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Abstract

Global plant trade represents one of the main pathways of introduction for invertebrates, including
insects, throughout the world. Non-native insects include some of the most important pests affecting
cultivated and ornamental plants worldwide. Defining the origins and updating the distribution of non-
native invasive species is pivotal to develop effective strategies to limit their spread. The agave weevil,
Seyphophorus acupunctatus (Coleoptera, Dryophthoridae), is a curculionid beetle native to Central and
North America, although it also occurs in Eurasia, Africa, Oceania and South America as a non-native
species. Despite being widespread, the extent of occurrence and origins of European populations of the
agave weevil have been overlooked. In the present study, the current and potential worldwide distribution
of S. acupunctatus was assessed and an analysis of its genetic diversity in the native and non-native ranges
was performed. By analysing occurrences from local phytosanitary bulletins and citizen-science platforms,
the agave weevil was confirmed to be widely distributed and to occur on all continents, except Antarctica.
Additionally, there is potential for expansion throughout the world, as estimated by species distribution
models. Nucleotide and haplotype diversity of the COXI mitochondrial gene (about 650 bp) was lower
in the non-native (n = 39 samples) than native populations (n = 26 samples). The majority of introduced
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individuals belonged to the same haplotype, suggesting that most introductions in Europe might have
occurred from a small geographical area in Central America. Constant transboundary monitoring and
national laws must be considered to reduce the spread of the agave weevil, given that a bridgehead effect
may occur from non-native populations to new suitable areas.
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Introduction

Non-native invasive species are taxa that have been introduced and/or spread into re-
gions outside their native ranges and have subsequently established and spread, affect-
ing local ecosystem dynamics (CBD 2010). Since the Holocene and the earliest explor-
ers, human migration has been essential to the movement of species from their native
ranges to areas where they were not present (Foster et al. 2002; Banks et al. 2015).
Globalisation has intensified the human-assisted spread of living species in non-na-
tive areas, following international trade and human journeys (Meyerson and Mooney
2007). In addition, the creation of ecological corridors has facilitated the range expan-
sion of many taxa in non-native countries (Mattson et al. 2007; Horsdk et al. 2019).
Crop pests are widely distributed worldwide due to accidental introductions
through the intensive trade of goods, including plants of ornamental and agronomic
interest (Deutsch et al. 2018). Amongst crop pests, many invertebrate species have
been thoroughly studied, particularly in biocontrol and pest management research
(Geier 1966; Parsons et al. 2020). Well-studied crop pest species include Halyomorpha
halys (Stal) and Tuta absoluta (Meyrick) (Biondi et al. 2018; Cianferoni et al. 2018).
However, most non-native insect pests have been poorly investigated and their impact
and distribution are currently still under assessment (e.g. Corythauma ayyari (Drake)
and Stator limbatus (Horn): Mazza et al. (2020); Cocco et al. (2021)). For instance,
palms in Mediterranean countries are threatened by both the well-known red palm
weevil, Rhynchophorus ferrugineus (Olivier) (Soroker and Colazza 2017) and the still
mostly unknown and overlooked palm borer moth, Paysandisia archon (Burmeister)
(Mori et al. 2023). Curculionid coleopterans (e.g. weevils) are an important threat
to many cultivated species including corn, figs, palms and other ornamental plants
(Guzman et al. 2012; Inghilesi et al. 2015; Farina et al. 2020). Amongst those, the aga-
ve weevil, Scyphophorus acupunctatus Gyllenhal (Coleoptera, Dryophthoridae), is one
of the least-studied species. This weevil is native to southern North America, Mexico
and other countries in Central America (Vaurie 1971), although it has been introduced
to several parts of the world including American islands and South America (US Virgin
Islands and Hawaii, Cayman Islands, Puerto Rico, Cuba, Haiti, Jamaica, Dominican
Republic, Curagao, Colombia, Venezuela and Brazil), Africa (Kenya, Tanzania and
South Africa), Asia (Indonesia and Saudi Arabia), Oceania (South Australia and Fiji Is-
lands) and Europe (Portugal including Madeira, Spain including Canary and Balearic
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Islands, France, Italy, Croatia, Greece and Cyprus: Setliff and Anderson (2011); CABI/
EPPO (2014); Vassiliou and Kitsis (2015); Andrade (2022); Pernek and Cvetkovi¢
(2022)). Populations of S. acupunctatus in Central America (Honduras, Belize, Guate-
mala, Costa Rica, El Salvador and Nicaragua) have an uncertain origin, as it is unclear
whether they are native or not. These populations may represent an undocumented
natural range expansion from northern countries, i.e. Mexico, in recent times or they
might have been introduced through plant and horticultural trade (Vassiliou and Kitsis
2015; EPPO 2022a). Occurrences of the agave weevil in Israel, New Zealand, Queens-
land (Australia), Argentina and the United Kingdom that have been reported by some
authors (CABI 2023), have never been confirmed in the scientific literature, nor in
citizen-science platforms or social networks. In general, the distribution of this weevil
is mainly known at the country level, with little known about its actual distribution
within each country (Martin-Taboada et al. 2019).

The agave weevil is a major pest of agave. Agaves (Asparagaceae, Agavoideae/Aga-
vaceae) include several genera and species that have been introduced worldwide for
ornamental purposes (Thiede et al. 2019). Most agave species are susceptible to this
weevil, particularly those belonging to the genus Agave (Vaurie 1971; Bolanos et al.
2014; Palemon-Alberto et al. 2022). Plants are directly damaged by the agave weevil
whose larvae feed on agave heads by boring galleries (Figueroa-Castro et al. 2016).
The consumption of plant parts by the agave weevil larva may cause plant mortality
(Aquino-Bolanos et al. 2013). Adults cause little damage in comparison to larvae.

The taxonomy of the Seyphophorus genus is still unresolved (Chamorro et al.
2016). Although two species are traditionally recognised, S. acupunctatus and S. yuc-
cae Horn, no reliable information on the phylogeography of this genus is available.
Genetic analyses of Scyphophorus spp. have been carried out on a limited sample size
or in limited geographical areas of Central America (Azuara-Dominguez et al. 2013;
Chamorro et al. 2016). Furthermore, no molecular data are available to disentangle the
two Scyphophorus species, given that the only deposited sequence of S. yuccae is actu-
ally belonging to S. acupunctatus, questioning the actual validity of the former species
(Chamorro et al. 2016). Assessing the geographic origin of non-native populations of
S. acupunctatus may help to provide information for plant trade controls and assist
with preventing new invasions. Although S. acupunctatus is also recorded in Africa, SE
Asia and Australia, most non-native populations of this weevil occur in Europe, where
S. acupunctatus has been introduced through the plant trade (e.g. Beaucarnea recurvara
Lem., Agave americana L. and Yucca spp.), most likely from different countries of
Central and North America (e.g. from Nicaragua to Italy: EPPO (2022b)). The agave
weevil was reported for the first time in the Netherlands in 1980 (van Rossem et al.
1981) and, subsequently, in Italy, France, Spain and Greece (Colombo 2000; Flinch
and Alonso-Zarazaga 2007; EPPO 2008; Kontodimas and Kallinikou 2010). There-
fore, we focused mostly on European and Mediterranean countries, as these countries
include most of the non-native range of this weevil species.

The aims of our work were to: (7) update the distribution of the agave weevil in non-
native areas with special regard to Mediterranean countries; (i7) determine the climatic
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suitability throughout the world, with special regard to Europe, where most non-native
populations occur and predict its potential distribution; and (#i7) assess the phylogeo-
graphic pattern of S. acupunctatus and trace the origin of European populations.

Materials and methods
Updating the distribution of the agave weevil

The distribution of the agave weevil in its non-native range was updated by searching for
published and unpublished records in the grey and scientific literature and online data-
bases, including records collected through citizen-science and validated by experts (i.e.
iNaturalist: www.inaturalist.org; GBIF: www.gbif.org DOI: https://doi.org/10.15468/
dl.pd22mh; Forum Natura Mediterraneo: www.naturamediterraneo.com; Forum En-
tomologi Italiani: www.entomologiitaliani.net. All accessed on 15.05.2023). The search
for occurrence records was conducted from October 2022 to May 2023. Further search-
es were performed on free posts with photos on Social Networks (e.g. Facebook) and on
video-sharing websites (e.g. YouTube). The literature search was carried out by assessing
studies in online databases (i.e. ISI Web of Science, Scopus, Zoological Records and
Google Scholar). Search terms included all possible combinations of the words: ‘agave
weevil', ‘Seyphophorus acupunctatus , ‘distribution’ and ‘non-native species’. The same
words were searched in English, French, Spanish, Portuguese and Italian. Maps repre-
senting the agave weevil distribution using geographical coordinates were downloaded
from the ESRI (https://server.arcgisonline.com) and Eurostat (Countries — GISCO —
Eurostat, europa.cu) websites. The distribution of the weevil was mapped using QGIS
software version 3.28 Firenze (QGIS Development Team 2019).

The suitability of current and future climates for the agave weevil: preliminary
analyses

The potential worldwide distribution of S. acupunctratus was modelled to identify areas
throughout the Globe that are climatically suitable for this weevil. To the best of our
knowledge, no previous studies have focused on the climatic preferences of this weevil,
despite its high impact on agro-economy and urban parks.

Occurrence records from both the native and non-native ranges were collected,
representing the whole realised ecological niche (Srivastava et al. 2021). This approach
resulted in a total of 1525 high-accuracy occurrence records (uncertainty < 1 km). The
raw dataset underwent a meticulous analysis to identify and eliminate duplicate entries.
This process was carried out in two steps: an initial manual inspection employing the
duplicate search function in Microsoft Excel (Microsoft Office 365), followed by subse-
quent verification using the “duplicated” function of “spocc” package (Chamberlain et
al. 2017) in the R software version 4.1.2 (R Core Team 2019). By implementing these
measures, overlapping data points from various sources were successfully identified and
removed. A final new dataset of 1135 occurrences without duplicates was obtained.
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Moran’s correlograms were employed to test for the presence of significant spatial
autocorrelation (De Marco et al. 2008), using spatial analysis tools available in ArcGIS
Pro (ESRI 2011). The spatial autocorrelation analysis was conducted using the final
dataset as the input file. In detail, we assessed the spatial autocorrelation between 1 and
10 km at 1 km intervals (De Marco et al. 2008; Crase et al. 2014).

The Moran’s correlogram is a graphical representation of the spatial autocorrelation
coeflicient (Moran’s I) at different distance intervals, which helps to identify patterns
of spatial dependence and assess whether neighbouring observations are more similar
or dissimilar from each other than expected by chance (Crase et al. 2014). The Moran’s
I coefficient ranges from -1 to 1, where positive values indicate positive spatial auto-
correlation (similar values tend to cluster together), negative values indicate negative
spatial autocorrelation (dissimilar values tend to be clustered) and values close to zero
indicate no spatial autocorrelation (values are randomly distributed across space: Crase
etal. (2014), Suppl. material 1: fig. S1).

In this work, the computed Moran’s Index was 0.03, indicating a slight positive
spatial autocorrelation in the dataset. The Z-score, which measures the standard devia-
tion from the expected mean under the assumption of spatial randomness, was 0.18.
The associated P-value was 0.86, suggesting that the observed spatial pattern was not
significantly different from what would be expected by chance. Overall, these findings
suggested the absence of significant spatial clustering or dispersion in the analysed spa-
tial context. The final dataset used in the model consisted of 718 occurrences.

A distance threshold of 10 km was set to define spatial relationships between ob-
servations. This threshold represents the maximum distance at which observations are
spatially related. The analysis was performed without any specific selection set, mean-
ing that all observations within the study area were included in the analysis. No weight
matrix file was used, suggesting that all observations were assumed to have equal influ-
ence in the analysis.

Dispersal abilities of Seyphophorus weevils are limited (< 50 metres), as reported by
the scientific literature (Huxman et al. 1997; Figueroa-Castro et al. 2016). In line with
the spatial autocorrelation analysis, a 10 km distance was selected to filter the occurrenc-
es (Di Cola et al. 2017; Montalva et al. 2017; Atauchi et al. 2018; Guevara et al. 2018).

In the final analysis, occurrences were filtered by selecting the minimum distance
of 10 km between different occurrence points using the “spThin” R package (Aiello-
Lammens et al. 2015). This distance threshold allows for the consideration of occur-
rences as independent from one another and aligns with the resolution of climate data
(Ancillotto et al. 2023).

Selection of variables

The modelling process was started by obtaining 19 climatic variable layers from the
Worldclim (version 2.1) website, with a resolution of 2.5 minutes of a degree (Fick and
Hijmans 2017). Subsequently, a Principal Component Analysis (PCA: Suppl. mate-
rial 1: figs S2, S3) was performed using the “ade4” package in R to identify variables
with a high collinearity and explore their correlation structure (Fourcade et al. 2014).
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Variables were carefully chosen for modelling S. acupunctatus by excluding those show-
ing strong intercorrelation. As a result, six highly-significant variables were selected to
model the distribution of S. acupunctarus (Suppl. material 1: table S1). These variables
included BIO1 (Annual Mean Temperature), BIO4 (Temperature Seasonality), BIO6
(Minimum Temperature of the Coldest Month), BIO7 (Temperature Annual Range),
BIO9 (Mean Temperature of the Driest Quarter) and BIO11 (Mean Temperature of
the Coldest Quarter).

Additionally, the Variance Inflation Factor (VIF) for all selected variables was
computed using the “usdm” package in R (Naimi et al. 2014). The VIF values were
examined to ensure that all values were below 3, indicating a very low level of mul-
ticollinearity (Prakash 2019). Specifically, variables with a Pearson’s correlation coef-
ficient of below 0.70 or above -0.70 were retained (Alin 2010; Kock and Lynn 2012;
Regos et al. 2020) (Suppl. material 1: table S2). The six bioclimatic variables that
were selected to model the distribution of S. acupunctarus under current climatic
conditions were also chosen to model the distribution of the species under future
climates, spanning from 2041 to 2070. Future climate data were downloaded under
the Representative Concentration Pathways (RCP 2.6) scenario. The RCP 2.6 future
bioclimatic raster is widely acknowledged in literature as a representative case for
mitigation strategies aimed at constraining the rise of global mean temperature to
2 °C (van Vuuren et al. 2011).

Algorithm selection

A first comprehensive evaluation was conducted to estimate the performance of nine
algorithms through a combination of R packages such as “ENMeval” and “sdm” (Kass
et al. 2021; Montoya-Jiménez et al. 2022).

The evaluation encompassed a range of algorithms, namely the Generalised Lin-
ear Model (GLM, with a logit-link function), Boosted Regression Trees (BRT, with
15% holdout validation point and bagging fraction set to 0.5: Mui (2015)), Random
Forest (RF, with max. tree depth = 2—4: Valavi et al. (2021)), Maximum Entropy
(MaxEnt), Generalised Additive Model (GAM), Multivariate Adaptive Regression
Splines (MARS), Geometric Brownian Motion (GBM), BIOCLIM and Functional
Data Analysis (FDA: Pecchi et al. 2019; Steen et al. 2021). The goal was to identify
the most suitable models for the study and reduce computational efforts. To achieve
this, along with presence records, 6000 random background points (1000 background
points per continental area where the occurrence of S. acupunctatus is reported, i.e.
North America, South America, Europe, Asia, Africa and Oceania) were generated
(Barber et al. 2022; Buonincontri et al. 2023). In particular, background points were
selected in a buffer of 10,000 metres around occurrences, in line with previous litera-
ture (Iturbide et al. 2015; Rotllan-Puig and Traveset 2021). Evaluation metrics, such
as the Area Under the Curve (AUC) and True Skill Statistics (TSS), were employed to
assess the model performance (Suppl. material 1: table S3: Steen et al. (2021)). Unsuit-
able models (AUC < 0.90; TSS < 0.75) were discarded.
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Modelling

Species Distribution Models (SDM) were performed using the R packages “biomod2”
and “sdm” (Thuiller 2014; Naimi and Aradjo 2016). Following the previous evaluation,
only the most suitable model algorithms were selected for the inclusion in the ensemble
model. The selection process aimed at choosing models with the highest performance
to promote accurate forecasts and ensure reliable results (Thuiller 2014). An ensemble
species distribution model was fitted using four algorithms: MaxEnt, RE, GLM and
GAM (Araujo and New 2007). By incorporating both statistical and machine-learning
approaches, the ensemble approach enables a comprehensive analysis and assessment
of the species’ potential distribution, which cannot be reached with a single-model ap-
proach when the performance of the individual models is low (Aratjo and New 2007;
Buisson et al. 2010; Hao et al. 2019). This integration of different modelling techniques
enhances the robustness of the analysis and improves the overall understanding of the
studied phenomenon. Amongst the obtained models, the RF performed the best, with
an AUC = 0.99 and TSS = 0.90 (Suppl. material 1: table S3).

The results of the models were assembled with a weighted average of all predic-
tions from all fitted models (Buisson et al. 2010; Smith et al. 2017). The variables for
future projections (2041-2070) were then downloaded. Future projections of these
variables were obtained for the emission-conservative scenario known as RPC 2.6.
Built models were then projected under future climatic conditions. The bioclimatic
rasters for future climates at a 2.5-minute degree resolution were evaluated following
the same procedures described earlier (Ancillotto et al. 2016, 2020; Cancellario et al.
2023). This approach provided valuable insights into the possible impacts of climate
change on the climatic suitability of the world for the agave weevil. For the RCP 2.6
scenario and for each variable, the median of five Global Circulation Models (GCMs)
was used: GFDL-ESM4, UKESM1-0LL, MPIESM1-2-HR, IPSLCM6A-LR and
MRI-ESM2-0 (Mori et al. 2023). Models were validated using spatial cross validation
with the R package “blockCV” (Valavi et al. 2019). The K-fold cross validation was
performed, with K = 5 as determined through the “buffer evaluation”, i.e. by using the
function “cv_buffer” (Pohjankukka et al. 2017).

Model performance was measured using TSS and AUC. For present and future
projections, an occurrence probability raster was obtained for each statistical model
by calculating the mean of all the projections with a TSS > 0.75 and an AUC > 0.90
(Mori et al. 2023).

Then, differences between predictions under future and current climates were ob-
tained using consensus models, by subtracting the average predictions under current
climates from those under future climate. Raster cells with positive values indicated
a predicted improvement in climatic conditions for S. acupunctatus, whereas raster
cells with negative values indicated a decreased climatic suitability for the future. To
estimate the uncertainty in the predictions due to disagreements amongst four differ-
ent algorithms, subtraction per model was performed and the following values were
assigned: value -1 was assigned to all cells with negative values of the average single-
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model predictions; similarly, the value +1 was assigned to all cells with positive values
and 0 otherwise (Mori et al. 2023).

The consensus of model predictions was obtained by summing the four three-value
maps (-1, 0, 1). A raster map was obtained with values ranging between -4 and +4,
with extreme values suggesting that all the four statistical models predicted a decrease
(-4) or an increase (+4) in the probability of occurrence, whereas intermediate values
indicated a partial (£2; £3) or high disagreement (-1 to +1) amongst the predictions
of the algorithms (Suppl. material 1: fig. $4).

The potential non-analogue climate was checked using a Multivariate Environmen-
tal Similarity Surface (MESS) analysis (Elith et al. 2011; Fischer et al. 2011). The MESS
analysis estimates the similarity between environments used to train the model and the
new projected areas for every grid cell (Elith et al. 2011). The analysis was used to detect
regions with environments that are outside the range of environments in the training
area (Fischer et al. 2011). Climatic similarities between regions and periods were deter-
mined by MESS values. Negative values represent non-analogue climatic conditions.

Phylogenetic and genetic diversity analysis

A total of 32 individual samples of S. acupunctatus were collected in Europe and pre-
served in 95% ethanol at -20 °C, before genetic analyses. Four other samples from
Liguria (Pallanca and Hanbury Botanical Gardens, located in Bordighera and Ven-
timiglia, respectively, Imperia Province, NW Italy) were previously collected by the
CNR-IRET researchers and stored in absolute ethanol at the laboratory of CNR-IRET
in Sesto Fiorentino (Florence, Italy) (Table 1).

Genomic DNA from all samples was extracted using QIAGEN Blood and Tis-
sue kit (Qiagen Inc., USA), following the manufacturer’s protocol. A fragment of
the mitochondrial DNA Cytochrome Oxidase I (COXI) was amplified and com-
pared with sequences deposited in the GenBank. COXI was amplified using the
primers LCO1490: 5-GGTCAACAAATCATAAAGATATTGG-3" and HCO2198:
‘5-TAAACTTCAGGGTGACCAAAAAATCA-3’ (Folmer et al. 1994). These primers
were previously used to amplify the same gene in S. acupunctatus from Central America
for species-identification purposes (Azuara-Dominguez et al. 2013; Chamorro et al.
2016: Table 2) using the amplification protocol reported by Baratti et al. (2005) and
Chamorro et al. (2016).

PCR products were run on a 1.5% agarose gel, then purified (ExoSAP-IT, Amersh-
am Biosciences) and finally sent to BMR Genomics (Padua, Italy) for Sanger sequenc-
ing. Electropherograms were visualised with the software Chromas 1.45 (http://www.
technelysium.com.au. Accessed on 17.12.2022). The sequences were visually corrected
and aligned using ClustalX 2.1 (Thompson et al. 1997), together with all the available
COXI sequences of S. acupunctatus retrieved from GenBank and BOLD System, for a
total of 65 sequences (627-903 bp: Table 2).

The phylogenetic reconstruction was conducted by applying Neighbour Join-
ing (NJ), Bayesian Inference (BI) and Maximum Likelihood (ML) methods.
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Table 1. Location of the 32 sampling sites for Scyphophorus acupunctatus in Europe. Coordinates are
expressed in UTM WGS84.

Sample ID Location of origin Country Latitude (°N) / Longitude (°E)
S1 Isola Rossa - Costa Paradiso, Sardinia Italy 41.04893°N, 8.93734°FE
S2 Isola Rossa - Costa Paradiso, Sardinia Ttaly 41.04588°N, 8.93496°E
S3 Isola Rossa - Costa Paradiso, Sardinia Italy 41.04454°N, 8.93399°E
S4 Isola Rossa - Costa Paradiso, Sardinia Italy 41.04150°N, 8.92494°F
S5 Isola Rossa - Costa Paradiso, Sardinia Italy 41.03500°N, 8.92161°E
S6 Isola Rossa - Costa Paradiso, Sardinia Italy 41.03612°N, 8.92197°FE
S7 Isola Rossa - Costa Paradiso, Sardinia Italy 41.03348°N, 8.91776°E
S8 Isola Rossa - Costa Paradiso, Sardinia Italy 41.02657°N, 8.89292°E
S9 Isola Rossa - Costa Paradiso, Sardinia Italy 41.02547°N, 8.89186°E
S10 Isola Rossa - Costa Paradiso, Sardinia Italy 41.02617°N, 8.89052°E
S22 Villamaniscicle coll del Quirc, Girona Spain 42.38092°N, 3.07618°E
S23 Villamaniscicle coll del Quirc, Girona Spain 42.38092°N, 3.07618°E
S29 Tamaracciu, Corsica France 41.55294°N, 9.31810°E
S30 Isola Rossa - Costa Paradiso, Sardinia Ttaly 41.02632°N, 8.88836°E
S31 Isola Rossa - Costa Paradiso, Sardinia Italy 41.02580°N, 8.88484°E
S32 Isola Rossa - Costa Paradiso, Sardinia Italy 41.02669°N, 8.88217°E
$33 Isola Rossa - Costa Paradiso, Sardinia Italy 41.02668°N, 8.88250°E
S34 Isola Rossa - Costa Paradiso, Sardinia Italy 41.01517°N, 8.88777°E
§35 Isola Rossa - Costa Paradiso, Sardinia Italy 41.01586°N, 8.88914°E
S36 Isola Rossa - Costa Paradiso, Sardinia Traly 41.01103°N, 8.88029°E
S37 Isola Rossa - Costa Paradiso, Sardinia Traly 41.01449°N, 8.87612°E
S38 Isola Rossa - Costa Paradiso, Sardinia Ttaly 41.05372°N, 8.94518°E
S44 La Crau, Var France 43.16317°N, 6.09292°E
S47 Sperlonga, Latium Italy 41.25847°N, 13.43976°E
S57 Cittadella Universitaria, Catania, Sicily Tcaly 37.52546°N, 15.07199°E
S59 Cittadella Universitaria, Catania, Sicily Tealy 37.52546°N, 15.07199°E
S61 Localita Balzi Rossi, Ventimiglia, Liguria Ttaly 43.78361°N, 7.53638°E
Spall Pallanca Garden, Bordighera, Liguria Ttaly 43.78835°N, 7.68749°E
Spal2 Pallanca Garden, Bordighera, Liguria Ttaly 43.78839°N, 7.68736°E
Shanl Hanbury Garden, Ventimiglia, Liguria Ttaly 43.78408°N, 7.55429°E
Shan2 Hanbury Garden, Ventimiglia, Liguria Ttaly 43.78445°N, 7.55415°E
Espanl Passeig Maritim de la Barceloneta, Barcelona Spain 41.38474°N, 2.19592°E

The Kimura-2-parameters nucleotide substitution model was selected by jModelTest
2 (Darriba et al. 2012) with the Akaike Information Criterion (AIC) and corrected for
rate heterogeneity amongst sites with a Gamma distribution. The NJ was performed
by MEGA 11 software with 10,000 bootstrap replicates (Tamura et al. 2021). The BI
analysis was performed with MrBayes v.3.12 (Ronquist and Huelsenbeck 2003), using
the best model selected. Four chains of Markov Chain Monte Carlo were simultane-
ously run and sampled every 1000 generations for 4 million generations. The first 1000
sampled trees from each run were discarded as burn-in. The ML phylogenetic analysis
was conducted with SeaView software (Gouy et al. 2010). Outgroups (Dryophthorus
corticalis (Paykull), Stromboscerini sp. and Aclees taiwanensis Kono) were selected in line
with their close phylogenetic placement within the family to the study taxon. Nucleotide
diversity, haplotype diversity, number of parsimony-informative and variable sites were
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Table 2. Accession numbers of sequences used for the phylogenetic reconstructions of Seyphophorus

acupunctatus.
Accession Sampling location Sampling country ~ Population Reference
number status
AY131110 Not available Continental USA Native Direct submission to GenBank
AY131122 Massachusetts Continental USA Native Direct submission to GenBank
GBCL49633-19 California Continental USA Native Direct submission to BOLD Systems
HM433616 Colorado Continental USA Native Direct submission to GenBank
KU896920 Arizona Continental USA Native Chamorro et al. (2016)
KU896921 Arizona Continental USA Native Chamorro et al. (2016)
KU896922 Arizona Continental USA Native Chamorro et al. (2016)
KU896923 Arizona Continental USA Native Chamorro et al. (2016)
KU896924 Arizona Continental USA Native Chamorro et al. (2016)
JX134898 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134899 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134900 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134901 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134902 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134903 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134904 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134905 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134906 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134907 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134908 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134909 Not available Mexico Native Azuara-Dominguez et al. (2013)
JX134910 Not available Mexico Native Azuara-Dominguez et al. (2013)
ASSCR6360-12 Not available Costa Rica Most likely native Direct submission to BOLD Systems
ASSCR6362-12 Not available Costa Rica Most likely native Direct submission to BOLD Systems
KU896927 Not available Guatemala Most likely native Chamorro et al. (2016)
KU896929 Not available Guatemala Most likely native Chamorro et al. (2016)
0Q198464 La Crau Continental Non-native Present work
France

0Q198455 Corsica France Non-native Present work
0Q193159 Isola Rossa — Costa Ttaly Non-native Present work

Paradiso, Sardinia
0Q193160 Isola Rossa — Costa Ttaly Non-native Present work

Paradiso, Sardinia
0Q193161 Isola Rossa — Costa Italy Non-native Present work

Paradiso, Sardinia
0Q193162 Isola Rossa — Costa Italy Non-native Present work

Paradiso, Sardinia
0Q193165 Isola Rossa — Costa Italy Non-native Present work

Paradiso, Sardinia
0Q193176 Isola Rossa — Costa Italy Non-native Present work

Paradiso, Sardinia
0Q193177 Isola Rossa — Costa Italy Non-native Present work

Paradiso, Sardinia
0Q194007 Isola Rossa — Costa Ttaly Non-native Present work

Paradiso, Sardinia
0Q194008 Isola Rossa — Costa Ttaly Non-native Present work

Paradiso, Sardinia


http://www.ncbi.nlm.nih.gov/nuccore/AY131110
http://www.ncbi.nlm.nih.gov/nuccore/AY131122
http://www.boldsystems.org/index.php/Public_RecordView?processid=GBCL49633-19
http://www.ncbi.nlm.nih.gov/nuccore/HM433616
http://www.ncbi.nlm.nih.gov/nuccore/KU896920
http://www.ncbi.nlm.nih.gov/nuccore/KU896921
http://www.ncbi.nlm.nih.gov/nuccore/KU896922
http://www.ncbi.nlm.nih.gov/nuccore/KU896923
http://www.ncbi.nlm.nih.gov/nuccore/KU896924
http://www.ncbi.nlm.nih.gov/nuccore/JX134898
http://www.ncbi.nlm.nih.gov/nuccore/JX134899
http://www.ncbi.nlm.nih.gov/nuccore/JX134900
http://www.ncbi.nlm.nih.gov/nuccore/JX134901
http://www.ncbi.nlm.nih.gov/nuccore/JX134902
http://www.ncbi.nlm.nih.gov/nuccore/JX134903
http://www.ncbi.nlm.nih.gov/nuccore/JX134904
http://www.ncbi.nlm.nih.gov/nuccore/JX134905
http://www.ncbi.nlm.nih.gov/nuccore/JX134906
http://www.ncbi.nlm.nih.gov/nuccore/JX134907
http://www.ncbi.nlm.nih.gov/nuccore/JX134908
http://www.ncbi.nlm.nih.gov/nuccore/JX134909
http://www.ncbi.nlm.nih.gov/nuccore/JX134910
http://www.boldsystems.org/index.php/Public_RecordView?processid=ASSCR6360-12
http://www.boldsystems.org/index.php/Public_RecordView?processid=ASSCR6362-12
http://www.ncbi.nlm.nih.gov/nuccore/KU896927
http://www.ncbi.nlm.nih.gov/nuccore/KU896929
http://www.ncbi.nlm.nih.gov/nuccore/OQ198464
http://www.ncbi.nlm.nih.gov/nuccore/OQ198455
http://www.ncbi.nlm.nih.gov/nuccore/OQ193159
http://www.ncbi.nlm.nih.gov/nuccore/OQ193160
http://www.ncbi.nlm.nih.gov/nuccore/OQ193161
http://www.ncbi.nlm.nih.gov/nuccore/OQ193162
http://www.ncbi.nlm.nih.gov/nuccore/OQ193165
http://www.ncbi.nlm.nih.gov/nuccore/OQ193176
http://www.ncbi.nlm.nih.gov/nuccore/OQ193177
http://www.ncbi.nlm.nih.gov/nuccore/OQ194007
http://www.ncbi.nlm.nih.gov/nuccore/OQ194008
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Accession Sampling location Sampling country ~ Population Reference
number status
0Q194015 Isola Rossa — Costa Ttaly Non-native Present work
Paradiso, Sardinia
0Q194016 Isola Rossa — Costa Ttaly Non-native Present work
Paradiso, Sardinia
0Q198466 Isola Rossa — Costa Italy Non-native Present work
Paradiso, Sardinia
0Q194025 Isola Rossa — Costa Ttaly Non-native Present work
Paradiso, Sardinia
0Q194031 Isola Rossa — Costa Ttaly Non-native Present work
Paradiso, Sardinia
0Q194033 Isola Rossa — Costa Ttaly Non-native Present work
Paradiso, Sardinia
0Q198456 Isola Rossa — Costa Italy Non-native Present work
Paradiso, Sardinia
0Q198458 Isola Rossa — Costa Italy Non-native Present work
Paradiso, Sardinia
0Q198459 Isola Rossa — Costa Ttaly Non-native Present work
Paradiso, Sardinia
0Q198460 Isola Rossa — Costa Ttaly Non-native Present work
Paradiso, Sardinia
0Q194017 Balzi Rossi, Ttaly Non-native Present work
Ventimiglia, Liguria
0Q198461 Pallanca Gardens, Traly Non-native Present work
Liguria
0Q198457 Pallanca Gardens, Ttaly Non-native Present work
Liguria
0Q193174 Hanbury Gardens, Ttaly Non-native Present work
Liguria
0Q198462 Hanbury Gardens, Italy Non-native Present work
Liguria
0Q194018 Catania, Sicily Ttaly Non-native Present work
0Q194019 Catania, Sicily Ttaly Non-native Present work
0Q198463 Sperlonga, Latium Ttaly Non-native Present work
0Q193157 Villamaniscicle Spain Non-native Present work
0Q193158 Villamaniscicle Spain Non-native Present work
0Q193175 Passeig Maritim Spain Non-native Present work
de la Barceloneta,
Barcelona
MW520550 Porto Santo Portugal Non-native Stiiben et al. (2021)
HM433615 Not available Virgin Islands Non-native Direct submission to GenBank
KU896925 Not available Virgin Islands Non-native Chamorro et al. (2016)
KU896926 Not available Virgin Islands Non-native Chamorro et al. (2016)
KU896928 Not available Virgin Islands Non-native Chamorro et al. (2016)
KU896931 Not available Virgin Islands Non-native Chamorro et al. (2016)
KU896932 Not available Virgin Islands Non-native Chamorro et al. (2016)

computed both for the native and the invaded ranges of S. acupunctatus through Mega
XI (Tamura et al. 2021). A Templeton, Crandall and Sing (TCS) parsimony Network
(Clement et al. 2000) connecting haplotypes was obtained with popART (http://popart.
otago.ac.nz, Accessed on 20.12.2022) with the aim to visualise the relationship amongst
the new and previously-described mitochondrial haplotypes (see Sciandra et al. (2022)).


http://www.ncbi.nlm.nih.gov/nuccore/OQ194015
http://www.ncbi.nlm.nih.gov/nuccore/OQ194016
http://www.ncbi.nlm.nih.gov/nuccore/OQ198466
http://www.ncbi.nlm.nih.gov/nuccore/OQ194025
http://www.ncbi.nlm.nih.gov/nuccore/OQ194031
http://www.ncbi.nlm.nih.gov/nuccore/OQ194033
http://www.ncbi.nlm.nih.gov/nuccore/OQ198456
http://www.ncbi.nlm.nih.gov/nuccore/OQ198458
http://www.ncbi.nlm.nih.gov/nuccore/OQ198459
http://www.ncbi.nlm.nih.gov/nuccore/OQ198460
http://www.ncbi.nlm.nih.gov/nuccore/OQ194017
http://www.ncbi.nlm.nih.gov/nuccore/OQ198461
http://www.ncbi.nlm.nih.gov/nuccore/OQ198457
http://www.ncbi.nlm.nih.gov/nuccore/OQ193174
http://www.ncbi.nlm.nih.gov/nuccore/OQ198462
http://www.ncbi.nlm.nih.gov/nuccore/OQ194018
http://www.ncbi.nlm.nih.gov/nuccore/OQ194019
http://www.ncbi.nlm.nih.gov/nuccore/OQ198463
http://www.ncbi.nlm.nih.gov/nuccore/OQ193157
http://www.ncbi.nlm.nih.gov/nuccore/OQ193158
http://www.ncbi.nlm.nih.gov/nuccore/OQ193175
http://www.ncbi.nlm.nih.gov/nuccore/MW520550
http://www.ncbi.nlm.nih.gov/nuccore/HM433615
http://www.ncbi.nlm.nih.gov/nuccore/KU896925
http://www.ncbi.nlm.nih.gov/nuccore/KU896926
http://www.ncbi.nlm.nih.gov/nuccore/KU896928
http://www.ncbi.nlm.nih.gov/nuccore/KU896931
http://www.ncbi.nlm.nih.gov/nuccore/KU896932
http://popart.otago.ac.nz
http://popart.otago.ac.nz
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Results
Species distribution

Overall, the agave weevil was reported on all continents, except for Antarctica. Based
on genetic analyses and literature, the native range of this species includes the USA,
Mexico and, most likely, the rest of continental Central America (Vaurie 1971). The
invasive range of this species (Fig. 1a) includes four South American countries (Brazil,
Colombia, Ecuador and Venezuela), the insular USA (including Hawaii and Virgin
Islands), Caribbean islands, southern European countries (Portugal including Madei-
ra, Spain including Canary and Balearic Islands, Italy including Sardinia, Sicily and
several small islands, Greece including Aegean Islands, Croatian islands and Cyprus),
South Africa, Kenya, Tanzania, Saudi Arabia, Java, Sumatra, Borneo and southern
Australia (Fig. 1b). Occurrences from other countries (i.e. Israel, the Netherlands, UK
and Argentina) were not confirmed and may represent single interceptions.

Species distribution models

Projections of each statistical model (Suppl. material 1: fig. S5) produced slightly differ-
ent results that were averaged in the ensemble model. The ensemble model for current
climate showed a high climatic suitability in the native range and in some parts of the
non-native range, i.e. the eastern areas of South Africa, the northern Rift Valley (i.e. from
Eritrea and Ethiopia to Tanzania), parts of South America and the central and western
Mediterranean countries (Fig. 2a). Highly suitable areas were also predicted in southern
Australia, where S. acupunctatus has been scarcely recorded so far, the area around the
Caspian Sea and the Middle East, where the weevil has not yet been recorded (Fig. 2a).

Considering future climate scenarios forecast for 2070, the areas suitable for S. acu-
punctatus would increase especially towards temperate-cold latitudes, both in Europe
and worldwide (Fig. 2b).

Values representing the degree of climatic similarity between future and present
conditions are shown in Fig. 2¢, with an increase in suitability of 72.62% and a de-
crease of 27.43%, based on the number of cells around the Globe. There was agree-
ment between the different algorithms used to predict the species’ distribution under
future climates (Fig. 2d; Suppl. material 1: fig. S5). The climate suitability of most
temperate areas of both Hemispheres will increase for S. acupunctarus in the future.

The MESS analysis showed that the projection area shared a medium to high envi-
ronmental similarity with many countries in the training area, except for a few north-
ern Eurasian areas (Suppl. material 1: fig. S6).

Genetic analyses

The COXI sequences were obtained from all analysed samples. All sequences generated
in the present study were deposited in GenBank (Table 2). The alignment of COXI gene
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Figure 1. a Worldwide distribution of Seyphophorus acupunctatus in both native (central and southern
North America) and non-native ranges (n = 1135 occurrences) b distribution of S. acupunctatus in southern
European Countries (orange dots refer to occurrence sites of agave weevil). The white dotted line includes
occurrences from the native range, whereas the solid red line includes occurrences of uncertain origin. Oc-
currences outside dotted lines are non-native populations. Sources: Data SIO, NOAA, US Navy, NGA,
GEBCO 2016 TerraMetrics 2016 Google; Wikimedia Commons, user Norman Einstein, CC-BY-SA-3.0.

consists of 627-903 nucleotides for 65 individuals, including 32 from the Mediterranean
area. All individuals belonged to S. acupunctatus, as no record of S. yuccae was confirmed
in the analysed samples nor in any sequence deposited in the GenBank. Nucleotide and
haplotype diversity was lower in the alien than in the non-native range (Table 3).

An ML tree is presented in Fig. 3 and supports the monophyly of S. acupuncratus
(Fig. 3). Samples from the native range (Mexico and Continental USA) clustered to-
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Figure 2. a Current potential distribution of Seyphophorus acupunctarus worldwide (suitability increas-
ing from pink to black) b future potential distribution of S. acupunctatus under climate projections using
the global climate model for 2070 (suitability increasing from pink to black) ¢ differences between future
and present conditions [future-current] for the RCP 2.6 scenario obtained by subtracting, for each cell,
the predicted suitability under current climate from that under future climates. Pink to black: increase
in climatic suitability in the future d consensus change for RCP 2.6 scenario. Dark blue (+4) indicates
that all models predicted an increase in suitability, whereas dark orange (-4) indicates a full agreement in
predicting a decrease in suitability; white indicates disagreement across models (0 value).

Table 3. Indices of genetic diversity for native and most-likely native (n = 26 samples) and non-native

(n = 39 samples) populations of Scyphophorus acupunctatus (cf. Table 2).

Total Native and most-likely Alien
native populations populations
nt (nucleotide diversity index * standard deviation) 0.22 + 0.05 0.59 + 0.05 0.03 £ 0.01
h (haplotype diversity index + standard deviation)  0.42 £ 0.15 0.61 £0.19 0.09 £ 0.01
Number of segregating sites 170 161 115
Number of Parsimony Informative sites 154 148 71

gether and represented the sister group of the clade that included samples from south-
ern countries of Central America (Costa Rica and Guatemala) and all the non-native
range (Fig. 3).

The TCS network highlighted that the majority of introduced individuals in Sar-
dinia, Sicily, Corsica, continental Italy (Latium and Liguria), continental France, Spain
and Portugal belonged to the same haplotype, as in Costa Rica and Guatemala (Fig. 4).

Discussion

This study showed for the first time the actual and potential global distribution of the
agave weevil, both in the native and non-native ranges and assessed the phylogenetic
relationships between native and non-native populations at the global scale.
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Figure 3. Maximum Likelihood (ML) phylogenetic tree obtained from the analysis of COXI for 65
individuals of Seyphophorus acupunctatus (n = 39 from non-native range, n = 22 from native range, n = 4
from most-likely native range, cf. Table 2). The statistical support of major clades is shown at their nodes
(N]J Bootstrap support/Bayesian probabilities/ ML Bootstrap support).
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Figure 4. Scyphophorus acupuncratus TCS Network showing the relationship amongst mitochondrial
COXI haplotypes. Circles represent different haplotypes (n = 10). Circle size is proportional to the num-
ber of samples for each haplotype. Mutations are shown as hatch marks.

The presence of this species was confirmed in several countries, whereas some of
those listed in CABI’s overview of invasive species (the Netherlands, UK, Israel, New
Zealand and Argentina: CABI (2023)) were not confirmed. In contrast, the occurrence
of non-native S. acupunctatus was reported for the first time in Ecuador, through the
iNaturalist repository, as well as in many Italian regions where this weevil was previous-
ly not reported (Calabria, Sardinia, Piedmont and Campania: Suppl. material 1: fig.
S7). In particular, the first record of this weevil in Sardinia, in the north-western part
of the island, was due to detailed and addressed research by the authors of this work.

Despite being reported as the most important pest for agave species (Waring and
Smith 1986), the agave weevil is not commonly identified by the public; thus, it is unsuit-
able for citizen-science surveys (cf. Mazza et al. (2020) for C. ayyari). Accordingly, most
data on the distribution of this species were obtained from scientific research and insect
monitoring projects conducted by specialists (Kontodimas and Kallinikou 2010; Vassiliou
and Kitsis 2015). The occurrence of the agave weevil was also confirmed in all the other re-
gions where it was previously reported, i.e. Sicily, Basilicata, Apulia, Latium, Tuscany and
Liguria, as well as some small Thyrrenian islands (i.e. Giglio, Elba, Giannutri and Ponza).

The presence of the agave weevil in other Italian peninsular regions along the coast-
line (e.g. Molise, Abruzzo, Marche, Emilia Romagna and Veneto) cannot be ruled out.
Thus, a focused monitoring programme is required, particularly in late spring and dur-
ing the daytime, when most observations occur (Lépez-Martinez et al. 2011; Figueroa
Castro et al. 2013).

Species distribution modelling showed a high climatic suitability for this species
throughout the Mediterranean Basin, potentially increasing with increasing tempera-
ture and decreasing precipitation, i.e. with the ongoing climatic change. According-
ly, the native range of S. acupunctatus currently includes mostly dry areas of Central
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America, also suggesting the adaptation of this insect to hot desert areas (including
mountainous ones), where most Agavaceae, i.e. succulent plants representing the staple
of its diet and reproductive sites, grow. The distribution of S. acupunctatus in Europe
and Africa is linked to the distribution of Agavaceae and Dracaenaceae as ornamental
plants. Particularly, in the Mediterranean countries, these plants mostly occur in botani-
cal gardens and along the coastline, i.e. where most records of S. acupunctatus have been
reported (Smith and Figueiredo 2007; Celesti Grapow et al. 2016; Cascone et al. 2021).

Genetic analyses showed a strong genetic uniformity for the non-native popula-
tions. A lower nucleotide and haplotype diversity was observed in the non-native range
compared to the native range, possibly due to a founder effect. The presence of a single
widespread haplotype in Europe suggested that most of the introductions may have orig-
inated from a small geographical area in Central America or a small number of introduc-
tion events occurred. This contrasts with other species, which were introduced through
multiple unintentional introductions in Europe. These include C. ayyari, H. halys and
Megachile (Callomegachile) sculpturalis Smith, which show a high genetic diversity linked
to several introduction events (Cesari et al. 2018; Mazza et al. 2020; Lanner et al. 2021).
Seyphophorus acupunctatus in Europe may have originated from one or a few introduc-
tion events from Central America (most likely from Guatemala or Costa Rica) through
the ornamental plant trade (Global Invasive Species Database 2023). This is in line with
EPPO’s report (EPPO 2022b), which traces the source of the first introduction of agave
weevil to Italy to countries of southern Central America, based on interception data.

Driving definite conclusions from single-gene analyses may be misleading. How-
ever, the largest genetic library for S. acupunctatus built in the present study may serve
as a comparison for future studies and for species identification (Azuara-Dominguez
et al. 2013; Chamorro et al. 2016). All analysed samples belonged to S. acupunctatus
and the only deposited sequence of the sister species S. yuccae on GenBank suggests
that this species could be a synonym to S. acupunctatus, as already hypothesised by
Chamorro et al. (2016).

In general, our data showed a high climatic suitability for S. acupunctatus in Eurasia
and Africa (particularly in the Mediterranean Basin coastline), including areas where
this weevil is not yet present. This suggests that if no management actions are taken to
limit its spread, there is potential for range expansion towards continental and temper-
ate Europe in the upcoming years. Given the impacts on cultivated agave plants, early
detection of this species in new areas should be promoted to prevent further invasions,
by means of free online citizen-science platforms and coordination of phytosanitary
services and national institutions for the prevention of biological invasions.
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