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Fine-scale variation in projected climate change presents opportunities for 19 

biodiversity conservation in Europe 20 

Abstract 21 

Climate change is a major threat to global biodiversity, although projected changes show 22 

remarkable geographical and temporal variability. Understanding this variability allows for the 23 

identification of regions where the present-day conservation objectives may be at risk or where 24 

opportunities for biodiversity conservation emerge. We use a multi-model ensemble of regional 25 

climate models to identify areas with significantly high and low climate stability persistent 26 

throughout the 21st century in Europe. We then confront our predictions with the land coverage 27 

of three prominent biodiversity conservation initiatives at two scales. The continental-scale 28 

assessment shows that the most instable future climate in Europe is likely to occur at low and 29 

high latitudes, with the Iberian Peninsula and the Boreal zones identified as prominent areas of 30 

climatic instability. A follow-up regional scale investigation shows that robust climatic refugia 31 

exist even within the highly exposed southern and northern macro-regions. About 23-31 % of 32 

assessed biodiversity conservation sites in Europe coincide with these identified climatic 33 

refugia, we contend that these sites should be prioritised in the formulation of future 34 

conservation priorities as the stability of future climate is one of key factors determining their 35 

conservation prospects. Although such focus on climate refugia cannot halt the ongoing 36 

biodiversity loss, along with measures such as the resilience-based stewardship, it may improve 37 

the effectiveness of biodiversity conservation under climate change. 38 
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Introduction 42 

Rapid climate change induced by human activity is already changing the environmental niche 43 

of a great number of species 1,2. Current commitments under the Paris COP21 agreement are 44 

unlikely to keep planetary warming below 2⁰C considered safe, plus several feedback 45 

mechanisms and climate tipping points threaten to exacerbate it further 3. Climate change is 46 

thus one of the key threats to biodiversity at all levels; from genes to biomes 4. On the one hand, 47 

effects of climate change range from local extinctions of species with narrow ecological niches, 48 

to profound ecosystem change at the trailing edge of the shifting climatic envelope 5. On the 49 

other hand, we already see increased species richness in areas acting as refugia and effects such 50 

as the Northern Biodiversity Paradox 6. Recent observations from Europe show a significant 51 

decrease in mountain species richness in the Mediterranean and a concurrent increase in the 52 

boreal–temperate zone 7. Climatic processes driving these changes include the emergence of 53 

novel climates, rapid displacement of climatic isoclines or the divergence of temperature and 54 

precipitation vectors 8, all resulting in significant niche shifts affecting species distribution. 55 

Species extinctions and migration are likely to generate novel communities and thus challenge 56 

the contemporary conservation planning framework 9, which relies on a fixed system of 57 

protected areas and conservation goals. Rapid climate change highlights the need for 58 

accommodating transient ecosystem dynamics into conservation planning 9,10, yet practical 59 

implementation of climate change adaptation into conservation management is still rare 11. 60 

Recent climate-adapted conservation concepts include an evaluation of species vulnerability by 61 

empirical niche models 12, use of climatic refugia to shelter species of conservation concern 13, 62 

or the implementation of resilience-oriented ecosystem management 14. Moreover, a broader 63 

shift in governance structures and improved coordination between land managers, politicians 64 

and conservation organisations appears critical to the implementation of adaptive biodiversity 65 

conservation 15. To date, the theoretical understanding of these approaches, their trade-offs and 66 

interactions is not sufficiently advanced to support the formulation of robust and consistent 67 

conservation policies.  68 

In Europe, Key Biodiversity Areas (KBA; 16), Natura 2000 habitat network 17 and European 69 

Primary Forests (EPF; 18) represent examples of biodiversity conservation initiatives focused 70 

on preserving geographically well-defined areas of interest. Under climate change, some of 71 

these areas, and associated conservation goals, may be subject to greater climatic exposure than 72 

others. At the same time, conservation opportunities may emerge elsewhere due to future spatial 73 

or temporal variation of climate change effects. Focusing on areas with predicted stable climate, 74 



relative to background climate change, is increasingly recognised as a viable conservation 75 

strategy 19-21. Such climatic refugia are evident at multiple spatial scales, from small-scale 76 

poleward-facing slopes, sites affected by cold groundwater or deep snow drifts 22, to the 77 

continental-scale refugia such as the Boreal zone in Europe 6. Vital lessons about species 78 

migration and persistence in climatic refugia during glacial and interglacial periods may be 79 

applicable to present-day conservation effort 19, if future climate can be resolved at appropriate 80 

scale. Climate models, which have an increasing ability to resolve the fine-scale atmospheric 81 

processes relevant for local and regional resource management and conservation planning, have 82 

thus become the central means for formulating the forward-looking adaptation policies 23.  83 

We investigate how future climate change may affect present-day nature conservation 84 

initiatives in Europe by considering spatial coverage and temporal persistence of regions with 85 

significantly low or high climatic stability. This information may be vital for the transition from 86 

current static conservation framework to climate-adapted conservation strategies 24, deemed 87 

necessary to avoid the imminent biodiversity breakdown. At continental and regional scales, 88 

we confront climatic stability patterns with established biodiversity conservation initiatives, 89 

ranging in size from the Global Biodiversity Hotspots to small patches of primary forests. 90 

Representing the diversity of spatial scales at which atmospheric and biological processes 91 

operate 25, we (i) evaluate the patterns of projected climatic stability in Europe at two scales; 92 

(ii) indicate some of the existing biodiversity conservation sites initiatives as those at high or 93 

low risk of climatic instability, and (iii) discuss how identification of such sites can inform the 94 

formation of a climate-adapted biodiversity conservation strategy for Europe. 95 

Results 96 

Climatic instability 97 

Our analysis of future climatic instability centres on projected changes of nine climate variables, 98 

selected to proxy key aspects of terrestrial ecosystem dynamics (Table 1). The cumulative 99 

change of all climate variables, termed Aggregate Climate Change (ACC), is used to identify 100 

regions of significantly high or low climatic stability (Getis-Ord Gi* p-value < 0.05) across 101 

Europe, the former category typically referred to as climatic refugia. We carry out this 102 

assessment at the continental and regional scales by considering two RCP scenarios (RCP4.5 103 

and RCP8.5) as drivers for five regional climate models (Table S1).  104 

 105 

 106 



1. Continental-scale assessment 107 

At this scale, the future climate variation in Europe displays a distinct latitudinal pattern. This 108 

pattern is robust and consistent across all three time periods and both RCP scenarios modelled 109 

in this study (Fig. 1). Temporal stability of climatic features and inter-model agreement were 110 

poorer at higher latitudes than in the rest of Europe (Fig. S4–S5). The Central Zone (CZ) with 111 

the most stable future climate is located across the centre of Europe (ca 45° – 55° N) and covers 112 

most of the Atlantic, Continental and Steppic biogeographical zones (Fig. S2). The Northern 113 

and the Southern Zones located at high and low latitudes of Europe are characterised by 114 

significantly instable future climate (NZ and SZ, respectively). The SZ extends over the 115 

Mediterranean and Anatolia, while the NZ takes in the Boreal and the Arctic regions.  116 

 117 

Figure 1 Predicted zones with instable (red) and stable (blue) climate in Europe, relative to continental background 118 

climate change. Indication of climate stability zones during three separate time periods (a-c) and those persisting 119 

throughout the predicted time period 2041-2100 (d-e).  120 

 121 



The magnitude of ACC, as well as the specific local combination of individual variable changes, 122 

form a unique climatic setting for each of the major zones and their subzones (Fig. S1 and Table 123 

S3). The magnitude of ACC in the CZ is more than 20% smaller than that predicted for the NZ 124 

or the SZ, and reaches 51-55 % of the maximum permissible change (i.e. change that would 125 

occur if the largest changes in all underlying climate variables predicted across Europe were to 126 

culminate in the same location). Looking at zones of instability predicted under RCP 8.5, the 127 

most distinct features of the NZ are increased precipitation (+95%), shorter dry periods (-9 128 

days) and longer frost-free periods (+80 days, Table S3). The most striking climate features 129 

driving the instability in the SZ are a severe decrease of precipitation (-62 to 98%) and an 130 

accompanying increase of the Ellenberg climate quotient (+21 to 23 mm °C-1). 131 

2. Regional-scale assessment 132 

After the extraction of the continental-scale trend, the residual variation of ACC (Fig. S3) 133 

indicates regionally relevant zones against the background of a block approximately 100 x 100 134 

km, with minor differences in its size between climate projections and time periods. Regional-135 

scale variation of ACC creates a mosaic of areas distributed all over Europe (Fig. 2). In contrast 136 

to the continental scale, the regional climatic features show poorer temporal stability and inter-137 

RCP agreement (Fig. S4–S5). However, a number of areas characterised by residual ACC 138 

significantly different from background persist throughout the 21st century under the most 139 

conservative assessment (areas identified by four out of five RMS in each RCP, Fig. 2d-e and 140 

Table S3). Areas of persistently low residual ACC are henceforth interpreted as potential 141 

climatic refugia and we investigate their overlap with existing biodiversity conservation 142 

initiatives.  143 

At this scale, the most distinct regional instability areas are located within the SZ (Fig. 1), 144 

emphasising the high regional variability of ACC in the Mediterranean. Looking at the central 145 

band identified as stable at the continental scale (CZ, Fig. 1), Eastern Alps and parts of Norway 146 

now show up as areas with regionally significantly instable climate. Crucially, areas with low 147 

and high climatic stability are often adjacent to each other, e.g. seashore to inland transitions or 148 

elevation differences in mountain ranges, generating rather unique pattern of climatic exposure 149 

potentially complicating the conservation effort.  150 

 151 



 152 

Figure 2 Predicted zones with instable (red) and stable (blue) climate in Europe, relative to regional background 153 

climate change. Indication of climate stability zones during three separate time periods (a-c) and those persisting 154 

throughout the predicted time period 2041-2100 (d-e).  155 

Spatial coincidence of conservation priorities and climate instability  156 

To consider long-term implication of here identified patterns of low and high climatic stability 157 

for conservation efforts in Europe, in this section we confront the prominent biodiversity 158 

conservation networks in Europe (Fig. 3, Fig. S2) with continental and regional areas of climate 159 

(in)stability persisting between 2040 and 2100 (Fig. 1d-e and 2d-e). 160 



 161 

Figure 3 Geographical coverage of investigated biodiversity sites classified as belonging to area of regionally 162 
significantly instable (red) or stable (blue) future climate as predicted under RCP 4.5 or RCP 8.5.  163 

Modelling based on both RCP scenarios at the continental scale indicates a high probability of 164 

significant northern zone of climatic instability covering northern Finland and Karelia (Fig. 165 

1). This trend represents a clear threat to Natura 2000 and KBA areas present in northern 166 

Finland. Currently only one forest has been identified as EPF in the country, not allowing us to 167 

draw conclusions in relation to this network. Looking at the predictions analysed at regional 168 

scale, it is possible to identify several current biodiversity sites likely to fall under a more stable 169 

future climate conditions than others (Fig. 3 and 4). Specifically, our data indicate that Natura 170 

2000 and KBA sites in central Norway are significantly less exposed than those straddling the 171 

border between Norway and Finland. 172 

Our continental-scale assessment shows that the central zone area of Europe stretching from 173 

the British Isles in the west to the Ukrainian steppe in the east is likely to experience 174 

significantly weaker climate change than the rest of the continent (Table S3). Regional-scale 175 

assessment shows that the greatest share of the KBA extent predicted to be in climatically 176 

instable areas is in the Pannonian, Steppic, Mediterranean and the Anatolian zones. The above-177 

average share of the KBA sites in the climatically stable sites is in the Alpine North and Atlantic 178 



zones, and Arctic and the Black Sea zones; in the latter two zones, however, the total area of 179 

the KBA sites is only minor (Fig. 4). The Alpine zone includes 119 out of the total of 257 180 

primary forests in Europe, a continental-scale assessment shows that 100% of these are in a 181 

climatically instable zone. However, the finer-scale modelling shows that only 11% of these 182 

sites are threatened by significantly instable climate at regional scale. 183 

The southern zone shows the highest climatic instability in Europe at the continental scale and 184 

largely overlaps with Europe’s prominent global biodiversity hotspot – the Mediterranean 185 

Basin. It also covers the entire European parts of the Irano-Anatolian and the Caucasus zones 186 

(Fig. S6). The SZ thus affects all global biodiversity sub-hotpots embedded within the 187 

Mediterranean Basin: the Rif-Betique range, Maritime and Ligurian Alps, Tyrrhenian Islands, 188 

southern and central Greece, Crete, southern Turkey and Cyprus 26. The model prediction at 189 

this scale thus delivers a very bleak message for biodiversity conservation sites in and around 190 

the Med.  191 

 192 

 193 

Fig. 4 The proportion of Natura 2000 (a), Key Biodiversity Areas (b) and European primary forests (c) present in 194 
areas identified as climatically stable or instable relative to background climate change at continental scale (bars). 195 
Pie charts indicate the fraction of the three biodiversity initiatives in stable or instable areas at regional-scale 196 
embedded within the continent-scale pattern. Values in pie charts show area of Natura2000 and KBA sites (mil. 197 
of ha), or the number of EPF in each climate stability category. Climatic stability as predicted under RCP4.5 or 198 
RCP8.5 and persisting throughout 2041-2100. 199 

The regional scale prediction, however, may offer some guidance. The most conservative 200 

prediction of regional-scale climate instability (the overlap between both RCPs) shows that it 201 

is the areas in the interior of Iberia, in southern Italy and away from the coasts of Turkey that 202 

are exposed the most (Figure 3). Interestingly, when comparing the indication of effects of 203 



climate stability on biodiversity initiatives between the two scales, around 25-30% of areas 204 

indicated as under instable climate at the continental scale are confirmed as such by the regional 205 

assessment (Fig. 4). The same is not true for areas under stable climate. The ratio of Natura 206 

2000 sites distributed in climatically instable areas is the least favourable in the Alpine North, 207 

Pannonian, Steppic and in the Mediterranean zones (Fig. S7). In these zones, the proportion of 208 

sites in climatically instable areas significantly exceeds the Europe-wide average, while the 209 

percentage of sites in climatically stable areas is average to below-average.  210 

Discussion 211 

Accelerating loss of biodiversity caused by climate change and other anthropogenic factors 27,28 212 

has highlighted the vulnerability of current conservation effort which historically did not take 213 

account of projected climate change 9. Some areas of high biodiversity value in Europe are 214 

under increasing threat 29, the development of their conservation strategies requiring location-215 

specific information on future viability 30. Emerging capability of climate models to identify 216 

macro-refugial features within the landscape 31 and downscaled climate models to identify 217 

microclimatic refugia 13 illustrates the potential of confronting conservation planning with 218 

climate stability. Whilst the conservation of biodiversity and its planning is clearly important 219 

at the global scale 32,33, most species are composed of local populations, the survival of which 220 

is driven by local climate and environment variation 34.  221 

Continental scale  222 

According to our continental-scale predictions for Europe, the most stable climate will persist 223 

in the Atlantic and Temperate zones, whilst the Mediterranean and the Boreal zones may be 224 

exposed to the least stable climate (Figure 1), confirming existing global or continental climatic 225 

assessments 35,36. Climatic changes indicating the onset of predicted trends have already been 226 

recorded, both in the Med and in the Boreal zone 37, with corresponding changes in biodiversity 227 

7.  Although large-scale trends of climatic instability found in our study are unambiguous, 228 

matching them with a targeted effort to conserve biodiversity is fraught with difficulty. 229 

European regions such as the Med or Scandinavia are known to contain a range of diverse 230 

ecosystems, a result of the current climatic sub-zonation and a history of species migration 231 

driven by the glacial cycles. 232 

European glacial maxima are typical for the prevalence of southern macrorefugia (The Med), 233 

while glacial minima lead to a build-up of biodiversity in the north (currently the Northern 234 

Biodiversity paradox 6). Human-induced climate change resembles a shift to an interglacial 235 

period, typical for the presence of microrefugia in the south and a large area of increasing 236 



species diversity in the north. The results of modelling studies correspond to this scaling of 237 

effects driven by the glacial cycles: continental-scale predictions might be relevant for some 238 

parts of the continent, while finer-scale climate patterns may drive biodiversity patterns in 239 

others. The key difference with past glacial minima is that European species now migrate across 240 

a very fragmented landscape and have to do so at increasing speed 38. 241 

Regional scale  242 

Land-use zonation and associated ecosystem typology is well established in Europe and 243 

historically ingrained in the landscape. Within this context, areas of high conservation value are 244 

historically demarcated, but this does not necessarily reflect their ability to allow species to 245 

persist during future periods of unfavourable climate 39. A large-scale climate change pattern 246 

may inform strategic conservation planning but may not be practical for informing nature 247 

conservation in Europe, where species are likely to have diminished capacity to respond by 248 

migration 40. Conversely, protected areas are known to facilitate range shifts 41. We found that 249 

while most of the smaller-scale patterns of future climatic stability variation were ephemeral, 250 

some showed high temporal persistence and were consistently identified in the majority of 251 

climate projections. We suggest that such robust features should be factored into conservation 252 

planning and could be used for strategic positioning of conservation efforts. We also found that 253 

such smaller scale refugia exist even within the climatically highly exposed Mediterranean and 254 

Boreal macro-regions, providing a new perspective on biodiversity conservation there. Climate 255 

is not the only environmental factor affecting species distribution 42, the finer the scale of 256 

climate instability indication, the closer it comes to corresponding with the spatial 257 

representation of other factors such as land use, soils or topography 13,43.  258 

Implications for biodiversity conservation 259 

Areas of high biodiversity value in Europe are under increasing threat 29, location-specific 260 

information on their future viability is of critical importance 30. We found that the three 261 

prominent European biodiversity initiatives considered here overlap with areas potentially 262 

serving as climate refugia to a different degree, with large geographical differences. For 263 

example, EPF typically are small remnants of natural vegetation, a number of which are found 264 

in the stable CZ at continental scale and some are within regional climate refugia. Our analysis 265 

suggests that these forests could be the target of priority protection due to better future prospects 266 

than other locations. In contrast, Natura2000 and KBA sites tend to have larger land coverage 267 

and be actively managed. Here, the indication of future climate stability can be used to plan in-268 

situ conservation (e.g. measures to reduce risk and foster resilience), or even ex-situ 269 

conservation by expanding existing areas into neighbouring climate refugia 44.  270 



A different approach may be needed in areas of high conservation value located in predicted 271 

areas of low climatic stability. Following an assessment of climate risk for a species or a habitat 272 

(see future work below), a revision of the current conservation framework may include 273 

abandoning the conservation effort on sites where the prospects of future stability are poor, 274 

potentially deploy active measures to their restructuring and adaptation 45. A more detailed 275 

analysis of future climate stability and current conservation efforts would indicate areas 276 

potentially serving as climatic refugia across Europe. A potentially useful outcome could be a 277 

mosaic of areas with relatively stable future climate to serve as refugia or steppingstones aiding 278 

migration. 279 

The provision of spatially explicit information on climatic exposure, such as that presented in 280 

this paper, is an effective tool for communicating the link between climate change and 281 

biodiversity to various actors 46. Identification of areas which are the most exposed to future 282 

climate change may then stimulate vulnerability studies and aid the targeting of adaptation 283 

effort and investment 47. Our analysis indicates the locations of conservation initiatives at risk 284 

and illustrates how ecosystems within a specific region may be better placed to withstand 285 

climate change than others. Zones with well-established land use and development processes, 286 

such as most of Europe, may use regional climate stability maps to move towards adaptive 287 

biodiversity conservation strategy by creating rules and interventions triggered when pre-288 

determined climatic conditions are reached 48 or to guide current continental-scale re-289 

naturalisation efforts 49. Regional climate stability information could then be overlaid with 290 

habitat maps to identify priority species or habitats. 291 

Limitations and future work 292 

The foremost area of improvement is the use of a limited number of RCP and model runs – the 293 

use of a wider ensemble might offer better robustness of predictions. The usefulness of our 294 

findings remains limited by the resolution and level of process detail of current RCMs, 295 

anticipated transition to convection-permitting modelling systems 31 could be a breakthrough 296 

to detailed refugia mapping. We used an arbitrary threshold of 30% to assess residual variation 297 

of ACC, this value can be dynamically adjusted to address different social or ecological aspects. 298 

In addition, performing a sensitivity analysis of individual climate variables and their effect on 299 

ACC might improve prediction accuracy. The three biodiversity initiatives used as examples in 300 

this study are disparate in that some locations of interest are delineated as areas (KBA, Natura 301 

2000), while others are just points (EPF), limiting the comparability of results (Table S2). In 302 

addition, the initiatives use different criteria for the identification of an area as important for 303 

biodiversity, including all three (or more) in a common assessment might thus approximate a 304 



best-case scenario. Climate modelling needs to be joined with species distribution modelling 305 

(SDM) to better represent actual effects on biodiversity. For example, species are able to 306 

migrate at different speed or differ in their capacity to persist in-situ or ex-situ, both factors that 307 

can be assessed by SDM 50. 308 

Conclusion 309 

In this study, we provide a climatological assessment of the persistence of stable or instable 310 

climate in Europe throughout the 21st century. We show how this type of predictive modelling 311 

can be used to inform biodiversity conservation initiatives. We argue that the distribution of 312 

future climatic refugia should be considered in the formation of dynamic climate-adapted 313 

biodiversity conservation frameworks, for example via the strategic positioning of new sites 314 

across the landscape. We highlight the high spatial variability of future climate stability across 315 

Europe, presenting different level of risk to and opportunities for the present-day conservation 316 

objectives. 317 

 318 

Methodology 319 

1. Biodiversity indicators 320 

We used the distribution of global biodiversity hotspots extending into Europe as an indicator 321 

of continental-scale biodiversity value of an area. Here, global hotspots are chiefly represented 322 

by the Mediterranean basin (MB), with small incursions from the Irano-Anatolian (IA) and 323 

Caucasus (CA) hotspots 26. To carry out a regional-scale analysis, we use data from three 324 

initiatives describing areas of high current biodiversity value in Europe (Fig. S2): Key 325 

Biodiversity Areas (KBA; 16), Natura 2000 habitat network 17 and European Primary Forests 326 

(EPF; 18). Each initiative uses different criteria for site selection, these can be summarised as:  327 

(1) KBA are sites holding biodiversity elements that are globally restricted, or at risk of 328 

disappearing. KBA selection criteria integrate evaluation of biodiversity at genetic, species and 329 

ecosystem levels. The KBA approach aims to support the identification of sites important for 330 

elements of biodiversity not considered in existing approaches. The KBA database builds on 331 

previous efforts and includes subsets of biodiversity such as birds, fungi, higher plants or 332 

butterflies.  333 

(2) Natura 2000 is one of the tools delivering EU Biodiversity Strategy, which aims to halt 334 

the loss of biodiversity and ecosystem services on its territory. Natura 2000 is a network of core 335 

breeding and resting sites, plus some rare natural habitat types. The aim of the network is to 336 



ensure the long-term survival of Europe's most valuable and threatened species and habitats, 337 

listed under both the Birds Directive and the Habitats Directive. Natura 2000 covers both land 338 

and sea ecosystems, however this study focuses on terrestrial habitats only.  339 

(3) EPF is the most comprehensive ground-truthed database of currently known naturally 340 

regenerated forests of native species in Europe, with no clearly visible signs of past human 341 

activity or significant disturbance of ecological processes. Excluding Russia, large patches of 342 

primary forest no longer exist in Europe, this database thus includes forests previously classified 343 

as primeval, virgin, near-virgin, old-growth and long-untouched, where empirical evidence 344 

suggests absence of direct human impact for at least 200 years. 345 

2. Climate data 346 

A reference climate covering the period 1961-1990 was calculated from the high-resolution 347 

gridded dataset E-OBS 51. We used the E-OBS 15.0 on 0.25° × 0.25° grid, the most recent 348 

version of the database available at the time of the current study (December 2018). The dataset 349 

was constructed by interpolation of ECA&D 52 and contained daily minimum, maximum, mean 350 

temperature, precipitation, and sea level pressure time series.  351 

We considered nine candidate bias-corrected regional climate models (RCM) for Europe, 352 

accessible in the EURO-CORDEX database and covering the period 1951–2100. We selected 353 

five climate models results, representing all combinations of global and regional climate models 354 

included in the original dataset (Table S1; see 53 for more details on the selection criteria). The 355 

models were driven by two Representative Concentration Pathway scenarios: RCP4.5 and 356 

RCP8.5 54, giving us 10 climate projections in total (5 RCMs × 2 RCPs). The data covered the 357 

EUR-11 domain of the EURO-CORDEX project with 0.11° × 0.11° horizontal resolution 55. 358 

All selected simulations were bias-corrected using the distribution scaling method developed 359 

by the Swedish Meteorological and Hydrological Institute (SMHI-DBS45).  We investigated 360 

three future time periods – 2041-2060, 2061-2080 and 2081-2100. 361 

We initially considered 23 climate variables as indicators of the degree of future climate 362 

stability, the list of variables was refined by inspecting their correlation matrix for redundancy. 363 

Delta predictor (predicted future values minus reference value) was used to generate the 364 

correlation matrix to correspond with further analysis of climate instability which is based 365 

solely on differences between climate periods. Pearson coefficient >0.7 was used to discard one 366 

variable out of each pair of correlated variables (see Dormann et al. 56 for rationale). Table 1 367 

lists the final set of variables used in this study. 368 



 369 

Table 1. Climate variables used as predictors of future climate stability, all calculated on annual basis (T – 370 
temperature, Pr – precipitation, MCMT - mean coldest month temperature). 371 

ID Abbreviation Description Units Calculation 

1 MWMT 
Mean warmest month 

temperature 
°C 𝑀𝑊𝑀𝑇 = max(𝑇𝑚𝑜𝑛.𝑚𝑒𝑎𝑛) 

2 DDa5 Degree-days above 5°C °C 𝐷𝐷𝑎5 = ∑ {
𝑇 − 5°𝐶, 𝑇 > 5°𝐶

0°𝐶, 𝑇 < 5°𝐶
}

𝑑𝑜𝑦
 

3 FFP Longest frost-free period Days 
The length of the longest period of consecutive days with 

daily minimum temperature above 0°C. 

4 EQ  Ellenberg climatic quotient 
°C 

mm-1 
𝐸𝑄 =

𝑀𝑊𝑀𝑇

𝑃𝑟𝑎𝑛𝑛
∗ 1000 

5 Cont 
Gorczynski climatic 

continentality 
— 𝐶𝑜𝑛𝑡 = (1.7 ∗

𝑀𝑊𝑀𝑇 − 𝑀𝐶𝑀𝑇

sin 𝜑
) − 20.4 

6 NDP Number of dry periods  — 

𝐷𝑟𝑦𝐷𝑎𝑦 = {
1, 𝑃𝑟 < 5 𝑚𝑚
0, 𝑃𝑟 > 5𝑚𝑚

} 

DryPeriod: period of at least 10 consecutive DryDays  

numDryPeriods: the number of DryPeriods 

7 LLDP 
Length of the longest dry 

period  
Days Number of dry days of the longest DryPeriod. 

8 T Annual mean temperature °C Average of daily mean temperatures  

9 P Annual total precipitation  mm Sum of daily precipitations 

 372 
 373 

3. Assessment of future climatic stability 374 

We identified areas with climatic stability significantly different from their surroundings 57 as 375 

follows: (i) for each grid cell in climate maps, we calculated Euclidean distance between past 376 

and future climates in an n-dimensional space defined by a set of climate variables to produce 377 

a continuous map of Aggregate Climate Change (ACC); (ii) we used the resulting ACC map to 378 

identify areas with significantly low and high climatic stability using the Getis-Ord Gi* 379 

statistics; (iii), we then subtracted the continent-wide trend from the ACC data to create a 380 

residual ACC map, and inspected it using Getis-Ord Gi* to uncover regional areas with 381 

contrasting climatic stability. This analysis was conducted for all climate projections and time 382 

periods, partial results were then aggregated to identify the most robust and temporally stable 383 

areas with low (refugia) and high (hotspots) climatic stability. 384 

3.1 Calculation of Aggregate Climate Change 385 

We first calculated Standard Euclidean Distance (SED, 58) to characterise ACC between present 386 

and future periods in a n-dimensional climate space: 387 



ACC =  √(∑ SEDv

n

i=1

) 388 

              [1] 389 

SED for the variable v is defined as: 390 

SEDv = (Δv/max[|Δv|]xy)
2
    [2] 391 

where (Δv) is the change in climate variable v at each grid point between two time periods, and 392 

max[(Δv)]xy is the maximum value of the change in variable v over the entire study area. In 393 

our study, Δv is calculated for each pixel and each variable as the difference between a future 394 

period (2021-2040, 2041-2060 and 2061-2100) and the reference period (1961-1990). This 395 

analysis was conducted separately for 10 climate projections and 3 future time periods (i.e. 30 396 

ACC maps were produced). 397 

To prevent the undesired effect of using max[(Δv)]xy  to standardize the Δv, which can be 398 

affected by a single extreme value, we used the 95 % quantile instead: 399 

SEDv = (Δ𝑣
` /Q95[(Δv)]xy)

2
   {

𝑖𝑓 𝑆𝐸𝐷𝑣 > 1 𝑡ℎ𝑒𝑛 𝑆𝐸𝐷𝑣 =  1
𝑖𝑓 𝑆𝐸𝐷𝑣 < 1 𝑡ℎ𝑒𝑛 𝑆𝐸𝐷𝑣 =  𝑆𝐸𝐷𝑣

}  [3] 400 

Raw ACC values were expressed as percentage of the maximum permissible change to improve 401 

the clarity and interpretation of the assessment. The maximum change is defined as square root 402 

of the number of variables used for the ACC calculation (n=9 in this study): 403 

ACC% =
ACC

√n
∗ 100       [4] 404 

While this type of ACC calculation may inform on large-scale patterns of climatic exposure 405 

relevant at the continental scale, it may obscure small-scale patterns of regional importance. 406 

We also carried out a regional scale study where patterns of climatic stability are identified 407 

from residual ACC% (rACC%) generated by subtracting the continental-scale trend from raw 408 

ACC% values. Europe-wide spatial trend to be subtracted from the ACC% was defined using the 409 

following generalized additive model: 410 

ACC% = ∝ +𝑓(𝐿𝑎𝑡, 𝐿𝑜𝑛𝑔) +  𝜀    [5] 411 

where f is the spline-on-the-sphere basis function 59, Lat is latitude and Long is longitude in 412 

degrees, ∝ is the intercept and 𝜀 is the error term.  413 



Due to unequal goodness of fit to 30 ACC surfaces, we did not use the estimation of function 414 

parameters based on the automatized penalization procedure as it would hamper their 415 

comparison. Instead, we iteratively searched for the parameter k (number of knots of the spline) 416 

to reach 70 % fit of the function to the data in all ACCs, with a minor tolerance. All calculations 417 

were conducted in R 342 v.3.3.2 60 using the mgcv v. 1.8-23 library 61.  418 

3.2 Getis-Ord Gi* statistics 419 

We used a rigorous approach based on the Getis-Ord Gi* statistics to identify discreet zones 420 

with significantly low and high climate stability both at continental (based on the original ACC) 421 

and regional (based on the residual ACC) scales. The procedure was developed to evaluate 422 

spatial data for clustering of high and low values, often referred to as hotspots and coldspots of 423 

a given phenomenon 62. The procedure evaluates whether the sum of values surrounding each 424 

feature (grid-cell in the current study) differs significantly from the sum calculated for the 425 

spatial domain under investigation. 426 

                                                         𝐺𝑖
∗ =

∑ 𝑤𝑖,𝑗
𝑛
𝑗=1 𝑥𝑗−𝑋 ∑ 𝑤𝑖,𝑗

𝑛
𝑗=1

𝑆√
[𝑛 ∑ 𝑤𝑖,𝑗

2𝑛
𝑗=1 −(∑ 𝑤𝑖,𝑗

𝑛
𝑗=1 )2]

𝑛−1

                                            [6] 427 

Where xj is the ACC value for the grid-cell j, wi,j is the weight between grid-cells i and j, and n 428 

is the total number of grid-cells in the investigated spatial domain. X and S are calculated as:  429 

𝑋 =
∑ 𝑥𝑗

𝑛
𝑗=1

𝑛
                        [7] 430 

                                                              𝑆 = √
∑ 𝑥𝑗

2𝑛
𝑗=1

𝑛
− (𝑋)2`    [8] 431 

wi,j  is calculated on the basis of the conceptualized spatial relationship between samples. We 432 

used an inverse distance weighting to attach a larger influence to grid cells nearer to the target 433 

grid-cell compared to more distant grid-cells. This procedure generates z-values and thus allows 434 

for testing of the statistical significance of identified clusters. We used α = 0.05 to identify 435 

clusters of grid-cells significantly different from the surrounding area. To account for the effects 436 

of multiple testing and spatial dependency of the data, a correction for the False Discovery Rate 437 

was applied 63. See Figure S3 for intermodal comparison. The analysis was conducted in ArcGis 438 

(Release 10.8. Redlands, CA). 439 

3.3 Post-processing  440 

The final evaluation constructed 30 categorical maps of areas with significantly low and high 441 

climatic stability obtained using the Getis-Ord Gi* statistics; these maps correspond to 5 RCMs 442 



driven by two RCP scenarios, and 3 future time periods. These maps were combined using a 443 

set of criteria to identify the final locations of key continental or regional areas with high or low 444 

climatic stability. First, the key areas had to be identified by at least four out of the five RCMs 445 

used here, relative to each RCP scenario (Figure S2). Second, we evaluated whether the 446 

locations of key areas were agreed under a single or both RCP scenarios. Third, we evaluated 447 

the temporal persistence of the identified key areas. With respect to the needs of future 448 

conservation planning, we opted to use a conservative approach, and considered only those 449 

areas, which persisted in their location throughout the three future time periods. 450 

We used the biogeographical zones of Europe (64; Figure S1) to categorize the identified key 451 

areas with respect to current biogeographical conditions in Europe. The analyses were 452 

conducted using the R 342 v.3.3.2 60 using raster 65, and rgdal 66 libraries.  453 

  454 
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