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Abstract
Understanding how species will respond to climate change is critically important for managing our ecosystems into the future. However, surprisingly little is known about the distribution of risk based on the actual thermal tolerances of species, especially plants. We used germination records from 776 species to provide a global map of plant warming risk – the difference between maximum germination temperature and the predicted 2070 temperature. We then tested a series of hypotheses about factors associated with high risk. Many of our predictions were overturned. For example, although a great deal of attention has been paid to the risks faced by tropical forests, we found that the biomes most at risk were tropical grasslands, savannas and shrublands. Similarly, while we expected Australian species to have a lower warming risk due to its already variable conditions, our data showed that Australia had the highest average warming risk. Conversely, European species faced the lowest risk, with no plants examined in this study predicted to exceed their upper limits by 2070. Plants from regions with higher seasonality and higher canopy cover had lower warming risk, but the absolute range of annual temperature had no effect on risk. Therefore, the underlying factors contributing to warming risk warrant further examination. Overall, our results highlight that the regions most at risk from warming are not necessarily those with the most warming, but regions where species are closest to their upper limits. More attention needs to be given to high risk tropical environments, especially non-forest tropical environments which face the highest risk. In summary, while much of the world’s biota faces substantial threats from climate change, researchers may be surprised about where the effects are most acute.

Introduction
Predicting where global warming will have the greatest impact on species is a continuing challenge for researchers (Parmesan & Yohe, 2003; Root et al., 2003; Thomas et al., 2004; Trew & Maclean, 2021). While broad latitudinal trends in warming risk have been outlined in several major taxa (Deutsch et al., 2008; Khaliq, Hof, Prinzinger, Böhning-Gaese, & Pfenninger, 2014; Sentinella, Warton, Sherwin, Offord, & Moles, 2020), most studies of warming risk are narrow in geographic focus, and we know surprisingly little about which parts of the world face the greatest risk under climate change. The few studies that are geographically broad tend to be based on occurrence and modelling data (e.g. Urban, 2015), and do not include data on for the temperature tolerances of species (Pearson & Dawson, 2003). Fundamental tolerance data are needed to properly understand species risk to increased temperatures and to develop a framework predictive of this risk (Chown & Gaston, 2016; Sheldon, Huey, Kaspari, & Sanders, 2018; Urban et al., 2016). Here we map the difference between expected 2070 temperatures of the warmest three months and the maximum germination temperature (hereafter ‘warming risk’, following Deutsch et al., 2008 and Sentinella et al., 2020) for 776 plant species worldwide, and use these data to test a series of hypotheses on which continents, biomes and other factors are associated with species’ warming risk.
We begin by asking which continents face the greatest warming risk under future climate change. North American and European species can be thought to be at particular risk from climate change because of the higher rates of warming they face compared to other continents (Davies, 2019; Solomon, Manning, Marquis, & Qin, 2007), but also due to interactions with geographical features and land use regimes (Alkemade, Bakkenes, & Eickhout, 2011; Thuiller, Lavorel, Araújo, Sykes, & Prentice, 2005). The more biodiverse regions of Africa, Asia, Australia and South America are given less attention when it comes to climate risk, in part due to the lower rates of warming expected in these regions (Solomon et al., 2007), but also because they are simply understudied (Lenoir & Svenning, 2015; Pacifici et al., 2015). Specifically, Australian species could be perceived to have unusually low warming risk, due the region’s apparent harsh and variable climate (Orians & Milewski, 2007) leaving its species uniquely well-equipped to deal with climate change. Yet any assumptions of inherent resilience of Australian species themselves have not been demonstrated in any global cross-species analysis, with many regional studies highlighting wide ranging climate risks for Australian species and ecosystems (Hughes, 2003; Intergovernmental Panel on Climate Change, 2014; Kingsford & Watson, 2011). In fact, a global compilation of predicted extinction risks from warming found that Australian and New Zealand species were found to have a high extinction risk (14%), second only to South America (23%; with North America and Europe having the lowest extinction risk of 5% and 6%; Urban, 2015). However, most studies from this compilation used species distribution modelling (SDM) which measures realised niches (species occurrence), a methodology that has attracted debate about its efficacy in predicting climate risk (Araújo & Luoto, 2007; Merow et al., 2014; Pearson & Dawson, 2003). We therefore use fundamental niches (species tolerances) here to resolve the uncertainty of conflicting climate risk predictions, comparing the relative warming risk of continents. We also tease apart the known effects of latitude by asking whether Australian species have unusually low risk irrespective of latitude.
Next, we ask which biomes face the greatest risk under future warming. While many studies investigate how individual biomes are impacted by climate change (Malhi, Gardner, Goldsmith, Silman, & Zelazowski, 2014; White, Carlyle, Fraser, & Cahill, 2012), few studies directly compare relative risk between biomes. Rainforest environments have often been predicted to be especially vulnerable to climate warming (Corlett, 2011; Malhi & Wright, 2004; Sales, Galetti, & Pires, 2020) - though the reasons underpinning this are varied: e.g., geographical position and features, already high and rising temperatures, changing rainfall patterns, and higher niche specialisation (Wagner, Rossi, Stahl, Bonal, & Hérault, 2012; Williams, Bolitho, & Fox, 2003). A popular theory proposed to explain the vulnerability of tropical rainforests is the seasonality hypothesis (or climate variability hypothesis), which states that species from regions with lower temperature variation have narrower temperature tolerances than do species from more seasonal environments (see more below; Vázquez & Stevens, 2004). It has also been hypothesised that the high temperatures that rainforests face put them closer to (or above) upper thresholds (Mau, Reed, Wood, & Cavaleri, 2018), regardless of expected rates of warming (Araújo et al., 2013; Sandblom et al., 2016). However, both the climate variability hypothesis and the upper temperature argument apply equally to other, understudied, tropical biomes such as savanna and seasonally dry forests. Therefore, while predictions of unusually high risk for tropical rainforests are often made (Malhi & Wright, 2004; Williams et al., 2003), the mechanisms behind this prediction have surprisingly mixed support. In contrast, other studies based on climate models have put temperate forests at the highest risk, with tropical biomes predicted to have lower proportions of species facing extinction (Huntingford et al., 2013; Thomas et al., 2004). However, these models are based on analogue habitats existing into the future and do not consider the breadth of conditions species may be able to cope with (Pacifici et al., 2015). Here, we provide the first quantitative test of the idea that tropical rainforest species are at greater risk under climate change than are species from other biomes using actual tolerances of 694 species by location combinations spanning seven major biomes.
We next examine the role temperature variability plays in warming risk. Climate change will not only increase mean annual temperatures but also temperature variability in many regions globally (Bathiany, Dakos, Scheffer, & Lenton, 2018). Because increases in variation will lead to increases in extreme events (Seddon, Macias-Fauria, Long, Benz, & Willis, 2016), understanding the association between variability and warming risk is important for understanding species climate responses. Since Janzen first proposed that mountain passes are 'higher' in the tropics (Janzen, 1967), it has been widely accepted that species from areas with low temperature variability will be able to tolerate narrower ranges of temperature (Ghalambor, Huey, Martin, Tewksbury, & Wang, 2006; Sheldon et al., 2018). In recent years, this temperature variability hypothesis (or climate variability hypothesis or seasonality hypothesis) has been extended to predict that species from regions with low temperature variability will be more vulnerable to climate change (Sheldon et al., 2018). However, to our knowledge this idea has never been directly tested at a global scale, with studies instead using the proxy of latitude (Deutsch et al., 2008; Khaliq et al., 2014; Sentinella et al., 2020). As latitude also strongly covaries with temperature, any conclusion made about the variability hypothesis is potentially confounded. Here, we directly test if warming risk is negatively correlated with temperature variation for plants. And, due to the ambiguity in how variation is measured (see Trew & Maclean, 2021), we use both seasonality (standard deviation of monthly mean temperature) and annual temperature range (difference between yearly maximum and minimum).
Lastly, we ask how warming risk may be affected by canopy cover.  The effects of vegetation on local conditions could have important implications for species’ responses to climate change (De Frenne et al., 2021; Suggitt et al., 2018). For example, shading may reduce the temperature of the soil in which seeds are germinating (De Frenne et al., 2019). At a larger scale, we know that areas with higher canopy cover contribute further cooling effects through transpiration and area causing substantial effects on the local climate (De Frenne et al., 2019). There is a growing awareness that species may be able to persist in environments with air temperatures above their physiological tolerances if canopies reduce the actual temperature experienced at the level of the organism (De Frenne et al., 2019; Lenoir, Hattab, & Pierre, 2017). However, the extent to which canopy cover allows species to exist in environments that would otherwise be beyond their physiological limits has never been quantified at a global scale. Thus, our final hypothesis is that warming risk is higher for species in areas with a higher percentage of canopy cover.
Methods 
Data Sources and Preparation
We sourced data from the Millennium Seed Bank Partnership (http://brahmsonline.kew.org/msbp) on 16/11/2017.  The original dataset contained 164, 428 records of individual germination trials, where each tested the proportion of seeds germinated under certain conditions (e.g., 30 seeds were left at 25°C and 17 germinated). All data filtering and analyses were run in R (R Core Team, 2019).
We excluded records that used more than one temperature in a single trial, then assigned a species*location identification by grouping records from the same species and location (one-degree latitude/longitude squares), excluding species*locations tested at less than four temperatures (data filtering follows Sentinella et al., 2020).
Maximum germination temperature was estimated for each species*location using a binomial mixed-effects logistic model with a quadratic term for temperature, defined as "the temperature at the upper end of the model fit where the model predicted 5% germination". Full details and code for this model and all filtering steps are included in Sentinella et al., 2020.
Germination warming risk for each species*location was calculated using maximum germination temperatures and predicted 2070 temperatures (CMIP5 model; high emissions scenario: Representative Concentration Pathway, RCP85; (Taylor, Stouffer, & Meehl, 2012). Warming risk was defined as “the difference between maximum germination temperature and predicted 2070 mean temperature of the warmest three months”, following (Sentinella et al., 2020).
When assigning continents, landmasses smaller than 10, 000 km2 were excluded. All remaining species*locations were allocated to one of Africa, Asia, Australia, Europe, South America, and North America (see map in Supplement S1). 
Each species*location was assigned to a biome using data from Olson et. al. (2001). Due to the low number of records in our data set from some of the original 14 biomes, data from some biomes were combined. The biomes "Tropical & Subtropical Moist Broadleaf Forests", "Tropical & Subtropical Dry Broadleaf Forests" and "Tropical & Subtropical Coniferous Forests" were grouped into: "Tropical/subtropical Forests". "Temperate Broadleaf & Mixed Forests" and "Temperate Conifer Forests" were combined into "Temperate Forests". The biomes "Boreal Forests/Taiga", "Tundra", and "Mangroves" were excluded from analysis due to insufficient data. The final biomes used for our study were: "Tropical/subtropical Forests", "Temperate Forests", "Tropical/Subtropical Grasslands, Savannas & Shrublands", "Temperate Grasslands, Savannas & Shrublands", "Montane Grasslands & Shrublands", "Mediterranean Forests, Woodlands & Scrub" and "Deserts & Xeric Shrublands".
We used bioclimatic variables averaged over 1970-2000 from WorldClim Version 2 (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) to calculate two measures of climate variability for each species*location:
· Temperature range - The difference between the maximum temperature of the hottest month and the minimum temperature of the coldest month.
· Seasonality - The standard deviation of monthly mean temperature.
To estimate percentage canopy cover we used the gfcanalysis package (Cooper & Zvoleff, 2019) to extract data from Hansen et al., Version 1.5 (2013). Canopy cover was averaged over one-degree by one-degree grid squares for each species*location for terrestrial cells only.
Due to the different filtering and exclusion criteria for each of the variables above, our final data set included: 746 species*locations for the biome analysis, 678 species*locations for the continent analysis, and 776 species*locations for analyses of temperature range seasonality, and canopy cover.
Data Analysis 
To create a map of warming risk, we took the average warming risk from every species*location within each 1° by 1° grid.
For all hypothesis testing we used a meta-analysis style mixed-effect model with the "rma.mv" function from the 'metafor' package (Viechtbauer, 2010). The squared standard error obtained from estimating the maximum temperature of germination for each species*location was used as the variance in each model. We also included random effects for species and location, and fixed effects for altitude and seed age (log10 transformed). These extra effects were included because we knew these to have an effect on warming risk (Sentinella et al., 2020).
To test whether Australia had a higher warming risk, we used "Continent = Australia" as the fixed effect and included "Continent" as a random effect. That is, we asked whether a term for Australia explained additional variation beyond variation between continents overall. We also tested the differences between continents after accounting for latitude, by including absolute latitude as an additional fixed effect. To test whether tropical/subtropical rainforests had a higher warming risk than other biomes, we used "Biome = tropical/subtropical rainforests" as the fixed effect and included "Biome" as a random effect.
To test for the effect temperature range, seasonality and percentage canopy cover, we used separate models with each as a fixed effect and no additional random effects. Due to the distribution of the canopy data, we used a square root transformation for analysis.
Results 
Warming risk varies globally, but clusters exist with similar warming risk (Figure 1). Areas with lowest warming risk are centred around Europe, and areas with the highest warming risk are around the Arabian Peninsula and central Africa.
Australia does not have a lower germination warming risk than other continents (p = 0.6) even when accounting for latitude (p = 0.7). In fact, Australia had the highest average risk value of any continent (-7.7°C), meaning that the average species in Australia was expected to exist at 2070 temperatures only 7.7°C below their upper germination limits (though this value is not significantly higher than the risk for other continents except Europe; Figure 3). The continents also facing high warming risk were Africa (-8.0°C), North America (-8.7°C) and Asia (-9.9°C), followed by South America (-12.0°C), and Europe which had the lowest warming risk (-20.2°C). A post-hoc analysis revealed that Europe had a significantly lower warming risk compared to other continents overall (p < 0.0001, Figure 3).
Australia has the highest percentage of species facing temperatures higher than their maximum germination temperature (21%, 15/70 species). Australia is followed by Africa (15%, 32/216) and Asia (15%, 16/109), North America (11%, 19/167), and South America (5%, 2/42). Remarkably, no species from Europe (0/74) are expected to experience temperatures exceeding their maximum germination temperature.
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Figure 1. Global map of averaged future warming risk (expected 2070 temperatures of the warmest three months minus maximum germination temperature in Celsius). Each square is a 1° latitude by 1° longitude square (adjusted for Mollweide projection) with the colour denoting the average future warming risk for species within that square. Red squares denote area with the highest warming risk – where species will face 2070 temperatures higher than their maximum germination limits. 
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Figure 2. A: Violin plot showing warming risk (expected 2070 temperatures of the warmest three months minus maximum germination temperature) for each continent, ordered by mean warming risk (highest to lowest). Each point is a species*location coloured by continent (darker points indicate lower standard error). Pairwise significances are denoted by letters above each group (the same letter indicates no significant difference between groups, p > 0.05). Sample size (n) for each group is denoted below each group. B: Linear models showing warming risk against absolute latitude for each continent. Colours of lines correspond to the colours of continents from panel A. Grey shading represents the standard error for each regression line. Note that Europe (teal) has a notably warming risk regardless of latitudinal position. C: Violin plot showing warming risk for each biome, ordered by mean warming risk (highest to lowest). Each point is a species*location coloured by warming risk (darker points indicate lower standard error). Pairwise significances are denoted by letters above each group (the same letter indicates no significant difference between groups, p > 0.05). Sample size (n) for each group is denoted below each group.











Tropical forests did not have a significantly higher warming risk than other biomes (p = 0.4, Figure 2). The mean warming risks of biomes from highest risk to lowest risk were: tropical/subtropical grasslands, savannas and shrublands (-4.3°C), tropical/subtropical forests (-6.3°C), deserts and xeric shrublands (-7.0°C), temperate grasslands, savannas and shrublands (-7.6°C), montane grasslands and shrublands (-10.2°C), Mediterranean forests, woodlands and shrubs (-12.8°C), and temperate forests (-15.1°C). That is, by 2070 the average species from a Tropical Grassland will exist at temperatures only 4.3°C below their upper limit. In comparison, the average Temperate Forest species will experience temperatures 15.1°C cooler than their upper limit. The percentage of species within each biome facing temperatures higher than their maximum followed a similar trend to the mean warming risk. Twenty nine percent (19/65) of Tropical Grassland species will be at or above their upper germination limit by 2070, compared to 11% (7/62) of Tropical Rainforest species. In contrast, 26% (12/47) and 2% (4/172) of Temperate Grassland species and Temperate Forest species respectively will face temperatures higher than their maximum germination temperature.
There was a significant effect of seasonality on warming risk (p < 0.0001, Figure 4a). For every 0.08°C increase in the standard deviation of monthly mean temperatures, germination warming risk decreases by 1°C. However, there was no significant effect of annual temperature range on germination warming risk (p = 0.5, Figure 4b). There was a weak negative effect of percentage canopy cover on germination warming risk (p = 0.03, Figure 5). A species existing in an area with no canopy cover would likely experience temperatures 6.8°C below its maximum germination temperature by 2070, while a species in an area with 81% canopy cover would experience temperatures 10.6°C below its maximum germination temperature by 2070.
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	Figure 3. Regressions of warming risk (expected 2070 temperatures of the warmest three months minus maximum germination temperature) against: A. annual temperature range (the difference between the maximum temperature of the hottest month and the minimum temperature of the coldest month); B. seasonality (standard deviation of monthly mean temperature), and; C. percentage canopy cover (square root transformed). Darker points indicate lower standard error. The solid lines represent the results of models and dashed lines represent the confidence intervals of the models. Seasonality and the square root of percentage canopy cover both had a significant negative association with warming risk. Annual temperature range did not have a significant association with warming risk.
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Discussion 
European species face least risk, Australian species face most risk
Species from Europe have a significantly lower warming risk than do species from other continents (p < 0.0001, Figures 2a, b) and Europe is the only continent in our dataset not to have any species exceeding their upper limits by 2070. This is surprising, considering the high rates of warming expected for high Northern latitudes (Solomon et al., 2007). Other studies have found lower climate related risk in Europe, ascribing this to lower mean annual temperatures providing a buffer for warming temperatures (Urban, 2015).  However, similarly low risk was also found in North America (Urban, 2015) which we did not find - North American species had a higher risk at equivalent latitudes (Figure 2b). Therefore, if lower mean annual temperatures cannot explain low risk alone, other climatic and/or biotic factors must also be driving the low warming risk of European species. Temperature variation could be a potential mechanism, aligning with the negative correlation we found between seasonality and warming risk (Figure 3b), but more targeted research is needed to tease apart which factors are contributing to this lower risk. Regardless of what is causing European plant species to have a relatively low warming risk, we stress that there is no shortage of evidence that they are already experiencing the effects of climate change, such as changed phenology, altered ranges and disrupted biotic interactions (Aguirre‐Gutiérrez, Treuren, Hoekstra, & Hintum, 2017; Crabbe et al., 2016; Thuiller et al., 2005; Walther, 2003). In other words, low warming risk does not directly translate to safety from warming. 
Counter to our prediction, Australia did not have a lower average warming risk than other continents (Figure 2a), but instead had the highest proportion of species predicted to experience temperatures above their upper limit by 2070 (21%). Our results counter assumptions of relative safety of Australian species based on the variable climatic conditions they face (Orians & Milewski, 2007), instead aligning with the numerous studies which highlight the climate threats faced by Australian species (Hughes, 2003; Intergovernmental Panel on Climate Change, 2014; Kingsford & Watson, 2011). Further, our results are consistent with global modelling studies looking at extinction risk, which found that Australian and New Zealand species had amongst the highest risk (Urban, 2015). Yet there are also discrepancies, as Urban et. al. found high risk for South American species (2015) not evident in our data. While this mismatch could be explained by differences between risk profiles made by fundamental and realised data, it may also be due to under sampling of tropical latitudes in South America. Those regions with highest warming risk in Africa and Asia are predominately low latitude tropical ecosystems (Figure 1), and also the most understudied and under sampled regions (Pacifici et al., 2015). If we want to truly predict, and ultimately conserve, the regions and species most impacted by climate change, we need more targeted research outside the most studied and developed regions of North America, Europe (Pacifici et al., 2015).
Grasslands are more at risk than forests
Grasslands have a higher percentage of species at risk from future warming than do forest biomes (Figure 2c), and this is true in both tropical and temperate environments. While the threat of climate change to grassland ecosystems is well known (Buisson et al., 2019; Parr, Lehmann, Bond, Hoffmann, & Andersen, 2014; White et al., 2012), these biomes have received much less attention than forest ecosystems, especially in the tropics. A simple literature search revealed five times as many studies on forest species than grassland species overall, and this increased to 20 times as many for tropical studies (Supplement S2). Further, twice as many grasslands studies examine temperate biomes compared to tropical biomes, while the reverse is true for forests where twice as many forest studies examine tropical systems than temperate systems. While, a similar proportion of studies examine climate change irrespective of biome (Supplement S2), there is a clear lack of studies on tropical grasslands. Considering the high warming risk Tropical Grasslands will face (Figure 2c), their large ecological and economic importance (Bengtsson et al., 2019; Parr et al., 2014), and how understudied they are (Parr et al., 2014), more research and targeted conservation in these areas is urgently needed.
We predicted that warming risk would increase with canopy cover because of the buffering effect of canopies De Frenne et al., 2019), effectively allowing the persistence of species with lower maxima relative to air temperature (De Frenne et al., 2013). But instead we found the opposite - that higher canopy cover is instead associated with species with an inherent lower risk (Fig 3c). This means that the temperature buffer of forests (De Frenne et al., 2021) is acting on top of an already reduced warming risk. It can then be inferred that the warming risk difference between grassland species and forest species may be even greater at the microclimate level - that is the temperature that seeds are actually experiencing. This is especially important when we consider the forecasted shifts from tropical forests to tropical grasslands and savannas (Sales et al., 2020), along with the ongoing threats of deforestation, monocultures and degradation in these biomes (Malhi et al., 2014; Parr et al., 2014; Tabor et al., 2018). Almost all research on species’ vulnerability to climate change (including our own) uses temperature data from the air or canopy (Lenoir et al., 2017), because microclimate level and soil temperature data are simply not available at a global scale (De Frenne et al., 2013). This is currently being addressed (see Lembrechts et al., 2020), and future work would benefit by matching thermal tolerances (especially of seeds) with microclimate data. 
The variability of “Temperature variation” 
We tested two measures of temperature variation with contrasting results. Increasing seasonality (standard deviation of monthly mean temperature) was associated with lower future warming risk, supporting well established predictions in the literature (Sheldon et al., 2018). However, there was no effect of temperature range (difference between hottest and coldest yearly temperatures) on future warming risk. Arguably, this null result is more interesting, as the mechanistic reasoning underpinning the relationship between temperature variability and climate risk would predict a stronger relationship of warming risk with temperature range than with seasonality (Sheldon et al., 2018; Vázquez & Stevens, 2004). Having not found that association, the underlying assumptions warrant further examination, specifically: that lower temperature variability leads to narrower temperature tolerances; and that these narrower temperature tolerances lead to higher warming risk. On the first assumption, there is surprisingly mixed evidence that thermal tolerances are correlated with temperature variability. For example we know that temperature tolerance breadth does not correlate with latitude (a strong correlate of temperature variation; Vázquez & Stevens, 2004) for plants or mammals (Khaliq et al., 2014; Sentinella et al., 2020) while there is an association with ectotherms and birds (Deutsch et al., 2008; Khaliq et al., 2014). On the second assumption, the evidence is not clear. Higher warming risk is the difference between a species' thermal maximum and future temperature, so thermal minimum and tolerance breadth should have no effect on warming risk. Any change in warming risk from temperature variability can therefore be reduced to the effect on thermal maxima, which we know have strong evolutionary constraints (Sandblom et al., 2016). Overall, the lack of clear understanding of how temperature variation will influence climate risk may lie in how we measure and interpret variability. Temperature variation can act on wide range of different spatial and temporal scales (Trew & Maclean, 2021), so, while we confirm that seasonality is a predictor of climate risk, more careful analysis is needed determine the exact mechanisms underpinning this association.  
This paper has revealed many surprising and previously unrecognised patterns in the global distribution of species’ warming risk under climate change. Many of the factors that we thought would decrease species risk, such as having evolved in regions where plants are exposed to a wide range of temperatures, and growing in regions with high canopy cover, do not appear to protect species at all. The much lower level of risk faced by European than North American species is also a surprise, and points to the importance of other, as yet unidentified variables shaping warming risk. Increasing our understanding of the mechanisms underpinning these broad scale patterns is a high priority for future research.
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