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 264 

Figure 1. Present (A, C) and future (B, D) distribution of Sarbecovirus bat host 265 

species richness, mostly peaking in Europe and Southeast Asia. Projections for 266 

Sarbecovirus bat host species richness consider the period 2080-2100 (SSP585 scenario, 267 

BCC-CSM2-MR global circulation model).  268 

 269 

From the top 10 countries for maximum potential species richness in a pixel, Italy had 270 

the highest estimated sampling rate. Figure 2 shows the interaction between estimated 271 

Sarbecovirus bat hosts richness with estimated sampling rates. We highlight areas where the 272 

number of species is high and sampling proportion low as future priorities for data collection. 273 

Sampling rates are mostly correlated with the distance from roads (Figure S10). Overall the 274 

estimated sampling rates through accessibility were low for individual locations (min=0, 275 

median=0.013, mean=0.045, 3rd q.=0.065, max=0.49), even when species are present by 276 
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ENMs (min=0, median=0.08, mean=0.098, 3rd q.=0.141, max=0.446). In Europe, sampling 277 

rates show high accessibility bias and better coverage of hosts than other regions, but regions 278 

in Southeast Asia are also well sampled, especially eastern coastal areas (purple in Figure 2). 279 

Highest values for richness were estimated for areas with low sampling rates (Figure S11).  280 
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 281 

Figure 2. A choropleth bivariate map showing the near current distribution of reported Sarbecovirus bat host species and estimated 282 

sampling rate calculated for the filtered dataset, according to potential drivers of residual accessibility bias. Areas in red signal high numbers of 283 

Sarbecovirus hosts, but estimated lower sampling rates driven by accessibility.284 
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Table 1. Highest national maximum Sarbecovirus host richness values (i.e. hotspots) 285 
predicted through SDMs. 286 

Country Subregion Hosts Median sampling rate 

(Mean +/- SD) 

Myanmar Southeast Asia 13 0.033 (0.053 +/- 0.061) 

China East Asia 12 0.024 (0.051 +/- 0.064) 

Lao PDR Southeast Asia 12 0.052 (0.063 +/- 0.041) 

Thailand Southeast Asia 12 0.087 (0.102 +/- 0.067) 

Vietnam Southeast Asia 12 0.086 (0.107 +/- 0.074) 

Cambodia Southeast Asia 8 0.112 (0.127 +/- 0.076) 

India South Asia 8 0.069 (0.09 +/- 0.078) 

France West Europe 8 0.128 (0.144 +/- 0.076) 

Italy South Europe 8 0.146 (0.152 +/- 0.079) 

Malaysia Southeast Asia 8 0.051 (0.074 +/- 0.072) 

 287 

Highest host richness values decline in future SSP585 projections (Figure 3). 288 

Average temperature of current hotspots - the few where 13 species are present - is 20.6 °C, 289 

increasing to 22.7 °C in future hotspots (SSP585, BCC-CSM2-MR in 2100). The hotspot 290 

centroid in Southeast Asia is predicted to shift from Myanmar into eastern forests regardless 291 

of GCM used. The predicted centroids for highest richness shift from in Kat Ku, Myanmar, to 292 

denser forest surroundings to the east, only 42 km apart, considering BCC-CSM2-MR, or 293 

more distantly 373 km further east if we consider the CanESM5 GCM (in the east of Ban Ka 294 
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Kiak, Laos) by 2100 using SSP585. Scenarios project increased species richness in 295 

locations (Figure 3) where temperature is also higher. 296 

 297 

 298 

Figure 3. Hotspots of Sarbecovirus hosts will be hotter and more concentrated in the 299 

future. SSP585 shows a higher maximum of 14 species in the future, whereas SSP245 300 

projects 14 species on only one occasion, considering BCC-CSM2-MR. Vertical lines 301 

represent the median. 302 

 303 
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Potential ranges for all periods, scenarios, and GCMs used are in Table S5. Several 304 

species showed resilience, such as Hipposideros armiger, H. galeritus and H. larvatus. 305 

However, some species with large ranges (Figure S12), such as Rhinolophus 306 

ferrumequinum, and Rhinolophus affinis, are predicted to suffer range contractions (Table 307 

S5, Table S6). Population trend data showed that many species do not have a current 308 

evaluation (Table S7). Considering the most extreme global warming scenario (SSP585), 309 

most species will suffer range contractions (N=17, 74%), while six may gain area (N=6), with 310 

species overlap decreasing (Figure S13, Table S6). For SSP245, fewer, but still more than 311 

half the species will suffer range contraction (N=14, 61%). In terms of total area overlaps by 312 

2100, there is higher overlap in SSP245 in comparison to SSP585 (Figure S14), however it 313 

varies with species. Overall, projections show 180.57 million km2 of cumulative area overlap 314 

in SSP585 versus 187.26 million km2 of cumulative area overlap in SSP245 considering 315 

BCC-CSM2-MR. From species modeled, most (N=16, 70%) agreed in the range shift trend 316 

across SSPs. Most differences pointed to range contraction in SSP585, while there was a 317 

slight expansion in potential range in SSP245 (Table S5).  318 

Discussion 319 

Human-driven habitat change—including through global warming—will alter species 320 

distributions, and as a consequence species interactions. Species interactions can have far 321 

reaching effects in ecological communities. Parasites and infections that animals carry are 322 

often overlooked yet key components of ecological systems [55–57] and host distribution 323 

changes may redistribute and alter disease emergence risk. Here, we developed SDMs to 324 

determine the drivers of Sarbecovirus bat host distributions, identify hotspots of host species 325 

richness and model changes in distributions and hotspots under future climate scenarios. For 326 

the species modelled, temperature seasonality and karst were important determinants of 327 

geographic distributions, and we identified host hotspots in Europe and Asia. We projected 328 

how these will change under future climate change scenarios, identifying species’ ranges will 329 

often contract and fragment and shift hotspots, along with identifying where sampling bias is 330 

greatest due to distance from roads. 331 

Our focal species are insectivorous bats with varying geographical ranges and 332 

sensitivity to habitat disturbance [58]. Species responses to climate change can be complex 333 

[59,60]. Though some species are resilient (Figure S12), Sarbecovirus bat hosts are impacted 334 

by forest quality and cave area disturbance [3], and our projections highlight their sensitivity 335 

to increased temperatures, so we assume forest amount and proximity to karst and rocky 336 

areas and climate will be crucial in driving their future distributions. Species differing 337 

environment responses reinforce the need to evaluate species-specific differences, even 338 
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within the same genus. For example, R. sinicus lives in montane forests [61], yet R. affinis can 339 

live in lowland forest, dry forest and disturbed areas [58]. R. ferrumequinum, a species ranging 340 

from Europe and Northwest Africa to Asia, hibernates during winter in caves, but this varies 341 

across the range and with age and sex [58]. Most modelled species are associated with caves 342 

(Figure S8), with karst availability varying in importance, but frequently among the most 343 

important factors. How karst will change due to mining and land conversion is unclear. Metal 344 

mining and limestone quarrying are increasingly threatening karst habitats [62] that bats 345 

depend upon [3]. We did not model this potential change, but it may reduce suitable habitat 346 

and fragment populations.  347 

Primary remaining forest habitat will likely be refugia for many species. However, the 348 

average temperature in the current host diversity hotspots in SE Asia is 20.6 °C, increasing to 349 

22.7 °C under SSP585. With hotspots getting hotter, most sarbecovirus hosts’ ranges will 350 

contract in the future, following the expected pattern for Southeast Asian bats [63]. Host 351 

diversity hotspots will shift to more climatically stable areas where shrinking remaining primary 352 

forests remain (Figure S9). Suitable areas are lost in northern areas, especially on the China 353 

borders. These changes reduce species richness with time in both scenarios used.  354 

We chose a pessimistic carbon emissions SSP585 scenario as an example here, but 355 

it is a likely scenario [64] and considered a possible future, though less likely according to 356 

recent reports [65]. However, there is high convergence between SSP245 and SSP585 357 

hotspot projections (Figure 3), though SSP585 concentrates more species. In fact SSP245 is, 358 

to some extent, less extreme with fewer range contractions, whereas species are projected to 359 

become more spatially concentrated, especially in SSP585, probably due to a refugia effect 360 

[66] since there will be less suitable habitat. We predict slight range gains for 2015-2040, 361 

possibly due to forest regrowth, which is more likely if international initiatives for reducing 362 

deforestation and nature-based solutions succeed [67,68]. After 2040, in the high carbon 363 

emission scenario, we predict suitable habitat loss for most species and a shift in the hotspot 364 

centroids from Kat Ku, Myanmar, to denser forest surroundings to the east towards Laos 365 

regardless of the global circulation used.  366 

Our analyses highlight the dynamic and uneven nature of data acquisition. Our pipeline 367 

can be easily updated to include new or changing data. Ongoing viral discovery will almost 368 

certainly add to the list of bat species testing positive for sarbecoviruses, and many bat 369 

species, particularly the Rhinolophidae and Hipposideridae in Africa [69–71] are in need of 370 

taxonomic revision, and bat species continue to be discovered and described. Revisions could 371 

rapidly lead to taxonomic changes and changes in conservation assessments. Similar rapid 372 

changes happen with viral surveillance, particularly for bat hosts [72,73]. Also, new species 373 

discoveries can indicate or alter sampling bias, since remote areas may be undersampled. 374 
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More intensive sampling in species-rich effort gap areas can reduce biases. Despite these 375 

challenges, after data curation to reduce sampling bias and autocorrelation, we could still 376 

model most species but identified important classic shortfalls [74]. The smallest-ranged bats 377 

in our dataset did not reach our modelling criteria (Figure S7) because of data gaps, and these 378 

gaps are likely larger for Sarbecovirus ecology in their natural hosts (from classic Wallacean 379 

to Eltonian shortfalls)[15]. Our estimated bat sampling rates were partially driven by 380 

accessibility, where effort gaps were mostly correlated with the distance from roads (Figure 381 

S10). By providing a surface of estimated sampling rate, we provide a more realistic scenario 382 

for prioritizing sampling of the focal species, as uneven sampling is one of the most common 383 

violations of assumption in distribution models [75]. Initiatives to prioritize specific bat viral 384 

sampling have been based on phylogeny, expert range definition and viral sharing probabilities 385 

[10,76]. We suggest areas with high estimated diversity of hosts and low estimated sampling 386 

rates should be a priority for Sarbecovirus host studies in the future, such as Indochina and 387 

China hotspots (areas highlighted in red, Figure 2) [77].  388 

There are conservation implications of our findings. Range contractions are predicted 389 

for several species, even for species using variable habitats, such as Rhinolophus pearsonii 390 

(Table S4, Figure S5). Most species’ populations are currently declining (N=8) or have 391 

unknown population trends (N=20, Table S6). Local species loss predictions were almost 392 

twice the number of maximum gain values (Figure S9). Along with climate change mitigation, 393 

strategies for maintaining landscape-level habitat connectivity will allow populations to reach 394 

refugia and lower extinction risk. This could be done by developing landscape connectivity 395 

surfaces that maximize diversity hotspot extensions, with monitoring effective dispersal 396 

through genetic [78,79] and population [80].  397 

Our results identify broad regions where bats reported positive for sarbecoviruses most 398 

probably occur and co-occur. These hotspots coincide, but are not restricted only to 399 

Rhinolophidae diversity hotspots previously reported [81] and to hotspots of mammal 400 

vulnerability to climate change [82]. Projections suggest that hundreds of new future viral 401 

sharing events may occur in Southeast Asia [7]. Novel interactions may be of concern for 402 

species survival as pathogens could spread more easily in vulnerable wild populations, which 403 

could facilitate epizootics and panzootics [83]. The role of bats as putative reservoirs of 404 

different zoonosis-causing agents must be interpreted with care, though [84]. Sarbecoviruses 405 

circulating in horseshoe bats might be directly infectious for humans [85,86], or infect other 406 

species prior to people [17,87]. Thus, bat presences may act as one component of hazard in 407 

risk assessments using ecosystem perspectives and multiple drivers [88]. Increased incidence 408 

of zoonoses is more likely through human-mediated change of the environment, including 409 
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climate [89]. Changes in host hotspots may alter disease risk when other changes to human, 410 

intermediate domestic or wildlife populations take place [12]. 411 

Our future projections assume models using present data will perform adequately. 412 

However, our models do not account for biotic components that also interfere with suitability, 413 

so we are limited to inferences of distribution derived from landscape and climate drivers. 414 

Projections will therefore need validation with new data and new predictions. Related, small 415 

changes may be relevant for local health and conservation initiatives, and coronavirus hosts 416 

are a focus of increasing research [77]. Studies represent spatio-temporal snapshots of 417 

nature: data change as new hosts are identified [10], host distributions revised, and remote 418 

sensing of their drivers updated. We provide a pipeline ready for the inevitable addition of new 419 

bat hosts (e.g. [9,73]), which could also be applied for inferring the distribution of potential 420 

intermediate hosts for sarbecoviruses. As we affect climate, biodiversity and ecosystems in 421 

real-time, we can validate and update our predictions (forecasting). Beyond refining 422 

distributional ecology, more work on host characterization will improve our understanding of 423 

the role of bats as reservoirs of coronaviruses [77]. Here, we could predict range contractions 424 

for most species of bats hosts of sarbecoviruses in response to global changes in climate and 425 

forest cover, along with host hotspot shifts. Further evaluations will help inform climate change 426 

vulnerability assessments [90] and future integrative data-modeling steps, in addition to 427 

communication of processes involving bats that could benefit One Health [91] and Nature-428 

based solutions projects. 429 
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