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a b s t r a c t

Since alien species may threaten native ecosystems when becoming invasive, one of the
main challenges is try to predict their potential spread. Despite bees are essential polli-
nators and provide important ecosystem services in their native areas, outside these areas
they could represent a risk for the local bee fauna, e.g. by competing for resources or by
transmitting pathogens, as it was observed for species ofMegachile, the bee genus with the
highest number of recorded alien species. Here, using two complementary methods
(Multidimensional Envelope procedure (MDE) and the Maximum Entropy algorithm
(MaxEnt)), we aim to explore environmental niche as well as to identify potential
worldwide distribution of the giant resin bee Megachile sculpturalis, native to Asia and
recently introduced in North America and Europe. The two methodological approaches
predict an important expansion for the species and reveal a preference for areas of Pale-
arctic and Nearctic regions with reduced temperature fluctuations and moderate precip-
itation regimes. The Southern hemisphere seems not having good conditions for this
species. Estimations for the future (2070) predict a further, though limited expansion to
northern areas in the North hemisphere. However, during roughly 25 years of spreading
outside its native range, M. sculpturalis clearly expanded the range of inhabitable envi-
ronmental conditions, which may increase its potential invasiveness in a pattern difficult
to predict using only correlative methods. Physiological and ecological data are necessary
to better assess the potential niche of this bee species and in consequence to better predict
its future spreading dynamics.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Alien species, i.e. those species which establish outside their native range after a deliberate (e.g. as a managed crop
pollinator or a pest control agent) or accidental (e.g. through trade routes) introduction, may become invasive (i.e. prob-
lematic for biodiversity in the occupied areas) under certain conditions (Williamson 1996; Levine and D’Antonio 2003;
Colautti and MacIsaac 2004; Blackburn et al., 2014). Typically, with a high growth rate, a fast range expansion, and a
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prominent competitive ability, these invasive species greatly impact native biological communities, causing serious problems
for the environment and society (Wittenberg and Cock 2001; Clavero and García-Berthou 2005; Lockwood et al., 2007;
Roques et al., 2009).

For this reason, a key challenge for ecologist is to understand the potential spread of alien species and predict the
patterns of range expansion in order to plan prevention strategies (Hastings et al., 2005; Arim et al., 2006). Such studies are
mainly based on species distribution models (SDMs, also known as ecological niche models; Guisan et al., 2013). SDMs
consist in a set of methods widely used to forecast the potential distribution of species spanning many different organisms
(e.g. Peterson et al., 2003; 2007; Broennimann et al., 2007; Ward 2007; Guareschi et al., 2013). Since abiotic factors are
central in determining the survival of a species in a given territory, climate and other environmental variables, such as
altitude and land use, are extensively used in building such potential distributions (Araújo and Guisan 2006; Peterson et al.,
2011).

SDMs have their limitations, which largely depend on data accuracy, the type of applied modelling procedure, and niche
stability of the studied species (Jim�enez-Valverde et al., 2008). In particular, since SDMs are correlative models which relate
species occurrences (i.e. the response variable) to environmental predictors (i.e. predictor variables), their output could be
more reliable when assuming that the current species distribution is limited by the environmental factors we are using in the
model and the species has already reached all suitable areas within the native range and is absent from all unsuitable sites
(i.e., the equilibrium assumption). Furthermore, SDMs would finely predict the potential distribution of a species when their
ecological niche was stable in space and time (niche conservatism: the environmental conditions where the species lives are
the same in the native and the invaded areas) (Guisan and Thuiller 2005). However, this equilibrium assumption is often
violated, since alien species may either show niche unfilling (the niche of the invaded area is only a sub-space of the niche of
the native area) or, even more problematic, niche shift (a new environmental space is occupied in the invaded range)
(Broennimann et al., 2012; Guisan et al., 2014; Polidori et al., 2018). However, SDMs are extremely useful tools to rapidly
estimate the spreading patterns of alien species (Peterson et al. 2003, 2007, 2011).

In this study, we focus on potential distribution of bees (Hymenoptera: Apoidea). To date, over 80 species of both
domestic (honeybees, bumblebees) and wild bees have established outside of their native ranges (reviewed in Russo 2016).
Some were imported in non-native areas to increase crop production, while others enter non-native territories accidently
(Russo 2016), and in both cases benefits from their pollination service arise together with potential negative effects on the
occupied ecosystems. Indeed, while bees are arguably the most efficient pollinators at a global scale, providing important
ecosystem services and guaranteeing more than 30% of global crop production (Biesmeijer et al., 2006; Klein et al., 2007),
some of the alien bee species distributed around the world were observed, or at least suggested from observations on their
behaviour, to have negative impacts on local fauna. For example, alien bees could affect the local bee fauna through
competition for food resources and nesting sites, transmission of pathogens, and reproductive disruption via interspecific
hybridization (Goulson 2003; Traveset and Richardson 2006; Morales 2007; Stout and Goulson 2000; Stout and Morales,
2009; Norfolk et al., 2018).

Most of the alienwild bee species recorded to date belong toMegachilidae (Russo 2016), suggesting that bees of this family
possess biological and/or ecological traits that make themmore likely to successfully persist in non-native areas. For example,
most species nest in tunnels in wood (Michener 2007; Danforth et al., 2019), which increases the probability of accidental
introduction via commercial trade (Polidori et al., 2018). Furthermore, males of many species aggressively defend mating
territories on plants, which may limit flower exploitation by native species (Strange et al., 2011). Within Megachilidae,
Megachile is well represented, with >10 species recorded outside their native ranges (Russo 2016; Bortolotti et al., 2018).
Species of this genus provide some evidence of competition with native bee fauna. For example, Barthell and Frankie (1998)
found the alienMegachile apicalis Spinola 1808 andMegachile rotundata Fabricius 1787 occupyingmore trap-nests than native
bees in California, and Megachile sculpturalis Smith 1853 was observed to compete with species of Xylocopa and Osmia for
nesting sites (Laport andMinckley 2012; Parys et al., 2015; Le F�eon et al., 2018). Furthermore, transmission of pathogens from
alien to nativeMegachile species is known (Goerzen et al. 1990,1992). Females of very largeMegachile species can also damage
flowers during foraging (Mangum and Sumner 2003). Thus, it is important to try to predict where alienMegachile species may
spread, based on their ecological niches.

This study represents the first attempt to estimate potential areas, at a global scale, of invasion of the alien giant resin bee
M. sculpturalis (Fig.1A and B) using species distributionmodels. Since prevention of invasions is themost cost-effectiveway to
avoid biodiversity loss and nature conservation problems (Leung et al., 2002), the obtained information could be considered
as a useful tool to understand and prevent further spreads of this alien species. Apart from an earlier study on M. sculpturalis
confined to North America (Hinojosa-Diaz et al., 2005), no investigations attempted to estimate the potential distribution of
this species at a global scale.

Specifically, we aim to 1) estimate the environmental space (based on bioclimatic data) occupied by the species, 2) identify
areas of the world that could potentially be invaded by the species under the current environmental conditions, 3) evaluate if
M. sculpturalis is conserving, unfilling or shifting its environmental niche in the invaded areas, and 4) identify the potential
distribution of the species under future scenarios of climate change.
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Fig. 1. (A) A female M. sculpturalis while foraging on Sophora japonica in Italy (credit: Laura Bortolotti); (B) A female M. sculpturalis at a nest entrance in wood in
Italy (credit: Angelo Sommaruga); (C) Actual distribution of M. sculpturalis, based on published records (see Table A1). Occurrence records are from yellow to
green (increasing year of record) for the native areas, and from yellow to red (increasing year of record) for the invaded areas. Black dots indicate records with no
available year. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2. Materials and methods

2.1. Study species and origin of data

The native distribution range of M. sculpturalis covers eastern Asia (Japan, China, Korea, Taiwan) (Iwata 1933; Hirashima
1974; Okada, 1995; Lee and Ryu 2013).Megachile sculpturalis established first in North America at least since 1994 and it now
occupies many areas of America and Europe (Hinojosa-Diaz et al., 2005; Vereecken and Barbier 2009; Amiet 2012; Quaranta
et al., 2014; Westrich et al., 2015; Parys et al., 2015; Le F�eon et al., 2018). This large (body length 17e27 mm) species belong to
the subgenus Callomegachile. The species is easily to recognize by the large body, the infuscated wings and the bright orange
hairy thorax (Fig. 1A and B). Females nest in hollow stems or pre-existing cavities in dead wood and thus are placed above the
ground level (Fig. 1B). Nests are composed of a number of brood cells, where a single egg in each is laid (Amiet 2012; Quaranta
et al., 2014; Aguado et al., 2018). The walls between the brood cells are made with mud, while the lateral walls and the nest
entrances are capped with resin (Hinojosa-Diaz et al., 2005; Parys et al., 2015; Westrich et al., 2015). The pollen to feed the
immature brood is collected from plant species spanning many families, often from non-native species (Fig. 1A) (Batra 1998;
Michener 2007; Praz 2017; Laport and Minckley 2012; Quaranta et al., 2014; Aguado et al., 2018; Le Fe�on et al., 2018).
Megachile sculpturalis is a protandrous species, i.e. males emerge earlier than females within a flying season that starts in late
June-early July and ends in mid-September (Hinojosa-Diaz et al., 2005; Quaranta et al., 2014).

The current distribution ofM. sculpturaliswas retrieved from published studies (articles, books, official reports), from GBIF
(Global Biodiversity Information Facility) (GBIF.org, 2019) and confirmed observations in entomological websites (Table A1).
Although we cannot exclude that we missed some records, for example available in Museums collections which were not
inspected or available in large monographies on regional entomofauna, the complete dataset used in this study essentially
represents the whole current distribution of the species. We obtained 625 georeferenced points (49 native and 576 invaded)
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(Table A1). We associated each distribution record to its geographical coordinates (latitude and longitude), and to a binary
code identifying if it refers to either the native or the invaded area. Then, we created a database at a spatial resolution (grid cell
size) of 0.4�. In order to minimize spatial bias in the niche modelling procedure, we used a spatial thinning approach on the
points to make sure they are all at minimum 10 km distance from one another.

2.2. Estimation of the environmental niche

We refer in our study to the “environmental potential distribution”, which is the geographical representation of the
environmental niche from a climatic perspective. We focus on environmental niche because available information in the
literature suggests that biotic limitations for this bee species in invaded areas (i.e. in finding resources) may be very weak.
First, the species was observed to be largely polylectic in their pollen use (Iwata 1933; Batra 1998; Quaranta et al., 2014);
second, the species was observed to nest in different types of galleries, including bamboo reeds, tunnels inwood excavated by
other insects and trap-nests prepared by researchers (Praz 2017; Quaranta et al., 2014).

To estimate the abiotic environmental niche ofM. sculpturalis, we used climate information obtained from the 19 layers in
the current climate available in WorldClim database version 1.4 (http://www.worldclim.org). Spatial resolutionwas the same
as that of the occurrence data (0.4�). These layers present data on seasonality trends, average and extreme values of tem-
peratures and precipitation over the period 1950e2000 (Fig. A1).

Since many of these environmental variables were strongly inter-correlated, and because we were unaware of which of
them could be particularly important for the niche of the studied bee species, we performed a Principal Component Analysis
(PCA) to reduce the number of variables to few ones that are not correlated (the PCA factors). The two first PCA factors (which
explained the 72.2% of the total variance) were selected and then the variables that most strongly correlated with these two
factors were identified (see Fig. A1) (Broennimann et al., 2012; Silva et al., 2014). The PCA factor 1 was positively correlated
mostly with Mean diurnal temperature range [mean of monthly (max temp � min temp)] (BIO2) and secondarily negatively
correlated with Mean temperature of driest quarter (BIO9). The PCA factor 2 was mostly negatively correlated with Tem-
perature seasonality (standard deviation*100) (BIO4) and secondarily positively correlated with Precipitation of driest
quarter (BIO17). A plot with these PCA factors as axes was built to represent the global environmental space occupied by M.
sculpturalis.

We calculated the native and invaded range overlap to test if M. sculpturalis is experiencing niche conservatism, niche
unfilling or niche expansion in the invaded area (Wiens and Graham 2005; Broennimann et al., 2012; Guisan et al., 2014). In
particular, the niche overlap between native and invaded range was calculated using Schoener’s D index (Schoener 1970),
which varies from 0 (no overlap between niches) to 1 (whole overlap). We then followed the procedure of Broennimann et al.
(2012) to test niche equivalency (i.e. whether the niche overlap is constant when randomly reallocating the occurrences of
both entities among the native and invaded areas) and similarity (i.e. whether the overlap between observed niches in native
and invaded ranges is different from the overlap between the observed niche in one range and niches selected at random from
the other range). The null hypothesis of niche equivalency cannot be rejected if the observed value ofD falls within the density
of 95% of 100 simulated values, while the species occupies environments in both of its ranges that are more similar to each
other than expected if the observed overlap is greater than 95% of 100 simulated values (Broennimann et al., 2012). These
statistical analyses were performed using the ecospat package (Di Cola et al., 2017) in R v3.3.1 (R Core R Development Core
Team, 2015).

2.3. Potential distribution under current climate conditions

We estimated the global potential distribution ofM. sculpturalis (i.e. the geographic area inwhich the abiotic environment
is suitable to live; see Jim�enez-Valverde et al. (2011)) through two methods largely used in biological invasion studies. Both
methods were based on the two variables best correlated with the first two PCA factors (BIO2 and BIO4). Because these two
variables were highly correlated respectivelywith BIO9 and BIO17, the role of the latter can be then also discussed. Besides, we
decided to use simple methods and as few variables as possible in order to be conservative, avoiding overfitting models to
predict potential distributions of invasive species.

First, we used a multidimensional envelope procedure (MDE), which is based on the minimum and maximum values of
the two variables extracted from the PCA factors (Beaumont et al., 2005). MDE is an approach directed at maximizing the
capacity to represent geographically the potential distribution of species when they are only based on distributional data
(Broennimann and Guisan 2008; Jim�enez-Valverde et al., 2011; S�anchez-Fern�andez et al., 2011), under the assumption that
occurrence points reflect a subset of the suitable conditions under which a species can survive. The Mahalanobis distance (a
type of multidimensional non-Euclidean distance) between each grid cell and the centroid of the hyper-volume of the
selected variables was used to obtain continuous values for environmental suitability within the potential distribution of M.
sculpturalis (Farber and Kadmon 2003; Calenge et al., 2008; Guareschi et al., 2013). These statistical analyses were performed
in Statistica 8.0 (Statsoft, 2008).

Second, we used the maximum entropy algorithm (MaxEnt v.3.3.0), which also uses presence-only data (Elith et al., 2006;
Phillips et al., 2006; Phillips and Dudik 2008; Merow et al., 2013). As for MDE, also in MaxEnt both continuous and categorical
environmental data can be used as input variables. Maximum entropy modelling is a machine-learning method that esti-
mates an organism’s potential distribution by finding the probability distribution using maximum entropy (i.e. the highest
4
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uniformity), given the constraint that the expected value of each environmental predictor under this estimated distribution
matches the empirical average of sample locations. Default values for the convergence threshold, and the cloglog output
format to generate response curves and Jackknife results were selected (see Phillips et al., 2017). Finally, 25 replicates were
run, and MaxEnt output a single average model. The final map obtained shows the probability of occurrence according to a
0e1 scale. In each replicate, eighty percent of the records were used for model training and the remaining twenty percent for
validation. To evaluate model performance, the Area Under the receiver operating characteristic Curve (AUC) was used (Elith
et al., 2006). This analysis provides a single measure of model performance and ranges from 0.5 (randomness) to 1 (perfect
discrimination). Thuiller (2003) established a scale to enable interpretation of AUC values and for model validation: 0.90 to
1.00 ¼ excellent; 0.80 to 0.90 ¼ good; 0.70 to 0.80 ¼ average; 0.60 to 0.70 ¼ poor; 0.50 to 0.60 ¼ insufficient. Additionally, a
Jackknife analysis was adopted to estimate which variables weremost important for model building. In the case of generating
binary maps we were conservative using the Minimum training presence as threshold.

2.4. Potential distribution under future climate conditions

Effects of climate change on the potential distribution were predicted considering the IPPC5 climate projections using the
CCSM4 global climate model for 2070 (average for 2061e2080), and two extreme representative concentration pathways
which reflect two possible changes in future anthropogenic (i.e., human) greenhouse gas (GHG) emissions. One pathway
concentrationwas RCP 2.6, which assumes that global annual GHG emissions (measured in CO2-equivalents) will peak before
2100 and then declines; the other scenariowas RCP 8.5, which assumes that global annual GHG emissionswill continue to rise
throughout the twenty-first century. The layers with the future climatic datawere obtained fromWorldclim 1.4. (http://www.
worldclim.org) (Hijmans et al., 2005), with the same spatial resolution of the occurrence data (0.4�). Future potential dis-
tributions under such scenarios were estimated through both MDE and MaxEnt.

3. Results

Megachile sculpturalis currently lives exclusively in the Northern hemisphere. The native range is confined to eastern Asia
(Table A1), while the invaded range include both areas of North America and of Europe (Fig. 1C). In America, this bee species
rapidly expanded from North Carolina (where was first detected in 1994) to Alabama, Wisconsin, Maine, Kansas, Texas and
other US states, as well as to Canada (Table A1). In Europe, after the first detection in France (2008), the species reached Italy,
Switzerland, Germany, Hungary, Slovenia, Austria, Spain and Crimea (Table A1).

By plotting the first two PCA factors obtained from the environmental variables, we found that M. sculpturalis occupies
areas with moderate values of PCA factor 1, which is strongly correlated with BIO2 and BIO9 (Fig. 2). This suggests that this
species occupies climateswith reduced diurnal temperature fluctuations (BIO2) and areas withmoderate temperature during
the driest months (BIO9). Furthermore, M. sculpturalis mostly occupies areas with moderate values of PCA factor 2. This
suggests an occupation of areas with moderate temperature seasonality (BIO4) and moderate precipitation in the driest
months (BIO17). Thus, overall M. sculpturalis mostly occupies areas with temperate climatic regimes.

Despite such preference for temperate climate can be clearly observed in both the Asian native and invaded European and
North American areas, in the latter two continents M. sculpturalis both enlarged and shifted its environmental niche after
invasion (Fig. 2, Table 1). Indeed, both niche expansion and (even with higher values) niche unfilling were considerable,
particularly for Europe (Table 1), and D value (niche overlap) was small. No significant results were found for both niche
equivalency test (although higher in Europe than in North America) and niche similarity test (similar values in both invaded
continents; see Table 1).

Both used methods (MDE and MaxEnt (AUC: 0.94e0.99, see Table A2)) provided very similar outputs predicting an
important expansion inmany areas still not occupied (Fig. 3A and B). In Europe,M. sculpturalis could easily establish further in
the Iberian Peninsula, which showed high climatic suitability inmost of its area excluding Portugal; some unoccupied areas of
Italy, France and other central-eastern countries have climatic conditions that fall within the climatic niche suitable for the
species (Fig. 3A and B). New European areas that could be potentially be invaded by the species include, among others,
Scandinavia, Balkans and Greece (Fig. 3A and B). In North America, M. sculpturalis could potentially expand its invaded range
within the United States and Canada, including far western areas not occupied yet, though it would not survive in central
areas of North America (Fig. 3A and B). The MaxEnt outputs also showed that this alien bee species prefers area with reduced
diurnal temperature fluctuations (BIO2) and low to moderate temperature seasonality (BIO4) (Fig. 3C).

We identified also new areas out of the already reached continents that could be potentially invaded by M. sculpturalis.
These include central-southern Asia (e.g. India), Northern Africa (including Arabic peninsula) and, to a weaker extent of
suitability, few areas in Australia and South America. In general, the species would not establish at optimum conditions in any
countries of the southern hemisphere, where most areas were completely unsuitable (Fig. 3). The effect of the observed niche
expansion and niche shift after invasion in M. sculpturalis is also clearly visible when the potential distribution is built using
either using occurrence data only from the native areas, only from European invaded area and only from North America
invaded area, since these three predicted distributions greatly varied (Fig. A2).

Under climate change, the species may show a further, though limited spread. While MDE predicts a limited distribution
expansion towards North in the North America and towards North-East from Europe into Asian territories (Fig. 4AeC),
MaxEnt predicts even lesser expansion, essentially in Europe, into regions like Northern Germany and Northern France, but
5
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Fig. 2. Comparison of climatic niches of M. sculpturalis in its native range (A), European invaded range (B) and American invaded range (C), and niche shifts
between native range and the two invaded ranges ((D) Europe, (E) America)). Colours indicate niche expansion (red), stability (blue), and unfilling (green). Darker
shading indicates higher density of species occurrences the invaded area; solid contour lines enclose all available environments for each range; dashed contour
lines, 90th percentile of the background environment for both ranges. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Table 1
Niche expansion and niche unfilling of M. sculpturalis in the native range and two invaded areas (Europe and North America), and results of niche overlap
(Schoener’s D), niche equivalency test and niche similarity test for the native vs. the invaded areas. Measures of niche expansion and unfilling are based on
the 90th percentiles of the common environment between ranges. Niche overlap (Schoener’s D) values of native populations are compared with 1000
simulated data sets for both Europe and North America.

Niche expansion (%) Niche unfilling (%) Niche overlap (D) Niche
Equivalency (P)

Niche
Similarity (P)

Europe 36.3 76.6 0.19 1 0.38
North America 13.9 57.5 0.31 0.27 0.37

C. Polidori, D. S�anchez-Fern�andez Global Ecology and Conservation 24 (2020) e01365
not in North America. Additionally, MaxEnt estimates that areas currently weakly suitable, like certain mountain areas of the
Alps, the Apennines and the Spanish central system, will increase their suitability. However, such further spreadswill be likely
6



Fig. 3. Potential distribution of M. sculpturalis, based on the multidimensional envelope procedure (MDE) (A) and on MaxEnt algorithm (B) using all occurrence
data, highlighting the degree of suitability (calculated through Mahalanobis distance method) for the species survival (increasing from grey to red in A and
increasing from blue to red in B). (C) Relationships, as obtained with MaxEnt, between climatic variables (BIO2 and BIO4) and occurrence suitability. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

C. Polidori, D. S�anchez-Fern�andez Global Ecology and Conservation 24 (2020) e01365
only under the most extreme scenario of climate change (RCP 8.5), since under the RCP 2.6 scenario differences with current
conditions are almost unappreciable (particularly as obtained with MaxEnt) (Fig. 4B).
7



Fig. 4. Estimate of the future potential distribution of M. sculpturalis, under IPPC5 climate projections using the CCSM4 global climate model for 2070, and
considering two concentration pathways (RCP 2.6 and RCP 8.5). (A) Estimate of the potential dynamics of invasion risk areas through time (i.e., combining current
and future model outputs), based on multidimensional envelope procedure (MDE); (BeC) Estimate of the future potential spread based on MaxEnt algorithm (B:
RCP 2.6 concentration pathway; C: RCP 8.5 concentration pathway).

C. Polidori, D. S�anchez-Fern�andez Global Ecology and Conservation 24 (2020) e01365
4. Discussion

Despite it is not ascertained, M. sculpturalis was most probably transported to the currently invaded areas by trans-
continental shipping inside wood, which is its nest substrate (Hinojosa-Díaz et al., 2005). This is not surprising given that
8
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many invertebrates, including other Apoidea, which develop in wood, have colonized non-native areas in the last decades
(Klapwijk et al., 2016; Polidori et al., 2018). It is actually unknown if M. sculpturalis colonized independently North America
and Europe, or if the species arrived to Europe fromNorth America, the latter pattern having been observed for other invasive
insects through molecular analyses (Lombaert et al., 2014). What seems clearer is that this alien bee species is progressing
remarkably fast from year to year expanding its area geographically, likely helped, at last in Europe, by jump-dispersal
through the major traffic routes (Lanner et al., 2020). The fast rate of invasion of this bee species could be also favoured by
its remarkably large body size, since this trait is known to affect flight distance in bees (Greenleaf et al., 2007).

While Mediterranean areas are known to be generally very suitable for alien Hymenoptera that occur today in Europe
(Rasplus et al., 2010; Polidori et al., 2018), the potential distribution of M. sculpturalis suggests that this may be only partially
true for this bee species. Indeed, while our data show that this species could likely expand through further areas of Europe, it
will not find optimal conditions in many strictly Mediterranean zones, such as southern Italy and almost all Mediterranean
islands. Furthermore, M. sculpturalis would not find optimal conditions in most coastal areas in Europe, converting it in a
possible exception to the general observation that, at global scale, coastal areas, (together with islands) harbour the highest
richness of already established alien species (Dawson et al., 2017). In North America, M. sculpturalis would likely reach and
establish in vast highly suitable areas of the West coast, but to do so it should first establish in the central areas of North
America, which are largely very weakly suitable. Thus, this bee species could only reach the West coast through a further
accidental introduction by humans. Such predictions are similar to those resulting from a previous model of a smaller North
American dataset (Hinojosa-Díaz et al., 2005).

Despite the great range expansion ofM. sculpturalis predicted under current climatic conditions, predictions for future (in
50 years) potential range overall suggest that climate change may weakly further enlarge the suitable areas. This is inter-
esting, since in general increased temperature and higher frequency of extreme climatic events (e.g. heat waves, hurricanes)
are expected to greatly affect the establishment of alien species in new territories (Diez et al., 2012; Hulme 2017). An
important increase in the extent of suitable areas under climate change scenarios was also predicted for other aculeate
Hymenoptera (Bertelsmeier et al., 2015; Barbet-Massin et al., 2013; Polidori et al., 2018), including other bees (Dew et al.,
2019). However, cases of bee species that are predicted to retract their ranges due to climate change are also known
(Sirois-Delisle and Kerr 2018).

The potential spread of M. sculpturalis may have consequences on the local bee fauna. For example, this species was
observed to compete for nesting resources with large native bees of the genus Xylocopa (Laport and Minckley 2012; Parys
et al., 2015; Le F�eon et al., 2018). In Europe, very high suitability areas for this invasive species correspond also with high
density areas of Xylocopa populations (Southern-central Europe) (Terzo and Rasmont 2014), so that some level of competition
is expected. In North America, Xylocopa virginica L., one abundant species that was seen to be displaced by M. sculpturalis
(Laport and Minckley 2012), shows a distribution clearly overlapping with that of this alien bee (Western USA) (Skandalis
et al., 2011). However, phenological differences between M. sculpturalis and Xylocopa (which, e.g., in Europe tends to start
earlier their nesting activity in Spring) may mitigate such competition in certain periods of the year. Furthermore, both M.
sculpturalis and species of the genus Xylocopa are largely generalists in the plant species used for pollen collection (Keasar
2010; Le Fe�on et al., 2018), suggesting that they may also overlap at least partially their diet and thus compete for food re-
sources. However, it is also notable that this alien bee tends to collect pollen preferentially from exotic plants, such as Sophora
japonica L. (Fabaceae) and Ligustrum sp. (Olaceae) (Quaranta et al., 2014; Andrieu-Ponel et al., 2018), which perhaps limits
competition for pollen resources.

Recently, M. sculpturalis was the most abundant species that emerged from bee hotels (i.e. trap-nests) set up in Marseille
(France) and, more worryingly, a negative correlation between the occurrence of this alien species in bee hotels and the
presence of native bees emerged (Geslin et al., 2020). This alien bee was even observed actively removing all the content (e.g.
wasps’ prey, bee pupae) from nests of other bee and wasp species in order to use them to breed (Westrich 2018; Lanner et al.,
2020). Hence, the territorial and aggressive behaviour of M. sculpturalis toward the nests built by native bees can even
decrease the efficacy of conservation programs and biodiversity studies that heavily use bee hotels (e.g. Fortel et al., 2016;
Dainese et al., 2018).

It is important to point out that our predictions on the potential distribution of the studied bee species give insights on the
areas where these species are more likely to expand their range, but may be not powerful in assessing where these species
could not establish. Indeed, the niche estimated from the invasive ranges greatly differ from the niche estimated from the
native range, pointing to niche shift and niche expansion in the invaded areas. Furthermore, such niche changes differed
between the two invasions (Europe and North America). This pattern indicates that the distribution of this species is not in
equilibrium with the environmental conditions. Indeed, while niche conservatism (somehow a priori assumption for pre-
dicting potential invasion areas (Jim�enez-Valverde et al., 2011)) limits the uncertainty associatedwith niche shifts from native
to invaded areas (Peterson et al., 2011), niche shift and expansion imply that the species is plastic enough to adapt to novel
conditions in an unpredictable way. This uncertainty could be at least partially due to two reasons. First, we considered only
one portion of the fundamental niche of the species, i.e. climatic conditions, while it would be desirable to add also biotic (as
well as additional abiotic) drivers of distributions in the models (e.g. food resources, interactions with other species, habitat
type, land cover) (Sober�on and Nakamura 2009; Biella et al., 2020). Second, physiological experiments devoted to ascertain
which conditions the species are actually able to tolerate add precision to any prediction on potential distribution (Jim�enez-
Valverde and Lobo 2011; Arribas et al., 2012; Biella et al., 2020). Our result, however, is not really surprising, since obser-
vations of niche changes in invasive species are increasingly reported (Early and Sax 2014; Tingley et al., 2014; Hill et al., 2017).
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In addition, the environmental niche of M. sculpturalis seems largely unfilled. This pattern seems more common in case of
recent introductions (Strubbe et al., 2015; Polidori et al., 2018), and likely applies to this bee species. An alternative less
plausible hypothesis is that niche shift and niche unfilling inM. sculpturalis are only apparent and due to its over-sampling in
the invaded range compared with the native range.

When comparing with other invasive insect species, at first one notes that niche conservatism is rare and niche unfilling
and niche expansion common (Hill et al., 2017). However, the degree of shift/expansion is extremely variable, with only five of
the insect species analysed in that study showing conspicuous niche change (>30%). ForM. sculpturalis, niche shift was 36.3%
for European invasion and 13.9% for North American invasion, thus also reaching important values. Altogether, our results
suggest that M. sculpturalis could reach in the future even some areas not predicted as highly suitable in our analysis. Thus,
predictions resulting from environmental niche modelling should be taken with cautions for this bee species, given its
possible important adaptation ability to new conditions. For this reason, our environmental niche modelling approach has to
be considered as a base for future studied on the colonization patterns ofM. sculpturalis. A similar conclusionwas reached by
Strange et al. (2011) while modelling the potential distribution of another invasive megachilid, Anthidium manicatum (Lin-
naeus 1758), for which the bioclimatic models show poor predictive capabilities, particularly for South America.

Concerning niche overlap between native and invasive areas, our results on M. sculpturalis somehow differ from what
observed in A. manicatum. In this European bee species, which colonized America, niche similarity (D) between the native and
invasive models ranged from 0.69 (South American invasion) to 0.78 (North American invasion), revealing a moderate to high
niche overlap and a low tomoderate niche shift (Strange et al., 2011). Such values are much higher than those observed forM.
sculpturalis in the present study (from 0.19 for European invasion to 0.31 for North American invasion), which indicates much
lower niche overlaps, both due to large niche shift and considerable niche unfilling. On the other hand, the low niche overlap
observed for M. sculpturalis seems closer to those observed for invasive social Hymenoptera, such as the bumblebee Bombus
terrestris (L.), the honeybee Apis florea Fabricius, the wasps Vespa velutina Lepeletier and Vespula germanica (Fabricius) and
several ant species (Villemant et al., 2011; Acosta et al., 2016; de Villiers et al., 2017; Hill et al., 2017; Silva 2019). However,
conspicuous niche unfilling (57.5%e76.6%) as observed in M. sculpturalis seems rare in invasive Hymenoptera (only two ant
species, A. florea and I. mexicana have niche unfilling >50%) (Hill et al., 2017; Polidori et al., 2018; Silva 2019), though only for I.
mexicana this was not accompanied by a niche shift. Overall, these trends seem to suggest that invasive Hymenoptera tend, in
general, to shift their niches rather than conserve their niches, during the colonization of non-native areas. However, cases of
niche conservatism are also reported for bees expanding their range outside their native areas (Biella et al., 2020). At the
moment, potential distribution and environmental niche were studied only for three alien solitary aculeate species (Strange
et al., 2011; Polidori et al., 2018; this study), while more investigations were performed on alien social aculeate species (Ward
2007; Chen, 2005; Steiner et al., 2008; Acosta et al., 2016; de Villiers et al., 2017; Keeling et al., 2017; Sung et al., 2018; Silva
et al., 2019; Biella et al., 2020). Thus, more studies are necessary to verify which factors, including social behaviour, may shape
range extension patterns and niche changes in aculeate Hymenoptera.

5. Conclusions

In conclusion, our study suggests that M. sculpturalis has a strong potential to spread in new areas under current climatic
conditions (with very limited further expansions under future conditions), possibly in a pattern not fully predictable. The fact
thatM. sculpturalis did not reach niche equilibrium (being its niche both unfilled and shifted in the invaded areas) represents
an important aspect to consider while trying to predict its invasion patterns, and certainly shows a weak side of using SDMs
solely based on the climatic conditions at the currently occupied areas. There are other limitations that merit attention. For
example, our modelling procedures treats each record equally even if the bee abundance is very variable among sites, with
the consequent overestimation of niche width and potential distribution (Gomes et al., 2018).

In any case it is important to invest in controls at ports and other trade nodes to minimize future dispersions, particularly
when considered that the shuffling of bees across areas may both result in competitionwith local bee fauna and in the spread
of novel bee pathogens and parasites (Gilliam et al., 1994; Goka et al., 2001; Goulson 2003; Colla et al., 2006; Schmid-Hempel
et al., 2014). Both these adverse effects were reported for alien megachilids (Goerzen et al. 1990, 1992,Goerzen et al. 1990;
Barthell and Frankie 1998; Laport andMinckley 2012; Parys et al., 2015; Le F�eon et al., 2018). Greater investment in prevention
rather than in management of alien species is warranted (Leung et al., 2002), and since this species nest in wood, control
efforts should particularly be concentrated on commercial wood trades. Furthermore, the easy recognition of this alien bee
species by citizens in the field supports early detections in still unreported localitites via citizen-science programs (Lanner
et al., 2020), that should be, in our opinion, promoted in both all colonized countries and not colonized countries where
M. sculpturalis have environmental conditions predicted to allow its presence.

From an ecological point of view, our results onM. sculpturalis claims for further investigations on themany other alien bee
species actually recorded over the world. For example, a comparative (phylogeny-corrected) approach can shed lights on the
role of particular traits, such as body size, physiological thresholds (e.g. thermal tolerance), nesting habits, diet specialization,
social behaviour and year of first establishment in the invaded area, on the spreading patterns of alien bees. This would also
allow a better understanding on the reasons why megachilids are currently the most common among bees in non-native
areas.
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