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Coleoptera are key elements of terrestrial trophic interactions and generate 
significant economic and ecological benefits, but their representatives also 
represent severe pest species. Understanding how invasive species operate is 
indispensable to identify and anticipate potential invasion areas. However, few 
studies have explored niche dynamics and drivers of invasions in this group. 
Here we examined niche dynamics across 54 invasive beetle species native to 
Europe and assessed whether factors such as human influence index, feeding 
habits, body size, and niche breadth are associated with the degree of invasion. 
The realized niches had low similarity in invasive and native ranges (i.e., invaded 
areas are climatically dissimilar to native ranges). This included a high degree of 
niche expansion in invaded areas but also environments occupied in the native 
ranges but unoccupied in the invasive range (unfilling), suggesting that altered 
species–climate relationships during invasion processes are common. Niche 
expansions showed positive association with small native niche breadth sizes and 
movements from highly disturbed native areas to less disturbed invaded ranges; 
unfilling was associated with invaded niche breadth size and frequency of species 
occurrence. Both were related to dissimilar realized climatic niches in invaded 
ranges. Colonization of invaded areas might be triggered by low quality resources 
in native areas. Unfilling levels might be related to the year of introduction and 
loss of biotic constraints present in their native distribution, leading to the use 
of different climatic spaces in the invasive areas. This idea is reinforced by 
larger invasive climatic niche breadth. Our results provide insight into patterns 
of invasive species, and initial holistic exploration towards the understanding of 
invasive species dynamics.
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1. Introduction

Insects are among the most predominant invasive species in the 
animal kingdom (Liebhold et  al., 2016). Once established in 
non-native habitats, populations can become difficult to contain and/
or manage, leading to economic, ecological, and human-health 
impacts (Bradshaw et al., 2016; Liebhold et al., 2016; McLaughlin and 
Dearden, 2019). Thus, as the first step to preventing large-scale 
economic and environmental damage, it is crucial to understand the 
factors affecting invasions. Understanding niche dynamics and 
mechanisms underlying invasion success is crucial in predicting 
potential invasion areas of non-native species and their impacts 
(Montagnani et al., 2022). Thus, assessing species ecological niches 
and their dynamics can help to elucidate patterns of species 
distributions and global diversity (Wiens and Graham, 2005; Wiens 
et al., 2010; Liu et al., 2020).

Ecological niche models (ENMs) are highly effective tools for 
assessing invasive species’ potential distributions (Graham et al., 2007; 
Araújo et al., 2011; Peterson et al., 2011; Piquet et al., 2021). However, 
two key assumptions are that species are in equilibrium with climate 
(Araújo et al., 2005) and that the niche is conserved in time and space, 
i.e., niche conservatism; (Peterson et al., 1999), but invasive species 
may undergo evolutionary niche shifts through genetic drift, selection, 
or hybridization; these can modify their environmental requirements 
to match the available conditions in invasive ranges (Stohlgren and 
Schnase, 2006). Given this, niche space can either be maintained, 
expanded, or contracted as a consequence of changes in the biotic 
interactions, dispersal limitation, and evolution of their niche (Chase 
and Leibold, 2004). This can be of particular concern as it entangles 
our ability to extrapolate models into climates for which native-range 
data are unavailable (Atwater et al., 2018).

A growing number of studies have demonstrated niche shifts 
during invasions (Broennimann et al., 2007; Petitpierre et al., 2012; 
Parravicini et al., 2015; Atwater et al., 2018), challenging niche-based 
invasion risk assessments as well as predictions of alien species’ 
potential distributions and utility of ENMs in conservation 
biogeography (Liu et al., 2020). Specifically to non-native invasive 
insect species, several studies have reported niche shifts (Parravicini 
et al., 2015; Hill et al., 2017; Torres et al., 2018; Bates et al., 2020), 
prevalence of niche expansion, and unfilling during invasions 
correlated to human disturbance (Hill et al., 2017). However, these 
changes were apparently unrelated to niche breadth (Bates et  al., 
2020), a factor often suggested to confer plasticity to invasive species, 
i.e., the “niche-breadth hypothesis” (Vazquez, 2006; Hulme and 
Bernard-Verdier, 2018). Nonetheless, despite general assessments 
(e.g., Hill et al., 2017; Bates et al., 2020), little relevant information 
remains available for specific groups, with validation of such patterns 
being limited to few insect orders.

Beetles, for instance, are the largest insect order (> 400,000 
species; McKenna et al., 2019). They occupy an enormous variety of 
niches, display a broad range of traits, and are key elements of 
terrestrial trophic interactions, generating significant economic and 
ecological benefits (Bouchard et  al., 2017). This order serves as a 
crucial information source for expanding and enhancing conservation 
strategies, addressing biological research inquiries, and offering 
subgroups that can be used as model organisms to investigate specific 
questions (e.g., Carabidae; Koivula, 2011). Species such as the lily leaf 
beetle, Lilioceris lilii, the Colorado potato beetle, Leptinotarsa 

decemlineata, the emerald ash borer, Agrilus planipennis, and the 
Asian Long-horned beetle, Anoplophora glabripennis are infamous for 
their ecological and economic impacts (Herms and McCullough, 
2014; Orlova-Bienkowskaja et al., 2020). However, the niche dynamics 
during invasions have been examined for only a few of these species, 
and these show contrasting results (e.g., Medina, 2016; Silva et al., 
2016; Hill et  al., 2017; Srivastava et  al., 2019). This places serious 
limitations on our ability to derive generalizations regarding trends 
and dynamics of invasion patterns.

Within this context, an additional major challenge remains in 
understanding which life-history traits might set effective colonists 
apart from those that are less successful and why only some species 
become invasive (van Kleunen et  al., 2010; Davidson et  al., 2011; 
Hänfling et al., 2011; Renault et al., 2022). Understanding functional 
characteristics that predispose species to become invasive (i.e., 
invasiveness; Lamarque et al., 2011) can improve predictions of future 
species’ range shifts in response to climate change (Guisan et al., 2014; 
Estrada et al., 2016; Simões et al., 2021), enlighten interactions among 
range-shifting species (Murray et  al., 2002; Davidson et  al., 2011; 
Hänfling et al., 2011; Alexander et al., 2015), and expand the power of 
ecosystem function and community assembly prediction (Pavoine and 
Bonsall, 2011; Fountain-Jones et  al., 2015). So far the association 
between functional traits and invasiveness has been broadly studied 
in plant communities (Drenovsky et al., 2012; te Beest et al., 2015; 
Funk et al., 2016; Fried et al., 2019; Palma et al., 2021), vertebrates 
(Marino et al., 2022), and soil invertebrates (Thouvenot et al., 2021), 
but less commonly tested in beetles (Laparie et al., 2010, 2013, 2012; 
Evans, 2012).

Here, we investigated patterns of niche dynamics and functional 
traits related to invasiveness in beetles. We compiled a database of 54 
invasive species representing 17 beetle families and explored climate 
signatures of native and invasive populations to characterize general 
patterns of invasive species within this group. We  assessed the 
association between niche properties of native and invasive 
populations with factors that have been linked to change in niche 
dynamics between populations in other groups, such as human 
influence (Hill et  al., 2017), niche breadth (Vazquez, 2006), and 
species life history traits (Davidson et al., 2011). In light of our results, 
we discussed generalizations regarding niche dynamics and similarity 
of the native and invaded realized niches within beetles.

2. Materials and methods

2.1. Species selection and functional traits

A preliminary list of species was assembled based on the inventory 
of known invasive terrestrial arthropods of Europe (Roques et al., 
2009), result of the DAISIE project (Delivering Alien Invasive Species 
Inventories for Europe; http://www.europe-aliens.org; Hulme and 
Roy, 2010), including 140 species. Based on the availability of 
occurrence data representing native and invasive distributions, 
information on pest status, and features that might assist the 
establishment o invasive species, 54 species were retained for 
further analysis.

Invasive species status (i.e., being colonizer species that can 
establish populations outside their native distribution with the 
potential to spread and negatively affect native ecosystems or local 
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human-mediated systems; Lockwood et al., 2011) was cross-checked 
with information available at the invasive species databases Centre for 
Agriculture and Bioscience International (CABI; http://www.cabi.org) 
and Center for Invasive and Ecosystems health.1 Pest status was also 
cross-checked for each species, (i.e., organism that causes annoyance 
or injury to human beings, human possessions, or human interests, 
and causes economic loss; Hill, 1997), with information at the database 
Forest Pests of North America,2 CABI, and Interactive Agricultural 
Ecological Atlas of Russia and Neighboring Countries (AgroAtlas; 
http://www.agroatlas.ru; see Supplementary Table 1).

For these species, we extracted information from the literature 
(see Supplementary Table 1) on body size and feeding habits, which 
are features that, in combination with climatic suitability, can assist 
establishment of alien invasive insects (Peacock and Worner, 2008). 
When the mean value body size was not available, we estimated the 
mean adult size known for the species, based on the maximum and 
minimum sizes available in the literature (see Supplementary Table 1). 
To simplify the complexity of feeding habits of some species in our 
dataset, we  distinguished three adult feeding habit categories: (1) 
phytophagous (i.e., feeding on the tissues of living plants, including 
consumption of pollen or nectar), (2) parasitic/predator (i.e., using 
other animals as food), and (3) detritivores (i.e., diet is primarily 
composed of detritus such as decaying organic matter). For 
phytophagous species, information regarding the number of hosts was 
not available. Nevertheless, it was possible to assemble information 
regarding host specificity for 36 species, further divided into 
generalists (i.e., polyphagous species that feed on different host plant 
families) and specialists (i.e., species that feed on host plants from 
single family; for references used see Supplementary Table 1).

2.2. Occurrence data and definition of 
ranges

Occurrence records for the species’ native and invaded areas were 
obtained from the Global Biodiversity Information System (GBIF.org; 
03 June 2021 GBIF Occurrence Download https://doi.org/10.15468/
dl.6jyj4v; see Supplementary Table  2), and complemented with 
occurrence data obtained from literature (Yu et al., 2001; Orlova-
Bienkowskaja, 2013b, 2013a; Michalcewicz and Ciach, 2015; Dieni 
et  al., 2016; Brzica, 2017; Jendek and Nakládal, 2019; Orlova-
Bienkowskaja et al., 2020). Duplicates were excluded; dubious records 
were corrected (e.g., reversed latitude and longitude fields) or 
manually removed following Cobos et al. (2018).

Native ranges (i.e., the indigenous area; Pereyra, 2020) were 
defined as described in Beenen and Roques (2010), Cox (2007), and 
Löbl and Löbl (2015). Invasive ranges were considered as all the 
remaining points that fell outside the native ranges, and previously 
recorded as invaded areas in databases (i.e., CABI.org, invasive.org) 
and literature. In total, we obtained 138,870 occurrence records which 
were rarefied through spatial thinning using a 10 km distance to avoid 
problems derived from spatial autocorrelation, resulting in a final 
count of 17,341 for native populations and 9,906 records for invasive 

1 https://www.invasive.org/

2 www.forestpests.org

population (see Supplementary Tables 1, 2) for number of occurrences 
for each species). The thinning distance was chosen considering the 
effect of geographic clustering, the spatial resolution of variables 
(~5 km), and the number of remaining points after exploring distinct 
distance alternatives (i.e., 5 km, 10 km, 20 km, and 50 km). All steps for 
data cleaning and manipulation were performed using the statistical 
software R 3.6.2 (Team, 2021) and packages “raster” (Hijmans et al., 
2014), “rgdal” (Bivand et al., 2015), and “spThin” (Aiello-Lammens 
et al., 2015).

2.3. Environmental data

We obtained environmental data for the current period from 
WorldClim version 2.0 (https://www.worldclim.org/; Fick and 
Hijmans, 2017) at 2.5 arc-minute (~5 km) spatial resolution. From the 
19 climatic variables available in this database, we used eight that are 
known to represent environmental dimensions that limit the 
distribution of terrestrial invertebrates (De Meyer et al., 2010; Hill 
et al., 2017). These variables have been applied to a range of arthropod 
species, particularly invasive insects (e.g., De Meyer et al., 2010; Hill 
et al., 2017): mean diurnal temperature range, temperature seasonality, 
maximum temperature of the warmest month, minimum temperature 
of the coldest month, temperature annual range, precipitation of the 
wettest month, precipitation seasonality, and precipitation of the 
driest month.

2.4. Multivariate niche analysis and niche 
metrics

To explore niche characteristics, native and invasive ranges were 
compared by accounting for niche overlap, similarity, and niche 
dynamic metrics (i.e., niche stability, expansion, and unfilling; 
Broennimann et al., 2012). We used the methodology of Broennimann 
et al. (2012), applying the R package “ecospat” (Di Cola et al., 2017), 
which is robust to biases due to spatial resolution and sampling efforts 
(Guisan et al., 2014; Atwater et al., 2018). We conducted principal 
components analysis (PCA) for each native and invasive geographical 
background. The first two PCA axes were rescaled (Broennimann 
et al., 2012; Petitpierre et al., 2012) to calculate the density of species 
occurrence points for each range using kernel smoothing methods 
[see Di Cola et  al., 2017 for details], and then projected onto the 
rescaled PCA surface to create two-dimensional surfaces for native 
and invasive ranges. This process allows for the direct comparison 
among different ranges, while reducing effects of sampling bias and 
missing data, maximizing environmental differences between ranges, 
and allowing for any differences in range size to be largely discounted 
(Broennimann et al., 2012).

To calculate niche similarity, we used Schoener’s (1968), ranging 
from 0 (complete dissimilarity/no overlap) to 1 (total similarity/
complete overlap). Then we applied a niche similarity test (Warren 
et al., 2008) to examine whether the observed overlap between the 
compared niches is different from the overlap between the observed 
niche in one range and randomly selected niches in the other range 
(Broennimann et al., 2012). We fixed the native niche as reference and 
permuted the occurrence of the species in the invasive range, which 
represents the null hypothesis that the environmental niche occupied 
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in the invasive range is more similar to the environmental niche 
occupied in the native range than expected by chance, given the 
available set of environments in the invaded area. This permutation 
test (n = 1,000) was conducted to test the one-sided hypothesis that 
occupied niches have greater similarity assuming an α equal to 0.05.

For assessing niche dynamic metrics, a set of environments 
represents a niche expansion if it is available in both native and 
invasive ranges but is only occupied in the invasive range (Guisan 
et al., 2014). Similarly, a set of environments is considered to result 
from niche stability if it is occupied in both native and invaded 
ranges, and niche unfilling if it is used in the native range and 
available, but not yet exploited, in the invaded range (Figure  1; 
Broennimann et al., 2012; Guisan et al., 2014). Values for expansion, 
stability, and unfilling range from 0 to 100% considered significant at 
>10% (Petitpierre et al., 2012; Strubbe and Matthysen, 2014; Hill 
et  al., 2017). This method is very sensitive to the selection of 
background extents (i.e., space accessible to the species and that has 
been sampled; Barve et  al., 2011). Thus, three geographical 
backgrounds were tested, so to have a perspective on coherent 
calibration areas intersected with our presence points, i.e., biomes 
(using the definition of Olson et al., 2001), Köppen–Geiger climate 
zones (Rubel and Kottek, 2010), and buffer zone of 50 km, previously 
reported as the mean spread rate per year of invasive insect species 
(Fahrner and Aukema, 2018). For meaningful interpretation of niche 
dynamics, we focused on the shared climatic envelope (i.e., analogue 
climate) between the two ranges being considered (Fitzpatrick and 
Hargrove, 2009; Guisan et al., 2014). However, to evaluate whether 
invasive populations have expanded into non-analogous climatic 
space as well, we also calculated the metrics for non-analogous parts, 
by progressively excluding the rare climatic conditions (5, 15, and 25 
percentiles of outlying climatic conditions) following (Guisan 
et al., 2014).

To estimate the occupied niche volume of populations (i.e., niche 
breadth), ellipsoid envelope models were created using the “ellipsenm” 
R package (Cobos et  al., 2020). Compared to other packages, 
“ellipsenm” was favored due to its simplicity in estimating niche 
breadth and not requiring other modeling techniques or methods, as 
it only needs presence as species distribution data. To characterize the 
ellipsoid of each species, we  used the centroid and a matrix of 
covariances of the two first principal components created with the 
eight environmental variables, with 95% of pairwise confidence 
regions for the ellipsoid.

To visually evaluate differences in niche dynamics of beetle 
species, the relationship between the loge ratios of native and invasive 
breaths (BR) were plotted against the similarity index among niches 
(Liu et al., 2020). BR is calculated as

 
BR N

Ie
b

b
=









log
 

(1)

where Nb is the native breadth and Ib is the invaded breath. 
Therefore, higher values of BR indicate species that have a higher 
native breath in relation to invaded breath and lower values represent 
higher invaded breath in relation to the native breadth. The similarity 
index ranges from 0 to 1 and therefore, higher values indicate 
overlapping of the environmental space, where lower values indicate 
higher environmental separation. Niche similarity index values above 

and below 0.5 were considered as high or low niche similarity, 
respectively (Liu et al., 2020).

2.5. Factors affecting niche dynamics

We used Bayesian generalized linear models (GLM) to evaluate 
which set of anthropogenic factors and species traits best explains 
niche expansion and unfilling. Because both niche expansion and 
unfilling are bounded between zero and one (i.e., percentage data), 
we used beta regressions with a Logit link function (Geissinger et al., 
2022). We  also fit Bayesian generalized mixed-effects models 
(GLMM) including the random effect of species family (both random 
intercept and slopes), and additive models (GAM) to the data. In 
order to avoid overfitting, the number of splines in GAMs were 
limited to a maximum of three (Hill et al., 2017). Both additive and 
interaction models of the fixed effects were considered. We assumed 
weakly informative Gaussian priors (μ = 0, σ = 2) for the fixed effects 
and for the φ parameter in the beta regression, a gamma distribution 
with both scale and shape parameters equals to 0.01. For random 
effects, we  used Student-t distribution priors (μ = 0, σ = 2.5, and 
df = 3).

Because variables related to anthropogenic impacts are calculated 
for both invaded and native environments, we used the loge ratios of 
these variables in the analyses as described in equation 1. These factors 
should be interpreted as the relative change in the native environment 
in relation to the invaded one. The anthropogenic factors included in 
the analysis were human population density (Oak Ridge National 
Laboratory; http://www.ornl.gov/sci/landscan), human modification 
of terrestrial systems (HTE; Kennedy et  al., 2020), and human 
influence index (HII; Kennedy et al., 2020). Because HTE and HII 
were highly correlated (i.e., Pearson’s r = 0.93), HTE was excluded 
from the final analyses. Because the frequency of species occurrence 
is usually an important factor affecting both niche expansion and 
unfilling (Liu et al., 2020), the loge ratio of species frequency was also 
included in the analysis. Both native and invaded breadth, and niche 
status (similar or dissimilar niche) were also included as covariates. To 
evaluate the effects of functional traits, mean body size and feeding 
habits were used. Because the distribution of species body masses was 
slightly skewed, the loge of body mass was used. Unfortunately, data 
on species dispersal ability and other functional traits for beetle 
species are scarce (Fountain-Jones et al., 2015). Therefore, information 
on other traits were not available for all species evaluated in this work 
and consequently could not be included in the analysis.

In total, 277 models were fitted to both niche expansion and 
unfilling. Model selection was performed based on leave-one-out 
cross-validation (LOO) information criteria and LOO weights, as 
described in Vehtari et al. (2017). Models were fitted using Markov 
Chain Monte Carlo (MCMC) methods with a Hamiltonian sampler 
algorithm. Four independent chains were used in parallel with initial 
2,500 iterations for adaptation, followed by another 5,000 iterations. 
Chain convergences were assessed based on Rhat values and visual 
inspection of diagnosing plots of the parameter estimates. To test the 
one-sided hypothesis that parameters were significantly different from 
zero, evidence ratios (ER) were used. All analyses and figures were 
performed in the R environment and models were fitted with the 
“brms” package (Bürkner, 2018). The R script used to execute all 
analysis is available at https://tinyurl.com/46bhdmbr.
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3. Results

3.1. Dataset

The dataset assembled included 54 invasive beetle species, 
representing 17 families (Figure 2A) of two suborders. 23 species were 
agricultural pests; the majority were phytophagous (36 species), 
followed by detritivores (9) and parasitic/predator species (9). Of the 
phytophagous species, 19 were classified as specialists and 17 were 
classified as generalists. Mean body size ranged from ca. 1–30 mm 
(Supplementary Table 1).

3.2. Multivariate niche analysis

The analysis of niche dynamics was heavily influenced by the 
choice of geographical background. To simplify discussion, we focus 
here on the results from analyses using geographical background 
based on biomes, which showed fewer extreme values on the  
measures estimated (for results with other backgrounds see 
Supplementary Table 3). The use of biomes has been recommended in 
previous studies as those represent areas of ecological relevance and 
has been utilized in different studies (e.g., Guisan et  al., 2014; 
Ancillotto et al., 2016).

3.3. Niche dynamics

Realized native and invasive niches were dissimilar in half of the 
species included in our dataset (i.e., 27 species, Figure  2B; 
Supplementary Table 1). Niche similarity, and niche dynamic indices 
(i.e., niche stability, expansion, and unfilling) were significantly 
different between species, but no consistent signature at the family 
level was recovered (Figures 2A,B, Supplementary Table 1). Climatic 
niches of all invasive ranges showed moderate to high degrees of niche 
stability when compared to the native (mean with standard deviation: 
0.498 ± 0.306; Figure 2A). However, on average niche expansion and 
unfilling were equally high (0.502 ± 0.306 and 0.447 ± 0.382, 
respectively), but idiosyncratic within species (Figure  2A). Niche 
similarity ranged from 0 to 0.684 (Figure  2B; 0.162 ± 0.116; 
Supplementary Table 1). Among the species with zero similarity and 
highest expansion levels and unfilling are Onthophagus illyricus 
(Scopoli, 1763; Scarabeidae), Melanotus dichrous (Erichson, 1841; 
Elateridae), and Sitona cinnamomeus Allard, 1863 (Curculionidae; 
Figure 2A), while the species with highest similarity between ranges 
was Neocrepidodera brevicollis (Daniel, 1904; Chrysomelidae: 0.684; 
Figure 2B). Removal of rare climatic conditions hardly affected niche 
dynamic values (Supplementary Table  1), and contribution of 
variables for niche dynamics estimations of each species are given in 
Supplementary Figure 1).

In total, we recovered eight scenarios linking niche dynamics and 
similarity (Figure  3; Supplementary Figures  2, 3). In most cases, 
species presented a larger invasive niche and dissimilar niches (62.9%), 
whereas only a few species presented a larger native niche and similar 
niches (3.7%; Figure  3). Combinations ranged from significant 
realized niche similarity, but high expansion and unfilling between 
their native and invasive range [e.g., N. brevicollis, Rhytideres plicatus 
(Olivier, 1790)], to significant niche dissimilarity, but low expansion 

and unfilling [i.e., Onthophagus taurus (Schreber, 1759), Carabus 
auratus (Linnaeus, 1761)].

3.4. Factors affecting niche dynamics

The best fit model for niche expansion, based on LOO information 
criteria, was the GLM that included the additive effects of niche status, 
native niche breadth, and the loge ratios of HII (Figures  4A–C; 
parameters estimate: Supplementary Table 4, model selection analyses: 
Supplementary Table 5). Dissimilar niche status (ER > 1,000) and loge 
ratios of HII (ER = 32) have strong positive effect, and native niche 
breadth (ER = 665) have strong negative effect on niche expansion 
(Figures 4A–C). Regarding niche unfilling, the best model was the 
GAM that included the effects of niche status (positive effect of 
dissimilarity; ER > 1,000), invaded niche breadth (negative; 
ER > 1,000), and the loge ratio of species frequency occurrence 
(positive; ER > 1,000) (Figures  4D–F; parameters estimate: 
Supplementary Table  6; model selection analyses: 
Supplementary Table 7). For both niche unfilling and expansion, the 
random effect of species family was not included in the best selected 
models based on the LOO information criteria.

4. Discussion

Invasive species are one of the main causes of biodiversity loss and 
global change. They frequently alter ecosystem functions, change 
community structures through competition with native species, and 

FIGURE 1

Schematic representation of niche dynamic metrics. Dotted lines 
show available environments in the native range (light gray) and 
invaded range (light green), and the overlap shows the analogous 
environments present in both ranges. Dark gray and green circles 
show the native and invaded niches that represent the environmental 
space occupied in the native and invaded ranges, respectively. The 
grey horizontal lines depict niche unfilling (U), with analogue 
conditions filled by the native niche but not filled by the introduced 
niche; white vertical lines depict niche stability (S) with conditions 
filled in both native and invaded range; and black diagonal lines 
depict areas of niche expansion (E), showing conditions in the 
introduced niche not occupied by the native niche. Figure redrawn 
from Guisan et al. (2014).
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reduce native species diversity (Chapin et al., 2000; Medina, 2016; Hill 
et al., 2017; Fortuna et al., 2022). Despite the large diversity of beetles, 
the incredible diversity of life histories across terrestrial and aquatic 
habitats (Bouchard et al., 2017), and the fact that there are 10 times as 
many non-native species established worldwide as there are in any 
other animal taxon (Seebens et al., 2018), knowledge on the ecology 
of beetle invasions is limited and requires extensive exploration 
(Liebhold et al., 2021). Previous studies have focused on the study of 
spatial ecological patterns (e.g., Hanski, 1980; Burel, 1989; Roslin and 
Koivunen, 2001; Kautz et al., 2016), but this is the first multi-species 
study to explore beetles’ invasion niche dynamics and patterns. 
Overall, our results recovered low niche overlap between invaded and 
native ranges, and niche dissimilarity in half of the species studied. 
Further, native niche was found to be in general dissimilar and of 
smaller breadth when compared to invaded niche breadth 
(Figures 2A,B), while niche expansion and unfilling were generally 
high, suggesting that altered species–climate relationships during 
beetle invasions are common. Expansion and unfilling were also 
related to lack of realized native niche similarity to invaded ranges, 
indicating that invasive beetles expand into new climates in their 
invasive ranges. At the same time, levels of expansions showed positive 
associations with niche breadth, dissimilarity, and native ranges that 
are more disturbed than invaded ranges. On the other hand, unfilling 
was associated with invaded niche breadth size and the relative 
species frequency.

Our findings reinforce trends seen in studies on other groups 
of organisms, including reptiles (e.g., Li et al., 2014), crustaceans 
(e.g., Torres et  al., 2018), plants (e.g., Petitpierre et  al., 2012; 
Goncalves et al., 2014), marine fishes (e.g., Parravicini et al., 2015), 

and, most importantly, insects (e.g., Kumar et al., 2015; Medina, 
2016; Hill et al., 2017). Local adaptation of an introduced species in 
new geographic areas can occur because of the frequency and 
magnitude of local processes in native distribution (e.g., 
disturbance), absence of natural enemies, competitors (e.g., 
congeneric native species, “Darwin naturalization hypothesis”; 
Darwin, 1859), predators or pathogens (Mitchell and Power, 2003). 
For instance, there is plenty of evidence that pests and disease 
vectors can develop resistance to chemicals (Hoffmann et al., 2017; 
Garnas, 2018; Sotka et al., 2018), likely due to the short generation 
time and large population size, allowing species to evolve rapidly in 
function of environmental stress, such as climatic conditions 
(Hoffmann et al., 2017). At the same time, these trends could also 
be  related to differential availability of habitat and/or 
non-stationarity of species distributions in the invaded area 
(Vsevolodova-Perel and Sizemskaya, 2007).

Species with dissimilar realized niches in native and introduced 
ranges were frequently paired with high expansion and unfilling (i.e., 
> 10%; Petitpierre et  al., 2012), indicating occupation of “exotic” 
climates in the invasive ranges (i.e., realized niche shift) and large 
availability of climatic conditions that species may further colonize in 
the introduced range after a certain time. High niche expansion and 
low unfilling could be related to the year of species’ introduction to 
new areas (Liu et al., 2020).

Because many invasive beetles are also agricultural pests and/or 
specialists, the host distribution could also be an important factor 
affecting the niche dynamics of beetles (Charlery de la Masselière 
et al., 2017). Indeed, most species that invaded dissimilar niches were 
pests, not only constrained by environmental conditions, and likely 

FIGURE 2

Summary of niche dynamic metrics. (A) Results of niche dynamics recovered by expansion, stability, and unfilling. (B) Niche overlap between climatic 
space of native and invaded range. Asterisks indicate species with significant similarity between realized native and invasive climatic niche.
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using a common and abundant resource (Supplementary Figure 3). A 
good example is Otiorhynchus cribricollis (Curculionidae), native to 
the Mediterranean, but a pest of apple orchards and vineyards. This 
species feeds on leaves and is currently widespread throughout five 
continents and at least eight countries (CABI.org). However, our 
results did not recover species traits as an important factor explaining 
niche dynamics (Supplementary Tables 5–7). Besides, host range was 
not formally included in our analysis as most species have multiple 
hosts from different plant families (e.g., generalists), limiting our 
ability to evaluate such effects. Therefore, further investigation 
regarding distribution in future studies could shed light into patterns 
regarding host range.

However, we  also recovered niche similarity between realized 
climatic niches of the distinct ranges, regardless of the generally low 
overlap. This indicates that species are using similar environments in 
its invaded and native areas despite the availability of different 
environments. This might explain, for example, the high similarity and 
stability (i.e., 0.595 and 0.977, respectively; Supplementary Table 1) 
recovered for the native and invaded range of Liparus glabrirostris 
(Curculionidae). This species is distributed in mountains with their 
foothills of central and south-western Europe, from the Pyrenees 
across the Alps to the Carpathians, east to Ukraine (Mitrović et al., 
2016), but as a montane to subalpine species absent from the plains 
and distributed up to 2,000 m a.s.l. This type of range might impose 
strong limitation regarding available landscapes for its expansion. 
Additionally, niche similarity within our dataset (i.e., the overlap of 
climatic environments between native and invasive ranges) might 
be aided by the fact that species introduced to climates similar to those 
in their native ranges are more likely to establish self-sustaining 
populations, thus reducing the possibility of later niche shift into 

“exotic” climates (Peterson et al., 1999; Wiens and Graham, 2005; Liu 
et al., 2020).

Anthropogenic disturbances (e.g., habitat destruction, 
industrialized agriculture, urbanization) are well-known to mediate 
the spread of invasive species, often imposing severe resource 
restrictions that limit productivity and niche space (Martínez-Meyer 
et  al., 2013; Sánchez-Bayo and Wyckhuys, 2019). Here, niche 
expansion was found to be  positively associated with higher 
disturbance in the native habitat accompanied by lower disturbance 
in the invaded range (Figure 4C). The detection of movements of 
species from disturbed to less disturbed areas has been commonly 
reported in forest ecosystems where disturbances promote migration 
of species to locations with less severe or frequent disturbances than 
the surrounding landscape (“disturbance refugia”; Krawchuk et al., 
2020). Particularly in Europe, these patterns are expected due to the 
expansion of urban land around larger cities and along the 
Mediterranean coast (Kuemmerle et al., 2016). Consequently, niche 
expansion was positively related to dissimilar realized native and 
invaded climatic niches and negatively related to native niche breadth, 
a pattern which is supported by previous work (e.g., Bates et al., 2020; 
Montgomery et al., 2022). This might further indicate that ecological 
limits on native niche breadth could be related to constraints in the 
realized native niche, such as through interspecific competition and/
or adaptation to a host in the invaded range.

Niche unfilling was negatively associated with invaded niche 
breadth, and positively to niche shift (Figure  4E). Niche unfilling 
refers to known suitable climate that is available in invaded ranges but 
not currently occupied, or species’ “opportunity to invade” (Strubbe 
et  al., 2015; Cardador et  al., 2019), and thus is usually strongly 
associated with the year of introduction (Liu et  al., 2020). 
Consequently, high rates of unfilling should be positively correlated 
with recent introductions due to lack of time to occupy the available 
climatic niche of the invasive range. Unfortunately, information 
regarding the year of introduction of beetles is scarce due to 
non-reporting or the lag between establishment and discovery 
(Kiritani and Yamamura, 2003; Essl et al., 2011; Liebhold et al., 2021), 
and therefore could not be tested. Further, the ratio of records (native 
vs. invasive range) was also a major factor affecting niche unfilling and 
is reasonably coupled with the fact that a larger native niche causes 
higher niche unfilling (Figure 4F). Similar patterns were also found 
for most species from different groups (Liu et al., 2020). However, this 
also could be due to a statistical bias in sample size as the number of 
records of a species is related to the available information about it; this 
information is unequally distributed over species. Therefore, future 
studies should evaluate the effects of records of both native and 
invaded ranges on niche dynamics.

Functional traits (i.e., size and feeding habit) were not among the 
main factors related to niche dynamics. It has been suggested that the 
degree of invasiveness could be related to different functional traits 
that confer high plasticity and adaptability to new conditions, 
favoring the establishment and spread in new environments. 
Nahrung and Swain (2015) found that insects that had become 
successful invaders were generally those with smaller body size, more 
generations per year, lower incidence of diapause, longer flight 
season, and with close host association. Body size is also hypothesized 
to be  mechanistically related to the increased ability to exploit 
resources, higher rates of intrinsic growth, quick establishment 
(Gaston and Lawton, 1988; Williamson and Fitter, 1996; Forys and 

FIGURE 3

Relationships between niche similarity and breadth ratio for all 
species. Breadth ratio is the loge transformed ratio of the breadth of 
native niche to that of the invaded niche. In each panel, points with 
breadth ratio larger than 0 indicate that the native niche is larger than 
the introduced niche, and niche similarity larger than 0.5 indicates 
the two niches occupy a similar position in the environmental space. 
The number of points in each panel are shown in each corner. Black 
points indicate species with similar realized niches in native and 
invasive ranges and white circles indicate species with dissimilar 
realized niches.
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Allen, 1999; Peacock and Worner, 2008; Devictor et al., 2010), and 
the ability to cope with stress (Gutiérrez-Cánovas et al., 2015). Adult 
feeding habits has also been considered as a relevant trait that should 
influence the process of colonization and settlement, with host 
generalists (i.e., detritivores) being more likely to encounter suitable 
resources and establish successfully than host specialists (Crowder 
and Snyder, 2010). We did not recover a clear effect of either size or 
feeding habit as has been demonstrated by previous studies (e.g., 
Liebhold et al., 2021). As several of these traits are quantified very 
coarsely in the literature (e.g., mean values, binary instead of 
quantified trait values), they might not be sufficiently precise to detect 
potentially existing associations.

Future studies investigating invasion dynamics should also take 
into account additional functional traits, such as the reproductive rate 
or length of different life stages, which may offer valuable insights 
into the mechanisms that facilitate colonization and establishment of 
invasive species in new ranges. In particular, as holometabolous 
insects, beetles may exhibit variation in the length of their immature 
stages. Shorter larval periods could potentially confer a competitive 
advantage to invasive beetles, as they would reach maturity and 
reproduce more quickly, enabling them to complete their life cycle 
faster and be less susceptible to environmental disturbances (Skarpaas 
and Økland, 2009; Kajita and Evans, 2010; Demidko et al., 2021). It 
should be noted that our results must be interpreted with caution, as 
estimations depend upon the environmental variables included 

(Strubbe and Matthysen, 2014; Liu et  al., 2020); nevertheless, 
methodological artifacts are the same in the native and invaded areas. 
For example, Peterson and Nakazawa (2007) showed that models 
produce different predictions when using different environmental 
datasets. We tested only a single combination of climatic predictors 
known to represent environmental dimensions that limit the 
distribution of terrestrial invertebrates (e.g., De Meyer et al., 2010; 
Hill and Terblanche, 2014; Hill et al., 2017). Further, any test for niche 
similarity will run the risk of interpreting differences in 
environmental representation across areas accessible for a particular 
species as niche shifts (Peterson et  al., 2011). Due to the lack of 
knowledge regarding the dispersal capability of most of the species 
included in the study, we used biomes to define the calibration area, 
what has been recommended in previous studies (e.g., Guisan et al., 
2014; Ancillotto et  al., 2016). However, we  are aware that this 
representation for some species is likely more environmentally 
restricted than the fundamental niche, leading to the non-detection 
of analogous climates in invasive ranges (Pili et al., 2020). This debate 
is not just a technical detail, as niches indeed shift easily during 
species’ invasions, making predictions of the geographic potential of 
invasive species much more difficult. Thus, our findings have relevant 
implications for the use of species distribution models on the study 
of biological invasions.

Finally, although insects have contributed significantly to the 
understanding of some key issues in invasion ecology (Roderick and 

FIGURE 4

Results of the best fit models evaluating the effects of anthropogenic factors and species traits on niche expansion and unfilling: effects of (A) niche 
status on niche expansion; (B) native niche breadth on niche expansion; (C) loge ratio of human influence index (HII) on niche expansion; (D) niche 
status on niche unfilling; (E) invaded niche breadth on niche unfilling; and (F) the loge ratio of species frequency on niche unfilling. Larger points in 
(A,D) represent the estimated mean, and error bars represent the 95% fitted credible interval. In (B,C,E,F), solid lines represent the fitted model, and gray 
shaded areas represent the 95% fitted credible interval.
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Navajas, 2015; Roy et al., 2016; Hill et al., 2017), geographic and 
taxonomic biases perceive (Hill et al., 2016). Thus, most focus has 
been placed in agricultural pests or vectors of human disease, 
representing only a small portion of the group’s diversity (Hill et al., 
2016). The present study represents a substantial advance on the 
knowledge of invasive beetle species dynamics. However, broader 
exploration of niche dynamics patterns must be carried out to obtain 
a more complete overview of the many facets of their 
invasion ecology.

5. Conclusion

Overall, our findings reveal that beetle species exhibit high 
levels of climatic instability and are invading climatically 
dissimilar areas. Most species that are going through expansion 
are related to areas that show higher disturbance than invaded 
ranges, indicating that colonization might be motivated by low 
quality resource areas. This is extremely worrisome, as most of 
these species are pests and responsible for economic and 
ecological service losses. On the other side, unfilling levels could 
be related to two factors, year of introduction and loss of biotic 
or abiotic constraints present in the native range of their 
fundamental niche, leading to the use of different climatic spaces 
in the invasive range. This is further reinforced by the results 
related to niche breath, which revealed a larger invasive climatic 
niche breadth in comparison to native climatic niche breadth. 
Empirical field evidence of climatic niche shifts during biological 
invasions and demography dynamics is still lacking, and 
biomonitoring programs and natural history studies are essential 
to assess functional traits related to the patterns recovered in our 
study. Consequently, our results provide a substantial 
contribution to the knowledge regarding niche dynamics of 
invasive species in a rapidly changing world.
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