ, Beggs JR (2019) Invasion success and management strat-
egies for social Vespula wasps. Annu Rev Entomol 64:51–71. 
https:// doi. org/ 10. 1146/ annur ev- ento- 011118- 111812

Leza M, Herrera C, Picó G, Morro T, Colomar V (2021) Six years of 
controlling the invasive species Vespa velutina in a Mediterranean 
island: the promising results of an eradication plan. Pest Manag 
Sci 77:2375–2384. https:// doi. org/ 10. 1002/ ps. 6264

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of the 
world’s worst invasive alien species: a selection from the global 
invasive species database. Invasive Species Specialist Group 
Auckland, Auckland, New Zealand

Manfredini F, Arbetman M, Toth AL (2019) A potential role for phe-
notypic plasticity in invasions and declines of social insects. Front 
Ecol Evol. https:// doi. org/ 10. 3389/ fevo. 2019. 00375

McGruddy R, Howse MWF, Haywood J, Toft RJ, Lester PJ (2021) 
Nesting ecology and colony survival of two invasive Polistes 

wasps (Hymenoptera: Vespidae) in New Zealand. Environ Ento-
mol 50:1466–1473. https:// doi. org/ 10. 1093/ ee/ nvab0 86

Menzel F, Feldmeyer B (2021) How does climate change affect social 
insects? Curr Opin Insect Sci 46:10–15. https:// doi. org/ 10. 1016/j. 
cois. 2021. 01. 005

Phillips C, Brown K, Broome K, Green C, Walker G (2019) Criteria to 
help evaluate and guide attempts to eradicate terrestrial arthropod 
pests. In: Veitch CR, Clout MN, Martin AR, Russell JC, West CJ 
(eds) Island invasives: scaling up to meet the challenge. IUCN, 
Dundee, Scotland, pp 400–404. https:// doi. org/ 10. 2305/ IUCN. 
CH. 2019. SSC- OP. 62. en

Pluess T, Cannon R, Jarošík V, Pergl J, Pyšek P, Bacher S (2012a) 
When are eradication campaigns successful? A test of common 
assumptions. Biol Invasions 14:1365–1378. https:// doi. org/ 10. 
1007/ s10530- 011- 0160-2

Pluess T, Jarošík V, Pyšek P, Cannon R, Pergl J, Breukers A, Bacher S 
(2012b) Which factors affect the success or failure of eradication 
campaigns against alien species? PLoS ONE 7:e48157. https:// 
doi. org/ 10. 1371/ journ al. pone. 00481 57

R Core Team (2022) R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria

Sayre R, Noble S, Hamann S, Smith R, Wright D, Breyer S, Butler K, 
Van Graafeiland K, Frye C, Karagulle D, Hopkins D, Stephens D, 
Kelly K, Basher Z, Burton D, Cress J, Atkins K, Van Sistine DP, 
Friesen B, Allee R, Allen T, Aniello P, Asaad I, Costello MJ, Goo-
din K, Harris P, Kavanaugh M, Lillis H, Manca E, Muller-Karger 
F, Nyberg B, Parsons R, Saarinen J, Steiner J, Reed A (2019) A 
new 30 meter resolution global shoreline vector and associated 
global islands database for the development of standardized eco-
logical coastal units. J Oper Oceanogr 12:S47–S56. https:// doi. 
org/ 10. 1080/ 17558 76X. 2018. 15297 14

Schmack JM, Schleuning M, Ward DF, Beggs JR (2020) Biogeography 
and anthropogenic impact shape the success of invasive wasps 
on New Zealand’s offshore islands. Divers Distrib 26:441–452. 
https:// doi. org/ 10. 1111/ ddi. 13021

Slosek J (1986) Aedes aegypti mosquitoes in the Americas: a review 
of their interactions with the human population. Soc Sci Med 
23:249–257. https:// doi. org/ 10. 1016/ 0277- 9536(86) 90345-X

Spatz DR, Holmes ND, Will DJ, Hein S, Carter ZT, Fewster RM, Keitt 
B, Genovesi P, Samaniego A, Croll DA, Tershy BR, Russell JC 
(2022) The global contribution of invasive vertebrate eradication 
as a key island restoration tool. Sci Rep 12:13391. https:// doi. org/ 
10. 1038/ s41598- 022- 14982-5

Tobin PC, Kean JM, Suckling DM, McCullough DG, Herms DA, 
Stringer LD (2014) Determinants of successful arthropod eradi-
cation programs. Biol Invasions 16:401–414. https:// doi. org/ 10. 
1007/ s10530- 013- 0529-5

Toft RJ, Harris RJ (2004) Can trapping control Asian paper wasp (Polistes 
chinensis antennalis) populations? NZ J Ecol 28:279–282

Towns DR, Broome KG (2003) From small Maria to massive Campbell: 
forty years of rat eradications from New Zealand islands. NZ J Zool 
30:377–398. https:// doi. org/ 10. 1080/ 03014 223. 2003. 95183 48

van Sauers-Muller, A. 2008. Carambola fruit fly situation in Latin 
America and the Caribbean. Caribean Food Crops Society 44th 
Annual Meeting, Miami, FL, pp 135-144 https:// doi. org/ 10. 22004/ 
ag. econ. 256497.

Wenner AM, Thorp RW, and Barthell JF 2009. Biological control and 
eradication of feral honey bee colonies on Santa Cruz Island, 
California: A summary. In: Damiani CC and Garcelon DK (eds) 
Proceedings of the 7th California Islands Symposium. Institute 
for Wildlife Studies, Arcata, CA, p. 327-335

Wickham H (2016) ggplot2: Elegant graphics for data analysis. 
Springer, Verlag New York

Wilson EO, Hölldobler B (2005) Eusociality: origin and consequences. 
Proc Natl Acad Sci USA 102:13367–13371. https:// doi. org/ 10. 
1073/ pnas. 05058 58102

https://doi.org/10.1080/09670874.2017.1308581
https://doi.org/10.1080/09670874.2017.1308581
https://doi.org/10.1016/j.cois.2021.01.004
https://doi.org/10.1016/j.cois.2021.01.004
https://doi.org/10.1111/ele.13452
https://doi.org/10.1201/9780429355738
https://doi.org/10.1093/jmedent/13.6.629
https://doi.org/10.1093/jmedent/13.6.629
https://doi.org/10.1007/978-1-4020-8560-4
https://doi.org/10.1007/978-1-4020-8560-4
https://doi.org/10.1146/annurev.en.26.010181.001355
https://doi.org/10.1146/annurev.en.26.010181.001355
https://doi.org/10.1016/j.biocon.2016.03.036
https://doi.org/10.1016/j.biocon.2016.03.036
https://doi.org/10.1111/aen.12615
https://doi.org/10.2807/1560-7917.ES.2019.24.5.1700847
https://doi.org/10.2807/1560-7917.ES.2019.24.5.1700847
https://b3.net.nz/gerda/
https://doi.org/10.1186/s12862-020-01706-4
https://doi.org/10.1186/s12862-020-01706-4
https://doi.org/10.1146/annurev-ento-011118-111812
https://doi.org/10.1002/ps.6264
https://doi.org/10.3389/fevo.2019.00375
https://doi.org/10.1093/ee/nvab086
https://doi.org/10.1016/j.cois.2021.01.005
https://doi.org/10.1016/j.cois.2021.01.005
https://doi.org/10.2305/IUCN.CH.2019.SSC-OP.62.en
https://doi.org/10.2305/IUCN.CH.2019.SSC-OP.62.en
https://doi.org/10.1007/s10530-011-0160-2
https://doi.org/10.1007/s10530-011-0160-2
https://doi.org/10.1371/journal.pone.0048157
https://doi.org/10.1371/journal.pone.0048157
https://doi.org/10.1080/1755876X.2018.1529714
https://doi.org/10.1080/1755876X.2018.1529714
https://doi.org/10.1111/ddi.13021
https://doi.org/10.1016/0277-9536(86)90345-X
https://doi.org/10.1038/s41598-022-14982-5
https://doi.org/10.1038/s41598-022-14982-5
https://doi.org/10.1007/s10530-013-0529-5
https://doi.org/10.1007/s10530-013-0529-5
https://doi.org/10.1080/03014223.2003.9518348
https://doi.org/10.22004/ag.econ.256497
https://doi.org/10.22004/ag.econ.256497
https://doi.org/10.1073/pnas.0505858102
https://doi.org/10.1073/pnas.0505858102

	Sociality reduces the probability of eradication success of arthropod pests
	Abstract
	Introduction
	Materials and methods
	Results
	Compilation and model building
	Logistic regression
	Qualitative analysis of causes for eradication failure

	Discussion
	Anchor 10
	References


