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ABSTRACT

The rapid spread of Toxomerus floralis (Fabricius, 1798) (Diptera: Syrphidae) within the Afrotropical region is described. We charac-
terise and compare the climatic niches of T. floralis in its native (Southern North America, Central America and South America) and
invaded (Afrotropical Region) range to assess the potential for further expansion across Africa and beyond, and included future global
climate models and socioeconomic pathways as projections. Occurrence data for native and invaded ranges were obtained from field
sampling by authors, major collections of Afrotropical Syrphidae, collections records and occurrence data from the Global Biodiversity
Information Facility (GBIF), including iNaturalist data. Single and ensemble species distribution modelling was performed utilising
the ‘biomod?2’ package, and the ‘ecospat’ package was used to determine the Continuous Boyce Index and niche dynamics of the spe-
cies. Current and global climate models (GCM) Worldclim 2.1 data were used as environmental variables. Ensemble models showed
high predictive accuracy (native: TSS=0.824, CBI R,=0.982; expanded: TSS=0.805, CBI R;=0.997), Biol8 and Bio2 Worldclim 2.1
variables proving the most important predictors. Niche dynamics showed primarily niche conservatism (76.4%) as well as a degree of
expansion (23.6%, p=0.048). Models predict high probability of further spread throughout Africa, with potential expansion into other
Ecoregions. Future climate projections suggest continued range expansion through 2100 under most scenarios. The species' potential
distribution shows spatial overlap with its larval host plants, however, since host distributions were not integrated into the modelling
framework, the relative roles of climatic and biotic factors in limiting distribution cannot be directly evaluated from current analyses.
Itis predicted that T floralis will invade the tropical regions of Asia and Australia in the near future. Citizen science data proved inval-
uable for tracking the expansion of T. floralis, highlighting the value of such platforms for monitoring non-native species expansions.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

The invasive movement of non-native species is a global phe-
nomenon and one of the most important threats to biodiversity
(e.g., Gurevitch and Padilla 2004; Roy et al. 2014). To mitigate
undesirable consequences of invasive alien species, such as
negative impacts on native ecosystems (Thuiller et al. 2005)
we require knowledge on the ecology and behaviour of the
species in the recipient invaded region. This also comprises a
sound understanding of its spread and habitat requirements.
This knowledge may be gained by monitoring the spread of
the species, and using this information to refine predictive
modelling tools that are useful for guiding preventive and
management actions (Hulme 2006).

A first step to predict the pathway by which invasive species
(sensu Richardson et al. 2000) may colonise new environ-
ments is identifying the biotic (i.e., hosts, predators, competi-
tion) and abiotic (environmental, i.e., climatic, geographic or
ecological) variables that account for the species' distribution
in its native range. Often, the success of a species expanding
its range depends on which environmental conditions it ex-
periences outside its native range. Areas outside the native
range that have similar environmental conditions will be
more likely to be colonised (the ‘climate match hypothesis’;
Peterson and Robins 2003; Broennimann et al. 2007; Jiménez-
Valverde et al. 2011).

Niche shifts are detected by comparing the environmen-
tal space occupied by a species in its native range with that
occupied in its invaded range. While most invasive species
conserve their native ecological niche even in the invaded
area (‘niche conservatism’; see Wiens and Graham 2005;
Pearman et al. 2008), some species seem able to adapt to
new environmental conditions by shifting their native niche
(e.g., Broennimann et al. 2012; Guisan et al. 2014; Orsted
and @rsted 2019). Such shifts can be broadly distinguished
between apparent and true niche shifts. Apparent shifts may
occur when a species expands into environmental conditions
that were accessible but not occupied in its native range (Keane
and Crawley 2002; Oliveira et al. 2018), or when biotic factors
differ between ranges, that is, lack of natural enemies or inter-
specific competition, or the addition of anthropogenic distur-
bances, rather than reflecting a true change in environmental
tolerance (Feng et al. 2024). True niche shifts, by contrast,
may be a consequence of rapid evolutionary processes act-
ing on species under new selective pressures (Broennimann
et al. 2007), and have been described at early stages of in-
vasion for several species (Early and Sax 2014; Gonzdlez-
Moreno et al. 2015). Insects are one of the largest groups of
invaders (Turner et al. 2021). Some ecologically and biologi-
cally well-known insect groups, such as hover flies (Diptera,
Syrphidae), provide ideal case studies to evaluate the effects
of environmental or climatic changes (Thomas 2005) on in-
sect distribution and potential new niche utilisation, because
of their quick ecological or physical responses. Introductions
of hover fly species from the Palaearctic Region, especially
into the Nearctic Region, are well-documented. For instance,
more than 10 European species have been introduced into the
USA and some of these (e.g., Eristalis tenax (Linnaeus, 1758),
Eristalis arbustorum (Linnaeus, 1758), Eristalinus aeneus

(Scopoli, 1763) and Syritta pipiens (Linnaeus, 1758)) may be
found throughout the entire USA (Skevington et al. 2019). The
European drone fly, Eristalis arbustorum, has additionally also
been introduced into Australia and New Zealand and the com-
mon bulb fly, Merodon equestris (Fabricius, 1794), has been
introduced into New Zealand and is considered of economic
importance (Environmental Protection Authority 2025). Other
well-known examples of hover fly introductions are the intro-
duction of the Afrotropical/Palaearctic species Eristalinus
taeniops (Wiedemann, 1818) into the Nearctic Region, the
Palaearctic species Eristalis tenax into the Afrotropical re-
gion and Australia [Cook et al. (2020) mention that E. tenax
is beneficial in pollinating field crops in Australia], and the
Neotropical species Ornidia obesa (Fabricius, 1775) and
Toxomerus floralis (Fabricius, 1798) (Figure 1) into the
Afrotropical region (Jordaens et al. 2015; Ramage et al. 2018;
Kondo et al. 2024). However, to our knowledge, the invasive
potential and potential niche-shifts have never been studied in
detail for any of these species, thereby leaving us with an in-
complete understanding of the ecology, distribution and niche
dynamics in invaded ranges of introduced hover flies.

The genus Toxomerus is one of the most speciose genera of
Syrphidae and currently comprises more than 150 species
confined to the New World (southern Canada to southern
Chile and Argentina) (Thompson and Thompson 2006; Borges
and Couri 2009). The majority of species are predatory, and
apart from T. floralis, only T. apegiensis (Harbach, 1974) and
T.politus (Say, 1823) are known pollen feeders, however,
T. politus is also known to feed on the leaves and stalks of
maize plants, with mouthparts not modified specifically for
pollen feeding (Reemer and Rotheray 2009). The native distri-
bution of T. floralis ranges from the USA (Texas and Florida)
to southern South America (Thompson and Thompson 2006;
Borges and Couri 2009; Thompson 2013). The species was re-
cently introduced into the Afrotropical region (Figure 2) with

FIGURE1 | Adult Toxomerus floralis from the Afrotropical region.
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FIGURE 2 | Some of the Afrotropical localities where Toxomerus floralis was collected. (a) Kloto forest, Togo KMMA, Kurt Jordaens. (b) Pobe,
Benin KMMA, Kurt Jordaens. (¢c) Bwindi Impenetrable Forest National Park, Uganda KMMA, Kurt Jordaens. (d) Kasarani, Kenya KMMA, Kurt
Jordaens. (e) Msau, Kenya, Jeffrey H. Skevington. (f) Ithala Game Reserve, South Africa KMMA, Kurt Jordaens.

the first records from Cameroon (2013), Benin (2014), Togo
and Nigeria (both 2015). Toxomerus floralis is only the second
known introduction of a hover fly from the New World into the
Afrotropical region, with O. obesa being the first. The date and
place of introduction remain unknown, as most regions of the

Ecology and Evolution, 2026

Afrotropics have been inadequately sampled for Syrphidae,
but the absence of records of T. floralis in the literature and
the absence of the species in museum collections worldwide
before 2013 (see Section 2) suggest that the introduction is re-
cent (see Figure 3).
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FIGURE 3 | Temporal spread of the hover fly Toxomerus floralis in the Afrotropical region from December 2013-May 2024. Red dots represent
new localities for that year; black dots are localities of previous years. Created in SimpleMappr (Shorthouse 2010).
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Invasive alien plants threaten biodiversity, ecosystems and
service provision worldwide (Vila et al. 2011). They can have
positive and negative direct and indirect effects on herbivo-
rous insects, including those that provide pollination services
such as hover flies. Interestingly, the larvae of T. floralis feed on
pollen from two such invasive plants: Cyperus rotundus L. and
Mitracarpus hirtus (L.) D.C.

Cyperus rotundus (coco-grass, Java grass, nut grass, purple
nut sedge, red nut sedge) is a species of sedge (Cyperaceae) na-
tive to Africa, southern and central Europe (north to France
and Austria), southern Asia and Australia. It has been intro-
duced into other parts of Europe (e.g., The Netherlands, Czech
Republic and the UK), the United States (from Florida north to
New York and Minnesota and west to California and most of
the states in between), and Central and South America where
it is widespread (see https://powo.science.kew.org/taxon/urn:
Isid:ipni.org:names:305797-1; accessed on 29 July 2025). In sev-
eral countries (both in its native and invaded ranges) the plant
is described as one of the most invasive agricultural weeds,
having spread worldwide in both tropical and temperate re-
gions. It is known as a weed in over 90 countries, and affects
over 50 cropping systems worldwide (Omezine and Harzallah-
Skhili 2009). Its capability to adapt to a wide range of envi-
ronmental conditions, along with its aggressive growth habit
and prolific reproduction, makes it a problematic weed in agri-
cultural and non-agricultural lands. It prefers dry conditions,
but will tolerate moist soils, and often grows in wastelands
and in crop fields. Similarly, Mitracarpus hirtus (girdlepod
or small squareweed) is a widespread invasive, being an erect
or spreading annual plant in the coffee family, Rubiaceae. Its
native range extends from Mexico to Tropical South America,
growing primarily in the seasonally dry tropical biome. It has
been introduced into most of the Afrotropical, Indomalayan
and parts of Australasian Regions (see https://powo.science.
kew.org/taxon/urn:lsid:ipni.org:names:305797-1; accessed on
29 July 2025).

The widespread occurrence of C. rotundus and M. hirtus, both
of which are known to endure poor environmental and cli-
matic conditions, may have provided a biological foundation
For T. floralis in the Afrotropical region (Jordaens et al. 2015).
However, whether host availability imposes additional con-
straints beyond climate could not be assessed, as hostplant
layers were not incorporated as distribution rasters in the cur-
rent study.

Here, we first characterised and compared the climatic niches
of the hover fly T. floralis (Diptera: Syrphidae) in its native and
invaded range to assess the potential for further expansion
across Africa and beyond. Occurrence data of the species in the
Afrotropical region were used to examine the spatial expansion
dynamics of its range. This work allowed us to identify key envi-
ronmental factors of the ecological niches of T. floralis in both its
native and expanded range and provides insight into the spread
of the species in the Afrotropical region, its potential spread
into the Eastern Palaearctic, Indomalayan and Australasian
Regions, and the association between the species’ distribution
and that of the larval food plants.

2 | Materials and Methods
2.1 | Toxomerus floralis Occurrence Data

To ensure the availability of sufficient data for model genera-
tion, occurrence data for native and invaded ranges were ob-
tained from field sampling by authors, visiting the major recent
collections of Afrotropical Syrphidae (Data S1) data mining of
collections records, and extracting occurrence data from the
Global Biodiversity Information Facility (GBIF), which also
incorporates iNaturalist data. For the latter, occurrences were
confirmed by identifying the pictures uploaded on iNaturalist
(https://www.inaturalist.org/).

The GBIF data in the form of a DwWC-A (Darwin Core Archive)
were downloaded (GBIF 2025) and occurrence records were fil-
tered to include only those containing valid geographic coordi-
nates and having an associated coordinate uncertainty of no more
than 10km. This was done to ensure that the spatial resolution
of the records do not exceed that of the environmental variables
used (5 arc minutes, equaling 9.28km at equator), otherwise re-
sulting in potentially erroneous models (Araujo et al. 2019; Feng
etal. 2019). This filtered the original GBIF dataset down from 1229
to 521 records. The accessible area for native (x; : —129.3333,

X0t —27.0000, y_ . - —60.3333, y_ .+ 40.3333) and invaded (. :

—m2aSX.750, Xpaxe 69250, .+ —42.6667, y .. 40.8333) ranges r‘lellrne
based on the extent of the spatial rasters used in analyses. The ex-
tents crop the native area to essentially the southern USA down to
South American continent, and the invaded area to mostly Africa
and the Arabian Peninsula. The extents also roughly follow the
distribution on hostplants C.rotundus and M. hirtus in combina-

tion with known occurrences of T. floralis.

Additionally, a geospatial analysis was performed on the records
using QGIS 3.28.6 to ensure that all points fall within the afore-
mentioned bounds of the native and invaded ranges.

All records from the various sources above were combined, re-
sulting in 451 records from the native range in the Americas and
181 invaded range records from Africa. To further reduce poten-
tial spatial autocorrelation among occurrence data, the R (R Core
Team 2017) package ‘spThin’ (Aiello-Lammens et al. 2015) was
used to perform spatial thinning of the data at 10km, repeating the
thinning process 100 times on random selections to ensure that
the final thinned dataset is more representative of the total distri-
bution. The final thinned dataset was then subdivided into three
occurrence ranges: native (235 records), invaded (128 records) and
expanded (native and invaded records combined: 363 records).
Figure S1 shows the final collection of occurrence records.

2.2 | Cyperus rotundus and Mitracarpus hirtus
Occurrence Data

Occurrence data for Mitracarpus hirtus (GBIF 2024a) and
Cyperus rotundus (GBIF 2024b) were downloaded from GBIF.
The data were cleaned and any records with geospatial issues
were removed. The data were not thinned for autocorrela-
tion as the data were not used for analyses but only for visual

Ecology and Evolution, 2026
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comparison. These were used to map known occurrences for
both species for comparison to T. floralis and its modelled pro-
jected distributions (see Figures S2 and S3).

2.3 | Environmental Variables

Only climatic variables were used in the current study. The
climate data used initially consisted of 19 Worldclim 2.1 biocli-
matic variables (Data S2) at a spatial resolution of 5min (Fick
and Hijmans 2017), representing ‘current’ climatic conditions
from 1970 to 2000. However, using highly correlated vari-
ables can have unforeseen effects on the outcomes and perfor-
mance of the resulting models, and can make interpreting the
response curves of potentially important predictive variables
especially difficult (Sillero and Barbosa 2020). Therefore, a
principal component analysis (PCA) was performed to reduce

a
T. floralis points

background
points

FIGURE 4 | Duality diagram (a, c, e) and Principal Component Analyses of 19 bioclimatic variables of (b, d, f) occupied climatic space by

the dimensionality of the 19 bioclimatic variables, and to de-
termine orthogonality among them, in conjunction with a
duality diagram to visualise the climatic space occupied by
T.floralis (Figure 4). This analysis was performed separately
for the assumed native range, invaded range and also for a
combined native and invaded range (representing the ex-
panded range which is used to predict the potential climatic
niche) of T.floralis. These analyses were performed using
the ‘dudi.pca()’ function from the ‘ade4’ package (Dray and
Dufour 2007). After each initial run, any outliers were re-
moved and the PCA was performed again. The occurrence
data of T. floralis for each of the three ranges were then pro-
jected onto the first two principal component axes (PC1 and
PC2, Figure 4a,c,e), which together capture the greatest por-
tion of total climatic variance and allow for environmental
space comparisons (Guisan et al. 2017). The horizontal (PC1)
and vertical (PC2) axes therefore represent no individual

Native range

Invaded range
| T
r

. ‘

[binis E————>

[biots JbiotS |2
\[bio17 [F€

f Expanded range

Toxomerus floralis within the (a, b) native range (c, d) invaded range and (e, f) expanded range.
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variable but rather gradients of climatic variation. The duality
diagrams (Figure 4b,d,f) display the loadings of each biocli-
matic variable as arrows projected onto the same PC1-PC2
space, with the arrow direction indicating the variables’ con-
tribution to each axis, and the length of the arrow showing the
strength of the contribution. The degree of angular separation
between arrows indicates the level of co-linearity, whereby
arrows pointing in the same direction are considered posi-
tively correlated, those that are orthogonal to one another are
considered uncorrelated and those in opposite directions are
considered negatively correlated. These analyses allow for a
visual representation and interpretation of co-linearity within
the variables.

Additionally, the Variable Inflation Factor (VIF), using the
‘usdm’ package (Naimi et al. 2014), was determined for each of
the 19 bioclimatic variables within all three aforementioned geo-
graphic ranges to confirm that the variables selected to perform
the PCA did, in fact, have low collinearity. The VIF of the vari-
ables was calculated pairwise and compared using a maximum
linear correlation threshold of 0.9 together with a stepwise com-
parison with a threshold of 10 (Data S3). Ultimately five vari-
ables were retained: Biol8 (Precipitation of Warmest Quarter),
Biol5 (Precipitation Seasonality [Coefficient of Variation]), Bio8
(Mean Temperature of Wettest Quarter), Bio3 (Isothermality)
and Bio2 (Mean Diurnal Range). These were then combined into
raster stacks for use during the modelling process.

2.4 | Generation of Pseudo-Absence Data

The final thinned occurrence datasets were used to generate
data frames in R that contain a combination of presence data,
pseudo-absence data and the above retained bioclimatic vari-
ables using the ‘BIOMOD_FormatingData’ function of the ‘bio-
mod2’ package (Guéguen et al. 2025). The bioclimatic variables
used in generating pseudo-absences were all restricted to the
extents of the defined accessible areas of the native and invaded
ranges. This allows for the generation of pseudo-absence data
that fall within the constraints of the defined accessible areas
and avoids generating data that fall too far outside of areas of
realistic dispersal. The recommendation of the ‘biomod2’ doc-
umentation was followed and a number three times that of the
presence data points was used to generate pseudo-absence data,
namely 705 for native, 384 for invaded and a total of 1089 for
expanded ranges.

Background selection has well-documented consequences for
niche comparison and model transferability (Barve et al. 2011;
Merow et al. 2013). For the current study, the ‘random’ strategy
was followed to generate pseudo-absence or background points,
whereby the random points are sampled within the study area
that excludes presence points, but still fall within the defined
accessible areas for native and invaded (and by combination the
expanded) ranges. A random strategy was preferred over surface
range envelope or disk-based (buffered) approaches, as the fun-
damental niche of the species is not at present fully understood,
and its spread has not seemingly stabilised, which makes any en-
vironmental or geographical constrained pseudo-absence gener-
ation potentially misleading. By restricting random generation
to the defined accessible areas of native and invaded ranges,

the background is constrained to plausible climatic conditions,
reducing the risk of sampling climatically irrelevant conditions
affecting the accuracy of predictions and potentially introduc-
ing noise into model training. Additionally, transferability of the
models to future projections may be influenced by how well the
generated background points capture the climatic range of the
species, making background selection an important step.

2.5 | Traditional Modelling

The ‘BIOMOD_Modeling’ function of the ‘biomod2’ package
was used to generate the predictive models. All 12 modelling
algorithms (Data S4) available within the package were run. As
an ensemble modelling approach would be followed, inclusion
of all of the algorithms in the initial evaluation was seen as the
best approach by the authors as only the best performing mod-
els (as determined by predetermined thresholds, see below) and
iterations of each model would be included in the resulting en-
semble model.

Models for native range and expanded range were run for com-
parison. A randomised cross-validation strategy was followed
with 10 validation sets for each of the models for every set of
pseudo-absence (PA) data, including a combined run, totaling
1332 models being created. An 80/20 split for model training
and validation was used, with three permutations for each bio-
climatic variable to measure variable importance. Evaluation
metrics used to measure model performance were true skill sta-
tistic (TSS), receiver operating characteristic (ROC) and Cohen's
Kappa coefficient (Kappa). While ROC is the more traditional
and threshold independent indicator of model performance, it
does not measure positive or negative predictive value (Chicco
and Jurman 2023), thus using it in isolation is not best practice.
Similarly, Kappa is widely used for presence-absence models,
but is sensitive to species prevalence and regional differences
(Allouche et al. 2006). TSS avoids these limitations and is con-
sidered to be one of the most practical methods of evaluating spe-
cies distribution models based on machine learning (Allouche
et al. 2006; Yoon and Lee 2023). Given these differences between
the metrics, TSS, ROC and Kappa were used in combination to
evaluate the performance of the models, with TSS serving as the
selection metric for ensemble modelling.

2.6 | Ensemble Modelling

The ‘BIOMOD_EnsembleModeling’ function of the ‘biomod2’
package was used to generate ensemble models. The ensemble
models were assembled by combining all the previously gener-
ated models into one. Six modelling techniques or algorithms
were used to create the ensemble models: Mean of probabilities
over the selected models (EMmean), Median of probabilities over
the selected models (EMmedian), Coefficient of variation of prob-
abilities over the selected models (EMcv), Confidence interval
around the mean of probabilities of the selected models (EMci),
committee averaging (EMca) and weighted probability mean
(EMwmean). For EMwmean, its EMwmean.decay parameter is
set to proportional, meaning the weights are assigned proportion-
ally to their evaluation scores, resulting in a fairer discrimination
(Thuiller et al. 2024). The TSS of all the traditional single models
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was evaluated, and any with a TSS score lower than the 0.7 or 70%
threshold were excluded from the ensemble. The TSS threshold 0.7
acts as a quality filter, ensuring that only robust models with good
performance are retained. The remaining models are then com-
bined and the six ensemble models run, using the same evaluation
metrics as for the traditional modelling (TSS, ROC and Kappa) and
three variable importance permutations. The EMci generates two
ensemble models and a confidence interval alpha of 0.05 is used
as significance level to estimate the upper and lower intervals.
The ensemble model performance was further evaluated using
the Continuous Boyce Index (CBI), based on the Spearman Rank
correlation coefficient (R) of the predicted to expected ratio of spe-
cies occurrence compared to habitat suitability (Figure 5). The CBI
was generated using the ‘ecospat.boyce’ function of the ‘ecospat’
package (Di Cola et al. 2017).

2.7 | Global Climate Models (2021-2100)

At present there are 14 Global Climate Models (GCMs) that form
partof WorldClim 2.1 datasets and that cover SSP 1-2.6 to SSP5-8.5.
Of these, only 12 cover SSP2-4.5 and SSP5-8.5. These models all
have varying levels of performance and associated biases, making
it difficult to compare their performance when applying them to
the Afrotropical region, or any potential regions where invasion
might take place. M'mame and Ngongondo (2024) attempted to
qualify the performance of 19 GCMs produced by several model-
ling groups (M'mame and Ngongondo 2024) by testing the models’
performance in simulating climate extremes in Malawi. While the
results did not provide a clear winner in terms of performance, the
analyses did provide percentage bias in terms of predicting tem-
perature and precipitation, variables that are important contribu-
tors in predicting the potential distribution of T. floralis.

These biases were, however, only measured for Malawi. To
this end, a Multivariate Environmental Similarity Surfaces
(MESS) analysis was performed on the applicable 12 Worldclim
2.1 GCMs to determine their extrapolation risk. This was done
using the ‘terra’ and ‘predicts’ R packages to compare the known
occurrences of T. floralis (both native and invaded), current bio-
climatic variables (Bio2, Bio3, Bio8, Biol5, Biol8) and 12 GCMs
(see Data S5).

EC-Earth3-Veg, MPI-ESM1-2-HR and MRI-ESM2-0 were cho-
sen, together with shared socioeconomic pathways SSP2-4.5
(regarded as middle of the road, with medium challenges to
mitigation and adaptation) and SSP5-8.5 (fossil-fueled devel-
opment, with high challenges to mitigation, low challenges
to adaptation). These three GCMs performed best under both
shared socioeconomic pathways and showed the smallest diver-
gence between emission scenarios, which makes them the most
robust choice. The five suitable bioclimatic variables identified
during the test for co-linearity were then extracted from each of
the GCMs and converted into 24 raster stacks, each representing
unique combinations of models (EC-Earth3-Veg, MPI-ESM1-
2-HR or MRI-ESM2-0, SSP2-4.5, SSP5-8.5) and year range
(2021-2040, 2041-2060, 2061-2080, 2081-2100).

The generated ensemble models for the native and expanded
ranges of T.floralis were projected using the three GCMs, two
SSPs and four different future date ranges (2021-2040, 2041-2060,

2061-2080, 2081-2100) with the intention of generating potential
forecasts of T. floralis invasion in the future, as well as determining
the gain orlossin potential distribution. The ‘BIOMOD_RangeSize’
function of the ‘biomod2’ package was used to compare pixel dif-
ferences between current native and expanded projections and fu-
ture projections of the potential distribution of T. floralis.

2.8 | Niche Conservatism

To analyse niche conservatism and whether a shift in niche
utilisation has potentially occurred for T floralis the ‘ecospat’
package was used. The species occurrences and bioclimatic
variables (Bio2, Bio3, Bio8, Biol5 and Biol8) for the native range
were compared to that of the invaded range. A PCA (using the
‘dudi.pca()’ function) was performed on the global environmen-
tal matrix as defined by the aforementioned selected bioclimatic
variables to create a global score. The native and invaded range
environmental and occurrence data are then projected into the
PCA space and climatic niche grids were created using the ‘eco-
spat.grid.clim.dyn()’ function in ‘ecospat’, allowing the calcula-
tion of niche dynamics indices for examination (Figure 6). The
climatic niche grids were then projected into geographic space
to better visualise them (Figure 7). Finally a niche similarity
test was performed to determine whether niche conservatism is
present for T. floralis, determining the statistical significance of
potential niche expansion, stability and whether the niche is un-
filled, as well as the significance of Schoener's D and Hellinger's
I values to measure niche overlap (Table S1). The test was per-
formed with 2000 repetitions for increased randomisation.

2.9 | Additional Information

Final distribution model projections and occurrence data of T. flo-
ralis, C. rotundus and M. hirtus were exported and mapped in QGIS
3.28.6. All figure plates were made using ADOBE ILLUSTRATOR
CS6 and PHOTOSHOP CS5. All diagrams and model projections
generated in RSTUDIO 2023.12.14 using packages as described in
sections above were exported for inclusion in plates (see Data S15
for the R-script and code used). The OD-map protocol of Fitzpatrick
et al. (2021) was followed and is provided in Data S16.

3 | Results
3.1 | Native Range Single Models

Out of 1332 model runs, 8.11% (n=108) models passed the
threshold and were retained for ensemble modelling, with a TSS
score averaging 0.73. The 108 retained models consisted of 1
ANN, 15CTA,4 FDA, 28 GBM, 1 GLM, 13 MARS, 19 MAXNET,
20 RF and 7 XGBOOST (Data S6).

Of the models that did not meet the threshold, or were excluded,
only 2.33% (n=31) of models had a TSS score lower than 0.4;
79.65% (n=1061) of models scored 0.4 or above (considered fair
to moderate), but below what would be considered acceptable
performance (0.7), and 9.90% (n=132) were excluded as these
are combined model results generated by the ‘biomod2’ package
and as such TSS is not calculated for them.
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FIGURE 5 | Continuous Boyce Index (CBI) of potential niches occupied by Toxomerus floralis, based on the Spearman Rank correlation coeffi-

cient (R) of the predicted to expected ratio of species occurrence compared to habitat suitability for both (a) native and (b) expanded ranges.
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FIGURE 7 | World map showing the niche dynamics for Toxomerus floralis between native and invaded ranges.

3.2 | Expanded Range Single Models

Out of the 1332 model runs, only 2.40% (n =32) models were
retained, with a TSS score averaging 0.7194 for use in ensem-
ble modelling. The 32 retained models consisted of 1 CTA, 1

FDA, 12 GBM, 3 MARS, 1 MAXNET, 13 RF and 1 XGBOOST
(Data S7).

Of the models that did not meet the threshold and were ex-
cluded, only 0.45% (n=6) of models had a TSS score <0.4, with
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87.23% (n=1162) of models scoring 0.4 or above (considered fair
to moderate) but below what would be considered acceptable
performance (0.7), and 9.90% (n=132) were excluded as these
are combined model results generated by the ‘biomod2’ package
and, as such, TSS is not calculated for them.

3.3 | Ensemble Modelling

For the native range ensemble models, the median of prob-
abilities (EMmedian) modelling technique performed the
best (Data S8), with TSS=0.824, ROC =0.969, Kappa=0.591.
For the expanded range ensemble models, the committee
averaging (EMca) modelling technique performed the best
with TSS=0.812, ROC=0.971, Kappa=0.641. However,
EMmedian performed only marginally worse TSS=0.805,
ROC=0.964, Kappa=0.561 (Data S9) and when mapping the
projections EMmedian was used instead for both ranges to
allow for easier visual comparison. This is due to EMca work-
ing by committee averaging and is much more sensitive, re-
sulting in a much more discriminant result, which could be
considered more as a yes/no potential occurrence, compared
to EMmedian which is the median of probabilities for the
ensemble models and more conservative in its predictions.
Figure 8 shows the world projections for T. floralis species dis-
tribution models and the differences between the native and
expanded ranges and includes EMmedian and EMca for the
expanded range to highlight the difficulty in comparing the
two modelling techniques visually. All three projections show
that there is a high probability of T. floralis spreading further,
mostly throughout tropical to subtropical areas within the
Afrotropical region. Additionally, the projections show that
T.floralis can be expected to spread throughout the Eastern
Palaearctic, Indomalayan and Australasian Regions in the
near future.

The Continuous Boyce Index (CBI) was calculated for the native
range ensemble model with a CBI Spearman correlation coef-
ficient R_ of 0.982 indicating high model accuracy and predic-
tive power (Figure 5a). Similarly, the expanded range ensemble
model had a CBI Spearman correlation coefficient R of 0.997
indicating slightly higher model accuracy and predictive power
(Figure 5b).

Utilising ensemble models allowed a combined approach to mea-
sure the variable importance of the five bioclimatic variables,
giving insight into the potential effect these variables could have
on the current and potential future distribution of T floralis.
Figures S4 and S5 show the resulting variable importance for
all permutations, combined per modelling technique, for native
and expanded ranges, respectively. For the native range Biol8
and Bio2 proved to be the two most important variables for
all techniques, with the best performing technique, median of
probabilities (EMmedian) having a mean variable importance
of 42% (+0.9%) for Biol8 and 33% (+0.5%) for Bio2 (Data S10).

Similarly for the expanded range, Biol8 and Bio2 again proved
to be the two most important variables for all techniques, being
the only variables averaging above 20% variable importance for
all techniques. The best performing technique for the expanded

range, committee averaging (EMca), had a mean variable im-
portance of 31% (£0.5%) for Biol8 and 62% (£0.9%) for Bio2
(Data S11).

This variable importance is also reflected in the response curves
for both ranges (Figure S6) with Biol8 and Bio2 showing great-
est influence to the species’ potential distribution in response to
changes in these climatic variables. Interestingly, the response
curves for Bio2 (Figures S7B and S8B) show a rapid decline in
occurrence probability for T. floralis when the mean of the differ-
ence of the monthly maximum and minimum temperature ex-
ceeds ca 8°C for the native range and ca 10.5°C for the expanded
range. Similarly, the response curves for Biol8 (Figures S7A and
S8A) show that the occurrence probability of T. floralis is highest
where precipitation during the warmest 3months of the year is
around 600-650mm for both ranges. The response curves for
the native range plateau after this with a steady decline com-
pared to that of the expanded range where it similarly plateaus
but is stable at higher precipitation. These curves show that
T. floralis would potentially do best in humid tropical or subtrop-
ical zones. This is also evident from the occurrence probability
maps generated from the ensemble models for the native range
and expanded ranges (Figure 8).

3.4 | Host Plants

The distributions of the host plants C.rotundus and M. hirtus
in the Afrotropical region (Figure S2) and Eastern Palaearctic,
Indomalayan and Australasian Regions (Figure S3) are mapped
to the native and expanded range potential distributions of T. flo-
ralis. There is a large degree of overlap between host records and
projected potential distributions of T. floralis. However, the pro-
jections show that the host plants also occur in areas outside of
the apparent climatic niches of T. floralis. At present, the impor-
tance of host plants with regards to the distribution of T. floralis
has not been tested for.

3.5 | Niche Conservatism

Figure 6 shows the PCA plot of the niche dynamics for T. flo-
ralis. It was created from a global environmental matrix using
non-correlated bioclimatic variables (Bio2, Bio3, Bio8, Biol5
and Biol8) as defined in the Section 2. PCA Axis 1 (48.97% of
variance) is represented by a gradient with strong loadings from
Bio8 (r=0.904), Bio3 (r=0.757) and Biol8 (r=0.711), with mod-
erate contribution by Bio2 (r=0.597) and a negative contribution
by Biol5 (r=—0.443), inferring a thermally stable, warm-season
moisture gradient (based on loadings by bioclimatic variables).
Conversely, PCA Axis 2 (23.63% of variance) is represented
by a gradient with strong loadings from Biol5 (r=0.767) and
Bio2 (r=0.633) with minor contributions from Bio3 (r=0.308),
a negative contribution by Biol8 (r=-0.307) and a negligible
contribution from Bio8 (r=-0.058), inferring a gradient that
is characterised by precipitation seasonality and diurnal tem-
perature range (see Data S12). Figure 6 has dashed lines repre-
senting the environmental conditions available for the invaded
(red) and native (green) ranges, showing considerable overlap
in conditions.
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C

FIGURE 8 | World projections of ensemble species distribution models for Toxomerus floralis based on (a) EMmedian modelling algorithm built

on native range occurrence data, (b) EMmedian modelling algorithm built on expanded range (native +invaded) occurrence data, (c) EMca model-
ling algorithm built on expanded (native +invaded) occurrence data.
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This aforementioned overlap is also reflected in the blue area of
the plot, representing niche overlap, that is, available environ-
mental conditions present in both ranges, supported by a niche
dynamic index stability value of 0.764. Conversely, the red area
represents niche expansion, that is, environmental conditions
present in only the invaded but not native range, supported by
a niche dynamic index expansion value of 0.236. Finally, the
green area represents niche unfilling, that is, environmental
conditions only available in the native range, supported by a
niche dynamic index unfilling value of 0.012 (Table S1).

A niche similarity test which was performed to test for niche
conservatism and statistical significance of the resulting indi-
ces (Table S1). The two indices, Schoener's D and Hellinger's I,
returned values of 0.275 (p =0.020) and 0.512 (p =0.014), respec-
tively. These indices are commonly used to measure niche con-
servatism with a value of 0 indicating no overlap and a value of
1 indicating complete overlap. The Schoener's D and Hellinger's
I values are statistically significant (p <0.05), and indicate that
there is only minor to moderate niche overlap between the na-
tive and invaded ranges, indicating meaningful niche differenti-
ation between native and invaded ranges for T. floralis.

Additionally, all the p-values for the niche dynamic indices of ex-
pansion (p =0.048), stability (p =0.048) and unfilling (p =0.025)
are statistically significant. This indicates that T. floralis is able
to expand into novel environmental conditions in the invaded
range (niche expansion ~24%), while still maintaining the ma-
jority of its native niche (%76%). Less than ~1% of the native
niche remains unfilled/is not utilised.

3.6 | Global Climate Models (2021-2100)

When projecting current ensemble models to global climate
maps, both the native and expanded range models were used
as the apparent niche expansion in the Afrotropical region (see
above section) necessitates also including expanded range data,
as the species is clearly not limited to native range environmen-
tal conditions only (i.e., ~24% niche expansion) and the entire
range of potential niches or differing climatic conditions it oc-
cupies need to be taken into consideration when projecting the
models to future potential climates.

A total of 48 future projections were done, 24 (eight EC Earth3-
Veg, eight MRI-ESM2-0 and eight MPI-ESM1-2) each consisting
of both SSP2-4.5 and SSP5-8.5 socioeconomic pathways and four
date ranges: 2021-2040, 2041-2060, 2061-2080 and 2081-2100.
These projections were made on the current native and expanded
ensemble models, with the resulting range changes for each com-
puted by comparing the resulting projections to the current na-
tive and expanded range projections for T. floralis. The 48 range
change map figures are available in Figure S9, with Data S13 pro-
viding a summary of the resulting gain or loss of potential dis-
tribution for T. floralis. Figure S10 visualises the percentage gain
and loss of potential distribution for the four future periods from
2021 to 2100 for each model and socioeconomic pathway based
on the native range and expanded ranges. Figure S10 shows that
T. floralis will potentially expand its range due to climate with no
apparent contractions (see Data S13 for values).

4 | Discussion

The Nearctic hover fly Toxomerus floralis was first detected in
the Afrotropical region in 2013, in Sincoa, Cameroon (Jordaens
et al. 2015), however, the initial point of entry into the Region
remains unknown. Since first discovery, the species has been
detected across much of the Afrotropical region, with first re-
cords from Kenya in 2016, South Africa in 2018 and Oman in
2020. By 2021, T. floralis was also reported from the island ar-
chipelagos of the Comoros and Sdo Tomé. As of the end of July
2025, we have compiled a total of 181 occurrence records from
over 25 Afrotropical countries (see Data S14 for our own non-
GBIF records). This would indicate a rapid expansion from its
first detection based on current evidence. To date, T. floralis has
not been recorded from Namibia, Angola or Madagascar, but
this may partly reflect limited sampling effort and general un-
derrepresentation of hover fly surveys in these regions.

Ecological niche modelling, incorporating both native and cli-
matic niche projections (see Figure 9), suggests that T.floralis
has a high likelihood of occurrence in western Angola. In con-
trast, Namibia and Botswana are predicted to be largely climat-
ically unsuitable, likely due to their semi-arid conditions and
cooler winter temperatures, factors that contrast with the appar-
ent importance of rainfall and diurnal temperature range for the
species. However, one post-analysis record, an observation from
Gaborone, Botswana (19 April 2025; iNaturalist observation
271895122), indicates that T. floralis is capable of establishing in
at least some areas deemed unsuitable by the current models.
It also highlights the need for more sampling in Namibia and
Botswana to better understand the conditions in which T. flora-
lis is capable of establishing.

The maximum West-East distribution range (between Senegal
and Oman) is approximately 7600km, while the North-South
range (western Senegal to eastern Kenya and southern South
Africa) exceeds 10,000km. The broad geographical spread of
T.floralis, combined with its presence across diverse habitats
(from mesic and xeric savannas to Afromontane environments),
high population densities and confirmed breeding, as evidenced
by the presence of eggs, larvae and pupae at several locations,
strongly suggests that the species is well-established in the
Afrotropical region. The aforementioned collectively satisfy rec-
ognised criteria for successful establishment of alien species in
an invaded range, as laid out by the frameworks of Blackburn
et al. (2011), but also Richardson et al. (2000).

Ensemble modelling and niche shift analyses further indicate
that T. floralis is not only capable of colonising regions with bio-
climatic conditions similar to its native range, but also of exploit-
ing novel environmental conditions. Its current and projected
distribution closely aligns with the range of its larval host plants,
on whose pollen the larvae feed. Interestingly, the distribution
of these host plants extends beyond the apparent climatic en-
velope of T.floralis. While this pattern is consistent with the
hypothesis that the species’ spread may be more constrained
by its own physiological tolerances than by the distribution of
its host plants, we caution that this inference is based on visual
comparison only and was not formally tested for within the cur-
rent modelling framework. Alternatively, these areas may be
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FIGURE 9 | Afrotropical projection of (a) native range and (b) expanded range ensemble species distribution model of Toxomerus floralis based
on the EMmedian modelling algorithm. Black circles indicated known occurrence data for T. floralis in the Afrotropics.

under-sampled or not yet colonised due to limited dispersal time
since introduction.

The low pass rates (2.33%; 8.11%) of native and expanded range
models with regards to the true skill statistic (TSS) value (0.7)
which was used as the primary metric to filter models before per-
forming ensemble niche modelling should also be noted. While
a cut-off was set to ensure that only the most robust, well per-
forming models were retained for analyses, respectively 79.65%
and 87.23% of excluded native range and expanded range models
still scored > 0.4, which is considered fair to moderate in terms
of performance. The strict cut-off was implemented as to ensure
that ensemble performance and predictive accuracy would be
as optimal as possible. The possibility that the TSS scores were

penalised by spatial bias should not be discounted. The speci-
men records used in this study span a broad geographic gradi-
ent within the native range, and are far more clustered in the
invaded range; such sampling asymmetry could make it harder
for some algorithms to generalise and predict species’ potential
distribution. While we did implement spatial thinning, we could
not necessarily negate other sampling biases and heterogeneity
such as sampling effort, intensity and gaps which also affect
traditional fieldwork sampling and citizen science records as
contained on iNaturalist. Additionally, PCA Axis 1 (Figure 6) of
the niche dynamics of T. floralis showed that 48.97% of the vari-
ance is characterised by mostly thermal stability. If large parts
of the invaded range are homogenous in this regard it could also
account for the lower individual model scores. The overall low
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percentage of individual models could also be a reflection of the
ongoing nature of the invasion, as the species may not yet oc-
cupy all climatically suitable areas.

The niche dynamics analysis indicates that invasion by T. flo-
ralis into the Afrotropics is characterised primarily by niche
conservatism; it is, however, also accompanied by a substantial
degree of niche expansion into novel environmental conditions.
A stability value of 0.764 (~76%) indicates that much of the na-
tive niche is retained in the invaded range, while the low, near
zero unfilling value (0.012) shows that the majority of native
range conditions remain occupied. Additionally, the analysis
gives an expansion value of 0.236, suggesting ~24% of environ-
mental conditions utilised in the invaded range are not present
in the native range. This observed pattern is broadly consistent
with Liu et al. (2020), who found that many invasive species
largely conserve their climatic niches. However, the statistically
significant similarity indices (Schoener's D=0.275, p=0.020;
Hellinger's I=0.512, p=0.014) indicate only minor to moderate
niche overlap, reflecting differences in the distribution and rel-
ative occupancy of environmental conditions between the na-
tive and invaded ranges rather than a total niche shift. Together,
these results suggest that while T floralis largely retains its
native niche, it has also expanded into additional climatic con-
ditions. Given the high stability (0.764), it is possible that this ap-
parent expansion does not represent a true niche shift but rather
an apparent niche shift, where a species appears to be using a
different set of environmental conditions in a new area, but is
actually just occupying a different part of its existing, stable fun-
damental niche (Guisan et al. 2014). However, at present we can
only hypothesise, as not enough is known about all of T. floralis’
abiotic and biotic requirements within its environment. The ap-
parent niche expansion could also possibly be due to sampling
bias in both ranges. While effort was made to lessen the inherent
bias through spatial thinning, the same issues as for low TSS
scores crop up, with asymmetrical sampling and sampling ef-
fort also potentially affecting the niche expansion score due to
under-sampling and oversampling occurring in certain types of
climates.

Both host plants have wide distributions. Cyperus rotundus is na-
tive to the Afrotropical region and introduced to the Americas,
and M. hirtus is native to the Neotropics and introduced to the
Afrotropical region. This bidirectional plant exchange possibly
facilitated the intercontinental establishment of T. floralis. We
hypothesise that M. hirtus was the original host in the native
range, with a subsequent host shift to C.rotundus following
introduction to the Afrotropical region. Notably, this host shift
spans unrelated plant families (Rubiaceae and Cyperaceae),
which is the only known event in hover flies with a pollinivo-
rous larval feeding ecology. However, the lack of larval feeding
data from the native range makes it unclear whether the host
shift occurred pre- or post-introduction. In the Afrotropical re-
gion, larval feeding has only been confirmed in Benin, leaving
the extent of trophic plasticity across the introduced range unre-
solved. If larvae are indeed able to utilise both hosts across their
entire range, this could further enhance the species' invasive
potential. The possibility that T. floralis could utilise additional
new hosts as it spreads should not be discounted, but at present
no additional information is available. The only other known
pollinivorous species of Toxomerus within the native range

of T floralis are T.apegiensis (Harbach, 1974), known from
Suriname, French Guiana and Brazil and T. politus (Say, 1823),
which is widespread throughout the Americas. Toxomerus ape-
giensis feeds on the pollen of the bambusoid grass Olyra obliqui-
folia Steud. and T. politus feeds on maize, Zea mays L., pollen
(Reemer and Rotheray 2009), both Poaceae and unrelated to
hosts of T. floralis. As such, there is no evidence to suggest that
pollinivorous species in the native range of T. floralis could po-
tentially limit its distribution or that the absence of other pollini-
vorous species in the invaded range is allowing for an expanded
climatic niche.

The citizen science platform iNaturalist has played a pivotal
role in tracking the expansion of T.floralis. Users upload geo-
tagged photographs for species identification, which are subse-
quently verified by a global community (e.g., Unger et al. 2020).
Approximately 60 of the 181 distribution records (i.e., ~33%)
used in this study were sourced from iNaturalist (accessed on 31
July 2025). The earliest iNaturalist record of T. floralis is from 24
September 2015 in Kumasi, Ghana. Between January and July
2025, 35 additional Afrotropical observations, including the first
from Botswana, were added to the platform. Intriguingly, recent
records may also suggest a southward range expansion within
its native Neotropical range, with all nine records from Brazil
postdating 2021, and two new records from Ecuador in early
2023. An alternative explanation would be increased activity on
iNaturalist or an increase in citizen science engagement from
these countries, however this is similarly speculative.

The model projections indicate that more suitable habitat is
likely to become available in the native range under future cli-
matic scenarios. The case of T. floralis exemplifies how smart-
phone applications and citizen science can significantly enhance
the monitoring of non-native invasive species, as noted in re-
cent studies (Howard et al. 2022; Dimson et al. 2023). The high
model accuracy (CBI> 0.98), identified habitat suitability of the
Indomalayan, Australasian and Eastern Palaearctic Regions
and the rapid spread of T. floralis thus far suggests an imminent
risk of invasion to the aforementioned regions. Imported plant
materials should be monitored more closely, especially those as-
sociated with Cyperaceae and Rubiaceae. While the association
between T. floralis and its current host plants is well-established,
further work integrating host plant distributions into predic-
tive models would strengthen the basis for recommendation
with regards to hosts or even other potential Cyperaceae and
Rubiaceae hosts. However, given the demonstrated host shift
from one plant family to another and the apparent ~24% niche
expansion observed in the invaded range, T.floralis appears to
occupy novel climatic conditions beyond those characterised
or known in its native range, which could suggest a degree of
ecological flexibility that warrants further investigation into its
physiological tolerances and invasive potential. It would there-
fore be important that any attempted management or moni-
toring practices take into account the known and predicted
distributions of T.floralis or risk underestimating its potential
spread. With its shift to C.rotundus, its potential impact on
native plant-pollinator networks can also expand as it spreads
with its hosts. While hoverflies are typically seen as beneficial
pollinators, a highly successful (at least in terms of sheer rapid
spread) pollinivorous generalist such as T.floralis could dis-
rupt native pollination networks. The adults of T.floralis may
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compete with other pollinivorous insects for resources, and
while unconfirmed, they may also act as inadvertent pollinators
of their weed hosts. This could possibly increase the reproduc-
tive potential of its weed hosts, thereby further degrading native
habitats where the weeds have invaded. Judging by the current
and predicted future spread of the species, in conjunction with
future climate projections, and the observed resilience and wide
spread of T. floralis, long term studies on the interactions of the
species with native syrphids and other insects will be needed to
quantify its true impact.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Occurrence records of
Toxomerus floralis across the entire expanded range of the species.
235 native (yellow) and 128 invaded (purple). Figure S2: Afrotropical
projection of (a, ¢) native range and (b, d) expanded range ensemble
species distribution model of T.floralis based on the EMmedian mod-
elling algorithm versus (a, ¢) Cyperus rotundus and (b, d) Mitracarpus
hirtus. Clear circles indicated occurrence data for host plants. Figure
S3: Eastern Palaearctic, Indomalayan and Australasian Regions projec-
tion of expanded range ensemble species distribution model of T. flo-
ralis based on the EMmedian modelling algorithm compared to the
current known distribution of (a) Cyperus rotundus and (b) Mitracarpus
hirtus. Clear circles indicated occurrence data for host plants. Figure
S4: Boxplot of variable importance for all ensemble modelling tech-
niques combined for each selected bioclimatic variable (Bio2, Bio3,
Bio8, Biol5 and Biol8) for native range. Figure S5: Boxplot of vari-
able importance for all ensemble modelling techniques combined for
each selected bioclimatic variable (Bio2, Bio3, Bio8, Biol5 and Biol8)
for expanded range. Figure S6: Bioclimatic variable response curves
for native and expanded ranges. Figure S7: Response curves of Biol8
(Precipitation of Warmest Quarter) and Bio2 (Mean Diurnal Range) for
each of the four algorithms (EMmean, EMmedian, EMca & Emwmean)
used to generate native aensemble T. floralis distribution model. Figure
S8: Response curves of Biol8 (Precipitation of Warmest Quarter) and
Bio2 (Mean Diurnal Range) for each of the four algorithms (EMmean,
EMmedian, EMca & Emwmean) used to generate expanded ensemble
T. floralis distribution model. Figure S9: Range change maps of all 48
projected future climatic models compared by pixel difference with cur-
rent native and expanded ensemble models for T. floralis. Allowing for
a visual representation of loss or gain in potential distribution. Figure
$10: Graphic summary of the range change percentage gain or loss of
predicted potential distributions for 48 future projections were done, 24
(8 Earth3-Veg, 8 MRI-ESM2-0 and 8 MPI-ESM1-2) each consisting of
both SSP2-4.5 and SSP5-8.5 socioeconomic pathways and 4 date ranges:
2021-2040, 2041-2060, 2061-2080 and 2081-2100. Table S1: Niche dy-
namic indices and statistical significance tests for niche conservatism.
Data S1: Museums or private collections visited to look for specimens
of T.floralis. Data S2: WorldClim 2.1 Bioclimatic variable descriptions
(https://www.worldclim.org). Data S3: Variable Inflation Factors for
all 19 bioclimatic variables (https://www.worldclim.org) within the
native, invaded and expanded ranges of Toxomerus floralis, performed
as supporting analysis of collinearity between the bioclimatic vari-
ables. Data S4: Traditional modelling techniques, abbreviations and
full names, based on information as provided by the ‘biomod2’ pack-
age (Guéguen et al. 2025). Data S5: MESS analysis of 12 global cli-
mate models. Data S6: Native range single model evaluation metrics:
True skill statistic (TSS), receiver operating characteristic (ROC) and
Cohen's Kappa coefficient (Kappa) to measure single model perfor-
mance to determine potential occurrence of Toxomerus floralis. Data
S7: Expanded range single model evaluation metrics: True skill statis-
tic (TSS), receiver operating characteristic (ROC) and Cohen's Kappa
coefficient (Kappa) to measure single model performance to determine
potential occurrence of Toxomerus floralis. Data S8: Native range en-
semble model evaluation metrics: True skill statistic (TSS), receiver
operating characteristic (ROC) and Cohen's Kappa coefficient (Kappa)
to measure ensemble model performance of four modelling algorithms:
EMmean, EMmedian, EMca and EMwmean. To predict the potential
occurrence of Toxomerus floralis. Data S9: Expanded range ensemble
model evaluation metrics: True skill statistic (TSS), receiver operating
characteristic (ROC) and Cohen's Kappa coefficient (Kappa) to measure
ensemble model performance of four modelling algorithms: EMmean,
EMmedian, EMca and EMwmean. To predict the potential occurrence
of Toxomerus floralis. Data S10: Variable importance and contribu-
tions of the five bioclimatic variables (Bio2, Bio3, Bio8, Biol5 and Bio18)
used in the generation of ensemble niche models of the potential dis-
tribution of T. floralis based on data from the native geographic range.
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Data S11: Variable importance and contributions of the five bioclimatic
variables (Bio2, Bio3, Bio8, Biol5 and Biol8) used in the generation of
ensemble niche models of the potential distribution of T. floralis based
on data from the expanded geographic range. Data S12: Determination
of gradients of environmental variation across the entire climatic space
using eigenvalues to determine loadings of bioclimatic variables on each
PCA axis. Data S13: Summary of range change between current and
future projected potential distribution of T. floralis based on native and
expanded distribution ranges. Data S14: Geographic information on
localities where we collected Toxomerus floralis (‘own data’) or obser-
vations taken from iNaturalist (‘iNaturalist’) with decimal degrees for
latitudes and longitudes and the date of the observation for Afrotropical
records. In the case multiple observations were made on the same lo-
cality but on various dates, we only considered the earliest observation.
Data S15: R-script used in generating predictive models, projections and
figures. Data S16: OD-map Protocol for niche modelling of T. floralis.
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