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Abstract Integrating host plants in distribution 
modeling of phytophagous species and disentan-
gling the effect of habitat and bioclimatic variables 
are key aspects to produce reliable predictions when 
the aim is to identify suitable areas outside species’ 
native range. To this aim, we implemented a frame-
work of Species Distribution Model aimed at pre-
dicting potential suitable areas of establishment for 
the beetle Psacothea hilaris across the world. Since 
habitat (including host plants) and bioclimatic varia-
bles affect species distribution according to processes 
acting at different geographical scales, we modeled 
these variables separately. For the species native 
range, we fitted a habitat (HSM) and a bioclimatic 

(BSM) suitability model calibrated on a local and a 
large scale, respectively; the overall suitability map 
was obtained as the spatial product of HSM and BSM 
projection maps. ROC, TSS and Cohen’s Kappa 
obtained in validation confirmed a good predictive 
performance of modeling framework. Within HSM, 
host plants played a substantial effect on species pres-
ence probability, while among bioclimatic variables, 
precipitation of the warmer quarter and isothermal-
ity were the most important. Native HSM and BSM 
models were used to realize an overall suitability map 
at world scale. At global scale, many areas resulted 
suitable for habitat, some for bioclimate, and few 
for both conditions; indeed, if the species would not 
be able to modify its bioclimatic niche, it might not 
be considered a major invasive species. However, 
the high rate of range expansion documented for P. 
hilaris in Northern Italy, a poorly suitable biocli-
matic area, suggests a plasticity of the species that 
requires increasing the level of attention to its inva-
sive potential.

Keywords Bioclimatic suitability model · 
Cerambycidae · Habitat suitability model · Host 
plants · Species distribution model · Wood borer

Introduction

Species distribution modeling (SDM) is a valuable 
tool for predicting the potential distribution of 
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invasive species across space and time (Srivastava 
et al. 2021). This methodology has often been applied 
in predicting the potential spatial distribution of 
invasive insects worldwide, especially through the 
usage of bioclimatic factors as the main explanatory 
variables (e.g., Dupin et  al. 2011; Iannella et  al. 
2020; Krishnankutty et  al. 2020; Li et  al. 2021; Lu 
et  al. 2022). In more recent times, host plants have 
been integrated as a relevant factor in determining 
invasive species distribution and introduction 
patterns, especially in wood-borer beetles (e.g., 
Dang et  al. 2021). Cerambycidae (Coleoptera: 
Chrysomeloidea), together with Buprestidae 
(Coleoptera: Buprestoidea) and Curculionidae 
Scolytinae (Coleoptera: Curculionoidea), are among 
the most important beetle groups of phytosanitary 
interest worldwide (Haack et  al. 2014; Wu et  al. 
2017; MacQuarrie et al. 2020; Ruzzier et al. 2023a). 
Many cerambycid species have been accidentally 
introduced into various parts of the world through 
the international trade in plants and wood products 
(e.g., Di Iorio 2004; Haack 2006; Cocquempot and 
Lindelöw 2010; Sopow et  al. 2015; Rassati et  al. 
2016; Ruzzier et al. 2020a; Seidel et al. 2021). Some 
of these have become successfully established in 
the new environment, becoming a serious threat to 
both native ecosystems and human activities (e.g., 
Eyre and Haack 2017; Sarto i Monteys and Torras i 
Tutusaus 2018; Lee et al. 2021). However, despite the 
ecological and economic relevance of some of these 
taxa, SDM has so far been relatively underutilized 
with the invasive Cerambycidae, and studies were 
limited to the sole species Anoplophora glabripennis 
(Motschulsky, 1854) (Peterson and Scachetti-Pereira 
2004; Shatz et  al. 2013; Pedlar et  al. 2020; Byeon 
et al. 2021; Zhou et al. 2021).

Psacothea hilaris (Pascoe, 1858) (Coleoptera, 
Cerambycidae, Lamiinae), also known as yellow-
spotted longhorn beetle, is a species native to Eastern 
Asia (Danilevsky 2020) that has been repeatedly 
intercepted or introduced in North America and 
Europe (Allen and Humble 2002; EPPO 2013). 
Multiple records of this species in different parts of 
the world follow common trends of introduction to 
many other non-native organisms worldwide (Fenn-
Moltu et  al. 2023) and are the result of extensive 
detection and interception activities (Turner et  al. 
2021). Although several individuals were recorded 
in nature in France, Germany and the UK (EPPO 

2008, 2013; INPN 2021), so far P. hilaris has become 
established only in Lombardy (Northern Italy), where 
it has been a constant presence since 2005 (Jucker 
et  al. 2006; Lupi et  al. 2023). The species is one of 
the several non-native beetles collected in natural 
environments in Italy over the last two decades (e.g., 
Conti and Raspi 2007; Faccoli et al. 2009; Nardi et al. 
2015; Toma et  al. 2017; Ruzzier and Colla 2019; 
Sparacio et  al. 2020; Ruzzier et  al. 2020b, 2021, 
2022, 2023b, 2023c; Marchioro et al. 2022).

Psacothea hilaris develops primarily on figs 
(particularly on Ficus carica, F. erecta, and F. 
macrocarpa), mulberries (particularly on Morus alba 
and M. indica) (Moraceae), and Japanese aralia (Fatsia 
japonica, Araliaceae) (Iba 1980), and the trophic activity 
of the larva, which feeds while tunneling through the 
wood, causes serious damage to the trunk and branches 
of the host plant, leading to its dieback and death (Lupi 
et al. 2013). Infestations by P. hilaris are usually difficult 
to detect and manage due to the cryptic lifestyle of the 
larvae and are usually visible upon the onset of severe 
stress on plants or the emergence of adults (Lupi et al. 
2013). Due to its host preference and biology, P. hilaris 
is considered a serious pest on wild, ornamental, and 
cultivated plants, both in its native and non-native range 
(Fukaya and Honda 1992; Iba 1993; Lupi et al. 2013).

At present, the economic and ecological damage 
caused by P. hilaris are of minor interest in Lombardy 
(Northern Italy) because the beetle affects plants 
which are primarily cultivated for ornamental 
purposes in this area; however, the diffusion of the 
species into other parts of the Italian peninsula, as 
well as into other mediterranean countries, might have 
important repercussions on the productive activities 
associated with F. carica and M. alba. Ficus carica 
is a widespread species growing mostly in warm, dry 
climates and its fruits are an important product for 
dry and fresh consumption (e.g., Crisosto et al. 2011; 
Badgujar et  al. 2014). This plant and its associated 
economy are already threatened by multiple beetle 
pests (e.g., Akşit et al. 2005; Ismail et al. 2009; Tinoco 
et  al. 2010; López-Martínez et  al. 2015; Gaaliche 
et  al. 2018), including the invasives Cryphalus 
dilutus Eichhoff 1878 (Faccoli et al. 2016) and Aclees 
taiwanensis Kȏno, 1933 (Coleoptera: Curculionidae) 
(Farina et al. 2020) in the Mediterranean basin. The 
arrival of another pest (i.e., P. hilaris) could bring 
fig cultivation to a deep crisis as well as jeopardizing 
the conservation of local historical cultivars and 



A two‑step species distribution modeling to disentangle the effect of habitat and bioclimatic…

1 3
Vol.: (0123456789)

endemic varieties. Furthermore, figs are a major crop 
in other countries (e.g., Lianju et  al. 2003; Crisosto 
et  al. 2011; Mendoza-Castillo et  al. 2017; Shamin-
Shazwan et  al. 2019) and a possible invasion of 
P. hilaris is a risk not to be underestimated. Morus 
alba, besides its ornamental uses and the production 
of berries, is mostly used for sericulture both in Italy 
and abroad (e.g., Urbanek Krajnc et al. 2019; Tzenov 
et al. 2022). Although no direct damage has yet been 
observed on M. alba in northern Italy, infestations 
of P. hilaris could make it particularly difficult to 
cultivate mulberry trees for domestic silk moth 
Bombyx mori sustenance, especially because the use 
of insecticides on mulberries is avoided to prevent 
silkworm caterpillars’ intoxication (Iba 1993).

A recent study by Lupi et  al. (2023) has shown 
that the Italian population of P. hilaris is undergoing 
a range expansion (sensu Richardson et  al. 2011); 
consequently, with a total lack of containment 
strategies (Lupi et al. 2023), we could thus expect a 
further spreading of the species into other European 
and circum-Mediterranean countries. In order to 
investigate species and environmental relationships 
useful to identify the possible suitable areas for 
species populations establishment and range 
expansion, the present contribution aims to:

(a) Develop a suitability map for P. hilaris in 
its putative native range by means of a two-
step SDM approach, evaluating the effects 
of bioclimatic variables, and those of habitat 
variables (digital elevation model, land cover, 
and host plants’ distribution);

(b) Predict possible suitable areas for P. hilaris 
establishment at a global scale based on the SDM 
fitted with data from the native range;

(c) Assess the capability of the SDM developed for 
the native range to predict the distribution of P. 
hilaris in the invaded range (northern Italy).

Methods

Psacothea hilaris occurrence data

To build a dataset as exhaustive as possible of the 
actual distribution of P. hilaris both in its putative 
native and non-native range, species records were 

collected through extensive data mining in online 
data repositories, namely the Global Biodiversity 
Information Facility (GBIF, https:// www. gbif. org/; 
doi:https:// doi. org/ 10. 15468/ dl. yzzrrt ) and iNaturalist 
(https:// www. inatu ralist. org/). The data deriving from 
field surveys or direct observation were included in 
the dataset only if the reliability of the record could 
be validated through the collection of the specimen, 
the identification of clear symptoms of infestation, 
and photographs in which the species was clearly 
identifiable. With specific regard to Italy, to obtain 
a representative sample of the current distribution, 
multiple records of P. hilaris were obtained directly 
through field surveys and direct observations (see 
Lupi et al. 2023).

The occurrence data used in the analyses 
are updated to December 31st, 2023. All 
Psacothea hilaris occurrence data are available as 
Supplementary material (psacothea.hilaris_243101.
xlsx). We selected species occurrences with a 
coordinate uncertainty lower than 500 m to associate 
the occurrence with the habitat data derived from 
the land cover cartography of which the resolution 
is 0.00833° (corresponding to 1.0  km at the 
equator; see below for details). To reduce possible 
strong interdependence among occurrence data, 
we performed a spatial thinning using the spThin 
package (Aiello‐Lammens et  al. 2015) in R version 
4.1.2 (R Core Team 2021). As a thinning parameter, 
i.e., the maximum distance among occurrence points 
we wanted to retain, we set 1  km (to conserve the 
same magnitude of coordinate uncertainty).

Environmental data

The selection of the environmental layers used for 
building the species distribution model was based on 
the following assumptions:

(a) Species range is bounded by bioclimatic 
conditions and ecological barriers (scenopoetic 
variables) from regional to continental scale (see 
Hortal et al. 2010; Pearson and Dawson 2003);

(b) Species occurrence from site to local scale 
(sensu Hortal et  al. 2010) is affected by habitat 
conditions (Pearson and Dawson 2003), where 
elevation and land cover types can be considered 
as proxies of bionomic variables. Moreover, for 
phytophagous insects, the habitat suitability can 

https://www.gbif.org/
https://doi.org/10.15468/dl.yzzrrt
https://www.inaturalist.org/
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be strongly affected by the presence of host plants 
(bionomic variables by definition); although the 
distribution of host plants may be influenced by 
climatic conditions, the effective range of plants 
is not necessarily definable in bioclimatic terms 
since ecological barriers can limit it within a 
rather homogeneous bioclimatic context.

Bioclimatic data (19 strata) and the elevation (i.e., 
the digital elevation model, DEM) were downloaded 
from WorldClim 2.1 (available at: http:// www. world 
clim. com/ versi on2), average for the years 1970–2000, 
with a 0.00833° resolution.

Land cover layers were obtained from the Global 
1-km Consensus Land Cover (available at http:// 
www. earth env. org; Tuanmu and Jetz 2014). The 
dataset contains 12 layers (evergreen/deciduous 
needleleaf trees [EDNT], evergreen broadleaf trees 
[EBT], deciduous broadleaf trees [DBT], mixed/other 
trees [MOT], shrubs [SHR], herbaceous vegetation 
[HERB], cultivated and managed vegetation [CMV], 
regularly flooded vegetation [RFV], urban/built-up 
[BU], snow/ice [SI], barren lands [BR], and open 
water [OW]), each of which provides consensus 
information on the prevalence of one land-cover 
class, expressed as a percentage in a pixel having a 
resolution of 30 arc-second (i.e., 0.00833° resolution).

To construct the range map of each host plant at 
world scale, we used the species occurrence data 
downloaded from GBIF, setting the coordinate 
uncertainty lower than 10  km (since the aim is to 
identify the range of host species by means of an 
interpolation procedure, particular accuracy is not 
required in the georeferencing of the occurrences). 
First, to obtain a reliable range map for each plant 
species, we used a kernel density function on 
occurrence data with an interpolation radius of 1° 
in QGIS 3.32 (QGIS Development Team 2023), 
with a resolution of 0.00833°. Before producing the 
kernel density maps, in order to minimize possible 
spatial sampling bias across geographic areas, we 
performed a spatial thinning of host plant data using 
the spThin package (Aiello‐Lammens et al. 2015) in 
R version 4.1.2 (R Core Team 2021). As a thinning 
parameter, i.e., the maximum distance among plant 
occurrence points we wanted to retain, we set 10 km 
(to conserve the same magnitude of coordinate 
uncertainty). Six plant species, namely Ficus carica, 
F. erecta, F. macrocarpa, Morus alba, M. indica, 

and Fatsia japonica, were considered as the main 
host plants, intended as those with consolidated 
records in literature and websites (no sporadic 
reports). Subsequently, assuming that host plants 
could be vicariant across the P. hilaris distribution 
range (native and non-native), we combined host 
plant layers, obtaining a unique layer for all the host 
plants represented by the sum of the densities of 
each of the seven individual layers at world scale. 
Virtually all the considered host plants have a global 
distribution in terms of native area and introduction 
areas considered as a whole, except for the F. erecta, 
whose distribution is mostly limited to its native 
range. The rationale of producing a world scale host 
plants layer relied on the capability of P. hilaris to 
use as reproductive hosts both plant taxa found in 
its native range and translocated worldwide, as well 
as congeneric vicariant plants to those occurring in 
P. hilaris native range. This condition justifies the 
creation of a global host plants layer needed to obtain 
a world scale prediction of habitat suitability for P. 
hilaris. As the last step, in order not to overestimate 
the contribution of the host plant layers, i.e., to 
consider the effect of the host plants only where they 
have more chance to be actually present, we opted for 
multiplying the logarithm of the resulting host plants 
density layer for the overall cover given by EBT, 
DBT, MOT (layers of broadleaved or mixed arboreal 
habit) and SHR (layer of shrub habit) (i.e., logarithm 
of host plant density multiplied for broadleaved and 
mixed trees and shrub fractional cover, HP.bl).

Species distribution modeling framework

To identify the contribution of the environmental 
variables in explaining the distribution of P. hilaris 
within its native range, we built a SDM using an 
ensemble modeling approach (Araújo and New 
2007; Guisan et  al. 2017). The ensemble approach 
is widely used to evaluate the contribution of 
environmental variables in explaining the spatial 
distribution of species (Guisan et al. 2017), to assess 
spatial connectivity (Dondina et al. 2020), to define 
possible future scenarios for species and habitat 
(Ahmad et al. 2020), or in systematic conservation 
planning (Meller et  al. 2014). The rationale at the 
base of ensemble modeling is to combine the output 
from multiple models to obtain reliable estimates 
of covariates effects with a significant reduction of 

http://www.worldclim.com/version2
http://www.worldclim.com/version2
http://www.earthenv.org
http://www.earthenv.org
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bias and variance, minimizing the effect of underfit/
overfit predictions through a penalization of poor-
performing models based on evaluation metrics 
(Araújo and New 2007). This aspect is particularly 
important when making occurrence predictions 
outside the calibration area of a model (i.e., outside 
the area from which the data used for modeling 
comes) (Guisan et  al. 2017). Using the ensemble 
modeling approach, the combined output should 
tendentially have higher explanatory and predictive 
performances compared to a model obtained from 
a single algorithm (Breiner et  al. 2015; Hao et  al. 
2019; but see Früh et  al. 2018; Hao et  al. 2020, 
Valavi et al. 2022).

One of the most important aspects to consider 
when modeling presence-only data is the creation of 
Pseudo-Absences (PAs) or background data (Barbet-
Massin et al 2012). Selecting PAs strictly within the 
native range of a species does not allow evaluating 
the effective contribution of bioclimatic variables to 
species distribution, as they vary chiefly on a large 
spatial scale. Consequently, the impossibility to 
disentangle the effects of these bioclimatic conditions 
would impede the assessment of the importance 
of those crucial variables that constrain the extent 
of species’ native range itself, and would hinder 
the ability to carry out a correct identification of 
potentially suitable bioclimatic areas outside the 
native range. For this reason, when working on a 
large scale (e.g., continental or global), in order 
to verify whether and quantify how bioclimatic 
variables play an effective role in limiting/defining 
the range of the species, it is necessary to collect PAs 
outside the known species’ native range (see Guisan 
et  al. 2017; Adde et  al. 2023). On the other hand, 
land cover, DEM, and host plants, given their narrow-
scale variability, are variables acting on a local scale, 
thus predominantly affecting habitat suitability. In 
this case, to assess the effect of these covariates, PAs 
should be identified as close as possible to presence 
points, i.e., strictly within the known species’ range 
(Fournier et  al. 2017; Mateo et  al.2019; Adde et  al. 
2023). This PAs selection procedure limits the 
possible confounding effect of bioclimatic variables 
on the estimates of habitat variables effect.

To verify our assumption about the degree 
of spatial variability of habitat and bioclimatic 
covariates we calculated the Moran’s I for each 
variable across different spatial extents (0.00833°, 

0.0833°, 0.833°) using the geocmeans package (Gelb 
and Apparicio 2021) in R (Table  S1). As expected, 
the Moran’s I values resulted always lower for habitat 
respect to bioclimatic variables.

For the above-mentioned considerations, we 
developed a Habitat Suitability Model (HSM) over 
a narrow geographic range restricted to the P. hilaris 
putative native range. In addition, we developed 
a Bioclimatic Suitability Model (BSM), testing 
the effect of bioclimatic variables over a large 
geographical area centered on P. hilaris’ putative 
native range. As the last step, we combined the two 
suitability models to obtain the overall suitability 
model accounting for both bioclimatic and habitat 
variables.

Given the above premises, we subjectively set 
the latitudinal extent between 20° and 45°  N and 
the longitudinal extent between 115° and 150°  E 
for the HSM, and between 0° and 80° N and 90° E 
and 160°  E for the BSM. The ranges for the HSM 
allowed to select an extent strictly limited to the 
range of the species; thus, remaining in a tendentially 
homogeneous bioclimatic context respect to a 
wider extent, especially across latitude, the effect of 
habitat variables can be assessed more effectively. 
Conversely, for the BSM, we selected a larger extent 
(about double in magnitude respect to the native 
range) in order to assess the effect of bioclimatic 
conditions subsisting beyond P. hilaris native range 
(i.e. the conditions the species could experience in 
an area of potential introduction). Since we assume 
that bioclimatic conditions vary mostly along the 
latitude, we set a greater difference in latitudinal than 
in longitudinal limits passing from HSM to BSM 
extents.

Species distribution model building

Before building the HSM and BSM for the P. hilaris 
within its native range we produced a check of 
environmental covariates to avoid collinearity issues. 
Indeed, since many of the bioclimatic variables are 
strongly correlated, we performed a preselection 
of bioclimatic covariates, removing those strongly 
correlated, i.e., with an absolute value of the Pearson’s 
correlation coefficient higher than 0.7 (Dormann 
et  al. 2013) using the “vifcor” function of the usdm 
package (Naimi et  al. 2014) in R. The bioclimatic 
covariates selection was produced by investigating 
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the possible collinearity within the BSM extent. We 
preliminarily log-transformed all the bioclimatic 
variables related to precipitation, to reduce the right-
skewed distribution due to extreme values of rainfall 
(BIO12 to BIO19). The same procedure aimed at 
evaluating possible variable correlation problems was 
carried out for all the covariates included in HSM 
(land cover, DEM, and host plant layers) within the 
HSM area. In addition, for land cover data, because 
of their perfect complementarity, we excluded those 
with frequency within the native range lower than 5%.

To reduce the spatial autocorrelation of P. hilaris 
occurrence data, we performed a spatial thinning 
(e.g., Steen et  al. 2021) rarifying presence points 
falling within the same raster cell of the bioclimatic 
and habitat layers; this operation was performed using 
the “ensemble.spatialThin” function included in the 
BiodiversityR package (Kindt and Coe 2005), setting 
1.0  km as thinning threshold (that fits for a raster 
resolution of 0.00833° since 1.0  km corresponds to 
just over 0.00833° at the equator) and performing 10 
runs.

The modeling procedure for the HSM and BSM 
was performed using the biomod2 package version 
4.2–4 (Thuiller et al. 2021). R code is available upon 
request to the authors.

As modeling algorithms, we used the Generalized 
Linear Model (GLM), Generalized Boosting Model 
(GBM), Random Forest (RF), and Maximum Entropy 
(MAXNET). For each model algorithm, as models’ 
options we used the default settings, except for the 
GLM where we used the “polynomial” option. Since 
the different algorithms used in the ensemble model 
framework require a different number of PAs for their 
optimal performance (Barbet-Massin et al. 2012), we 
were forced to use a trade-off between a PAs inflation 
and PAs paucity, high or low number of PAs with 
respect to those needed by the algorithm, respectively. 
We decided to set the number of PAs to 4 times the 
number of occurrences. However, since the number 
of PAs was relatively low, and since some algorithms 
require a higher number of PAs, some models might 
become ineffective (i.e., fail the validation test and, 
consequently, be discharged from the analyses; see 
ahead). As a solution, we opted to use a large number 
of sets of PAs according to the capability of the 
HSM and BSM of obtaining a substantial number of 
effective models (i.e., models passing the selection of 
validation metrics; see below for details). Thus, we 

decided to use 20 sets of PAs for HSM and 5 for BSM 
(see the Results section for detailed information). 
The different number of sets used in the modeling 
framework depends on the nature of the considered 
covariates (habitat vs bioclimatic variables). Within 
the narrower extent used for developing the HSM, 
we opted for a “disk” strategy to randomly select 
PAs within a buffer ranging from 2.5  km (to avoid 
putting pseudo-absences close to occurrences, i.e. in 
inside possible suitable habitats) to 1000 km (to limit 
the possible strong effect of bioclimatic covariates) 
respect species occurrence points. For the larger 
extent within which we developed the BSM, we opted 
for a completely PAs random selection in the whole 
area excluding only seas. Since no external data 
were available to evaluate the models’ accuracy, a 5 
cross-validations data-splitting procedure was carried 
out using 80% of the data as the training set with 
the remaining 20% as the validation set. Overall, we 
obtained 400 models (4 algorithms × 20 PAs sets × 5 
cross-validation runs) for the HSM and 100 models (4 
algorithms × 5 PAs sets × 5 cross-validation runs) for 
the BSM. Each model was validated by three different 
metrics: the Area Under the Receiver Operating 
Characteristic (ROC) curve (AUC); Hanley and 
McNeil 1982), True Skill Statistic (TSS; Allouche 
et al. 2006), and Cohen’s Kappa (Choen 1960). Only 
those models overcoming the following thresholds 
were included in the ensemble model (if under 
the threshold, the model was discharged, i.e., not 
considered in the ensemble model procedure): 0.9 for 
ROC, 0.8 for TSS, and 0.8 for Cohen’s Kappa (Zhang 
et  al. 2015). The ensemble model was computed 
using the EMwmean function (probabilities from 
the selected models weighted according to their 
evaluation scores obtained when building the model). 
To account for each single model performance used 
in building the ensemble model, we weighted its 
contribution by setting a “proportional” option decay. 
The importance of each variable included in the 
ensemble model was estimated using a permutation 
procedure based on three runs. The same framework 
was adopted for both HSM and BSM. Finally, the 
performance of the HSM and BSM ensemble models 
was evaluated through the Boyce index (Boyce et al. 
2002; Hirzel et  al. 2006) by means of the modEvA 
package (Barbosa et  al. 2013), using Spearman 
correlation coefficient and bin width of 0.2.
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For HSM and BSM, we produced two separate 
maps that were subsequently used for the realization 
of the overall suitability map. Since both predictions 
of HSM and BSM produced two maps of an 
environmental suitability in terms of probability of 
species presence, the overall suitability map (i.e., 
the overall probability of species presence) can be 
calculated as the spatial product of HSM and BSM 
maps (see Adde et  al. 2023). The rationale of this 
procedure relies on the respective independence 
of HSM and BSM probabilities; this condition is 
realized since PAs sets for HSM and BSM were 
randomly extracted within two geographical areas of 
different extents in order to better assess the effect 
of bioclimatic variables in the BSM and reduce their 
effect as confounding variables in building HSM (see 
Adde et al. 2023). The prediction performance of the 
overall suitability map was evaluated by means of the 
Boyce index.

HSM and BSM for the native range were used to 
forecast the suitable areas for P. hilaris at a global 
scale by means of the same approach used for the 
native range, obtaining an overall global suitability 
map. Finally, we produced a suitability map tailored 
for P. hilaris in the areas of introduction, i.e., 
Northern Italy, for which we performed a validation 
of the prediction performance applying the Boyce 
index on presence records available for the invaded 
range.

For the global and Italian-scale projection, 
a validation was made using the Multivariate 
Environmental Similarity Surfaces index (MESS; 
Elith et al. 2010), implemented in the dismo package 
(Hijmas et al. 2023).

Results

Data mining and data collection from online 
resources, considering the uncertainty of occurrence 
coordinates lower than 500  m, produced 535 
occurrences of P. hilaris, 266 of which were in the 
putative native area. Thinning procedures on native 
occurrences reduced the number of occurrences to be 
used in the modeling framework to 194.

After performing covariate selection to overcome 
collinearity issues, for the HSM, we had all the 
variables pertaining to the land cover layers (except 
CMV), DEM, and host plants layer. The covariate 

selection for the BSM retained 5 over the 19 initial 
variables, namely BIO2 (mean diurnal range), 
BIO3 (isothermality), BIO5 (max temperature 
of warmest month), BIO8 (mean temperature of 
wettest quarter), BIO15 (precipitation seasonality), 
and BIO18 (precipitation of warmest quarter). This 
selection can be considered satisfactory in term of 
representativeness of bioclimatic condition, for both 
scales of analysis since the set of variables includes 
three variables related to temperatures, and two to 
precipitations.

Among the 400 models (runs) developed for the 
HSM, 294 (73.5%) passed the ROC, 62 (15.5%) the 
TSS, and 53 (13.3%) the Cohen’s Kappa validation 
thresholds. Among the 100 for the BSM, all passed 
the ROC and TSS validation thresholds, while 66 
(66.0%) passed the Cohen’s Kappa thresholds. The 
models passed the above-mentioned thresholds con-
tributed to the final HSM and BSM ensemble mod-
els developed for the species native range. The Boyce 
index obtained in validation for HSM and BSM 
ensemble models returned 0.985 and 0.966, respec-
tively (See Figs.  S1e and S2 for Boyce graphs and 
Tables  S4 and S5 for Boyce index values obtained 
from HSM and BSM maps, respectively). The ensem-
ble modeling for the HSM and the BSM allowed us 
to establish the covariates’ importance (Tables S6 and 
S7) and their effect in affecting P. hilaris presence 
probability, separately. For HSM the most impor-
tant variables were host plants (variable importance: 
0.552), and BU (0.438). Host plants and BU showed 
a positive effect on species presence (Fig. S3). BSM 
was substantially affected by BIO18 (variable impor-
tance: 0.618) and to a lesser extent by BIO3 (0.283) 
(Fig.  S4). The outputs of the ensemble models 
allowed the spatial prediction for HSM (Figs.  1, S5 
map of HSM confidence intervals) and BSM (Figs. 2, 
S6 map of BSM confidence intervals) for the P. hila-
ris putative native range, separately.

The spatial product of maps of the species’ pres-
ence probabilities of HSM and BSM allowed us to 
generate the overall suitability map for the native 
range (Fig. 3). The value of Boyce index obtained for 
the overall suitability amounted to 0.991 (Fig. 4; see 
Table S8 for the corresponding Boyce index values).

The output of both HSM and BSM ensemble mod-
els was used to forecast the maps of species presence 
probabilities for HSM and BSM at the world scale, 
separately (Figs.  5 and 6). The spatial product of 
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these two maps produced the overall suitability map 
at a global scale (Fig. 7).

The HSM projection in northern Italy showed 
a large number of areas highly suitable for P. hila-
ris because of the wide distribution of host plants 
(Fig.  8). However, the area appears to be rather 
unsuitable as regards for bioclimatic conditions 
(Fig. 9). This resulted in a rather low overall suitabil-
ity, possibly due to a low tolerance of the species to 
changes in its climatic niche (Fig. 10).

The prediction performance of the overall suit-
ability map in the introduction area in Northern Italy 
returned a Boyce of 0.909. The graph of Boyce index 
showed a decreasing tendence for presence probabili-
ties higher than 0.32 (Fig. 11).

The MESS index map showed how the HSM on 
a global scale was a reliable model. Indeed, the map 
showed large areas without extrapolation (index > 0) or 
with moderate extrapolation (0 < index <  − 50) (Fig. S7). 
Similarly, the BSM at global scale was also reliable 
according to the MESS index (Fig.  S8). Specifically 
referring to the invaded area, MESS index highlighted 
the reliability of the projection of both HSM and BSM 
(very few areas showed a index <  − 50).

Discussion

Explanatory models: HSM and BSM built on 
calibration area (native range)

The host plants represent the fundamental variable 
to explain the presence of the species, which in the 
native area is mainly represented by autochthonous 
plants, i.e., all those considered with the exception of 
F. carica, which is however locally introduced in the 
native area of P. hilaris; this condition emphasized the 
importance of presence of host plants in determining 
the distribution of wood-boring beetles. Secondly, a 
certain degree of urbanization would seem to favor 
the presence of the species, probably in relation to 
its ability to exploit the presence of host species used 
in urban forestry. Furthermore, the species would 
seem to be able to take advantage of conditions in 
which natural or semi-natural areas penetrate highly 
urbanized areas; this condition occurs especially 
on the island of Taiwan. Altitude is a variable with 
a modest contribution in explaining the distribution 
of the species, affecting the local microclimate and 
indicating a general preference of the species for low 
altitudes.

Fig. 1  Habitat suitability 
map for P. hilaris in its 
native range obtained pro-
jecting the ensemble HSM. 
In red the occurrence points 
of the species within native 
range
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The areas of high suitability are to a large extent 
located within what is currently the known range of 
the species, while it is observed that in neighboring 
areas outside of this, the environmental suitability 
drops drastically due to the lack of suitable habitats. 
Most of the eligible areas are concentrated in Taiwan, 
which is fully eligible except for the summit areas. 
Elsewhere, in the presumed native range, the areas 
suitable for P. hilaris have a fragmentary distribution 
and are located in insular (Japan), peninsular (South 
Korea), or coastal continental (SE China) contexts. 

The BSM map highlights rather continuous and 
homogeneous areas of high suitability within the 
longitudinal band that includes the native range of 
the species, including all of Japan south of Hokkaido, 
South Korea, Taiwan, south-eastern China, and north 
Vietnam.

The suitability map indicates the following as 
areas with higher probability of P. hilaris presence: 
(1) Japan, south-eastern belts facing the Pacific, 
regions of Kantō, Chūbu, Kansai, as well as in 
the northern part of Kyūshū; (2) South Korea, 

Fig. 2  Bioclimatic suit-
ability map for P. hilaris 
in its native range obtained 
projecting the ensemble 
BSM; see methods section 
for explanation of using 
maps with different calibra-
tion extent between HSM 
and BSM in the native 
range. In red the occurrence 
points of the species within 
native range
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Fig. 3  Overall suitabil-
ity map for P. hilaris in 
its native range obtained 
combining the projec-
tion maps of both habitat 
suitability model (HSM) 
and bioclimatic suitability 
model (BSM). In red the 
occurrence points of the 
species within native range

Fig. 4  Boyce of the overall suitability map for P. hilaris native range (see Table S8 for the corresponding Boyce index values)
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administrative sections of Seoul, Incheon, and 
Gyeonggi; (3) China, coastal areas especially in 
the municipality of Shanghai, and in the provinces 
of Fujian and Zhejiang; (4) Taiwan almost in its 
entirety. It is plausible that Taiwan Island, both 
because of the number of occurrences and the high 
probability values of occurrence provided by the 
overall suitability map, may constitute the core area 
of the range of P. hilaris.

Predictive models: P. hilaris suitable areas at global 
scale based on HSM and BSM native model outputs

The HSM identified as the main eligible areas 
outside the native area: (1) the central and southern 
areas of Western Europe, including England; (2) 
insular and coastal contexts of the Middle East; 
(3) The central-eastern United States and parts of 
California; (4) Yucatan region in Mexico; (5) East 

Fig. 5  Habitat suitability map for P. hilaris at world scale obtained projecting the ensemble HSM calibrated on the species native 
range

Fig. 6  Bioclimatic suitability map for P. hilaris at world scale obtained projecting the ensemble BSM calibrated on the species 
native range
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Coast of Australia and North Island in New Zealand; 
(6) Cape Town and Johannesburg-Pretoria area in 
South Africa; (7) different coastal contexts of the 
Malay peninsula and the island of Sumatra. The BSM 
identified the Central-Eastern United States as the 
main bioclimatic suitable area outside the native area, 
while bioclimatically sub-optimal areas were found 
in: (1) southeastern regions of Brazil and Uruguay; 
(2) Continental Europe and Central-West Asia 
regions. The suitability map at global scale indicated 
how multiple areas with suitable habitats for the 
species have poorly suited bioclimatic conditions; 

as a result, the areas suitable for both habitat and 
bioclimate are decidedly smaller and limited to the 
Eastern United States. The central and southern areas 
of Western Europe, while having extensive areas 
suitable for habitat, have non-optimal bioclimatic 
conditions. This means that in Europe there are only 
areas of medium–low overall suitability and are very 
localized. These areas are located in the lowland and 
foothill regions of northern Italy, Switzerland, and 
northern Croatia.

Fig. 7  Overall suitability map for P. hilaris at world scale obtained combining the projection maps of both habitat suitability model 
(HSM) and bioclimatic suitability model (BSM) calibrated on the species native range

Fig. 8  Habitat suitability 
map for P. hilaris in North-
ern Italy (non-native range) 
obtained projecting the 
ensemble HSM calibrated 
on the species native range. 
In red the occurrence points 
of the species within the 
range of introduction
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Evaluation of the performance of HSM and BSM in 
the introduction area

The forecast on a detailed scale regarding the area of 
introduction of P. hilaris in Northern Italy, the only 
reality of the successful establishment of the species 
on a global scale, has shown how the species has only 
partially colonized the suitable areas from the point 
of view of habitat. These areas extend throughout 
the Alpine, Pre-Alpine, and Apennine contexts, but 
also in the lowland areas where patches of residual 
forest vegetation persist (see Lupi et al. 2023). From 
a bioclimatic point of view, the species occupies 
the most bioclimatically favorable areas within the 
introduction area, although these are suboptimal 

conditions according to the native BSM model. This 
condition is most likely attributable to the presence 
of the Alpine front which rises abruptly from the Po 
Valley, causing generally high rainfall in the hottest 
months of the year, and the presence of lakes which 
play a buffer role against temperature fluctuations 
(Shintani and Ishikawa 2002; Claps et al. 2008; Lupi 
et al. 2023).

The overall model, which takes into account the 
suitability for both habitat and bioclimatic conditions, 
once again highlights how P. hilaris is found in the 
most favorable areas, which have average suitability 
(species presence probability 35–40%). The Boyce 
index calculated for the invaded area and its graph 
highlight the good forecasting performance of the 

Fig. 9  Bioclimatic suit-
ability map for P. hilaris in 
Northern Italy (non-native 
range) obtained projecting 
the ensemble BSM cali-
brated on the species native 
range. In red the occurrence 
points of the species within 
the range of introduction

Fig. 10  Overall suitability 
map for P. hilaris in North-
ern Italy (non-native range) 
obtained combining the pro-
jection maps of both habitat 
suitability model (HSM) 
and bioclimatic suitability 
model (BSM) calibrated on 
the species native range. In 
red the occurrence points of 
the species within the range 
of introduction
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overall model, allowing us to exclude a possible 
niche change by the species in its current phase. On 
the other hand, the decreasing pattern of the index for 
the highest presence probability in the invaded area 
would indicate how the species, although in strong 
expansion, did not reach the most suitable areas 
starting from the nuclei of primary introduction (see 
Lupi et al. 2023). This study indicates that the species 
is currently widely established and widespread in the 
provinces of Milan, Lecco, and Como (Lombardy, 
Northern Italy). The prediction map in the central-
western areas of Northern Italy also suggests the 
potential of P. hilaris to expand primarily towards 
the North (Canton Ticino, CH) given the reduced 
geographical distance and the presence of more 
suitable environments for the species in this territory. 
Furthermore, the spread of P. hilaris towards the east 
is plausible given the presence of suitable areas in the 
pre-Alpine foothills, such as in the Lessino-Vicentino 
context.

In addition to a natural expansion, which amounts 
to an annual rate of 20% (see Lupi et  al. 2023), the 
colonization of these areas by P. hilaris could be 
favored by accidental translocations due to the 
movement of materials and vehicles along the main 
communication routes that run in an east–west 
direction. Lupi et al. (2023) highlight how the current 
expansion phase is however oriented towards the 
south; this trend reflects the presence of more suitable 
areas in the sub- and peri-urban area of Greater 
Milan, which is particularly characterized by a rich 
mosaic of green areas, within an urban matrix, many 
of which are characterized by arboreal vegetation 
with the presence of preferred host plants. This 
condition is similar to what is found in the core area 
of the native range on the island of Taiwan, where the 
coastal urban belt is penetrated by arboreal vegetation 
(Peng et al. 2020; Hsiao 2021).

Fig. 11  Boyce index graph of the overall suitability map for P. hilaris in Northern Italy (non-native range) (see Table S9 for the cor-
responding Boyce index values)
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Considerations on possible changes in the P. hilaris 
niche

From the point of view of the habitat, it would 
seem difficult to hypothesize a predisposition 
to a substantial niche change by P. hilaris. This 
hypothesis would seem to be supported by the fact 
that in Eastern China, the species remains localized 
only in those areas with a favorable habitat, although 
suitable bioclimatic conditions exist over a wider 
area. Therefore, the presence of habitats would seem 
to be more limiting than the bioclimatic condition. In 
this context, BSM succeeds very well in explaining 
the presences (bioclimatically favorable areas 
with a suitable habitat), but less well in explaining 
the pseudo-absences (bioclimatically favorable 
areas, but without a suitable habitat). On the other 
hand, HSM explains very well both presences and 
pseudo-absences, a symptom that, in a favorable 
and relatively homogeneous bioclimatic context, 
the presence or absence of habitat will condition the 
overall environmental suitability for P. hilaris. The 
predictions of the model created for the native range 
show that the areas currently exposed to the greatest 
risk of colonization is the eastern Nearctic, given its 
suitability for both bioclimatic and habitat conditions. 
However, with a view to a possible plasticity of the 
bioclimatic niche, extensive areas of central-western 
Europe could be exposed to the species invasion given 
the high suitability of the habitat, mainly due to the 
extensive diffusion of the host plants. The potential 
invasive nature of P. hilaris is thus constrained by 
the ability to quickly modify its ecological niche, as 
demonstrated by Wiens et  al. 2019 for other taxa. 
Assessing how and whether the ecological niche 
defined by multiple factors, from habitat features to 
bioclimatic factors, may change between different 
geographic areas or time periods (Broennimann et al. 
2012; Guisan et  al. 2014; Trozzi et  al. 2024) is a 
challenge of particular importance for the study of the 
invasive potential of species in a world increasingly 
exposed to accidental translocations due to increased 
global trade.

Caveats and tricks on the use of data obtained from 
global facilities in SDM

As expected, HSM was less likely to overcome the 
metric thresholds in comparison to BSM. Given the 

high variability of habitat covariates on a local scale 
in comparison with bioclimatic ones, there is the risk 
of allocating PAs in areas suitable for the presence 
of the species but for which there are no occurrence 
data (which is often the case with data originating 
from incomplete datasets, e.g., GBIF); this condition 
makes habitat modeling based on presence-only data 
relatively ineffective, resulting in a lower number 
of robust models in explaining species presence 
probability on the basis of habitat characterized by a 
narrow-scale variability. This condition would lead 
to obtaining a reduced number of models to be used 
in the ensemble modeling for the HSM. To obtain 
a conspicuous number of HSM models, we thus 
increased the number of sets of PAs. In this way, we 
were able to achieve a more robust evaluation of the 
effect of habitat covariates (land covers, DEM, and 
host plant layer) in explaining P. hilaris occurrences 
with respect to the background habitats.

To evaluate the reliability of occurrence data 
obtained from GBIF and used in the modeling 
framework, other than those with a coordinate 
uncertainty lower than 500  m, we also tested the 
use of data without a declared uncertainty. This 
has made it possible to have more than double the 
occurrences available for modeling. However, we 
obtained a marked drop in the robustness of models 
to be used in building the ensemble model for 
the HSM, from 15.5 to 0.5% (while for the BSM 
100–91%, according to TSS model validation; results 
not shown). This is due to the difficulty in capturing 
the true effect of an environmental covariate that has 
a narrow-scale variability (such as those concerning 
habitat layers) when an occurrence is georeferenced 
in an approximate manner. This is the reason why 
we decided to keep only those data with a declared 
reduced coordinate uncertainty (< 500 m).

Bioclimatic variables show substantial variability 
on a large geographical scale; thus, to capture the 
effect of bioclimatic variables, we extended the 
allocation area of PAs also to include geographical 
areas not close to the native range, for which a certain 
degree of deviation from the conditions found in 
the native range may exist. This condition allows 
bioclimatic models to have a greater capability in 
explaining species occurrences since PAs have a 
higher chance to be true zeros, and some bioclimatic 
variables may actually have a significant effect in 
constraining the distribution of the species. This 
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aspect is of particular importance when one of 
the aims is to identify potential bioclimatically 
suitable areas outside the native range. Conversely, 
bounding the identification of PAs strictly within 
the native range in building HSM may help to limit 
the confounding effect of bioclimatic variables in 
assessing the effect of habitat variables on species 
presence.

Conclusions

Predicting the establishment and expansion success 
of an introduced species in a new geographic area 
remains a major challenge of invasion science 
(Srivastava et al. 2021; Liu et al. 2022).

The preparation of the data to be used and the 
fine-tuning of the modeling analyses places the 
emphasis on the careful usage of georeferenced 
data according to their accuracy, in relation to the 
resolution of the cartography used for HSM. This 
is particularly important since analyses involve the 
use of data which have high variability on a small 
scale, such as habitat layers (e.g., land cover). In 
addition, we stress the importance of adopting a 
two-step modeling approach to better capture the 
effect of covariates that have appreciable/substantial 
variability on different spatial scales (see Adde 
et  al. 2023). In the modeling approach, it is 
extremely important to consider the host plant when 
creating a model specifically aimed at explaining 
and predicting the distribution of a wood-borer, as 
highlighted by Dang et al. (2021); in fact, the host 
plant is a key variable in defining the environmental 
suitability from the point of view of the habitat. The 
habitat is also particularly binding with respect to 
the bioclimatic conditions. If P. hilaris were unable 
to change its niche due to bioclimatic constraints, 
it should in future be considered a modestly 
invasive species both in Italy and in the circum-
Mediterranean and central-western European 
context. On the other hand, if the species were able 
to change its bioclimatic niche, it could become a 
first-level invasive species in the above-mentioned 
areas given the large presence of suitable habitats 
primarily defined by the host plants. The latter 
phenomenon cannot be ruled out at present since 

P. hilaris currently presents a high rate of areal 
expansion in a fairly suitable bioclimatic context.
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