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Additional information on host plants

P. alexanor is an oligophagous species, locally monophagous at least in Italy (Bonelli et al., 2015, Balletto et al., 2023). In Southern Europe, P. alexanor utilizes two host plants, both belonging to the Apiaceae Lindl. family: Opopanax chironium (L.) W.D.J.Koch and Ptychotis saxifraga (L.) Loret & Barrandon. Although some authors reported other possible host plant species (Kahlhber 1976; Nel and Chauliac 1983; Sala and Bollino 1991; Bollino and Sala 2004; Balletto et al. 2023), these were not included in our analyses. David and Sanetra (1994) had already detailed the possible causes of confusion and reasons for excluding these species, and other authors supported possible misidentifications due to morphological similarity (Descimon 1991; Nel 1991). Therefore, also according to our field experience, we assumed that P. alexanor requires O. chironium and P. saxifraga for reproduction in Southern Europe. The distribution of O. chironium in France is limited to the south-central and, predominantly, the south-eastern departments (Julve 2018), thus closely mirroring the southern distribution of P. alexanor. In Italy, the geographical overlap between this plant and P. alexanor is very limited, since in addition to Liguria, the species is widely present in the central and southern administrative regions (Pignatti 2017; Bartolucci et al. 2024), where, however, the butterfly has been sighted only occasionally (Bollino and Sala 2004; Balletto et al. 2023). In France, P. saxifraga is primarily distributed in the south-eastern region. Still, it is also reported, albeit discontinuously, in areas where the butterfly has not been recorded, such as the central-eastern Departments (Julve 2018). In Italy, it is primarily reported in presence areas of the species, i.e. the western and central-eastern Alps (Pignatti 2017; Bartolucci et al. 2024). Considering this information, the distribution of host plants in Southern Europe appears broader than that of P. alexanor. Specifically, it coincides with the northernmost range of O. chironium and the southernmost range of P. saxifraga. The two plants exhibit markedly different appearances. O. chironium is notably larger and more conspicuous (100-250 cm tall), with thick stems that bear numerous inflorescences composed of many yellow flowers. In contrast, P. saxifraga is a smaller plant (30-80 cm tall), with thin stems that support few inflorescences bearing small white petals (Pignatti, 2017).
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Table S1 Ecological indicators of P. alexanor host plants. The values ​​are entered on an increasing ordinal scale depending on the source. Abbreviations: Oc = O. chironium, Ps = P. saxifraga.
	Ecological indicator
	Pignatti et al. (2005)
	Landolt et al. (2010)
	Julve (2021)
	Chytrý et al. (2024)

	
	Oc
	Ps
	Oc
	Ps
	Oc
	Ps
	Oc
	Ps

	Moisture 
	4/12
	2/12
	2/5
	2/5
	3/9
	3/9
	4/12
	2/12

	Reaction 
	5/9
	3/9
	2/5
	4/5
	8/9
	8/9
	7/9
	3/9

	Nutrients 
	3/9
	2/9
	3/5
	2/5
	4/9
	3/9
	3.5/9
	2/9

	Temperature 
	8/12
	7/12
	4/5
	4.5/5
	7/9
	5/9
	7.3/12
	7.5/12

	Continentality 
	4/9
	3/9
	3/5
	1/5
	4/9
	5/9
	-
	-

	Light 
	7/12
	7/12
	4/5
	4/5
	7/9
	8/9
	7/9
	7/9
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Dispersal ability of P. alexanor

Some authors consider this species capable of noticeable movements: Balletto and Kudrna (1985) describe it as between sedentary and migratory, and De Groot (2022) suggests that it may disperse very far. Lafranchis et al. (2015) attribute to P. alexanor the ability to cover long distances and temporarily settle in newly colonized sites. According to Bonelli et al. (2015) and Balletto et al. (2023), in the absence of documented stable populations, observations recorded over the years in southern Italy would likely refer to individuals that have moved over considerable distances from the Balkans. Kahlheber (1976) describes it as reluctant to leave its breeding sites; Sala and Bollino (2004) report observations up to a few hundred meters away from a small area of presence in Turkey; Heikkinen et al. (2010) classify it as sedentary, and Moussus et al. (2021, 2024) assign it a medium dispersal capacity (up to a few km). Finally, Balletto et al. (2023) report an observation of a vagrant specimen at an exceptional elevation of 2100 m near Col di Tenda (FR). In that area, the nearest reproductive site is at 1600 m (Balletto et al. 2023; pers. obs.), which is at a minimum distance of about 1 km. No specific studies have been conducted on the dispersal ability of P. alexanor. 
As suggested by Sekar (2012), we do not consider wingspan a reliable proxy for dispersal capacity. However, since some authors have suggested a low propensity for the species to move far and frequently from reproductive sites, and to constrain predictions on more likely colonizable areas, we adopted a conservative approach, assuming its dispersal ability does not differ significantly from that of several other European species. According to Stevens et al. (2013), based on their study of 50 butterfly species of Northwestern Europe, the average dispersal distance is about 200 m and 90% of the species have a mean dispersal distance of up to 350 m. Some species are observed and predicted to travel more than 1 km on average, but very long-distance dispersal events were relatively infrequent. Most species rarely move beyond 5 km, with long-distance dispersal events occurring with an average probability of less than 0.01.
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Supplementary information S3
Conservation status of P. alexanor

[bookmark: _heading=h.3znysh7]P. alexanor is listed in Annex IV of the Habitats Directive 92/43/EEC (HD) as a strictly protected species. According to Article 17 of the HD, it must be regularly monitored, and Member States are required to provide a report on its conservation status every six years. According to the synthesis of latest reports (available at https://nature-art17.eionet.europa.eu/), this species has shown an Unfavourable-Inadequate (U1) conservation status in Italy (assessed only for the Alpine bioregion), while in France it was reported as Favourable (FV) in the Alpine bioregion and Unfavourable-Bad (U2) in the Mediterranean bioregion. According to the IUCN Red Lists extinction risk assessments, this species was classified Least Concern (LC) at European level (van Swaay et al. 2010), LC at Mediterranean level (van Swaay et al. 2014), Endangered (EN) in Italy (Bonelli et al. 2018), LC in France at national level (UICN France et al. 2012), LC in Provence-Alpes-Côte d’Azur administrative region (Bence 2014) and Critically Endangered (CR) in Auvergne-Rhône-Alpes administrative region (Baillet and Guicherd 2018). Worryingly, an important and seemingly isolated French Mediterranean population reproducing on O. chironium, referred to subsp. destelensis Nel & Chauliac, 1983, appears to be extinct (Houard and Jaulin 2018; Bence and Richaud 2019).
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Supplementary information S4
Additional information on presence data
The presence data refer to:
- observations collected by the authors from 2021 to 2023. In Italy the data collection was concentrated in the areas of presence already known (Balletto et al. 2007; unpublished data) and extended to adjacent areas. In France, specific field research was conducted only near the border and in localities where reproduction on both host plants was reported, specifically in Department 06. It is important to report that these last surveys seemed to confirm the phenological mismatch between the two CUs (Nel 1991; Bonelli et al. 2015), as on the same dates (from June 25 to 27) and at a distance of only 770 m (200 m of elevation difference), only a few late-stage larvae were found on O. chironium, while only egg-laying activity and a first instar larve were observed on P. saxifraga. These data referred exclusively to pre-imaginal stages (found within an altitudinal range of 90 to 1740 m a.s.l.) and were all accompanied by information on the host plants on which they were observed;
- observations collected from 2008 to 2010 by Bonelli et al. (2015) as part of a study on the habitat preferences of P. alexanor in the Italian Maritime Alps. These were referred exclusively to pre-imaginal stages with P. saxifraga as host plant;
- observations referred to P. alexanor provided by public databases: Global Biodiversity Information Facility (GBIF Secretariat, https://www.gbif.org), iNaturalist (https://www.inaturalist.org), Observation (https://www.observation.org), and Silene (https://www.silene.eu). In many cases, the developmental stage was reported (egg, larva or adult), but no information on host plant species. When possible, the photographs attached to the records were examined to provide additional information, e.g. the host plant on which the caterpillar or egg was located or on which an adult female was photographed laying eggs.
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Variable preparation and selection

Bioclimatic predictors (Hijmans et al. 2005) were obtained starting from the mean monthly maximum and minimum temperature from 2000 to 2019 and monthly precipitation from 2000 to 2018, provided by the CHELSA ver. 2.1 database (Karger et al. 2017, 2021). We chose this specific time interval as current conditions rather than using ready-to-use bioclimatic predictors for the period 2081-2010, because the presence data were mostly more recent, therefore to achieve the best possible alignment between current distribution and current climate conditions. Although these variables were already at high resolution (~ 1 km), we chose to perform a statistical downscaling (Wilby et al., 2004; Pielke and Wilby, 2012) to bring them to an even finer resolution of 250 m.
To do so, the maximum and minimum temperature monthly data for each year were averaged, and then downscaled through regression techniques using a set of topographic variables at 250 m resolution, considered to be among those most closely related to climate in complex landscapes (Lenoir et al. 2017). We chose elevation, aspect (northing), slope and Topographic Position Index (TPI) obtained from the aggregation of elevation over Europe from the GMES RDA project (EU DEM ver. 1, available at https://sdi.eea.europa.eu) at the original resolution of 25 m, and distance from sea using coastline polygon provided by the European Environment Agency (available at eea.europa.eu). All calculations were performed with the package terra ver. 1.7-29 (Hijmans 2023) in R ver. 4.3.2 (R Core Team 2023). To detect any relationship between temperature and topographic variables in the study area, we performed linear regressions by randomly extracting values from 1000 pixels of each monthly temperature map at its original resolution and the corresponding topographic variables at their final resolution. Before this, we ensured the absence of strong multicollinearity (Pearson ∣r∣ < 0.7) among the topographic variables using the usdm package ver. 2.1-7 (Naimi et al. 2014) in R. We also performed variable selection using a backwards stepwise approach based on AIC to identify the best-fitting model. Only regressions with an R² of at least 0.8 and p < 0.01 were considered reliable. Subsequently, each monthly temperature variable was downscaled to the final resolution (i.e., 250 m) based on robust regression modelling with the spatialEco package ver. 1.2-0 (Evans 2019) in R, using the topographic variables selected through the above process for each model. Since the statistical downscaling of precipitation using topographic variables is generally unsatisfactory (Martin et al. 2013; Mammola et al. 2019), downscaling was achieved through resampling using bilinear interpolation, thereby spatializing this data across the study area to match the resolution of other variables. To evaluate the effectiveness of the downscaling procedure, we use monthly maximum and minimum temperature and precipitation from 2000 to 2022 observed in 302 meteorological stations distributed on study area (obtained at https://meteo.data.gouv.fr for France and at https://scia.isprambiente.it for Italy). Downscaled data closely followed the monthly trend of the observed data, although there was a general tendency to underestimate temperature and overestimate precipitation (Figs S1-S3). Given the overall distributions, the differences were deemed sufficiently small to use the downscaled variables to derive 19 bioclimatic variables, with the dismo package ver. 1.3-14 (Hijmans et al. 2023) in R. Among these, only those considered most ecologically important and not highly correlated with each other (∣r∣<0.7) were selected for the modelling (Merow et al. 2013; Fourcade et al. 2018), using the package corrplot ver. 0.92 (Taiyun et al. 2021) in R. We selected mean annual air temperature (BIO1) as the main general descriptor of local climate, precipitation amount of the wettest month (BIO13) and precipitation seasonality (BIO15) as not highly correlated with BIO1 and each other, and because precipitation can particularly affect plant growth (Fig. S4).
To perform future predictions, maximum, minimum temperature and precipitation data projected to 2071-2100 according to three CMIP6 climate scenarios (SSP1-2.6, SSP3-7.0 and SSP5-8.5) and calculated based on 5 General Circulation Models (GFDL-ESM4, UKESM1-0-LL, MPI-ESM1-2-HR, IPSL-CM6A-LR, MRI-ESM2-0), were obtained from CHELSA database. These climate data were averaged and downscaled and were used to derive projected bioclimatic variables under the three scenarios, using the same procedure applied to those related to current period. 
Vegetation cover predictors were derived from MOD44B - MODIS/Terra Vegetation Continuous Fields (Townsend and DiMiceli 2015; DiMiceli et al. 2021). This source provides fractional estimates of three basic land cover components at a global scale (percent tree cover; percent non-tree vegetation; and percent non-vegetated ground) at 250 m spatial resolution and at yearly temporal resolution (available at search.earthdata.nasa.gov). We averaged data from 2000 to 2023 and re-projected to match the other variables. Given that the target species select natural or semi-natural environments (Balletto et al. 2023), we ensured that the vegetation cover values of pixel corresponding to urbanized areas and cultivated lands were set at a minimum, according to the CORINE Land Cover 2018 (available at doi.org/10.2909/960998c1-1870-4e82-8051-6485205ebbac).
Two variables linked to bedrock chemistry were obtained from the European map of groundwater pH and Ca2+ concentration (on a ln scale) provided by Hájek et al. (2021). Their original resolution (the same of CHELSA climatic data) was brought to 250 m using bilinear resampling. As these variables were highly correlated (with ∣r∣>0.7), only the calcium variable was retained, as known to be an important abiotic factor for the host plants (see Section 2.2). Finally, since the caterpillars of P. alexanor are extremely heliophiles (Balletto et al., 2023), we calculated the mean irradiance at the central hour of the days corresponding to mid-May and mid-August in QGIS ver. 3.28 with GRASS (QGIS Development Team 2022), i.e. the temporal extremes in which pre-imaginal stages develop (Balletto et al. 2023).
The final set of 8 predictors to be used in the modelling were: BIO1, BIO13, BIO15, groundwater calcium (hereafter calcium), percent tree cover, percent non-tree vegetation, percent non-vegetated ground and irradiance, after having verified the absence of strong correlation between them (∣r∣<0.7) (Fig. S5). To ensure high accuracy in distance and area calculations, all data were projected using UTM Zone 32N (EPSG:32632), as most of the study area and presence data fall within this zone.
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[bookmark: _heading=h.2et92p0]Fig. S1 Distribution of monthly maximum temperatures data, showing the comparison between the results of the downscaling procedure and observed values at weather stations (N = 302)
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Fig. S2 Distribution of monthly minimum temperatures data, showing the comparison between the results of the downscaling procedure and observed values at weather stations (N = 302)
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Fig. S3 Distribution of monthly precipitation data, showing the difference between the results of downscaling procedure and observed values at weather stations (N = 302)
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Fig. S4 Pairwise correlation between bioclimatic variables
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Fig. S5 Pairwise correlation between the final set of predictors used in the modelling
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Fig. S6 Maps of presence data and background sample used in ModPs (A), ModOc (B) and ModT (C). Colours refer to the spatial blocks used in the cross-validation of models
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Fig. S7 Corridors connecting current constrained predicted presence areas and future predicted presence areas, according to different scenarios and host plant used: P. saxifraga (A-E) and O. chironium (B-F). These were selected by applying a binarization threshold equal to the mean current plus one standard deviation of the Circuitscape output. In the MigClim simulation, the areas outside these, as well as outside the current and future predicted presence areas, were considered as barriers to short-distance dispersal.


[bookmark: _heading=h.tyjcwt]Supplementary information S6
Additional information on host plant data

The presence referred to P. saxifraga and O. chironium data belongs to public databases: Global Biodiversity Information Facility (GBIF Secretariat, https://www.gbif.org), iNaturalist (https://www.inaturalist.org), Observation (https://www.observation.org), and Silene (https://www.silene.eu). 

References

GBIF Secretariat, 2024. GBIF Occurrence Download https://doi.org/10.15468/dl.t4qkct


[image: ]
Fig. S8 Histogram of minimum distances between independent data and unconstrained predicted presence areas. Each category shown on the X-axis includes distances starting from a minimum value greater than the previous category, up to and including the maximum value (e.g., from 0 to 250 m, from over 250 to 500 m, and so on). The Y-axis reports the number of occurrences falling within each distance category.
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[bookmark: _heading=h.3dy6vkm]Fig. S9 Histogram of minimum distances between independent data and unconstrained predicted presence areas. Each category shown on the X-axis includes distances starting from a minimum value greater than the previous category, up to and including the maximum value (e.g., from 0 to 250 m, from over 250 to 500 m, and so on). The Y-axis reports the number of occurrences falling within each distance category.
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Fig. S10 Histograms of variable importance in ModPs (A) and ModOc (B)
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Fig. S11 Histograms at annual intervals showing percent range changes relative to the current range for CUPs (A-C) and CUOc (D-F), concerning only dispersal-constrained predictions.


Table S2 Elevation (m a.s.l.) of the presence areas in the current constrained and future dispersal-constrained predictions, according to the different host plant and scenarios.
	Host plant
	Current
period
(mean ± SD)
	2071-2100
SSP1-2.6
(mean ± SD)
	2071-2100
SSP3-7.0
(mean ± SD)
	2071-2100
SSP5-8.5
(mean ± SD)

	P. saxifraga
	1211 ± 336
	1316 ± 353
	1816 ± 443
	1947 ± 440

	O. chironium
	581 ± 286
	344 ± 228
	411 ± 246
	435 ± 258


[image: ]
Fig. S12 Maps reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUPs provided by the similarly-sized administrative units.
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Fig. S13 Ranking charts reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUPs provided by the similarly-sized administrative units. Only the labels referring to the five most covering cells per category are shown.
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Fig. S14 Maps reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUOc provided by the similarly-sized administrative units.
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Fig. S15 Ranking charts reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUOc provided by the similarly-sized administrative units. Only the labels referring to the five most covering cells per category are shown.
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[bookmark: _heading=h.2s8eyo1]Fig. S16 Maps reporting the coverage of range shift pathways of CUPs (A, C, E) and CUOc (B, D, F) provided by the similarly-sized administrative units.
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Fig. S17 Ranking charts reporting the coverage of range shift pathways of CUPs provided by the similarly-sized administrative units. Only the labels referring to the five most covering cells per category are shown.
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Fig. S18 Ranking charts reporting the coverage of range shift pathways of CUOc provided by the similarly-sized administrative units. Only the labels referring to the five most covering cells per category are shown.
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[bookmark: _heading=h.1t3h5sf]Fig. S19 Maps reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUPs provided by HD 10 x 10 km grid cells. The points indicate the cells where at least one host plant observation occurs.
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Fig. S20 Maps reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUOc provided by HD 10 x 10 km grid cells. The points indicate the cells where at least one host plant observation occurs.
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[bookmark: _heading=h.4d34og8]Fig. S21 Ranking charts reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUPs provided by HD 10 x 10 km grid cells. Only the labels referring to the five most covering cells per category are shown.
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Fig. S22 Ranking charts reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUOc provided by HD 10 x 10 km grid cells. Only the labels referring to the five most covering cells per category are shown.
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[bookmark: _heading=h.17dp8vu]Fig. S23 Maps reporting the coverage of range shift pathways of CUPs (A, C, E) and CUOc (B, D, F) provided by HD 10 x 10 km grid cells. The points indicate the cells where at least one host plant observation occurs.
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Fig. S24 Ranking charts reporting the coverage of range shift pathways of CUPs provided by HD 10 x 10 km grid cells. Only the labels referring to the five most covering cells per category are shown.

[image: Immagine che contiene testo, diagramma, linea, Carattere
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Fig. S25 Ranking charts reporting the coverage of range shift pathways of CUOc provided by HD 10 x 10 km grid cells. Only the labels referring to the five most covering cells per category are shown.



Table S3 Percentage of change in 10 × 10 km grid cells of the Habitat Directive abundance covering the predicted presence areas in 2071-2100 compared to the current period, distinguished based on the host plant used and according to different scenarios.

Host plant	SSP1-2.6	SSP3-7.0	SSP5-8.5
P. saxifraga	+5.4	-13.5	-14.1
O. chironium	+32.7	+105.8	+107.7
Both plants	+14.8	+18.2	+16.7


[image: ]
Fig. S26 Maps reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUPs provided by different kinds of PAs.
[image: ]
Fig. S27 Maps reporting the coverage of the current constrained and future dispersal-constrained predicted area of CUOc provided by different kinds of PAs.

[bookmark: _heading=h.3rdcrjn][image: ]
Fig. S28 Maps reporting the coverage of range shift pathways of CUPs (A, C, E) and CUOc (B, D, F) provided by different kinds of PAs.
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