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Abstract: Over half of the terrestrial biosphere is exposed to highly novel conditions that differ from the historical state, 12 

resulting from anthropogenic pressures such as climate change, floristic disruption, and defaunation. Highly novel con-13 

ditions result in unpredictable biodiversity outcomes, impacting the effectiveness of conservation and restoration actions 14 

and the ability for threatened species to persist. Here, we quantify the extent to which areas of high conservation priority 15 

intersect areas of high ecological novelty, focusing on the distribution of threatened terrestrial vertebrates. We use two 16 

proxies for global conservation and restoration priorities, the IUCN Red List and the recent LIFE metric, to identify areas 17 

where management actions would have the most effect. We then performed overlay analyses calculating the spatial co-18 

occurrence between these proxies and recent global data on novelty exposure. Species-rich areas of high conservation 19 

and restoration value were exposed to highly novel conditions across all regions, but were concentrated in the tropics, 20 

with Southeast Asia showing the highest novelty exposure. Birds exhibited the greatest spatial exposure, whereas am-21 

phibians had the highest number of threatened species experiencing highly novel conditions. Climatic novelty emerged 22 

as the dominant driver underlying hotspots of threatened species exposed to novelty; however, amphibians were dispro-23 

portionately exposed to floristic disruption. Finally, we detected strong spatial overlap between areas where conservation 24 

and restoration would have the highest impact, concentrated across the tropics. Our results demonstrate that global con-25 

servation and restoration efforts are already governed by novel conditions across most of the biosphere, underscoring the 26 

need for adaptive management informed by ecological novelty. 27 

Keywords: anthropogenic change, climate change, conservation planning, defaunation, ecological novelty, novel eco-28 

systems, threatened terrestrial vertebrates 29 

1. Introduction 30 

In order to best protect the most vulnerable parts of the biosphere, it is critical to generate an understanding of how 31 

threatened species are distributed, what types of processes are threatening them, and how these key threats are distributed 32 

across their range (Allan et al. 2019, Nori et al. 2020, Harfoot et al. 2021). A large body of research has therefore focused 33 
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on identifying and prioritizing areas for conservation and restoration intervention (Etter et al. 2020), with the goal of 34 

identifying new protected area locations, maximizing the protection of different diversity facets, minimizing exposure to 35 

threats, and meeting international targets (Etter et al. 2020, Jung et al. 2021).  36 

Current prioritization efforts have used a variety of data sources to define target regions for conservation (Brooks et al. 37 

2006), ranging from studies focused on locating areas with high restoration or conservation potential (Eyres et al. 2025), 38 

to identifying restoration priorities located within high-risk ecosystems (Etter et al. 2020), or those that remain wild 39 

(Venter et al. 2018). As international targets often include spatial targets, such as the Global Biodiversity Framework 40 

target of conserving 30% of global land area, finding methods for scaling up protection have been critical (Robinson et 41 

al. 2024). One key resource for area prioritization has been the International Union for Conservation of Nature (IUCN) 42 

Red List of Threatened Species (hereafter ‘IUCN Red List’), which provides assessments on the conservation status and 43 

distribution of over 100,000 species. In addition to providing spatial information on hotspots of threatened species, the 44 

IUCN Red List has been used to provide spatial information on the importance of different threats to species (Harfoot et 45 

al. 2021), monitor extinction risk (IPBES 2019, Butchart et al. 2025), and create metrics for understanding restoration 46 

impact on potential extinctions (Eyres et al. 2025). 47 

An additional challenge for conservation and restoration policy has been the emergence of novel ecosystems – ecosystems 48 

with a set of biotic, abiotic, or social components outside of historical variation (Hobbs et al. 2006, 2013), arising from 49 

distributed and often indirect human agency but without ongoing direct management (Hobbs et al. 2014, Morse et al. 50 

2014), and which continue to self-develop novel properties (Kerr et al. 2024): these are non-analogue Anthropocene 51 

ecosystems. This ecological novelty, the deviation of novel ecosystem components from a historical baseline (Kerr et al. 52 

2024, Svenning et al. 2024b, Kerr et al. 2026), is already the predominant condition of the biosphere (Kerr et al. 2025) 53 

and poses a unique challenge for conservation prioritization: understanding the potential impacts of novelty on an eco-54 

system is difficult, as individual novel ecosystems may manifest both positive and negative biodiversity outcomes (Evers 55 

et al. 2018). Different novelty-generating processes lead to unpredictable diversity dynamics, potentially manifesting as 56 

“ecological surprises” (Williams and Jackson 2007). For example, the emergence of novel climate space has a range of 57 

potential ecosystem reassembly pathways (Wright et al. 2026), including scenarios with dramatic losses in ecosystem 58 

structure and function (Toth et al. 2026), whereas biotic novelty emerging from invasions and naturalisation of species 59 

drives shifts in community-level functioning (Garbowski et al. 2024) and stability (Campbell et al. 2022). 60 

Governance and management in novel ecosystems require challenging perceptions of ecosystem states (Montana et al. 61 

2024) and resolving translational mismatches between existing policy and rapidly changing ecological reality (Clement 62 

and Standish 2018). Conservation in ecologically novel conditions therefore needs to go beyond current initiatives 63 

(Thomas and Gillingham 2015, Duncanson et al. 2023), potentially requiring unorthodox interventions (Svenning et al. 64 

2024b) or novel technological solutions (Volpe et al. 2024). Novel climatic conditions, for example, can be pre-empted 65 

by exploring how assemblages may change through the loss of key species (Toth et al. 2026), whereas the historic loss of 66 

functional space in the ecosystem can be mitigated through functional and trophic rewilding.  With novel ecosystems in 67 

modern settings undergoing continuous change that is likely irreversible to past conditions (Perring et al. 2013, Higgs et 68 

al. 2014), much of conservation under highly novel conditions will require management of multiple simultaneous pro-69 

cesses (Kerr et al. 2026), such as considering climate in rewilding choices (Cromsigt et al. 2018, Kloibhofer et al. 2025). 70 
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As a result, understanding where potentially vulnerable ecosystems are exposed to novel conditions is key for guiding 71 

and targeting conservation and restoration actions.  72 

Current maps of threats to vulnerable nature do not account for exposure to novel ecological conditions, resulting in 73 

priority areas being placed in locations that do not match their historical conditions and potentially widening the discon-74 

nect between ongoing ecological research and realistic policy measures. This is especially relevant for wild and semi-75 

wild areas with no direct human management. Recently, large-scale mapping of novel ecological conditions has taken 76 

place, with varying goals of mapping exclusively abiotic conditions (Williams et al. 2007, Ordonez et al. 2024), functional 77 

diversity of non-native species (Schittko et al. 2020), or a mix of novelty-generating processes (Radeloff et al. 2015, 78 

Ordonez et al. 2016, Kerr et al. 2025). Vitally, key conservation management areas are already experiencing highly novel 79 

conditions, with protected areas across biomes exposed to the same level of ecological novelty as areas not currently 80 

protected (Kerr et al. 2025). Consequently, current action may not be sufficient for futureproofing and future targets may 81 

have to incorporate measures of ecological novelty (Trew et al. 2024).  82 

In this context, we had two main aims: (1) to identify the extent to which areas with high conservation and/or restoration 83 

potential are experiencing novel conditions, and (2) to identify the key novelty-generating processes acting on these areas. 84 

We focus our analysis on terrestrial vertebrates (mammals, amphibians, reptiles, and birds), identifying hotspots as areas 85 

of concern where management decisions require careful consideration. We then combine our estimates with maps of 86 

conservation and restoration potential, discussing how potential interventions could be affected by highly novel condi-87 

tions. By identifying key areas where nature is already vulnerable and likely to transform, we provide a first look at how 88 

global conservation initiatives may be affected by novel conditions.  89 

2. Methods 90 

2.1 Global Conservation Priorities 91 

We used two main sources of information as proxies for global conservation priorities. Firstly, we used the spatial distri-92 

bution of threatened species to generate a measure of where the most vulnerable parts of nature are located. We ecological 93 

downloaded data for all species of mammals, amphibians, and reptiles currently assessed by the IUCN Red List (IUCN 94 

2023), in addition to the data on birds from BirdLife International (Birdlife International and Handbook of the Birds of 95 

the World 2024). We excluded species which were data deficient (DD), extinct (EX), or extinct in the wild (EW). Fol-96 

lowing other studies (Huais et al. 2025), we created a binary classification of “threatened” using species who were clas-97 

sified as vulnerable (VU), endangered (EN), and critically endangered (CR). We present analysis in the main text using 98 

the binary “threatened” classification and provide supplementary analysis using the individual classifications.  99 

For additional validation and comparison, we used a recent map of 20 hotspots of threatened vertebrates (Huais et al. 100 

2025). These hotspots were calculated using richness and endemism together, prioritizing species that were of high im-101 

portance, and represent a core fraction (~27%) of traditional hotspot area. Because overlap between the uncovered 102 

hotspots and protected areas is low (Huais et al. 2025), our analysis adds context on how rising ecological novelty may 103 

matter in high-priority spaces for future protection. 104 

Secondly, we used the LIFE (Land-cover change Impacts on Future Extinctions) metric (Eyres et al. 2025) to estimate 105 

the potential impact of restoration and conservation actions. LIFE quantifies the expected change in extinctions caused 106 
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by either the conversion of natural vegetation to agriculture (normally an increase in the likelihood of extinction) or the 107 

restoration of farmland to natural habitat (normally a decrease in the likelihood of extinction). In addition to using the 108 

restoration metric as a measure of potential restoration impact, here we interpret the conversion metric as the potential 109 

impact of conservation actions: by not converting the land to agriculture, potential extinctions are prevented. Therefore, 110 

areas that score highly in either metric are where management actions should occur and may be compromised by highly 111 

novel conditions. 112 

Finally, to get an understanding of how current protection and conservation measures are distributed, we used the world 113 

database of protected areas (UNEP-WCMC and IUCN 2024). Protected areas represent a wide range of potential protec-114 

tion and conservation objectives, and therefore we split the database into four categories: Category I, which combines 115 

IUCN category Ia (strict nature reserve) and Ib (wilderness area); Category II (national park); Category III (natural mon-116 

ument or feature); and Category IV (habitat or species management area). For the purposes of our analysis, we excluded 117 

any areas with other categorisations, areas not categorised, and marine protected areas. 118 

2.2 Novelty Exposure Data 119 

To quantify ecological novelty, we used recently published global maps of novel ecological conditions from Kerr et al. 120 

(2025). Three novel processes were quantified: i) climate novelty (most recent 300-year period where temperature and/or 121 

precipitation was outside the modern range), ii) mammal defaunation (relative change in logged species richness and 122 

logged maximum body size for mammals since the Pleistocene, when compared to expected present-natural ranges), and 123 

iii) floristic disruption (change in native plant communities from land use, combined with the proportion of non-native 124 

alien species). We used the novelty scores both as a continuous variable and also a binary delimitation of novel/not novel 125 

following the 0.33 cut-off from Kerr et al. (2025) – this represents a cell which is, at minimum, maximally novel for one 126 

process and most likely highly novel in two of the three processes.  127 

Each process represents a different temporal scale and has different impacts on modern ecosystem structure, so we analyse 128 

them both separately and as a combined metric of novelty exposure. Specifically, climate novelty measures centennial- 129 

to millennial-scale impacts of climate change, mapping areas that have experienced increasing climate shifts and face 130 

risks of ecological breakdown (Flores et al. 2024, Brando et al. 2025). Mammal defaunation reflects longer term legacies 131 

of past human impacts, highlighting ecosystems which have lost key functions (Svenning et al. 2024a, Czyżewski et al. 132 

2026). Floristic disruption drives much more rapid community change, with impacts of both rapid land use change and 133 

invasion dynamics on the scale of decades (Gallardo et al. 2024, Roy et al. 2024, Moi et al. 2025). To represent the 134 

different temporal scales and impacts of each measure, we use differing cut-offs for a cell being considered novel, rather 135 

than universally apply the 0.33 cut-off from above. For climate, we used a cut-off of 0.66, representing a modern climate 136 

space that has only been experienced since the start of the Holocene (the average time over which the modern range of 137 

temperature and precipitation has been experienced is 7000 years). For defaunation, we used a cut-off of 0.5, representing 138 

an average loss of half of the mammalian species pool in both species’ richness and body size. For floristic disruption, 139 

we used a cut-off of 0.25, representing a community that, on average, has lost 25% of native abundance and is made up 140 

of 25% non-native species (or, in extreme cases, has lost 50% of native abundance or is made up of 50% non-native 141 

species).  142 
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We note that the novelty processes mapped by (Kerr et al. 2025) have conceptual and methodological overlap with the 143 

conservation and restoration measures we use in this study. Specifically, mammal defaunation novelty is derived from 144 

loss of mammal richness and body size relative to present-natural conditions (Faurby et al. 2018); which then has mammal 145 

richness overlayed as a measure of threat. Additionally, floristic disruption uses metrics derived from land-use layers, and 146 

the LIFE metric is built from IUCN Red List range data and land-cover maps. Although this means that some of the 147 

reported overlap will be structural, our analysis represents an exploration of the key areas in which ecological conditions 148 

have shifted from historical norms and therefore areas which are identified will still be of critical conservation importance. 149 

Our results, in particular the mammalian distributions, should be interpreted with this overlap in mind, and a deeper 150 

exploration of other novelty-generating processes in a particular area would be a critical step before any conservation 151 

action begins (Kerr et al. 2026). 152 

2.3 Spatial Mapping and Analysis 153 

Firstly, we calculated and mapped the spatial co-occurrence of high ecological novelty and high local richness of threat-154 

ened species using the workflow for mapping threats as done by Harfoot et al. (2021). We created three risk maps for 155 

each terrestrial vertebrate class by weighing their richness in each cell by the novelty score for each individual novelty-156 

generating process. We converted these into binary maps by retaining only cells in the 90th quantile to map global hotspots 157 

of threat, presenting both maps of individual taxonomic groups and a summed layer across taxa to show the relative 158 

impact in each cell. We then mapped the relative impact across protected area status and category, counting the frequency 159 

of relative impact score across different categories of protection to estimate how much novelty impact was already cov-160 

ered by conservation actions. 161 

Second, we quantified the distribution of novel conditions experienced by each species across its range. For each species, 162 

we extracted the novelty exposure for each cell that was more than 50% overlapping with an occupied cell. We then 163 

identified species that experienced ecological novelty greater than 0.33 across more than half their range, as well as the 164 

mean novelty exposure across their range. We repeated this for each novelty-generating process, using the specific process 165 

threshold, to identify the key global and regional processes that impact vulnerable species. For a comparison point, we 166 

quantified the same metrics for species which were not categorised as threatened (i.e. has an IUCN Red List category of 167 

“least concern” or “near threatened”). We then quantified the novel conditions within each of the 20 hotspots of threatened 168 

vertebrate species from (Huais et al. 2025). For each hotspot, we extracted the novelty values for each novelty-generating 169 

process in each cell that was more than 50% overlapping with a hotspot polygon. 170 

Third, we repeated the risk map analysis on the LIFE metrics for both conservation and restoration. We used the unmod-171 

ified LIFE scores for each side and multiplied them by the novelty score for each of the three novelty-generating pro-172 

cesses. In the same way as above, we kept the 90th quantile to create our maps; however, because the LIFE metrics, 173 

particularly the restoration metrics, are heavily left-skewed, we repeated this analysis in two ways: first by taking the 75th 174 

quantile instead of the 90th; second, by first log-transforming the metric before carrying out any calculations. 175 

We conducted all analysis in R Version 4.4.1 (R Core Team 2025), leaning heavily on the tidyverse package suite (Wick-176 

ham et al. 2019). Colour palettes were generated using the scico package (Pedersen and Crameri 2023). Spatial analysis 177 

was conducted using the packages terra (Hijmans et al. 2026) and sf (Pebesma 2018).  178 
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3. Results 179 

3.1 Global Hotspots of Novelty Across Threatened Vertebrates  180 

Hotspots of the highest threatened species richness and ecological novelty were globally distributed and concentrated in 181 

the tropics, with spatial differences in both the hotspot distributions and relevant novelty-generating processes between 182 

vertebrate groups (Figure 1). Mammals had a broad spatial range of hotspots exposed to novelty-generating processes, 183 

mostly concentrated in the southern hemisphere. Floristic disruption was the main novelty-generating process affecting 184 

mammals, being apparent in both the Northern and Southern Hemispheres, while defaunation and the interface between 185 

climate and defaunation had a more pronounced impact in the Southern Hemisphere, mainly in the Amazon basin and 186 

across Southeast Asia. Amphibians (Figure 1b) had hotspots across a smaller area than other groups, with hotspots mixed 187 

among all three processes and concentrated in western Europe, western Central America, and East Asia. Reptiles (Figure 188 

1c) experienced high floristic disruption across small patches of South America and Australia and climate disruption in 189 

central Africa but had hotspots with all three novelty-generating processes across most of the range. Birds (Figure 1d) 190 

had the highest spatial exposure of any group, differing from mammals by large areas of North America and Central Asia 191 

exposed to floristic disruption and defaunation and having areas in South America and the Indo-Himalayan region as 192 

hotspots of all three processes.  193 

When all four maps were overlayed and the number of hotspots was tallied, the region with the highest relative novelty 194 

impact was in Southeast Asia (Figure 1f). Areas of high relative novelty impact tended to be outside of protected areas, 195 

with under 5% of cells containing at least one hotspot outside of a protected area in IUCN protection categories I, II, III, 196 

and IV (Supplementary Table 1). Areas of very high relative novelty impact (10 and 11 hotspots located within a cell) 197 

were rare globally, however 22% were located within category II protected areas. 198 

3.2 Novelty hotspots differ between threat categories  199 

When mapping individual categories of threatened species, the broad spatial distribution of hotspots was similar to the 200 

overall pattern (Supplementary Figures 1-3). For species classified as “vulnerable” (Supplementary Figure 1), mammal 201 

and reptile distributions were largely similar to the pattern for all threat categories, with mammals having a slightly larger 202 

hotspot range in Amazonia and reptiles showing a larger central African hotspot driven almost exclusively by climate 203 

novelty. Vulnerable amphibians had hotspots matching their overall pattern, with a reduced hotspot area in South Amer-204 

ica. Vulnerable birds had a much wider range of high novelty hotspots, with a notably larger hotspot of defaunation and 205 

floristic disruption novelty across most of North America and for all novelty drivers across parts of central South America. 206 

Endangered species (Supplementary Figure 2), in contrast, showed different hotspot distributions to the global pattern, 207 

with a much narrower hotspot area in both North and South America. Endangered mammals have exposure that largely 208 

mirrors the pattern for mammals across all threat categories, with exposure to floristic disruption across central North 209 

America and combinations of climate and defaunation across Southeast Asia, except in Africa, where exposure is reduced 210 

in area and driven almost exclusively by climate. Endangered amphibians have a very low hotspot area globally, with the 211 

only area of note driven by floristic disruption in eastern Australia, and reptiles are spatially exposed to all processes 212 

almost exclusively in the Indo-Himalayan region. For critically endangered species (Supplementary Figure 3) there were 213 

no major hotspots for any taxonomic group in mainland North America, with small exposure for mammals, amphibians, 214 
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and reptiles in South America and the Caribbean. Critically endangered mammals were exposed to climate across most 215 

of Central Africa, with exposure to defaunation novelty in Northeastern Africa and floristic disruption in Southern Africa, 216 

to climate and defaunation across Southeast Asia, and to floristic disruption in Central Asia. Critically endangered am-217 

phibians had a very small exposure area in Northwestern South America, and reptiles were exposed to all three processes 218 

in different combinations almost exclusively across Southeast Asia. Critically endangered birds had the widest exposure 219 

of any critically endangered group, with exposure to all three processes across the Indo-Himalayan region and East Africa, 220 

with additional exposure to each individual process across the African continent, defaunation novelty across the Indian 221 

subcontinent, and climate/defaunation in Southeast Asia. 222 

3.3 Amphibians are disproportionally exposed to novelty 223 

Using a novelty cut-off of 0.33 as an indicator of highly novel conditions, exposure across individual species ranges 224 

varied by taxonomic category, with threatened amphibians having the highest proportional exposure (Figure 2). A mean 225 

novelty of greater than 0.33 across the range of threatened species is experienced by 35% of mammals, 57% of amphibi-226 

ans, 41% of reptiles, and 38% of birds. When split into categories of threat, the percentage of species exposed in each 227 

category varied between 30 and 45% for mammals, reptiles, and birds (Figure 2a), however amphibian exposure was 228 

between 55% (vulnerable and endangered) and 64% (critically endangered). When novelty exposure is not measured as 229 

a binary, the frequency of mean novelty for a species did not vary greatly between taxonomic groups (Figure 2b). For 230 

individual novelty-generating processes, exposure to climate novelty (Supplementary Figure 4, calculated using a cut-off 231 

of 0.5) was lower for mammals (23-24%), reptiles (24-36%), and birds (21-24%), with exposure for amphibians lower 232 

than that for all processes but around double that of other taxonomic groups (45-46% for vulnerable and endangered, 59% 233 

for critically endangered). Exposure to defaunation novelty (Supplementary Figure 5, calculated using a cut-off of 0.5) 234 

was much lower for all taxonomic groups, varying between 20 and 30% for all groups other than critically endangered 235 

birds (16%), with reptiles having the highest percentages of species exposed (24% for vulnerable, 30% for endangered, 236 

and 28% for critically endangered). Floristic disruption novelty (Supplementary Figure 6, calculated using a cut-off of 237 

0.25) was very low for mammals (4-6%), but high for reptiles (62% for vulnerable, 66% for endangered, 67% for critically 238 

endangered) and birds (75% for vulnerable, 70% for endangered, 68% for critically endangered). Amphibians had a very 239 

high exposure to floristic disruption, with over 90% of threatened species exposed at 0.25 or above. 240 

In comparison, species that were not categorised as threatened (i.e. were categorised as “least concern” or “near threat-241 

ened”) varied in their exposure from threatened species (Supplementary Figure 7). “Near threatened” species generally 242 

had a lower exposure, between 32 and 40% experiencing a mean novelty greater than 0.33 across their range. “Least 243 

concern” species had a similar exposure to threatened species for mammals (39%), reptiles (47%) and birds (49%), and a 244 

lower overall percentage of amphibian species (51%).  245 

3.4 Climatic novelty drives regional hotspot exposure 246 

The novelty exposure of threatened-species hotspots was generally around 0.33, with ten hotspots having a median expo-247 

sure greater than 0.33 (Figure 3), reflecting the global distribution of novelty. Regional hotspot exposure was highest 248 

across the Americas and generally lower in the Asia-Pacific, although the hotspots with the highest median exposure were 249 

the “Caribbean” and “Western and Southern Australian Forests and Scrubs”. Hotspots had the highest exposure to climate 250 
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novelty (Supplementary Figure 8), with the highest in the Caribbean Islands and Mesoamerica, and low exposure to 251 

defaunation (Supplementary Figure 9) and floristic disruption (Supplementary Figure 10). When broken into these indi-252 

vidual processes, the exposure was generally below each respective cut-off (0.5 for climate and defaunation, 0.25 for 253 

floristic disruption). 254 

 255 

Figure 1: Threatened terrestrial vertebrate groups are globally exposed to different novelty-generating processes across 256 

space. For each terrestrial vertebrate group, the number of threatened species (IUCN category of endangered, vulnerable, 257 

or critically endangered) in each cell is multiplied by the novelty score (0-1) for each of the three novelty-generating 258 

processes (climate, mammal defaunation, floristic disruption). The top 90th quantile for each layer is then overlaid and 259 

plotted for (a) mammals, (b) amphibians, (c) reptiles, and (d) birds. (e) shows the legend for panels a-d, with areas of 260 

overlap showing cells that are scored in the 90th quantile for multiple processes. (f) shows the relative novelty exposure 261 

for each cell, counting the number of times that a cell is present in the 90th quantile of any analysis; for example, a cell 262 
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score of 4 would be in the top 90th quantile for four pairs of taxa and processes (the highest possible score would be 12, 263 

meaning that a cell would be a hotspot for all four species groups and exposed to high novelty in all three included 264 

dimensions). Maps broken down by IUCN threat category are shown in Supplementary Figures 1-3.  265 

 266 

 267 
Figure 2: Threatened terrestrial vertebrates are exposed to highly novel conditions across their range. (a) The number of 268 

species exposed to highly novel conditions (a novelty score of greater than 0.33 across more than half their range) is 269 

plotted for threatened species, within IUCN categories of endangered (EN), vulnerable (VU), or critically endangered 270 

(CR) of mammals, amphibians, reptiles, and birds. The plot is stacked and split by threat category, with the text inside 271 

the bar sections showing the percentage of species within that taxon and category that are exposed. Percentages displayed 272 

in the y-axis labels show the percentage of all species in that taxonomic group that are exposed. Across all taxonomic 273 

groups, roughly one third of threatened species are living in highly novel conditions. Amphibians have the highest overall 274 

exposure, with over half of threatened amphibian species across categories exposed for over half their range and almost 275 
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two-thirds of critically endangered amphibians living in highly novel conditions. In (b) the mean novelty exposure across 276 

each species’ range is plotted, again split by taxa and plotted with categories overlapped. Although there are only very 277 

small differences between categories and taxa, most species are exposed to a high mean novelty across their range. 278 

 279 
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Figure 3: The total exposure of novelty-generating processes varies between hotspots of threatened vertebrates, with 280 

hotspots in the Americas generally located in highly novel areas. Within each hotspot, identified using an existing map 281 

of threatened vertebrate species hotspots (Huais et al. 2025), we extracted values for each novelty-generating process. 282 

Colour scaling of the violin plots is related to the median novelty exposure across the hotspot, with darker red colours 283 

representing hotspots that are higher than 0.33 (the cut-off for high novelty used here, marked by the horizontal dashed 284 

line) and darker blue colours representing those with much lower novelty than 0.33. The midpoint of the colour scale 285 

(light grey) is set to 0.33. The overlaid boxplot shows the median novelty value as a horizontal line. Hotspots are sorted 286 

into panels based on broad arbitrary geographical areas for presentation reasons: (a) the Americas, (b) Southeast Asia and 287 

Australasia, and (c) the Caribbean and Africa. The novelty-generating processes for areas outside hotspots are shown on 288 

the far left of each panel (“Non-classified cells”). Individual novelty generating processes are shown in Supplementary 289 

Figures 8-10. 290 

3.5 Global Conservation Priorities 291 

Hotspots of high ecological novelty and the LIFE metric, representing the either restoration or conservation actions having 292 

the highest impact, were concentrated across the tropics, coastal Australia, Madagascar, southern North America, and 293 

Eurasia (Figure 4). When broken into individual maps of conservation and restoration potential, the pattern can largely 294 

be explained by widespread overlap between conservation potential, denoted as areas where there is the greatest increase 295 

in extinctions if the remaining natural land were converted to agriculture, and ecological novelty (Supplementary Figure 296 

11a). Specifically, there is exposure to high climatic novelty in Central Africa, floristic disruption across Southern Africa, 297 

coastal Australia, and parts of central North and South America, and a combination of climate novelty and defaunation 298 

across central Amazonia and Southeast Asia. Hotspots of conservation potential and all three processes were concentrated 299 

along the western coastline of South America and, additionally, throughout Southeast Asia. In contrast, very few areas 300 

with high restoration potential, denoted as areas where there is the greatest reduction in extinctions if the agricultural land 301 

was converted to natural habitat, were simultaneously marked as novelty hotspots (Supplementary Figure 11b). Hotspots 302 

for restoration potential were exposed to all three novelty-generating processes and were located on the eastern coastline 303 

of South America, Central Africa, coastal southern Australia, East Asia, and East Europe.  304 

When the threshold for a hotspot was lowered to the 75th percentile, the area covered by each novelty-generating process 305 

increased (Supplementary Figure 12). Most areas exposed to one or two novelty-generating processes are also exposed 306 

to all three, covering most of Southern and Eastern Africa, South and Central America, coastal North America, and 307 

Southeast Asia. Floristic Disruption hotspots are now also present in central Australia, and climate hotspots now cover a 308 

wider area on the African continent. The area of restoration potential has slightly increased, in the same regions as in the 309 

higher cut-off, with additional areas in Madagascar and southern North America also exposed to all three processes. At a 310 

cut-off of the 50th percentile (Supplementary Figure 13) most of the terrestrial surface was marked as a hotspot of conser-311 

vation potential and all three novelty-generating processes, with only areas in the northmost part of the Northern hemi-312 

sphere not marked as having high potential. The area of restoration potential also expanded, with areas exposed to all 313 

three processes broadly across South and Central America, Central and Northern Africa, Madagascar, Southeastern Aus-314 

tralia and Southeast Asia. 315 
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 316 

Figure 4: The global overlap between high ecological novelty and areas of high conservation priority and high restoration 317 

priority. Here, conservation and restoration priority are defined using the LIFE index (Eyres et al. 2025), which measures 318 

the expected change in extinctions based on converting all natural land into agriculture (and therefore the potential impact 319 

of conservation, see Methods) or by restoring all agricultural land into natural habitat (and therefore the potential impact 320 

of restoration). The LIFE index in each cell is multiplied by the novelty score (0-1) for each of three novelty-generating 321 

processes (climate, mammal defaunation, floristic disruption), with the top 90th quantile for each layer overlayed and 322 

plotted. The map shows the relative novelty impact for each cell, counting the number of times that a cell is present in the 323 

90th quantile of any analysis, for example a cell score of 4 would be in the top 90th quantile for four pairs of LIFE index 324 

and process. Individual overlap maps for conservation and restoration potential are shown as Supplementary Figure 11. 325 

Maps of global overlap using quantile cut-offs of 75 and 50 for the LIFE layers are shown in Supplementary Figures 12 326 

and 13. 327 

4. Discussion 328 

Ecological novelty is widespread across the areas where conservation and restoration efforts are concentrated. Because 329 

novel conditions weaken the predictive value of historical baselines, this exposure matters not only as an additional threat, 330 

but also as a source of deep uncertainty about how interventions will perform.  331 

Threatened species are exposed to high ecological novelty 332 

Our results show that multiple facets of conservation are already experiencing high levels of ecological novelty – includ-333 

ing the exposure of threatened vertebrates. Exposure varied spatially for the various novelty-generating processes: floristic 334 

disruption was a prominent factor in both the Northern and Southern Hemispheres, across vertebrate groups but most 335 
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prominently for mammals and birds. Notably, as both groups are strongly dependent on certain vegetation states – both 336 

structurally and trophically – the higher prevalence of floristic disruption may create additional vulnerability by affecting 337 

vegetation structure and composition in their core habitats (Osborne et al. 2018, Matuoka et al. 2020).  Climate novelty 338 

was most prominent in regions projected to experience the largest climatic anomalies (Ordonez et al. 2024). The combi-339 

nation of all novelty-generating factors was prominent for all vertebrate groups, especially reptiles and birds, in Southeast 340 

Asia, including the Himalayan mountain range. Mountainous areas are highly biodiverse with high densities of narrow-341 

ranged (and thus endemic) species (Rahbek et al. 2019). This make such areas particularly vulnerable to ecological nov-342 

elty, as novel climate envelopes supporting threatened species endemic to mountainous regions are unlikely to arise within 343 

their range, making them susceptible to novel conditions in which they might not persist.  344 

Across our analyses, amphibians were the group with the lowest spatial extent of novelty exposure hotspots (Figure 1) 345 

but the highest levels of novelty across individual species ranges (Figure 3, Supplementary Figures 4-6) – particularly to 346 

floristic disruption, with over 90% of threatened amphibians exposed to high levels of non-native plant species and/or 347 

reduced native intactness. Mammals and birds, by contrast, had the largest spatial extent of hotspots (Figure 1, Supple-348 

mentary Figures 1-3), but lower exposure at the species level (Figure 2, Supplementary Figures 4-6). For example, mam-349 

mals had large hotspots of floristic disruption across large areas of North America but low exposure at the species-level, 350 

with under 10% of threatened species exposed to high floristic disruption across their range.  351 

Our maps show similarities to published maps of threats to terrestrial vertebrates (Harfoot et al. 2021), highlighting that 352 

the main regions exposed to anthropogenic threats such as logging, pollution and expansion of agriculture overlap with 353 

conditions that will shift ecosystems into new states. Unlike the threat measures included in these other analyses, which 354 

have directly antagonistic effects on the species that live with them, the novelty-generating processes we measure here 355 

do not represent a direct positive or negative impact on an individual species. The exposure of an area to highly novel 356 

conditions cannot be directly interpreted as a risk to the species living there. Instead, the individual novelty results should 357 

be interpreted with the future in mind – how does each novelty-generating process lead to changes in the ecosystem, and 358 

how could this impact the vulnerable parts of that system? For each novelty-generating process this answer will be dif-359 

ferent, both for the direct impact of the novelty and, just as importantly, the timescale on which it acts. For example, areas 360 

with vulnerable species exposed to floristic disruption may need restoration interventions much sooner than those exposed 361 

to climatic novelty, as this process happens at much faster rates. By the same token, the actual ecological effects of novel 362 

conditions as defined here remain poorly understood and are changing at speed, and should therefore be a key research 363 

priority 364 

Conservation areas are widely exposed to novel conditions 365 

In our analyses, we identified broad areas of the biosphere which are both highly novel and have high conservation 366 

potential (Figure 4a). The majority of areas identified were exposed to a combination of climate and defaunation, partic-367 

ularly across South America and Southeast Asia, which had areas additionally exposed to floristic disruption - suggesting 368 

potentially high environmental mismatches for threatened species in these regions. The broad overlap between areas of 369 

high conservation value and areas exposed to highly novel conditions can generally be interpreted on a conservation-370 

prioritization spectrum, representing both risk and opportunity. Areas with coexisting high conservation value and high 371 

novelty exposure remain a priority for conservation as they retain high ecological value, but their high ecological novelty 372 
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means conservation outcomes may be particularly unpredictable over time, making them a priority for adaptive conser-373 

vation management and close monitoring. 374 

In contrast, we found relatively few areas that were highly novel and had high restoration potential (Figure 4b). This 375 

limited spatial overlap between may indicate that the areas of greatest restoration impact currently lie in comparatively 376 

less novel regions. This should be treated cautiously, given the strong skew in the LIFE restoration layer (see Methods), 377 

and it would be unsafe to assume ecological stationarity in a rapidly changing biosphere. This highlights one of the biggest 378 

ongoing challenges persisting in restoration ecology; predicting the outcome of larger restoration activities emerging 379 

across multiple scales, as opposed to singular interventions, for which impacts can more easily be assessed (Bullock et 380 

al. 2022, Volpe et al. 2024). Adaptive management approaches are commonly implemented on a site-scale (Gann et al. 381 

2026), but the level of upscaling currently needed to comply with global restoration and conservation pledges, such as 382 

the Kunming-Montreal Global Biodiversity Framework (CBD 2022) and the Bonn Challenge (IUCN 2020) calls for 383 

biome-scale and trans-boundary interventions (Mason et al. 2020). 384 

What do conservation and restoration look like in a novel biosphere? 385 

Anthropogenic activities have already radically altered the terrestrial biosphere, transforming more than half of all land 386 

surfaces into areas of high ecological novelty (Kerr et al. 2025). The global expansion of novel ecosystems will likely 387 

continue under all projected possible scenarios of climate change, population growth, and land-use intensification (Or-388 

donez et al. 2024). Global upscaling of conservation and restoration considering the intercept between threatened species 389 

distributions and novelty generating processes is therefore of utmost significance.  390 

Conservation and restoration both currently stand at a challenging crossroad, having to tackle the increasing emergence 391 

of novel ecosystems while also considering interventions that may result in states, organisms and processes without his-392 

torical precedent (Volpe et al. 2024). According to our results, a large proportion of areas with high conservation priority 393 

are currently exposed to a novelty index of 0.33 or above, agreeing with the results of Kerr et al. (2025) who found that 394 

an extensive number of currently protected areas and key biodiversity areas are exposed to ecological novelty. This im-395 

plies that threatened vertebrate species may face synergistic threats or open uncertainties: on top of direct threats such as 396 

habitat loss, overexploitation, and conflicts with human land use, their remaining ranges are situated in regions where 397 

ecological conditions are shifting into unprecedented states that have mixed outcomes for biodiversity and ecosystem 398 

function (Doley and Audet 2013, Collier 2015, Evers et al. 2018). This calls for improved conservation frameworks that 399 

account for emergent ecological novelty. Our results can aid in conservation prioritization by expanding traditional frame-400 

works focusing on species richness and endemism, to spatial targeting of threatened species vulnerability, thus highlight-401 

ing emerging hotspots of extinction, loss of function, or community restructuring. Areas containing vulnerable species 402 

that are exposed to high ecological novelty should gain high-risk priority status, because novel ecological conditions can 403 

undermine the environmental relationships on which these species depend, reducing the likelihood of persistence without 404 

intervention. 405 

Our results show that, across taxonomic groups, a third of all threatened terrestrial vertebrate species face highly novel 406 

conditions. Between 30-64% of all vertebrate species in the Red List-category “critically endangered” are exposed to high 407 
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novelty scores. Taken together, these results point beyond habitat degradation towards systemic disruption of the condi-408 

tions defining species' realised niches. In other words, many critically endangered vertebrate species will experience shifts 409 

in their realized niche, and, without aid, go extinct (Scheele et al. 2017). Most vertebrate species are dependent on appro-410 

priate dispersal corridors, directly for migration and access to resources (Gilbert-Norton et al. 2010) and indirectly for 411 

maintaining genetic diversity (Amos et al. 2012). With projected climate change, dispersal corridors are predicted to 412 

become narrower or disappear entirely (Zhu et al. 2022), meaning that threatened vertebrates might become “trapped” in 413 

highly novel conditions with limited dispersal activity. In such cases, species conservation will require active interven-414 

tions, such as assisted migration (Hällfors et al. 2017). This is particularly the case for isolated species in areas experi-415 

encing habitat loss, and consequently low connectivity, such as reptiles and amphibians (Tan et al. 2023); the two groups 416 

of vertebrates with the highest exposure to novelty according to our results. In the context of adaptive management, many 417 

species of vertebrates are predicted to experience polewards distributional shifts (Virkkala and Lehikoinen 2014, Sinervo 418 

et al. 2024), meaning that new suitable areas for conservation may thus consequently emerge in areas currently unsuitable. 419 

Restoration and conservation activities traditionally rely on composition-based definitions of ecosystem integrity that 420 

assume stable reference states and focus on native species (Gann et al. 2026). This is also the case for the LIFE-metric, 421 

which assumes that heavily modified agricultural lands can be restored to a historical baseline of naturalness. Our results, 422 

revealing high novelty exposures of a large majority of currently threatened vertebrate species-ranges, suggest that frame-423 

works solely using historical baselines as a reference for restoration goals may fail entirely, as these ignore novel condi-424 

tions and resulting future ecosystem functionality and resilience. These findings support recently proposed shifts in res-425 

toration and conservation toward frameworks that focus on maintaining functional integrity and evolutionary heritage 426 

continuity (Svenning 2026). This includes functional restoration, such as trophic rewilding  and utilising non-native spe-427 

cies (Trepel et al. 2026, Figueroa et al. 2026), functional revegetation, using plant species more viable under emerging 428 

climatic and biotic regimes (McCallum et al. 2018, Ahmad et al. 2026), and restoration of ecological networks (Moracho 429 

et al. 2025), with the common goal to incorporate novel ecological conditions in future conservation and restoration 430 

targeting. 431 

The three novelty-generating processes differ fundamentally in how tractable they are to management, and this maps 432 

directly onto the intervention that fits each. Climate novelty is effectively irreversible on management timescales — the 433 

response is accommodation: assisted movement, connectivity, and identifying which configurations can persist rather 434 

than which can be restored (Toth et al. 2026, Wright et al. 2026). Floristic disruption is fast-acting and partly reversible, 435 

which makes it the process demanding near-term intervention where it overlaps with threatened species (Kerr et al. 2025). 436 

Defaunation novelty is the one axis that is directly and deliberately reversible, through trophic rewilding and reintroduc-437 

tion, and restoring large-herbivore and carnivore function may additionally buffer the other two by increasing heteroge-438 

neity and constraining plant invasion (Atkinson et al. 2024, Svenning et al. 2024c). 439 

Although decision-making surrounding future conservation and restoration can be supported by knowledge on current 440 

threatened species assemblages, there are large uncertainties which cannot easily be accounted for. Future conservation 441 

prioritization depends largely on global governance, including sustainable energy and agriculture transitions (Wyborn et 442 

al. 2016). Furthermore, the rising ecological novelty of the biosphere may shift the suitability of current protected habitats 443 
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into suitable land-use areas, which from a socioeconomic perspective must be considered (Ordonez et al. 2024). Concur-444 

rently, new opportunities will open for conservation of threatened species with rising global ecological novelty, exposing 445 

areas that may previously have been unfit for conservation (Trew et al. 2024). This calls for adaptive management in both 446 

conservation and restoration, where not only current baselines are considered in decision-making (Svenning 2026). Future 447 

conservation design should redirect focus to incorporate climate gradients and refugia (Balantic et al. 2021, Morelli et al. 448 

2026), connectivity to support transboundary planning (Mason et al. 2020), and generally be more dynamic rather than 449 

geographically fixed (Pressey et al. 2007). Future research on this topic should focus on outlining where novelty is likely 450 

to arise under different climate change scenarios, the ecological consequences of rising novelty and what ecosystem 451 

configurations can persist under future climates while retaining compositional and functional diversity. 452 

Author Contributions 453 

MRK, AMB, AO, FR, and J-CS conceptualized the study. MRK and AMB designed the analyses with input from AO 454 

and J-CS. MRK carried out analysis and created the figures with input from all authors. MRK and AMB wrote the first 455 

draft. All authors contributed to the final manuscript. 456 

Acknowledgments 457 

This study was supported by the Danish National Research Foundation via Centre for Ecological Dynamics in a Novel 458 

Biosphere (ECONOVO, grant DNRF173 to JCS). We acknowledge Harfoot et al. (2021) whose excellent visuals we took 459 

as an inspiration for the figures in this manuscript. 460 

Funding Information 461 

This work was supported by the Centre for Ecological Dynamics in a Novel Biosphere (ECONOVO, grant no. DNRF173 462 

to J-CS), funded by the Danish National Research Foundation. JT acknowledges funding from the Carlsberg Foundation 463 

(grant no CF26-0761). 464 

Conflict of Interest Statement 465 

The authors declare no conflicts of interest. 466 

Data Availability Statement 467 

The layers for ecological novelty are freely available from zenodo.org/records/14677612 (Kerr 2025). LIFE scores are 468 

available from zenodo.org/records/14188450 (Eyres et al. 2025). Ranges for Red List species can be downloaded from 469 

the IUCN (https://www.iucnredlist.org/) for mammals, amphibians and reptiles, and requested from BirdLife (https://da-470 

tazone.birdlife.org/) for birds. The hotspots for threatened terrestrial vertebrates were downloaded from 471 

https://doi.org/10.5061/dryad.m905qfv8g (Huais et al. 2025). The world database of protected areas was downloaded 472 

from https://www.protectedplanet.net/ (UNEP-WCMC and IUCN 2024). 473 

References 474 

Ahmad, R., Lone, S. A., Phartyal, S. S., Mungi, N. A., Singh, K. and Khuroo, A. A. 2026. Turning the tide on 475 
invasives: A global meta-analysis of native revegetation strategies for effective restoration. - Journal 476 
of Applied Ecology 63: e70396. 477 

https://zenodo.org/records/14677612
https://zenodo.org/records/14188450
https://www.iucnredlist.org/
https://datazone.birdlife.org/contact-us/request-our-data
https://datazone.birdlife.org/contact-us/request-our-data
https://doi.org/10.5061/dryad.m905qfv8g
https://www.protectedplanet.net/


17 

 

Allan, J. R., Watson, J. E. M., Marco, M. D., O’Bryan, C. J., Possingham, H. P., Atkinson, S. C. and Venter, O. 478 
2019. Hotspots of human impact on threatened terrestrial vertebrates. - PLOS Biology 17: e3000158. 479 

Amos, J. N., Bennett, A. F., Nally, R. M., Newell, G., Pavlova, A., Radford, J. Q., Thomson, J. R., White, M. and 480 
Sunnucks, P. 2012. Predicting Landscape-Genetic Consequences of Habitat Loss, Fragmentation and 481 
Mobility for Multiple Species of Woodland Birds. - PLOS ONE 7: e30888. 482 

Atkinson, J., Gallagher, R., Czyżewski, S., Kerr, M., Trepel, J., Buitenwerf, R. and Svenning, J.-C. 2024. Inte-483 
grating functional traits into trophic rewilding science. - Journal of Ecology in press. 484 

Balantic, C., Adams, A., Gross, S., Mazur, R., Sawyer, S., Tucker, J., Vernon, M., Mengelt, C., Morales, J., 485 
Thorne, J. H., Brown, T. M., Athearn, N. and Morelli, T. L. 2021. Toward climate change refugia con-486 
servation at an ecoregion scale. - Conservation Science and Practice 3: e497. 487 

Birdlife International and Handbook of the Birds of the World 2024. Bird species distribution maps of the 488 
world. Version 2024.2. Available at http://datazone.birdlife.org/species/requestdis. 489 

Brando, P. M., Barlow, J., Macedo, M. N., Silvério, D. V., Ferreira, J. N., Maracahipes, L., Anderson, L., Morton, 490 
D. C., Alencar, A., Paolucci, L. N., Jacobs, S., Stouter, H., Randerson, J., Flores, B. M., Starinchak, B., 491 
Coe, M., Pires, M. M., Rattis, L., Armenteras, D., Artaxo, P., Ordway, E. M., Trumbore, S., Staver, C., 492 
Berenguer, E., Menor, I. O., Maracahipes-Santos, L., Potter, N., Spracklen, D. V. and Uribe, M. 2025. 493 
Tipping Points of Amazonian Forests: Beyond Myths and Toward Solutions. - Annual Review of Envi-494 
ronment and Resources 50: 97–131. 495 

Brooks, T. M., Mittermeier, R. A., da Fonseca, G. A. B., Gerlach, J., Hoffmann, M., Lamoreux, J. F., Mitter-496 
meier, C. G., Pilgrim, J. D. and Rodrigues, A. S. L. 2006. Global Biodiversity Conservation Priorities. - 497 
Science 313: 58–61. 498 

Bullock, J. M., Fuentes-Montemayor, E., McCarthy, B., Park, K., Hails, R. S., Woodcock, B. A., Watts, K., 499 
Corstanje, R. and Harris, J. 2022. Future restoration should enhance ecological complexity and emer-500 
gent properties at multiple scales. - Ecography in press. 501 

Butchart, S. H. M., Akçakaya, H. R., Berryman, A. J., Brooks, T. M., Burfield, I. J., Chanson, J., Dias, M. P., 502 
Donaldson, J. S., Hermes, C., Hilton-Taylor, C., Hoffmann, M., Luedtke, J. A., Martin, R., McDougall, 503 
A., Neam, K., Polidoro, B., Raimondo, D., Rodrigues, A. S. L., Rondinini, C., Rutherford, C., Scott, T., 504 
Simkins, A. T., Stuart, S. N. and Vine, J. 2025. Measuring trends in extinction risk: a review of two 505 
decades of development and application of the Red List Index. - Philos Trans R Soc Lond B Biol Sci 506 
380: 20230206. 507 

Campbell, C., Russo, L., Albert, R., Buckling, A. and Shea, K. 2022. Whole community invasions and the inte-508 
gration of novel ecosystems. - PLOS Computational Biology 18: e1010151. 509 

CBD 2022. Decision Adopted by the Conference of the Parties to the Convention on Biological Diversity: 15/4. 510 
- Kunming-Montreal Global Biodiversity Framework in press. 511 

Clement, S. and Standish, R. J. 2018. Novel ecosystems: Governance and conservation in the age of the An-512 
thropocene. - Journal of Environmental Management 208: 36–45. 513 

Collier, M. J. 2015. Novel ecosystems and social-ecological resilience. - Landscape Ecol 30: 1363–1369. 514 

Cromsigt, J. P. G. M., te Beest, M., Kerley, G. I. H., Landman, M., le Roux, E. and Smith, F. A. 2018. Trophic 515 
rewilding as a climate change mitigation strategy? - Philosophical Transactions of the Royal Society B: 516 
Biological Sciences 373: 20170440. 517 

Czyżewski, S., Søndergaard, S. A., Molnár, Á. P., Kerr, M. R., Kristensen, J. A., Atkinson, J., Trepel, J., Sykut, 518 
M., Radzikowski, P., Termansen, S. S., Wałach, K., Pearce, E. A., Pang, S. E. H., Zając, B., Bergman, J., 519 



18 

 

Thomassen, E. S., Mungi, N., Fløjgaard, C., Ejrnæs, R., Buitenwerf, R. and Svenning, J.-C. 2026. Re-520 
visiting Europe’s temperate forests: Palaeoecological evidence for an herbivory-driven woodland-521 
grassland mosaic biome. - Biological Conservation 316: 111749. 522 

Doley, D. and Audet, P. 2013. Adopting novel ecosystems as suitable rehabilitation alternatives for former mine 523 
sites. - Ecol Process 2: 22. 524 

Duncanson, L., Liang, M., Leitold, V., Armston, J., Krishna Moorthy, S. M., Dubayah, R., Costedoat, S., 525 
Enquist, B. J., Fatoyinbo, L., Goetz, S. J., Gonzalez-Roglich, M., Merow, C., Roehrdanz, P. R., Tabor, 526 
K. and Zvoleff, A. 2023. The effectiveness of global protected areas for climate change mitigation. - Nat 527 
Commun 14: 2908. 528 

Etter, A., Andrade, A., Nelson, C. R., Cortés, J. and Saavedra, K. 2020. Assessing restoration priorities for high-529 
risk ecosystems: An application of the IUCN Red List of Ecosystems. - Land Use Policy 99: 104874. 530 

Evers, C. R., Wardropper, C. B., Branoff, B., Granek, E. F., Hirsch, S. L., Link, T. E., Olivero-Lora, S. and Wil-531 
son, C. 2018. The ecosystem services and biodiversity of novel ecosystems: A literature review. - Global 532 
Ecology and Conservation 13: e00362. 533 

Eyres, A., Ball, T. S., Dales, M., Swinfield, T., Arnell, A., Baisero, D., Durán, A. P., Green, J. M. H., Green, R. 534 
E., Madhavapeddy, A. and Balmford, A. 2025. LIFE: A metric for mapping the impact of land-cover 535 
change on global extinctions. - Philosophical Transactions of the Royal Society B: Biological Sciences 536 
380: 20230327. 537 

Faurby, S., Davis, M., Pedersen, R. Ø., Schowanek, S. D., Antonelli1, A. and Svenning, J.-C. 2018. PHYLACINE 538 
1.2: The Phylogenetic Atlas of Mammal Macroecology. - Ecology 99: 2626–2626. 539 

Figueroa, A., Munguía, S. and Heinen, J. T. 2026. Impact over Origin: Rethinking management of introduced 540 
species in novel ecosystems. - BioScience: biag034. 541 

Flores, B. M., Montoya, E., Sakschewski, B., Nascimento, N., Staal, A., Betts, R. A., Levis, C., Lapola, D. M., 542 
Esquível-Muelbert, A., Jakovac, C., Nobre, C. A., Oliveira, R. S., Borma, L. S., Nian, D., Boers, N., 543 
Hecht, S. B., ter Steege, H., Arieira, J., Lucas, I. L., Berenguer, E., Marengo, J. A., Gatti, L. V., Mattos, 544 
C. R. C. and Hirota, M. 2024. Critical transitions in the Amazon forest system. - Nature 626: 555–564. 545 

Gallardo, B., Bacher, S., Barbosa, A. M., Gallien, L., González-Moreno, P., Martínez-Bolea, V., Sorte, C., Vimer-546 
cati, G. and Vilà, M. 2024. Risks posed by invasive species to the provision of ecosystem services in 547 
Europe. - Nat Commun 15: 2631. 548 

Gann, G. D., McDonald, T., Walder, B., Aronson, J., Nelson, C. R., Hallett, J. G., Guariguata, M. R., Gonzales, 549 
E. K., Hua, F., Echeverría, C., Eisenberg, C., Liu, J., Decleer, K., Barr, Z. E., Bartholomew, D. C., Best, 550 
M., Chazdon, R., Cliquet, A., Cortina-Segarra, J., Kalirai, H., MacCallum, K., Mosyaftiani, A., Pedrini, 551 
S., Young, R. and Dixon, K. W. 2026. International principles and standards for the practice of ecolog-552 
ical restoration. Third edition. - Restoration Ecology 34: e70441. 553 

Garbowski, M., Laughlin, D. C., Blumenthal, D. M., Sofaer, H. R., Barnett, D. T., Beaury, E. M., Buonaiuto, D. 554 
M., Corbin, J. D., Dukes, J. S., Early, R., Nebhut, A. N., Petri, L., Vilà, M. and Pearse, I. S. 2024. Natu-555 
ralized species drive functional trait shifts in plant communities. - Proceedings of the National Acad-556 
emy of Sciences 121: e2403120121. 557 

Gilbert-Norton, L., Wilson, R., Stevens, J. R. and Beard, K. H. 2010. A Meta-Analytic Review of Corridor Ef-558 
fectiveness. - Conservation Biology 24: 660–668. 559 

Hällfors, M. H., Aikio, S. and Schulman, L. E. 2017. Quantifying the need and potential of assisted migration. 560 
- Biological Conservation 205: 34–41. 561 

Harfoot, M. B. J., Johnston, A., Balmford, A., Burgess, N. D., Butchart, S. H. M., Dias, M. P., Hazin, C., Hilton-562 
Taylor, C., Hoffmann, M., Isaac, N. J. B., Iversen, L. L., Outhwaite, C. L., Visconti, P. and Geldmann, 563 



19 

 

J. 2021. Using the IUCN Red List to map threats to terrestrial vertebrates at global scale. - Nat Ecol 564 
Evol 5: 1510–1519. 565 

Higgs, E., Falk, D. A., Guerrini, A., Hall, M., Harris, J., Hobbs, R. J., Jackson, S. T., Rhemtulla, J. M. and 566 
Throop, W. 2014. The changing role of history in restoration ecology. - Frontiers in Ecology and the 567 
Environment 12: 499–506. 568 

Hijmans, R. J., Brown, A., Barbosa, A. M., Cordano, E. and Dyba, K. 2026. terra: Spatial Data Analysis. 569 

Hobbs, R. J., Arico, S., Aronson, J., Baron, J. S., Bridgewater, P., Cramer, V. A., Epstein, P. R., Ewel, J. J., 570 
Klink, C. A., Lugo, A. E., Norton, D., Ojima, D., Richardson, D. M., Sanderson, E. W., Valladares, F., 571 
Vilà, M., Zamora, R. and Zobel, M. 2006. Novel ecosystems: theoretical and management aspects of 572 
the new ecological world order. - Global Ecology and Biogeography 15: 1–7. 573 

Hobbs, R. J., Higgs, E. S. and Hall, C. M. 2013. Defining Novel Ecosystems. - In: Novel Ecosystems. John Wiley 574 
& Sons, Ltd, pp. 58–60. 575 

Hobbs, R. J., Higgs, E., Hall, C. M., Bridgewater, P., Chapin III, F. S., Ellis, E. C., Ewel, J. J., Hallett, L. M., 576 
Harris, J., Hulvey, K. B., Jackson, S. T., Kennedy, P. L., Kueffer, C., Lach, L., Lantz, T. C., Lugo, A. E., 577 
Mascaro, J., Murphy, S. D., Nelson, C. R., Perring, M. P., Richardson, D. M., Seastedt, T. R., Standish, 578 
R. J., Starzomski, B. M., Suding, K. N., Tognetti, P. M., Yakob, L. and Yung, L. 2014. Managing the 579 
whole landscape: historical, hybrid, and novel ecosystems. - Frontiers in Ecology and the Environment 580 
12: 557–564. 581 

Huais, P. Y., Osorio-Olvera, L., Cordier, J. M., Tomba, A. N., Soberón, J., Loyola, R. and Nori, J. 2025. Re-582 
thinking Global Hotspots for Threatened Terrestrial Vertebrates. - Global Ecology and Biogeography 583 
34: e13942. 584 

IPBES 2019. Global assessment report on biodiversity and ecosystem services of the Intergovernmental Sci-585 
ence-Policy Platform on Biodiversity and Ecosystem Services (ES Brondízio, J Settele, S Díaz, and HT 586 
Ngo, Eds.). - IPBES Secretariat. 587 

IUCN 2020. The Bonn Challenge. - https://www.bonnchallenge.org/ in press. 588 

IUCN 2023. The IUCN Red List of Threatened Species. Version 2023-1. https://www.iucnredlist.org. Accessed 589 
on [day month year]. 590 

Jung, M., Arnell, A., de Lamo, X., García-Rangel, S., Visconti, P., et al. 2021. Areas of global importance for 591 
conserving terrestrial biodiversity, carbon and water. - Nat Ecol Evol 5: 1499–1509. 592 

Kerr, M. R. 2025. Processed Novelty Layers for Climate, Defaunation, Floristic Disruption, and Total Novelty 593 
Exposure, from Kerr et al 2025 “Widespread Ecological Novelty Across the Terrestrial Biosphere” 594 
[Data set]. Zenodo. 595 

Kerr, M. R., Ordonez, A., Riede, F. and Svenning, J.-C. 2024. A biogeographic–macroecological perspective on 596 
the rising novelty of the biosphere in the Anthropocene. - Journal of Biogeography in press. 597 

Kerr, M. R., Ordonez, A., Riede, F., Atkinson, J., Pearce, E. A., Sykut, M., Trepel, J. and Svenning, J.-C. 2025. 598 
Widespread ecological novelty across the terrestrial biosphere. - Nat Ecol Evol: 1–10. 599 

Kerr, M. R., Svenning, J.-C., Riede, F., Buitenwerf, R., Abraham, A. J., Marjakangas, E.-L., Sykut, M. and Or-600 
donez, A. 2026. The making of novel ecosystems: A process-based framework for measurement, anal-601 
ysis and application. - Methods in Ecology and Evolution 17: 683–704. 602 

Kloibhofer, J., Prestele, R., Leitinger, G. and Rounsevell, M. 2025. Where could climate-smart rewilding be 603 
located in Europe? - Journal of Environmental Management 380: 125084. 604 



20 

 

Mason, N., Ward, M., Watson, J. E. M., Venter, O. and Runting, R. K. 2020. Global opportunities and chal-605 
lenges for transboundary conservation. - Nat Ecol Evol 4: 694–701. 606 

Matuoka, M. A., Benchimol, M. and Morante-Filho, J. C. 2020. Tropical forest loss drives divergent patterns 607 
in functional diversity of forest and non-forest birds. - Biotropica 52: 738–748. 608 

McCallum, K. P., Lowe, A. J., Breed, M. F. and Paton, D. C. 2018. Spatially designed revegetation—why the 609 
spatial arrangement of plants should be as important to revegetation as they are to natural systems. - 610 
Restoration Ecology 26: 446–455. 611 

Moi, D. A., Saito, V. S., Quirino, B. A., Alves, D. C., Agostinho, A. A., Schmitz, M. H., Bonecker, C. C., Barrios, 612 
M., Kratina, P., Perkins, D. M., Teixeira de Mello, F., Figueiredo, B. R. S., Mormul, R. P., Okada, E. K. 613 
and Romero, G. Q. 2025. Human land use and non-native fish species erode ecosystem services by 614 
changing community size structure. - Nat Ecol Evol 9: 801–809. 615 

Montana, J., Heger, T., Kelz, R., Bischoff, A., Buitenwerf, R., Eser, U., Kung, K., Sattler, J., Schweiger, A. H., 616 
Searle, A., Teixeira, L. H., Travassos-Britto, B. and Higgs, E. 2024. From novel ecosystems to novel 617 
natures. - GAIA  - Ecological Perspectives for Science and Society 33: 146–151. 618 

Moracho, E., Normand, S. and Ordonez, A. 2025. Rebuilding ecological networks: A multi-scale approach to 619 
global restoration. - Biological Conservation 312: 111477. 620 

Morelli, T. L., Mozelewski, T., Cavalieri, C. N., Caven, A. J., Dreiss, L. M., Hovel, R. A., Hua, M., Jennings, M. 621 
K., John, A., Kehm, G., Keppel, G., Krawchuk, M. A., Langdon, S. F., Lawler, J. J., Lyon, L. M., Meigs, 622 
G. W., Mora-Gonzalez, M., Nadeau, C. P., Słowińska, S., Stolar, J., Thorne, J. H., Tourville, J. C., Zuck-623 
erberg, B. and Stralberg, D. 2026. Conserving climate-change refugia: Insights from research and 624 
practice. - Conservation Science and Practice 8: e70160. 625 

Morse, N. B., Pellissier, P. A., Cianciola, E. N., Brereton, R. L., Sullivan, M. M., Shonka, N. K., Wheeler, T. B. 626 
and McDowell, W. H. 2014. Novel ecosystems in the Anthropocene: a revision of the novel ecosystem 627 
concept for pragmatic applications. - Ecology and Society in press. 628 

Nori, J., Loyola, R. and Villalobos, F. 2020. Priority areas for conservation of and research focused on terres-629 
trial vertebrates. - Conservation Biology 34: 1281–1291. 630 

Ordonez, A., Williams, J. W. and Svenning, J.-C. 2016. Mapping climatic mechanisms likely to favour the 631 
emergence of novel communities. - Nature Clim Change 6: 1104–1109. 632 

Ordonez, A., Riede, F., Normand, S. and Svenning, J.-C. 2024. Towards a novel biosphere in 2300: rapid and 633 
extensive global and biome-wide climatic novelty in the Anthropocene. - Philosophical Transactions 634 
of the Royal Society B: Biological Sciences 379: 20230022. 635 

Osborne, C. P., Charles-Dominique, T., Stevens, N., Bond, W. J., Midgley, G. and Lehmann, C. E. R. 2018. 636 
Human impacts in African savannas are mediated by plant functional traits. - New Phytologist 220: 637 
10–24. 638 

Pebesma, E. 2018. The R Journal: Simple Features for R: Standardized Support for Spatial Vector Data. - The 639 
R Journal 10: 439–446. 640 

Pedersen, T. L. and Crameri, F. 2023. scico: Colour Palettes Based on the Scientific Colour-Maps. 641 

Perring, M. P., Standish, R. J. and Hobbs, R. J. 2013. Incorporating novelty and novel ecosystems into resto-642 
ration planning and practice in the 21st century. - Ecological Processes 2: 18. 643 

Pressey, R. L., Cabeza, M., Watts, M. E., Cowling, R. M. and Wilson, K. A. 2007. Conservation planning in a 644 
changing world. - Trends in Ecology & Evolution 22: 583–592. 645 



21 

 

R Core Team 2025. R: A Language and Environment for Statistical Computing. R Foundation for Statistical 646 
Computing, Vienna. 647 

Radeloff, V. C., Williams, J. W., Bateman, B. L., Burke, K. D., Carter, S. K., Childress, E. S., Cromwell, K. J., 648 
Gratton, C., Hasley, A. O., Kraemer, B. M., Latzka, A. W., Marin-Spiotta, E., Meine, C. D., Munoz, S. 649 
E., Neeson, T. M., Pidgeon, A. M., Rissman, A. R., Rivera, R. J., Szymanski, L. M. and Usinowicz, J. 650 
2015. The rise of novelty in ecosystems. - Ecol Appl 25: 2051–2068. 651 

Rahbek, C., Borregaard, M. K., Antonelli, A., Colwell, R. K., Holt, B. G., Nogues-Bravo, D., Rasmussen, C. M. 652 
Ø., Richardson, K., Rosing, M. T., Whittaker, R. J. and Fjeldså, J. 2019. Building mountain biodiver-653 
sity: Geological and evolutionary processes. - Science 365: 1114–1119. 654 

Robinson, J. G., LaBruna, D., O’Brien, T., Clyne, P. J., Dudley, N., Andelman, S. J., Bennett, E. L., Chicchon, 655 
A., Durigan, C., Grantham, H., Kinnaird, M., Lieberman, S., Maisels, F., Moreira, A., Rao, M., Stokes, 656 
E., Walston, J. and Watson, J. E. 2024. Scaling up area-based conservation to implement the Global 657 
Biodiversity Framework’s 30x30 target: The role of Nature’s Strongholds. - PLOS Biology 22: 658 
e3002613. 659 

Roy, H. E., Pauchard, A., Stoett, P. J., Renard Truong, T., Ziller, S. R., et al. 2024. Curbing the major and 660 
growing threats from invasive alien species is urgent and achievable. - Nat Ecol Evol 8: 1216–1223. 661 

Scheele, B. C., Foster, C. N., Banks, S. C. and Lindenmayer, D. B. 2017. Niche Contractions in Declining Species: 662 
Mechanisms and Consequences. - Trends in Ecology & Evolution 32: 346–355. 663 

Schittko, C., Bernard-Verdier, M., Heger, T., Buchholz, S., Kowarik, I., von der Lippe, M., Seitz, B., Joshi, J. 664 
and Jeschke, J. M. 2020. A multidimensional framework for measuring biotic novelty: How novel is a 665 
community? - Global Change Biology 26: 4401–4417. 666 

Sinervo, B., Lara Reséndiz, R. A., Miles, D. B., Lovich, J. E., Rosen, P. C., Gadsden, H., Gaytán, G. C., Tessaro, 667 
P. G., Luja, V. H., Huey, R. B., Whipple, A., Cordero, V. S., Rohr, J. B., Caetano, G., Santos, J. C., Sites, 668 
J. W. and Méndez de la Cruz, F. R. 2024. Climate change and collapsing thermal niches of desert rep-669 
tiles and amphibians: Assisted migration and acclimation rescue from extirpation. - Science of The 670 
Total Environment 908: 168431. 671 

Svenning, J.-C. 2026. Redefining ecosystem integrity for an Anthropocene biosphere: a process- and lineage-672 
based framework for restoration. - Restoration Ecology n/a: e70390. 673 

Svenning, J.-C., Lemoine, R. T., Bergman, J., Buitenwerf, R., Roux, E. L., Lundgren, E., Mungi, N. and Peder-674 
sen, R. Ø. 2024a. The late-Quaternary megafauna extinctions: Patterns, causes, ecological conse-675 
quences and implications for ecosystem management in the Anthropocene. - Cambridge Prisms: Ex-676 
tinction 2: e5. 677 

Svenning, J.-C., McGeoch, M. A., Normand, S., Ordonez, A. and Riede, F. 2024b. Navigating ecological novelty 678 
towards planetary stewardship: challenges and opportunities in biodiversity dynamics in a transform-679 
ing biosphere. - Philosophical Transactions of the Royal Society B: Biological Sciences 379: 20230008. 680 

Svenning, J.-C., Buitenwerf, R. and Le Roux, E. 2024c. Trophic rewilding as a restoration approach under 681 
emerging novel biosphere conditions. - Current Biology 34: R435–R451. 682 

Tan, W. C., Herrel, A. and Rödder, D. 2023. A global analysis of habitat fragmentation research in reptiles and 683 
amphibians: what have we done so far? - Biodivers Conserv 32: 439–468. 684 

Thomas, C. D. and Gillingham, P. K. 2015. The performance of protected areas for biodiversity under climate 685 
change. - Biological Journal of the Linnean Society 115: 718–730. 686 

Toth, L. T., Borer, E. T., Burkepile, D. E., Dudney, J., Lemoine, N. P., Renzi, J. J., Smith, K. E. L., Courtney, T. 687 
A., Goeking, S. A., Hammond, W. M., Hoover, D. L., MacFadyen, S., Osland, M. J., Townsend, J. E. 688 



22 

 

and Fidler, R. Y. 2026. Scenarios and strategies for future-proofing ecosystem management under cli-689 
matic novelty. - Conservation Biology n/a: e70250. 690 

Trepel, J., Buitenwerf, R., Ferraro, K., le Roux, E., Lundgren, E., Maitner, B., Strydom, T., Svenning, J.-C. and 691 
Kerr, M. R. 2026. Reevaluating introduced herbivores in conservation. - Conservation Biology n/a: 692 
e70328. 693 

Trew, B. T., Lees, A. C., Edwards, D. P., Early, R. and Maclean, I. M. D. 2024. Identifying climate-smart tropical 694 
Key Biodiversity Areas for protection in response to widespread temperature novelty. - Conservation 695 
Letters n/a: e13050. 696 

UNEP-WCMC and IUCN 2024. Protected Planet: The World Database on Protected Areas (WDPA) and World 697 
Database on Other Effective Area-based Conservation Measures (WD-OECM) [Online]. 698 

Venter, O., Sanderson, E. W., Magrach, A., Allan, J. R., Beher, J., Jones, K. R., Possingham, H. P., Laurance, 699 
W. F., Wood, P., Fekete, B. M., Levy, M. A. and Watson, J. E. 2018. Last of the Wild Project, Version 3 700 
(LWP-3): 2009 Human Footprint, 2018 Release. 701 

Virkkala, R. and Lehikoinen, A. 2014. Patterns of climate-induced density shifts of species: poleward shifts 702 
faster in northern boreal birds than in southern birds. - Global Change Biology 20: 2995–3003. 703 

Volpe, J. P., Higgs, E. S., Jeschke, J. M., Barnhill, K., Brunk, C., Dudney, J., Govers, L. L., Hobbs, R. J., Keen-704 
leyside, K., Murphy, S. D., Seddon, P. J., Sudweeks, J., Telhan, O. and Voicescu, S. 2024. Bionovelty 705 
and ecological restoration. - Restoration Ecology n/a: e14152. 706 

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D., François, R., Grolemund, G., Hayes, A., 707 
Henry, L., Hester, J., Kuhn, M., Pedersen, T. L., Miller, E., Bache, S. M., Müller, K., Ooms, J., Robin-708 
son, D., Seidel, D. P., Spinu, V., Takahashi, K., Vaughan, D., Wilke, C., Woo, K. and Yutani, H. 2019. 709 
Welcome to the Tidyverse. - Journal of Open Source Software 4: 1686. 710 

Williams, J. W. and Jackson, S. T. 2007. Novel climates, no-analog communities, and ecological surprises. - 711 
Frontiers in Ecology and the Environment 5: 475–482. 712 

Williams, J. W., Jackson, S. T. and Kutzbach, J. E. 2007. Projected distributions of novel and disappearing 713 
climates by 2100 AD. - Proceedings of the National Academy of Sciences 104: 5738–5742. 714 

Wright, C., Govers, L. L., Higgs, E. S., Kerr, M. R., Teixeira, C. P. and Heger, T. 2026. Ecological novelty induced 715 
by climate change. - Nat. Clim. Chang.: 1–12. 716 

Wyborn, C., van Kerkhoff, L., Dunlop, M., Dudley, N. and Guevara, O. 2016. Future oriented conservation: 717 
knowledge governance, uncertainty and learning. - Biodivers Conserv 25: 1401–1408. 718 

Zhu, G., Papeş, M., Armsworth, P. R. and Giam, X. 2022. Climate change vulnerability of terrestrial vertebrates 719 
in a major refuge and dispersal corridor in North America. - Diversity and Distributions 28: 1227–720 
1241. 721 

 722 

 723 



23 

 

Supplementary Material for “Areas of high conservation priority for threatened terrestrial vertebrates are governed by 724 

novel ecological conditions” 725 

Contents: 726 

Table S1 – Percentage of protected cell area exposed to different relative novelty levels 727 

Figure S1 – Maps of overlapping hotspots of ecological novelty and richness for terrestrial vertebrates categorised as 728 

“vulnerable” in the IUCN Red List 729 

Figure S2 – Maps of overlapping hotspots of ecological novelty and richness for terrestrial vertebrates categorised as 730 

“endangered” in the IUCN Red List 731 

Figure S3 – Maps of overlapping hotspots of ecological novelty and richness for terrestrial vertebrates categorised as 732 

“critically endangered” in the IUCN Red List 733 

Figure S4 – Exposure to climate novelty of threatened terrestrial vertebrates across their range 734 

Figure S5 – Exposure to defaunation novelty of threatened terrestrial vertebrates across their range 735 

Figure S6 – Exposure to floristic disruption novelty of threatened terrestrial vertebrates across their range 736 

Figure S7 – Exposure to novelty of terrestrial vertebrates not categorised as threatened across their range 737 

Figure S8 – Distribution of climate novelty within hotspots of threatened vertebrates 738 

Figure S9 – Distribution of defaunation novelty within hotspots of threatened vertebrates 739 

Figure S10 – Distribution of floristic disruption novelty within hotspots of threatened vertebrates 740 

Figure S11 – Global overlap between LIFE index and ecological novelty, using a cut-off at the 90th quantile 741 

Figure S12 – Global overlap between LIFE index and ecological novelty, using a cut-off at the 75th quantile 742 

Figure S13 – Global overlap between LIFE index and ecological novelty, using a cut-off at the 50th quantile 743 

Figure Caption References 744 

 745 



24 

 

Supplementary Table 1: The percentage of the biosphere impacted by high ecological novelty that is covered by protected 746 

areas. The total area of relative novelty impact, defined by the number of hotspots of threatened vertebrate richness 747 

weighted by ecological novelty in a cell (see Figure 1 and main text), is shown as “Total Area” and expressed as the area 748 

in 100km2. The percentage of the total impacted area covered by protected areas is then shown for IUCN protected area 749 

categories I through IV. The protected area network covers very little of the impacted area, with under 5% coverage for 750 

most individual categories and under 10% coverage if categories are combined.  751 

Relative Nov-

elty Impact 

Total Area 

(100 km2) 

IUCN Protection Category (% coverage) 

Ia & Ib II III IV 
Total Cov-

erage 

1 212023 0.95 3.30 0.74 2.23 7.22 

2 142255 1.04 3.58   0.44 2.35 7.41 

3 50941 1.10 5.31   0.18 1.46 8.05 

4 29195 1.91 5.67   0.11 1.52 9.21 

5 13235 1.37 4.81   0.11 2.20 8.49 

6 9375 1.30 4.26   0.06 2.30 7.92 

7 4313 1.39 2.00   0.02 0.94 4.35 

8 2008 1.53 3.61   0.09 0.86 6.09 

9 548 0.23 2.20 0 1.97 4.40 

10 18 0 22.48 0 0 22.48 

11 3 0 22.22 0 0 22.22 

12 <1 0 0 0 0 0 

752 
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 753 

Supplementary Figure 1: Vulnerable terrestrial vertebrate groups are globally exposed to different novelty-generating 754 

processes across space. For each terrestrial vertebrate group, the number of species categorised as “vulnerable” in each 755 

cell is multiplied by the novelty score (0-1) for each of three novelty-generating processes (climate, mammal defaunation, 756 

floristic disruption). The top 90th quantile for each layer is then overlayed and plotted for (a) mammals, (b) amphibians, 757 

(c) reptiles, and (d) birds. (e) shows the legend for panels a-d, with areas of overlap showing cells that are scored in the 758 

90th quantile for multiple processes. (f) shows the relative novelty impact for each cell, counting the number of times that 759 

a cell is present in the 90th quantile of any analysis, for example a cell score of 4 would be in the top 90th quantile for four 760 

pairs of taxa and process.  761 
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 762 

Supplementary Figure 2: Endangered terrestrial vertebrate groups are globally exposed to different novelty-generating 763 

processes across space. For each terrestrial vertebrate group, the number of species categorised as “endangered” in each 764 

cell is multiplied by the novelty score (0-1) for each of three novelty-generating processes (climate, mammal defaunation, 765 

floristic disruption). The top 90th quantile for each layer is then overlayed and plotted for (a) mammals, (b) amphibians, 766 

(c) reptiles, and (d) birds. (e) shows the legend for panels a-d, with areas of overlap showing cells that are scored in the 767 

90th quantile for multiple processes. (f) shows the relative novelty impact for each cell, counting the number of times that 768 

a cell is present in the 90th quantile of any analysis, for example a cell score of 4 would be in the top 90th quantile for four 769 

pairs of taxa and process.  770 
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 771 

Supplementary Figure 3: Critically endangered terrestrial vertebrate groups are globally exposed to different novelty-772 

generating processes across space. For each terrestrial vertebrate group, the number of species categorised as “critically 773 

endangered” in each cell is multiplied by the novelty score (0-1) for each of three novelty-generating processes (climate, 774 

mammal defaunation, floristic disruption). The top 90th quantile for each layer is then overlayed and plotted for (a) mam-775 

mals, (b) amphibians, (c) reptiles, and (d) birds. (e) shows the legend for panels a-d, with areas of overlap showing cells 776 

that are scored in the 90th quantile for multiple processes. (f) shows the relative novelty impact for each cell, counting the 777 

number of times that a cell is present in the 90th quantile of any analysis, for example a cell score of 4 would be in the top 778 

90th quantile for four pairs of taxa and process. 779 

 780 
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 781 

Supplementary Figure 4: Threatened terrestrial vertebrates are exposed to high climate novelty across their range. (a) The 782 

number of species exposed to high climate novelty (a novelty score of greater than 0.5 for climate novelty) is plotted for 783 

threatened species (IUCN category of endangered, vulnerable, or critically endangered) of mammals, amphibians, reptiles 784 

and birds. The plot is stacked and split by threat category, with the text inside the bar sections showing the percentage of 785 

species within that taxa and category that are exposed. Percentage values for mammals and birds are shown outside of 786 

the bars for visibility, with the ordering unchanged and text coloured to match the categories. Amphibians have the highest 787 

overall exposure, with around half of threatened amphibian species across categories exposed for over half their range, 788 

with the highest exposure experienced by critically endangered species. In (b) the mean novelty exposure across each 789 

species’ range is plotted, again split by taxa and plotted with categories overlapped. Although there are only very small 790 

differences between categories and taxa, most species are exposed to a high mean novelty across their range. 791 

 792 
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 793 

Supplementary Figure 5: Threatened terrestrial vertebrates are exposed at low levels to high defaunation novelty across 794 

their range. (a) The number of species exposed to high defaunation novelty (a novelty score of greater than 0.5 for de-795 

faunation novelty) is plotted for threatened species (IUCN category of endangered, vulnerable, or critically endangered) 796 

of mammals, amphibians, reptiles and birds. The plot is stacked and split by threat category, with the text inside the bar 797 

sections showing the percentage of species within that taxa and category that are exposed. In (b) the mean novelty expo-798 

sure across each species’ range is plotted, again split by taxa and plotted with categories overlapped. Although there are 799 

only very small differences between categories and taxa, most species are exposed to a high mean novelty across their 800 

range – a mean novelty across the range of greater than 0.5 is experienced by 24% of mammals, 22% of amphibians, 28% 801 

of reptiles, and 25% of birds. 802 

 803 
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 804 

Supplementary Figure 6: Threatened terrestrial vertebrates are exposed to high floristic disruption novelty across their 805 

range. (a) The number of species exposed to high floristic disruption (a novelty score of greater than 0.25 for floristic 806 

disruption) is plotted for threatened species (IUCN category of endangered, vulnerable, or critically endangered) of mam-807 

mals, amphibians, reptiles and birds. The plot is stacked and split by threat category, with the text inside the bar sections 808 

showing the percentage of species within that taxa and category that are exposed. Percentage values for mammals are 809 

shown outside of the bars for visibility, with the ordering unchanged and text coloured to match the categories. Amphib-810 

ians have the highest overall exposure, with over 90% of threatened amphibian species across categories exposed for over 811 

half their range. In (b) the mean novelty exposure across each species’ range is plotted, again split by taxa and plotted 812 

with categories overlapped. Although there are only very small differences between categories and taxa, most species are 813 

exposed to a high mean novelty across their range – a mean novelty across the range of greater than 0.25 is experienced 814 

by 5% of mammals, 91% of amphibians, 67% of reptiles, and 77% of birds. 815 
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 818 

Supplementary Figure 7: Unthreatened terrestrial vertebrates are exposed to highly novel conditions across their range. 819 

(a) The number of species exposed to highly novel conditions (a novelty score of greater than 0.33 across more than half 820 

their range) is plotted for species not classified as threatened, within IUCN categories of least concern (LC) or near 821 

threatened (NT) of mammals, amphibians, reptiles, and birds. The plot is stacked and split by threat category, with the 822 

text inside the bar sections showing the percentage of species within that taxon and category that are exposed. Percentages 823 

displayed in the y-axis labels show the percentage of all species in that taxonomic group that are exposed. Across all 824 

taxonomic groups, roughly one third of threatened species are living in highly novel conditions. Amphibians have the 825 

highest overall exposure, with over half of threatened amphibian species across categories exposed for over half their 826 

range and almost two-thirds of critically endangered amphibians living in highly novel conditions. In (b) the mean novelty 827 

exposure across each species’ range is plotted, again split by taxa and plotted with categories overlapped.  828 

 829 

 830 
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 831 

Supplementary Figure 8: The total exposure of climate novelty varies between hotspots of threatened vertebrates. Within 832 

each hotspot, which were identified using an existing map of threatened vertebrate species hotspots (Huais et al. 2025), 833 

the values for climate novelty were extracted. Colour scaling of the violin plots is related to the median novelty exposure 834 

across the hotspot, with darker red colours representing hotspots that are higher than 0.5 (the cut-off for high novelty used 835 

here, marked by the horizontal dashed line) and darker blue colours representing those with much lower novelty than 0.5. 836 

The midpoint of the colour scale (light grey) is set to 0.5. The overlaid boxplot shows the median novelty value as a 837 

horizontal line. Hotspots are sorted into panels based on broad arbitrary geographical area for presentation reasons: (a) 838 
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the Americas, (b) Southeast Asia and Australasia and (c) the Caribbean and Africa. The novelty-generating processes for 839 

areas outside hotspots are shown on the far left of each panel (“Non-classified cells”). 840 

 841 
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 842 

Supplementary Figure 9: The total exposure of defaunation novelty varies between hotspots of threatened vertebrates. 843 

Within each hotspot, which were identified using an existing map of threatened vertebrate species hotspots (Huais et al. 844 

2025), the values for defaunation novelty were extracted. Colour scaling of the violin plots is related to the median novelty 845 

exposure across the hotspot, with darker red colours representing hotspots that are higher than 0.5 (the cut-off for high 846 

novelty used here, marked by the horizontal dashed line) and darker blue colours representing those with much lower 847 

novelty than 0.5. The midpoint of the colour scale (light grey) is set to 0.5. The overlaid boxplot shows the median novelty 848 

value as a horizontal line. Hotspots are sorted into panels based on broad arbitrary geographical area for presentation 849 
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reasons: (a) the Americas, (b) Southeast Asia and Australasia and (c) the Caribbean and Africa. The novelty-generating 850 

processes for areas outside hotspots are shown on the far left of each panel (“Non-classified cells”). 851 

 852 
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 853 

Supplementary Figure 10: The total exposure of floristic disruption varies between hotspots of threatened vertebrates. 854 

Within each hotspot, which were identified using an existing map of threatened vertebrate species hotspots (Huais et al. 855 

2025), the values for floristic disruption were extracted. Colour scaling of the violin plots is related to the median novelty 856 

exposure across the hotspot, with darker red colours representing hotspots that are higher than 0.25 (the cut-off for high 857 

novelty used here, marked by the horizontal dashed line) and darker blue colours representing those with much lower 858 

novelty than 0.25. The midpoint of the colour scale (light grey) is set to 0.25. The overlaid boxplot shows the median 859 
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novelty value as a horizontal line. Hotspots are sorted into panels based on broad arbitrary geographical area for presen-860 

tation reasons: (a) the Americas, (b) Southeast Asia and Australasia and (c) the Caribbean and Africa. The novelty-gen-861 

erating processes for areas outside hotspots are shown on the far left of each panel (“Non-classified cells”). 862 
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 864 

Supplementary Figure 11: The global overlap between high ecological novelty and areas of (a) high conservation priority 865 

and (b) high restoration priority. Here, conservation and restoration priority are defined using the LIFE index (Eyres et 866 

al. 2025), which measures the expected change in extinctions based on converting all natural land into agriculture (and 867 

therefore the potential impact of conservation, see Methods) or by restoring all agricultural land into natural habitat (and 868 

therefore the potential impact of restoration). The LIFE index in each cell is multiplied by the novelty score (0-1) for each 869 

of three novelty-generating processes (climate, mammal defaunation, floristic dis-ruption), with the top 90th quantile for 870 

each layer overlayed and plotted. (c) shows the legend for panels (a) and (b), with areas of overlap showing cells that are 871 

scored in the 90th quantile for multiple processes. The relative novelty impact for each cell, counting the number of times 872 

that a cell is present in the 90th quantile of any analysis, is shown as Figure 4 in the main text. Maps of global overlap 873 

using quantile cut-offs of 75 and 50 for the LIFE layers are shown in Supplementary Figures 12 and 13. 874 
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 876 

Supplementary Figure 12: The global overlap between high ecological novelty and areas of (a) high conservation priority 877 

and (b) high restoration priority, using a hotspot cut-off of the 75th quantile. Here, conservation and restoration priority 878 

are defined using the LIFE index (Eyres et al. 2025), which measures the expected change in extinctions based on con-879 

verting all natural land into agriculture (and therefore the potential impact of conservation, see Methods) or by restoring 880 

all agricultural land into natural habitat (and therefore the potential impact of restoration). The LIFE in each cell is mul-881 

tiplied by the novelty score (0-1) for each of three novelty-generating processes (climate, mammal defaunation, floristic 882 

disruption), with the top 75th quantile for each layer overlayed and plotted. (c) shows the legend for panels (a) and (b), 883 

with areas of overlap showing cells that are scored in the 75th quantile for multiple processes. (d) shows the relative 884 

novelty impact for each cell, counting the number of times that a cell is present in the 75th quantile of any analysis, for 885 

example a cell score of 4 would be in the top 75th quantile for four pairs of LIFE index and process. 886 
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 888 

Supplementary Figure 13: The global overlap between high ecological novelty and areas of (a) high conservation priority 889 

and (b) high restoration priority, using a hotspot cut-off of the 50th quantile. Here, conservation and restoration priority 890 

are defined using the LIFE index (Eyres et al. 2025), which measures the expected change in extinctions based on con-891 

verting all natural land into agriculture (and therefore the potential impact of conservation, see Methods) or by restoring 892 

all agricultural land into natural habitat (and therefore the potential impact of restoration). The LIFE in each cell is mul-893 

tiplied by the novelty score (0-1) for each of three novelty-generating processes (climate, mammal defaunation, floristic 894 

disruption), with the top 50th quantile for each layer overlayed and plotted. (c) shows the legend for panels (a) and (b), 895 

with areas of overlap showing cells that are scored in the 50th quantile for multiple processes. (d) shows the relative 896 

novelty impact for each cell, counting the number of times that a cell is present in the 50th quantile of any analysis, for 897 

example a cell score of 4 would be in the top 50th quantile for four pairs of LIFE index and process. 898 
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