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Appendix S1. The aim of each visit during the update of the red list of wild bees from Switzerland was 

to maximise the list of species on the corresponding day for the entire plot. Therefore, the collaborators 

decided themselves, taking into account sunlight, phenology, floral offer, small structures, etc. during 

each field visit, which habitats, structures or floral populations should be surveyed and for how long. 

For instance, if a large colony of Lasioglossum malachurum is found during a visit or if many patrolling 

males of Andrena flavipes are observed on a flower-rich slope, at least 5 individuals should be collected 

in the corresponding sub-square or noted in the data file. If on the same day many males of Andrena 

flavipes are again observed in another sub-square, at least 5 individuals should again be collected or 

recorded in this sub-square. Food plants of particular importance to wild bees were listed and were 

given special attention, as all mass-flowering plants (e.g., umbellifers). Besides flowers, small structures 

(earthen edges, steepy walls, patchy soil, sunny dead wood,...) were also checked during fieldwork. 

  



 

Appendix S2. The 547 bee species found in the community plots used in this study. Species are 

sorted according to family. For each species, the number of occurrences in the sampled plots is 

provided. Not that the occurrences are only a presence indicator, and thus do not relate to the species 

local abundance. 
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Appendix S3. Summary of the occurrence data: (a) spatial distribution of sampled plots and (b) species 

accumulation curves. These curves were used to estimate the total number of species present in 

Switzerland (extrapolated species richness in the species pool based on bootstrap resampling). In total, 

our data include more than 98% of the bee species predicted to be present in Switzerland. (c) Digital 



 

height model (dark colours depict lower elevation, warm colours depict higher elevation). (d) Aerial 

photograph of Switzerland. (e) Rank-occurrence diagram of the wild bee species collected in the 

community plots. Every dot corresponds to one species, which is sorted decreasingly according to the 

number of occurrences (i.e., the number of community plots where the species was sam 

 



 

 



 

Appendix S4. Methodological framework depicting the computation of the responses considered (a), the predictors (b) and the modelling pipeline. (a) Using 

4591 community plots and 8 functional traits (i.e. intertegular distance ITD, tongue length, solitary, belowground, cleptoparasite, phenology start, phenology 

duration, and feeding specialisation, see also Appendix S2), we calculated α taxonomic (i.e. species richness, H’) and α functional (i.e. TOP for functional 

richness, TED for functional evenness, FDis for functional divergence) metrics, as well as LCBD as a metric of taxonomic and functional uniqueness. (b) We 

used four types of predictors: climate, vegetation, land use and beekeeping. For climate, we used the 16 climatic variables from the CHELSA dataset (Krager 

et al., 2015), conducted a principal components analysis (PCA) and kept the first four axes (Appendix S3). For vegetation metrics, we used plant community 

plots, applied a PCA, and kept the first four axes. We then modelled the countrywide distribution as random forests, using climatic variables as predictors (see 

Methods). We calculated the land-use metrics by measuring the amount of agricultural, forest and urban land use within buffers of 200, 500, 1000 and 2500 m. 

Beekeeping intensity maps were produced by calculating the number of honeybee hives within the buffers. (c) Modelling pipeline. Note that although we 

considered three different algorithms (GLM, rf, nnet), we only used rf because it outperformed the other algorithms (see Methods). H’ = Shannon diversity; 

TOP = trait onion peeling; TED = trait evenness distribution; FDis = functional dispersion; LCBD = local community contributions to ß-diversity; rf = random 

forest; PCA = principal components analysis; GLM = generalised linear model; nnet = neural network; RMSE = root mean squared error; MAE = mean absolute 

error; PDP = partial dependence pl



 

Appendix S5. Trait data for the different species were collected within a European level effort. We 

used eight functional traits: (1) intertegular distance (ITD) reflects species dispersal capacity and body 

size and is defined as the distance in millimetres between the two tegula. It is obtained by measuring 

the SPAN between the wing bases in a bee’s thorax (Cariveau et al., 2016) (2) Feeding specialisation 

provides information about the number of plant families exploited by a species. We classified species 

into two categories, polylectic species (feeding on more than five plant genus from more than three 

plant families, classified as “1”) and species with other strategies, including oligolectic and monolectic 

(species feeding on fewer than five plant genus or a single plant species, classified as “0”). This 

definition corresponds to “Polylecty sensu lato” in Robertson (1925) and to “meso-lecty + Polylecty” 

in Cane and Sipes (2006) and Müller and Kuhlmann (2008). (3) Tongue length indicates the diversity 

of floral resources a species can access. Species were classified as having either a long tongue 

(indicating a narrower range of resources, classified as “0”) or short tongue (indicating a broader range 

of resources, classified as “1”). We summarised the phenology of wild bee species as two traits, (4) the 

month when the activity period of the adults starts and (5) the duration of the activity period in months. 

Phenology of species is obtained from individuals from within their ranges in Europe. The nesting or 

reproductive strategy is an important trait determining, for instance, the response of wild bees to land-

use change (Buchholz & Egerer, 2020). In that regard, species were classified as below-ground nesters, 

above-ground nesters and kleptoparasites. To include the information contained in this categorical 

variable in our analyses, we created dummy variables. Specifically, we created three numerical 

variables (one for each category) where a species belonging to a given category takes the value of 1 and 

0 otherwise. When defining dummy variables, a common mistake is to define too many variables 

(commonly referred to as the “dummy variable trap”, see Gujarati, 2012). In our case, the categorical 

variable can take on 3 values. To include all the information in our analysis, we only need 2 dummy 

variables (n-1). Specifically, we defined nesting mode and kleptoparasitic behaviour. Nesting mode was 

obtained by classifying non-kleptoparasitic species as either belowground nesters (value 1) or not 

belowground nesters, that is, aboveground nesters (value 0). Belowground nesters build a nest below 

ground or use existing cavities below ground. Thus, aboveground nesters were not included to avoid 

collinearity. We also included the kleptoparasitic behaviour (7). Kleptoparasite bees lay their eggs 



 

inside nests constructed by other bee species, and their larvae feed on pollen provided by the host. (8) 

Solitary describes the degree of social organisation of each wild bee species. We used two main 

categories, solitary bees (non-social bees that do not show any type of social organisation, classified as 

“1”) and social bees (including primitive social, subsocial and eusocial wild bee species, classified as 

“0”). 

  



 

Appendix S6. Functional richness, i.e. the amount of multidimensional functional trait space filled by 

the community, and functional evenness, i.e. the regularity in the spacing of species within that 

functional trait space, were measured using the trait onion peeling (TOP) and trait evenness diversity 

(TED) indices, respectively, both introduced by Fontana et al. (2016). Functional dispersion, i.e. the 

multivariate degree of spread around the centre of gravity of the species trait distribution, was measured 

using the FDis index proposed by Laliberté and Legendre (2010). 

 For taxonomic LCBD, we used the matrix of species occurrence to compute a pairwise dissimilarity 

matrix using the Sorensen index and the function ‘beta.pair’ from the package betapart (Baselga, 2010) 

in R v. 4.0.3 (R Core Team, 2020). We then used the resulting dissimilarity matrix to calculate LCBD 

using the function ‘LCBD.comp’ from the R package adespatial (Legendre & De Cáceres, 2013). For 

functional LCBD, we used the CWM matrix to calculate a Sorensen derived pairwise functional 

dissimilarity matrix, which was used to calculate functional LCBD as done for taxonomic LCBD. We 

used principal components analysis (PCA) to reduce the dimensionality of the trait matrix to allow the 

computation of LCBD in communities with fewer species than traits. Three PCA axes were kept, 

representing 86% of the total variation in the original standardised trait matrix (PCA1 = 63%; PCA2 = 

14%, PCA3 = 9%; other axes < 5%). 

  



 

Appendix S7. The first principal components analysis (PCA) axis was related to elevation-driven 

temperature, with higher values indicating warmer conditions (Appendix S3, hereafter referred to as 

temperature). The second PCA axis was related to precipitation, with lower PCA values indicating 

lower precipitation (Appendix S3, hereafter precipitation). The third axis was related to variability in 

both temperature and precipitation, with higher PCA values indicating higher variability (Appendix S3, 

hereafter seasonality). The fourth axis was related to changes in temperature range (Appendix S3, 

temperature range), where places with positive values indicating lower temperature range. (Appendix 

S3, hereafter temperature range). The description of each axis is based on the contribution of the raw 

variables (or factor loading).  



 

Appendix S8. Factor loading in climate principal components analysis (PCA) on the CHELSA climate 

variables (Krager et al., 2017). Bold = 3 variables with the highest absolute loading on each axis. PCA1 

represents changes in temperature. PCA2 represents changes in precipitation. PCA3 represents changes 

in climate (temperature and precipitation) seasonality. PCA4 represents changes in temperature range, 

where places with a higher PCA values having lower temperature range. 

 

CHELSA climate variable PCA1 

(39%) 

PCA2 

(28%) 

PCA3 

(20%) 

PCA4 

(6%) 

clim1: Annual Mean Temperature 0.3211 0.1770 0.1341 0.0141 

clim2: Mean Diurnal Range -0.1238 -0.2319 0.2647 -0.4788 

clim3: Isothermality  -0.2655 0.0363 -0.2153 -0.1058 

clim4: Temperature Seasonality 0.1005 -0.2037 0.3973 -0.2886 

clim5: Max Temperature of Warmest Month 0.3225 0.1607 0.1549 -0.0273 

clim6: Min Temperature of Coldest Month 0.3178 0.2023 0.0893 0.0442 

clim7: Temperature Annual Range 0.0135 -0.2413 0.3639 -0.4022 

clim8: Mean Temperature of Wettest Quarter 0.1556 0.0012 0.2525 0.3495 

clim9: Mean Temperature of Driest Quarter 0.2408 0.2322 -0.0551 -0.2778 

clim10: Mean Temperature of Warmest Quarter 0.3224 0.1620 0.1545 -0.0068 

clim11: Mean Temperature of Coldest Quarter 0.3187 0.1934 0.1092 0.0291 

clim12: Annual Precipitation -0.2286 0.2615 0.2358 -0.0148 

clim13: Precipitation of Wettest Month -0.2393 0.1699 0.3154 0.1074 

clim14: Precipitation of Driest Month -0.1644 0.3720 0.0134 -0.1388 

clim15: Precipitation Seasonality -0.0913 -0.2307 0.3215 0.3674 



 

clim16: Precipitation of Wettest Quarter -0.2407 0.1800 0.3090 0.1182 

clim17: Precipitation of Driest Quarter -0.1737 0.3682 0.0198 -0.1498 

clim18: Precipitation of Warmest Quarter -0.2412 0.1708 0.2886 0.2221 

clim19: Precipitation of Coldest Quarter -0.1300 0.3789 -0.0546 -0.2443 

 

CHELSA codes: clim1 = Annual Mean Temperature [°C*10]; clim2 = Mean Diurnal Range [°C]; clim3 = Isothermality; clim4 

= Temperature Seasonality [standard deviation]; clim5 = Max Temperature of Warmest Month [°C*10]; clim6 = Min 

Temperature of Coldest Month [°C*10]; clim7 = Temperature Annual Range [°C*10]; clim8 = Mean Temperature of Wettest 

Quarter [°C*10]; clim9 = Mean Temperature of Driest Quarter [°C*10]; clim10 = Mean Temperature of Warmest Quarter 

[°C*10]; clim11 = Mean Temperature of Coldest Quarter [°C*10]; clim12 = Annual Precipitation [mm/year]; clim13 = 

Precipitation of Wettest Month [mm/month]; clim14 = Precipitation of Driest Month [mm/month]; clim15 = Precipitation 

Seasonality [coefficient of variation]; clim16 = Precipitation of Wettest Quarter [mm/quarter]; clim17 = Precipitation of Driest 

Quarter [mm/quarter]; clim18 = Precipitation of Warmest Quarter [mm/quarter]; clim19 = Precipitation of Coldest Quarter 

[mm/quarter] 



 

 

Appendix S9. Maps of the four climatic variables used in the model. (a) Map corresponding to PCA1, 

which depicts changes in temperature (Appendix S3), with blue values indicating lower temperatures 

and yellow values indicating higher temperatures. (b) Map corresponding to PCA2, which depicts 

changes in precipitation (Appendix S3), with blue values indicating higher precipitation and yellow 

ones indicating lower precipitation. (c) Map corresponding to PCA3 (climate seasonality), which 

depicts changes in temperature and precipitation seasonality (Appendix S3), with blue values indicating 

lower seasonality and yellow ones indicating higher seasonality. (d) Map corresponding to PCA4 

(temperature ranges), which depicts changes in temperature range, with blue values indicating a wider 

temperature range but low precipitation seasonality, and yellow values indicating a smaller temperature 

range and higher precipitation seasonality. 

  



 

 

 

Appendix S10. To model vegetation in relation to the 19 raw CHELSA variables, the random forest 

algorithm was trained on 80% of the data and evaluated on the remaining 20%, stratified according to 

the response variable (function ‘createDataPartition’ in R package caret v. 6.0-86, Kuhn, 2008). Model 

training and parameter tuning were done using three times three-fold cross-validation (function ‘train’ 

in R package caret). The best model was chosen based on the root mean squared error (RMSE), mean 

absolute error (MAE) and R2 measured on the trained dataset. The performance of the selected model 

was further evaluated on the test dataset using the same metrics. Predictions across the whole of 

Switzerland were performed based on the raw CHELSA data (downscaled version, 100 m). 

The first principal components analysis (PCA) axis was related to the elevation gradient and was 

removed from the analysis because it was strongly correlated with climate PCA1 (r = 0.85). Pearson 

correlations (r) between climate and all other vegetation principal components were between 0.39 and 

0.01. The second PCA axis (named mid-elevation coniferous) represents a gradient in the dominance 

of coniferous plant communities, with negative values indicating coniferous plant communities (fir, 

spruce and Scots pine forest with the associated herbaceous plants, e.g. Silene dioica, Petasites albus, 

Veronica urticifolia, Appendix S4) and positive values indicating other vegetation types, including 

lowland vegetation at intermediate positive values and high-elevation plants at large positive values 

(e.g. Salix herbacea, Leucanthemopsis alpina, Gnaphalium supinum). The third PCA axis (named dry–

wet) depicts a dry to wet gradient, with positive values indicating ruderal and/or dry open vegetation 

(e.g. Echium vulgare, Silene vulgaris, Artemisia vulgaris, Appendix S4) and negative values indicating 

wet forest vegetation (e.g. Veronica montana, Carex remota, Lysimachia nemorum, Appendix S4). The 

fourth PCA axes (named forest) depicts a gradient from woody to open vegetation, with positive values 

indicating plant assemblages from forests and shrublands (e.g. Polypodium vulgare, Hypericum 

montanum, Salvia glutinosa, Appendix S4) and negative values indicating plant assemblages from 

meadows, pastures and other types of open vegetation (e.g. Plantago atrata, Carex flacca, Centaurea 

jacea, Appendix S4). 

  



 

Appendix S11. Factor loading in plant principal components analysis (PCA) for selected species. The 

five species with the highest/lowest loading on each axis are shown (bold values). The most common 

tree species in our dataset are also included. 

Species PCA1 

(24%) 

PCA2 

(12%) 

PCA3 

(4%) 

PCA4 

(3%) 

Abies alba 0.0376 -0.0547 -0.0810 0.0472 

Acer campestre 0.0606 0.0183 0.0047 0.0013 

Acer platanoides 0.0512 0.0056 -0.0164 -0.0064 

Acer pseudoplatanus 0.0563 -0.0523 -0.0150 0.0065 

Alnus glutinosa 0.0292 0.0116 -0.0105 0.0142 

Alnus incana 0.0174 -0.0461 -0.0232 0.0509 

Alnus viridis -0.0475 -0.0503 0.0497 -0.0071 

Artemisia vulgaris 0.0200 0.0032 0.0995 0.0245 

Campanula scheuchzeri -0.0710 -0.0051 0.0118 0.0006 

Carex flacca 0.0238 -0.0643 -0.0368 -0.0903 

Carex remota 0.0416 -0.0080 -0.1030 0.0285 

Carpinus betulus 0.0508 0.0349 0.0002 -0.0393 

Centaurea jacea 0.0448 -0.0397 -0.0012 -0.0843 

Crataegus laevigata 0.0324 -0.0028 -0.0450 0.0079 

Crataegus monogyna 0.0610 0.0051 0.0058 0.0011 

Dryopteris affinis 0.0010 -0.0337 -0.0273 0.1286 



 

Echium vulgare 0.0258 -0.0025 0.1243 0.0250 

Euphrasia rostkoviana  -0.0256 -0.0842 0.0118 -0.0152 

Fagus sylvatica 0.0486 -0.0421 -0.0746 0.0432 

Frangula alnus 0.0306 0.0100 -0.0152 0.0305 

Fraxinus excelsior 0.0705 -0.0274 0.0002 0.0268 

Gentiana verna -0.0482 -0.0362 0.0196 -0.0831 

Geum urbanum 0.0721 -0.0203 -0.0024 0.0268 

Glechoma hederacea 0.0706 -0.0074 -0.0184 -0.0093 

Gnaphalium supinum -0.0566 0.0624 -0.0389 0.0188 

Homogyne alpina -0.0720 -0.0118 -0.0037 -0.0213 

Hypericum montanum 0.0072 -0.0395 0.0396 0.1303 

Ilex aquifolium 0.0351 -0.0032 -0.0499 0.0439 

Juglans regia 0.0603 0.0273 0.0127 0.0212 

Lapsana communis 0.0716 -0.0043 -0.0235 0.0025 

Larix decidua -0.0171 -0.0192 0.0498 0.0506 

Leucanthemopsis alpina -0.0563 0.0628 -0.0385 0.0185 

Luzula nivea -0.0132 -0.0312 0.0950 0.1296 

Lysimachia nemorum 0.0279 -0.0541 -0.1092 -0.0140 

Petasites albus -0.0036 -0.0860 -0.0377 0.0197 

Picea abies 0.0140 -0.0724 -0.0238 0.0117 



 

Pinus sylvestris 0.0287 -0.0055 -0.0064 0.0234 

Plantago alpina -0.0508 -0.0199 0.0138 -0.0810 

Plantago atrata -0.0434 -0.0340 0.0244 -0.0940 

Poa alpina -0.0730 -0.0173 0.0031 -0.0288 

Polygonum viviparum -0.0717 -0.0012 0.0058 -0.0475 

Polypodium vulgare -0.0154 -0.0302 0.0794 0.1333 

Populus tremula 0.0207 -0.0361 0.0323 0.0563 

Potentilla erecta -0.0232 -0.0845 0.0157 0.0320 

Primula elatior 0.0280 -0.0566 -0.0983 -0.0578 

Quercus petraea 0.0268 -0.0024 0.0365 0.0633 

Quercus robur 0.0604 0.0185 -0.0333 0.0029 

Ranunculus montanus aggr. -0.0699 -0.0170 0.0136 -0.0004 

Salix appendiculata -0.0255 -0.0714 0.0029 0.0134 

Salix caprea 0.0371 -0.0575 -0.0152 -0.0190 

Salix herbacea -0.0556 0.0584 -0.0387 0.0042 

Salix myrsinifolia -0.0247 -0.0322 0.0237 -0.0057 

Salix purpurea 0.0103 -0.0293 0.0047 -0.0091 

Salix retusa -0.0548 0.0257 -0.0262 -0.0495 

Salvia glutinosa 0.0092 -0.0360 0.0388 0.1300 

Salvia pratensis 0.0438 0.0112 0.0990 0.0009 



 

Sibbaldia procumbens -0.0563 0.0610 -0.0362 0.0141 

Silene dioica -0.0057 -0.0850 -0.0003 0.0136 

Silene exscapa -0.0504 0.0572 -0.0306 0.0196 

Silene nutans -0.0191 -0.0451 0.1051 0.0462 

Silene vulgaris -0.0078 -0.0434 0.1059 -0.0055 

Sorbus aria 0.0128 -0.0740 0.0112 0.0658 

Sorbus aucuparia 0.0079 -0.0776 0.0058 0.0451 

Tilia cordata 0.0353 0.0142 0.0305 0.0494 

Tilia platyphyllos 0.0485 0.0056 -0.0134 -0.0116 

Ulmus glabra 0.0407 -0.0237 -0.0452 0.0366 

Veronica beccabunga 0.0195 -0.0551 -0.0992 -0.0368 

Veronica montana 0.0375 -0.0084 -0.1017 0.0039 

Veronica persica 0.0712 0.0060 -0.0101 -0.0208 

Veronica urticifolia -0.0090 -0.0864 0.0026 0.0655 

  



 

 

Appendix S12. Maps of the four vegetation variables used in the model. (a) Map corresponding to 

PCA1, which reflects the elevation gradient, with positive values indicating more colline–montane 

species (e.g. Geum urbanum, Lapsana communis, Veronica persica) and negative values indicating 

subalpine–alpine species (e.g. Poa alpina, Homogyne alpina, Polygonum viviparum). This variable was 

not used because it was highly correlated with climate PCA1. (b) Map corresponding to PCA2 (named 

mid-elevation coniferous), which shows a gradient in the dominance of coniferous plant communities, 

with negative values indicating coniferous plant communities (fir, spruce and Scots pine forest with the 

associated herbaceous plants, e.g. Silene dioica, Petasites albus, Veronica urticifolia) and positive 

values indicating other vegetation types, including lowland vegetation at intermediate positive values 

and high-elevation plants at large positive values (e.g. Salix herbacea, Leucanthemopsis alpina, 

Gnaphalium supinum). (c) Map corresponding to PCA3 (named dry–wet), which depicts a dry to wet 

gradient, with positive values indicating ruderal and/or dry open vegetation (e.g. Echium vulgare, Silene 



 

vulgaris, Artemisia vulgaris) and negative values indicating wet forest vegetation (e.g. Veronica 

montana, Carex remota, Lysimachia nemorum). (d) Map corresponding to PCA4 (named forest), which 

depicts a gradient from woody to open vegetation, with positive values indicating plant assemblages 

from forests and shrublands (e.g. Polypodium vulgare, Hypericum montanum, Salvia glutinosa) and 

negative values indicating plant assemblages from meadows, pastures and other types of open 

vegetation (e.g. Plantago atrata, Carex flacca, Centaurea jacea).  

  



 

Appendix S13. The Land Use and Land Cover data include 4 principal types (urban, rural, forest, 

unproductive), 10 classes, and 46 basic categories, and they have a resolution of 100 m by 100 m, thus 

matching that of the bee data. We focused on three of the four principal domains: urban, agricultural 

and forest. Urban (Buchholz et al., 2020; Fournier et al., 2020), agricultural (Evans et al., 2018), and 

forest (Brosi et al., 2007) land-use types were all shown to be important drivers of the functional and 

taxonomic composition of bee communities. Urban land-use (7.5 % of the total surface area) includes 

all types of settlements and build-up infrastructure, including buildings, transportation infrastructure, 

special infrastructure, sport and leisure areas and urban green areas (e.g. gardens, cemeteries, parks). 

Thus, they not only indicate major settlements but also, e.g., sparse infrastructure, towns, transportation 

networks, which is the main case at higher elevations. Agricultural land-use (35.9 % of the total surface 

area) encompasses productive surfaces relating to crop growing, livestock and fruit cultivation. They 

include all herbaceous, arbustive and arboreous crops, as well as alpine meadows, pastures and other 

grazing areas. Finally, forest land use (31.3 % of the total surface area) includes all the different types 

of forest found in Switzerland except agroforestry. For details, see Altwegg and Weibel (2015) and FSO 

(2013). We excluded unproductive land-use types, such as water bodies, glaciers and permanent snow, 

as they mostly represent non-bee habitat.  

 



 

 

 

Appendix S14. Maps of (a) land use and (b) land-use intensity in Switzerland, based on Meier et al. 

(2020). 

 

  



 

 

Appendix S15. Maps depicting the landscape metrics in the three land-use categories (agricultural, 

forest, urban). (a–d) Proportion of urban land use in 200, 500, 1000 and 2500 m radii around each raster 

cell centre. (e–h) Proportion of agricultural land use in 200, 500, 1000 and 2500 m radii. (i–l) Proportion 

of forest land use in 200, 500, 1000 and 2500 m radii.  

  



 

 



 

 

 
Appendix S16. Correlation matrices between predictors. (a) Correlation matrix between all candidate 

predictors and (b) correlation matrix among the selected predictors. Red shading indicates positive 

correlations and blue indicates negative correlations.  

  



 

 

Appendix S17. Maps depicting beekeeping intensity in Switzerland. Number of beehives in a (a) 200 

m, (b) 500 m, (c) 1000 m, and (d) 2500 m radius around each raster cell centre. 

  



 

 

Appendix S18. Relationship between the selected climate (four predictors, a), vegetation (three 

predictors, b), land use (three predictors, c), and beekeeping intensity (one predictor, d) predictors and 

elevation. Climate predictors represent principal components analysis (PCA) axes 1–4, which are 

related to temperature, precipitation, seasonality and precipitation seasonality (see details in Appendix 

S3). Vegetation predictors represent PCA axes 2–4, which are related to mid-elevation coniferous plant 

communities, dry plant communities, and forest plant communities (see details in Appendix S4 and Fig. 

S7). Land-use metrics represent the proportion of each land-use type (i.e. agricultural, forest, urban) 

within a 2500 m radius from each focal cell. Beekeeping intensity represents the number of beehives 

within a 2500 m radius from each focal cell. Note that the upper value of the elevation range has been 

narrowed to 3500 m a.s.l. for simplicity. 

  



 

Appendix S19. Types of protected areas considered. For each protected area type, we indicate in what group of protected areas were included according to their 

protective measures (Classification), that is, strict protection = Protected areas sensu stricto; less strict protection = Protected areas sensu lato. We also indicate 

the main legislative authority, the equivalence with the IUCN categories, when possible, the proportion of the Swiss surface they represent, a description, some 

indication on the protection provisions, the existing law and reference to the official administrative bodies. 

 
 

 

Protected area Classification Authority IUCN category Proportion surface Description Protection provisions Law Reference

Biotopes of National Interest: 

dry medows

Strictly protected areas Confederation 2.17% FOEN 2012a, 

FOEN, 2022

Biotopes of National Interest: 

bogs

Biotopes of National Interest: 

floodplains

Biotopes of National Interest: 

fens

Biotopes of National Interest: 

amphibian reproduction sites

Ramsar International Not assessed 

officially, but likely 

IV

0.20% Areas aimed at guaranteing the sustainable use and protection 

of waterfowl habitats. 

451: Loi fédérale

sur la protection de la nature et du 

paysage

0.451.45: Convention

relative aux zones humides

d’importance internationale 

particulièrement comme habitats des 

oiseaux d’eau

Ramsar, 2022

National Park Confederation II 0.41% The only national park of the country, which has beeen 

assessed by the IUCN and classified within category II

454

Loi fédérale

sur le Parc national suisse dans le 

canton des Grisons

Swiss National 

Park, 2022

Forest reserves Confederation Not assessed 

officially, but likely 

IV

2.10% Forest reserves are among the core areas that form the basis of 

the ecological infrastructure in forests.

In natural forest reserves, no silvicultural intervention is carried 

out and the forest is left to develop naturally.

In special forest reserves, targeted interventions are aimed at 

promoting threatened species, which are mainly light and heat 

demanding species. 

921.0: Loi fédérale

sur les forêts

FOEN, 2020, 

2021b

Pro Natura forest reserves NGO 0.09% Privately owned forest reserves. These forests are either 

untouched or used in traditional ways, with special measures in 

place to support biodiversity. In this manner, many habitats are 

preserved along with all their fauna and flora. 

921.0: Loi fédérale

sur les forêts

Pronatura, 

2022

Pro Natura nature reserves NGO 0.65% Privately owned Natural reserves, which are either untouched or used in traditional ways to promote biodiversity.Private law Pronatura, 

2022

Highly mencaed biotop types, which are highly monitored to 

preserve them.  The aim of these inventories is to effectively 

protect the habitats of endangered animals and plants. 

Management intensity and 

anthropogenic influence to the 

minimum. E.g.:

No agricultural activities

No hunting

No leisure or other 

anthropogenic activities

Continuous monitoring

Specific management to 

promote biodiverssity and 

matian habitats might occur.

451: Loi fédérale

sur la protection de la nature et du 

paysage

Not assessed 

officially, but likely 

IV



 

Appendix S19. Continuation 

 
 

Protected area Classification Authority IUCN category Proportion surface Description Protection provisions Law Reference

Water and migrant bird reserves Protected multiple use 

areas

Confederation / International Not assessed 

officially, possible 

IV

4,84% Areas aimed  to protect the natural habitats of migratory birds  

that live in Switzerland throughout the year.

Variable management intensity 

and anthropogenic influence.

922.32: Ordonnance

sur les réserves d’oiseaux d’eau et 

de migrateurs

d’importance internationale et 

nationale

FOEN, 2002

Emerald sites International Not assessed 1.56% The Emerald Network aims to protect species and natural 

environments of particularly high ecological value in Europe. 

Switzerland, as a Contracting Party to the Bern Convention, is 

also committed to this goal. So far, 37 areas proposed by 

Switzerland have been included in this international network.

0.455: Convention

relative à la conservation de la vie

sauvage et du milieu naturel de 

l’Europe

FOEN, 2003, 

2012b

Swiss parks Cantonal, municipal Not assessed, some 

could be V or VI

12.28% Regional nature parks are partly inhabited rural areas with a 

high level of natural, landscape and cultural wealth. They 

enhance the quality of nature and landscape and promote the 

sustainable development of the regional economy.

Peri-urban nature parks are areas in the vicinity of a highly 

urbanised region which offer intact natural habitats for 

indigenous flora and fauna in their core area. The core area is 

surrounded by a transition zone that serves as a buffer and 

offers a variety of opportunities for education, discovery and 

recreation, thus making an important contribution to the quality 

of life of the urban population.

451: Loi fédérale

sur la protection de la nature et du 

paysage

FOEN, 2018a

UNESCO Natural Heritage International Not assessed 

officially, possible 

III, V, VI

2.80% The World Heritage List is an instrument of the Convention 

concerning the Protection of the World Cultural and Natural 

Heritage (World Heritage Convention). It lists properties 

classified by the World Heritage Committee for their 

outstanding universal value.

International law

 RO 1975 2221

Arrêté fédéral du 19 juin 1975 

approuvant deux conventions de 

l'UNESCO en matière de protection 

du patrimoine culturel et naturel et de 

conservation des zones humides

FOEN, 2016

Game reserves Confederation Not assessed 

officially, some 

could be V

3.63% In accordance with the provisions of the Ordinance on Federal 

Game Reserves, game reserves "are intended to protect and 

conserve rare and endangered wild mammals and birds and to 

protect and conserve their biotopes. They are also intended to 

maintain healthy populations of huntable species adapted to 

local conditions

922.0: Loi fédérale

sur la chasse et la protection des 

mammifères et oiseaux sauvages

FOEN, 2018b

UNESCO Biosphere International Not assessed 

officially, possible 

III, V, VI

2.94% The United Nations Educational, Scientific and Cultural 

Organisation (UNESCO) has set up the Man and Biosphere 

Programme (MAB) with the aim of developing new models 

for the sound management of natural environments. The MAB 

programme is implemented in UNESCO biosphere reserves. It 

applies the principles of sustainable and environmentally 

friendly development. 

International law

 RO 1975 2221

Arrêté fédéral du 19 juin 1975 

approuvant deux conventions de 

l'UNESCO en matière de protection 

du patrimoine culturel et naturel et de 

conservation des zones humides

UNESCO, 

2022



 

Appendix S20. Performance of the different algorithms used to predict the α and ß taxonomic and 

functional attributes of wild bee communities in Switzerland. Three performance metrics were 

calculated on the test dataset (i.e. data not used for model calibration): root mean squared error (RMSE), 

R2 and mean absolute error (MAE). 

 

RMSE R2 MAE Response Model 

5.03 0.91 3.36 Richness Random forest 

15.89 NA 9.59 Richness Neural networks 

12.40 0.04 8.83 Richness Generalized linear 

models 

0.45 0.92 0.37 Shannon Random forest 

1.40 0.02 1.18 Shannon Neural networks 

1.19 0.04 1.02 Shannon Generalized linear 

models 

0.43 0.91 0.35 FDis Random forest 

1.30 0.02 1.21 FDis Neural networks 

1.04 0.02 0.90 FDis Generalized linear 

models 

7.94 0.91 5.97 TOP Random forest 

30.62 NA 23.54 TOP Neural networks 

19.09 0.05 14.76 TOP Generalized linear 

models 

0.02 0.90 0.01 TED Random forest 

0.04 0.01 0.03 TED Neural networks 



 

0.04 0.01 0.03 TED Generalised linear 

models 

0.07 0.91 0.05 ITD Random forest 

0.16 0.14 0.12 ITD Neural networks 

0.16 0.11 0.12 ITD Generalised linear 

models 

0.12 0.91 0.09 Feeding specialisation Random forest 

0.28 0.05 0.21 Feeding specialisation Neural networks 

0.28 0.03 0.21 Feeding specialisation Generalised linear 

models 

0.14 0.91 0.11 Tongue length Random forest 

0.32 0.11 0.26 Tongue length Neural networks 

0.32 0.08 0.26 Tongue length Generalised linear 

models 

0.05 0.90 0.03 Phenology start Random forest 

0.11 0.12 0.08 Phenology start Neural networks 

0.11 0.09 0.08 Phenology start Generalised linear 

models 

0.05 0.90 0.04 Phenology duration Random forest 

0.11 0.12 0.08 Phenology duration Neural networks 

0.12 0.09 0.08 Phenology duration Generalised linear 

models 

0.07 0.90 0.04 Cleptoparasite Random forest 

0.15 0.03 0.09 Cleptoparasite Neural networks 



 

0.15 0.02 0.09 Cleptoparasite Generalised linear 

models 

0.14 0.91 0.11 Belowground Random forest 

0.32 0.08 0.25 Belowground Neural networks 

0.32 0.08 0.25 Belowground Generalised linear 

models 

0.13 0.91 0.10 Solitary Random forest 

0.30 0.16 0.24 Solitary Neural networks 

0.31 0.12 0.25 Solitary Generalised linear 

models 

0.00 0.92 0.00 LCBD taxonomic Random forest 

0.00 NA 0.00 LCBD taxonomic Neural networks 

0.00 0.14 0.00 LCBD taxonomic Generalised linear 

models 

0.00 0.90 0.00 LCBD functional Random forest 

0.00 NA 0.00 LCBD functional Neural networks 

0.00 0.01 0.00 LCBD functional Generalised linear 

models 

 



 

  

 

Appendix S21. Scatterplots of the predictive performance (observed vs. predicted values) of random 

forest models for diversity metrics. (a) species richness , (b) Shannon diversity, (c) trait onion peeling 

(TOP), (d) trait evenness distribution (TED), (e) functional dispersion (FDis), (f) local community 

contributions to the taxonomic ß-diversity (LCBD taxonomic), and (g) local community contributions 

to the functional ß-diversity (LCBD functional). 



 

 

 

Appendix S22. Scatterplots of the predictive performance (observed vs. predicted values) of random 

forest models for community-weighted means of the eight studied wild bee traits. (a) intertegular 



 

distance (ITD), (b) tongue length, (c) feeding specialisation, (d) start of phenology, (e) duration of 

phenology, (f) % cleptoparasite, (g) % belowground nester, and (h) % solitary.  



 

 

 



 

Appendix S23. Wild bee trait distribution in Switzerland. Maps depict the community-weighted means 

(CWMs) of (a) proportion of belowground species, (b) proportion of cleptoparasitic species 

(cleptoparasite), (c) feeding specialisation (feeding_specialisation), (d) duration of phenology 

(phenoduration), (e) proportion of solitary species (solitary), (f) tongue length (tong_length), and (g) 

intertegular distance (ITD). (h) Pearson correlations between the CWMs of the seven studied traits. 

  



 

 

Appendix S24. Relationship between the predicted α and ß taxonomic diversity and elevation and 

between functional community attributes and elevation based on 10000 randomly selected cells. Fitted 

lines and the 95% confidence intervals (shaded bands) were obtained using local polynomial regression 

(LOESS).Relationships are shown between elevation and wild bee (a) species richness (rich), (b) 

Shannon diversity (shannon), (c) trait onion peeling (TOP), (d) trait evenness distribution (TED), (e) 

functional dispersion (FDis), (f) local community contributions to the taxonomic ß-diversity 

(LCBD_taxo), and (g) local community contributions to the functional ß-diversity (LCBD_fun). (h) 

Histogram of the digital elevation model for Switzerland. Note that the upper value of the elevation 

range has been narrowed to 3500 m a.s.l. for simplicity. 

  



 

 

Appendix S25. Relationship between the community-weighted means (CWMs) of the eight studied 

traits and elevation based on 10000 randomly selected cells. Fitted lines and the 95% confidence 

intervals (shaded bands) were obtained from local polynomial regression (LOESS). Relationships are 

shown between elevation and (a) proportion of belowground species (belowground; high values = more 

belowground nesters, low values = fewer belowground nesters), (b) proportion of cleptoparasitic species 

(cleptoparasite; high values = more cleptoparasites, low values = less cleptoparasites), (c) feeding 

specialisation (feeding_specialisation; high values = less specialisation, low values = more 

specialisation), (d) intertegular distance (ITD), (e) duration of the phenology (phenoduration), (f) start 

of phenology (phenostart); (g) proportion of solitary species (solitary; high values = more solitary 

species, low values = fewer solitary species), and (h) tongue length (tongue_length; high values = longer 

tongues, low values = shorter tongues).  

  



 

 



 

Appendix S26. Importance of the environmental variables as predictors of the community-weighted 

means of the eight studied wild bee traits in Switzerland. Predictors were classified into four main 

categories: climate, vegetation, land use and beekeeping. Variable importance was estimated using the 

residual sum of squares from random forest models (Breiman, 2001). Longer bars indicate variables 

that are better predictors of community attributes. Note that all importance values were divided by the 

maximum value to obtain a comparable range from 0 to 1. Climate and vegetation variables represent 

the principal components analysis (PCA) axis (PCA 1–4 for climate, PCA 2–4 for vegetation, 

representing 17% of the variation; for details see Methods, Tables S3–S4 and Figs S4–S5). 

  



 

 

 

Appendix S27. Predicted changes in the community-weighted means (CWMs) of the eight studied wild 

bee traits along multiple environmental gradients. Partial dependence plots showing the shifts induced 



 

by selected variables representing climate, vegetation, land-use and beekeeping gradients, indicated by 

the CWM of the proportion of belowground species (belowground), proportion of cleptoparasitic 

species (cleptoparasite), feeding specialisation, intertegular distance (ITD), start of phenology 

(phenology start), duration of phenology (phenology duration), proportion of solitary species (solitary), 

and tongue length. Shaded bands indicate 95% confidence intervals. Climate and vegetation variables 

represent the principal components analysis (PCA) axis (PCA 1–4 for climate, PCA 2–4 for vegetation). 

For details see Methods, Tables S3–S4 and Figs S4–S5. 

  



 

 

 

Appendix S28. Flat violin plots and boxplots showing the differences in the α and ß taxonomic diversity 

and functional diversity metrics among the three main land-use types agricultural, urban and forest. 

Notches in the boxplots indicate the 95% confidence interval of the median. Dots and diamonds indicate 

the median value of the metric in protected areas (PA) sensu stricto and sensu lato, respectively. (a) 

Species richness, (b) Shannon diversity, (c) functional richness (trait onion peeling TOP), (d) functional 

evenness (trait evenness distribution TED), (e) functional dispersion (FDis), (f) local community 

contributions to taxonomic ß-diversity (LCBD taxonomic), and (g) local community contributions to 

functional ß-diversity (LCBD functional).   



 

 

 

Appendix S29. Flat violin plots and boxplots showing the differences in the  community-weighted 

means of the eight studied wild bee traits among the three main land-use types agricultural, urban and 

forest. Notches in the boxplots indicate the 95% confidence interval of the median. Dots and diamonds 

indicate the median value of the metric in protected areas (PA) sensu stricto and sensu lato, respectively. 

(a) Belowground nesters, (b) cleptoparasites, (c) feeding specialisation, (d) duration of phenology, (e) 

start of phenology, (f) intertegular distance (ITD), (g) solitary, and (h) tongue length. Note that trait 

values have been standardised. 



 

  



 

 

 

Appendix S30. Flat violin plots and boxplots showing the differences in the α and ß taxonomic and 

functional diversity metrics among the three main land-use types, agricultural, urban and forest, at mid 

elevation (1000–2000 m a.s.l.). Notches in the boxplots indicate the 95% confidence interval of the 

median.  (a) Species richness, (b) Shannon diversity, (c) functional richness (trait onion peeling TOP), 

(d) functional evenness (trait evenness distribution TED), (e) functional dispersion (FDis), (f) local 

community contributions to taxonomic ß-diversity (LCBD taxonomic), and (g) local community 

contributions to functional ß-diversity (LCBD functional). Note that to facilitate the comparison of 



 

the boxplots, the Appendix Shows the data between the 10th and the 90th percentiles. Note that 

to facilitate the comparison of the boxplots, the Appendix Shows the data between the 10th and 

the 90th percentiles.  (h) Land-use composition (% cover) at mid elevations.   



 

 

 

Appendix S31. Flat violin plots and boxplots showing the differences in the α and ß taxonomic and 

functional metrics among the three main land-use types, agricultural, urban and forest, at high elevation 

(> 2000 m a.s.l.). Notches in the boxplots indicate the 95% confidence interval of the median. (a) 

Species richness, (b) Shannon diversity, (c) functional richness (trait onion peeling TOP), (d) functional 

evenness (trait evenness distribution TED), (e) functional dispersion (FDis), (f) local community 

contributions to taxonomic ß-diversity (LCBD taxonomic), and (g) local community contributions to 



 

functional ß-diversity (LCBD functional). (h) Land-use composition (% cover) at high elevations. Note 

that to facilitate the comparison of the boxplots, the Appendix Shows the data between the 10th and the 

90th percentiles. Furthermore, urban land-use at high elevation refers mostly to sparse infrastructure 

(e.g. small roads, damps, avalanche protection areas, small resorts, sport surfaces) rather than densely 

build-up surfaces. 

  



 

 

 

Appendix S32. Flat violin plots and boxplots showing the differences in the community-weighted 

means of the eight studied wild bee traits among the three main land-use types, agricultural, urban and 

forest, at low elevation (197–1000 m a.s.l.). Notches in the boxplots indicate the 95% confidence 

interval of the median. (a) Belowground nesters, (b) cleptoparasites, (c) feeding specialisation, (d) 



 

duration of phenology, (e) start of phenology, (f) intertegular distance (ITD), (g) solitary, and (h) tongue 

length. (i) Land-use composition (% cover) at low elevations. Note that trait values have been 

standardised. Note that to facilitate the comparison of the boxplots, the Appendix Shows the data 

between the 10th and the 90th percentiles.   



 

 

 

Appendix S33. Flat violin plots and boxplots showing the differences in the community-weighted 

means of the eight studied wild bee traits among the three main land-use types, agricultural, urban and 

forest, mid elevation (1000–2000 m a.s.l.). Notches in the boxplots indicate the 95% confidence interval 

of the median. (a) Belowground nesters, (b) cleptoparasites, (c) feeding specialisation, (d) duration of 

phenology, (e) start of phenology, (f) intertegular distance (ITD), (g) solitary, and (h) tongue length. (i) 



 

Land-use composition (% cover) at mid elevations. Note that trait values have been standardised. Note 

that to facilitate the comparison of the boxplots, the Appendix Shows the data between the 10th and the 

90th percentiles.  

 

 

Appendix S34. Flat violin plots and boxplots showing the differences in the community-weighted 

means of the eight studied wild bee traits among the three main land-use types, agricultural, urban and 



 

forest, at high elevation (> 2000 m a.s.l.). Notches in the boxplots indicate the 95% confidence interval 

of the median. (a) Belowground nesters, (b) cleptoparasites, (c) feeding specialisation, (d) duration of 

phenology, (e) start of phenology, (f) intertegular distance (ITD), (g) solitary, and (h) tongue length. (i) 

Land-use composition (% cover) at high elevations. Note that trait values have been standardised. Note 

that to facilitate the comparison of the boxplots, the Appendix Shows the data between the 10th and the 

90th percentiles. Furthermore, urban land-use at high elevation refers mostly to sparse infrastructure 

(e.g. small roads, damps, avalanche protection areas, small resorts, sport surfaces) rather than densely 

build-up surfaces. 

  



 

 

 

Appendix S35. Proportion of taxonomic and functional diversities included in all the protected areas 

(protected areas sensu lato + protected areas sensu stricto). For each diversity metric, we ranked each 

cell from the most to the least diverse using quantile values. The x-axis (diversity gradient in percentage) 

depicts a decreasing diversity gradient inversely related to the quantiles of the diversity metrics, with 

lower x-axis values indicating the most diverse cells. The y-axis depicts the cumulative proportion of 

cells belonging to protected areas. The horizontal black line indicates the proportion of protected cells 

in all of Switzerland (ca. 27 % of the surface). (a) is based on Devictor et al. (2010). Taxonomic α-

diversity metrics = species richness and Shannon diversity; functional α-diversity metrics = functional 

richness (trait onion peeling TOP), functional evenness (trait evenness distribution TED), and functional 

dispersion (FDis). Taxonomic ß-diversity metrics = local community contributions to taxonomic 

diversity (LCBD taxonomic); functional ß-diversity metrics = local community contributions to 

functional diversity (LCBD functional). Proportion of protected cells along an elevation gradient 

considering protected areas (b). The upper maps show the distribution of the protected areas in 

Switzerland (in grey). 

  



 

 

Appendix S36. Overlap between species occurrence and protected areas. The X-axis shows the 550 

species sampled in the unfiltered 6200 community plots (each bar is a species) and the Y-axis depicts 

the proportion of occurrences in protected areas sensu lato (PA SL), protected areas sensu stricto (PA 

ss) and in unprotected areas (Not protected). Seven species only occurred in protected areas s.s., that is, 

Andrena saxonica, Andrena suerinensis, Andrena synadelpha, Hylaeus pilosulus, Lasioglossum 

quadrisignatum, Megachile genalis, Sphecodes marginatus. Nine species only occurred in protected 

areas s.l., that is, Ammobates punctatus, Anthophora dispar, Ceratina nigrolabiata, Eucera nigrifacies, 

Hylaeus crassanus, Nomada discrepans, Osmia steinmanni, Sphecodes dusmeti, Thyreus histrionicus. 
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