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 12 

A primary goal of biodiversity research is to uncover the processes acting in space and time 13 

to create the global distribution of species richness. However, we currently lack an 14 

understanding of how recent versus ancient biodiversity dynamics shape patterns of 15 

diversity for most groups. Here, we introduce a method to partition lineage turnover into 16 

recent and ancestral components, and use it to identify hotspots of turnover at the global 17 

scale for 8,296 bird species. Counter	to	the	tropical	niche	conservatism	hypothesis, we 18 

find extra-tropical regions such as Greenland and the Sahara are hotspots of ancestral 19 

turnover, while areas with high climatic variation such as (sub)tropical mountains and 20 

biome transitions are recent turnover hotspots. We can now quantify the relative 21 

contribution of contemporary and ancient lineage dynamics to assemblage structure, which 22 
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enables future research to explore the processes generating earth’s diversity in a more 23 

temporally-explicit framework.  24 

 25 

The global distribution of species richness, abundance and traits is increasingly well-known for 26 

many groups1–4, but the mapping of processes driving these patterns at large scales is in its 27 

infancy5. Uncovering the spatial structure of processes such as speciation, extinction and 28 

dispersal can help solve debates about how lineage dynamics at different timescales create 29 

observed patterns6,7, and how these processes vary across the surface of the earth5,8. In addition, 30 

such information could be used to inform conservation efforts that work to safeguard the creation 31 

of future biodiversity by preserving key areas where biodiversity generation is ongoing, or where 32 

unique lineages exist9,10. However, it has historically been difficult to determine the influence of 33 

past versus recent events on the structure of regional biotas and local assemblages11,12, leading to 34 

several ongoing debates, for example about the formation of hyper-diverse regions such as the 35 

Andes and the Amazon13. 36 

 37 

Disentangling the influence of recent versus past events is crucial because it is increasingly 38 

understood that current diversity patterns are the result of processes acting at both recent and 39 

ancient time periods14. This is reflected in the museum versus cradle debate about the role of 40 

reduced extinction rates versus increased speciation rates as the primary source of regional 41 

diversity, and debates about the role of tectonic uplift and biome transitions as generators of 42 

environmental heterogeneity and diversity gradients3,7,8,12,15,16. Despite the need for a more 43 

temporally explicit view, many studies addressing these debates have relied on species-based 44 
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approaches which ignore evolutionary history, or examine biodiversity patterns in aggregate as 45 

opposed to focusing on the role of specific time periods.  46 

 47 

One potentially powerful way to infer the processes shaping diversity is to quantify the spatial 48 

turnover of relatedness among assemblages across locations17,18. High levels of recent speciation, 49 

either locally or in lineages that disperse to an assemblage, or large differences between 50 

assemblages in present day climate, should tend to increase phylogenetic turnover in more recent 51 

lineages. In contrast, ancient speciation events, vicariance, and deep-time climatic changes 52 

should tend to increase the turnover of older lineages among sites19. However, existing 53 

phylogenetic turnover approaches average across many different time periods, possibly 54 

obscuring the effect of processes acting in different eras. In addition, existing metrics are 55 

sensitive to either recent or deep divergences, but not both, and studies employing these 56 

approaches are often limited in geographical and taxonomic scope12,19,20.   57 

 58 

Partitioning	lineage	turnover	59 

To gain new insights into biodiversity dynamics across evolutionary time scales, we introduce a 60 

method to partition the spatial turnover of assemblages into two additive components, which 61 

represent recent versus ancient assemblage change (Fig. 1). This approach can therefore be used 62 

to identify specific regions where more modern versus deep-time dynamics may be structuring 63 

diversity most strongly. We use this method to identify global hotspots of lineage turnover for 64 

both recent and ancestral components by mapping mean turnover between neighboring 1-degree 65 

cells, using birds (class Aves) as a focal clade. We then ask how patterns of recent and ancestral 66 

turnover and the hotspots we identify are shaped by climate, earth surface topography and the 67 

evolutionary structure of assemblages. We predict that areas of recent turnover will be found in 68 
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tectonically active regions such as uplifting mountain ranges3,15, and that ancestral turnover will 69 

be strongest in the tropics, because many lineages originated in and subsequently dispersed from 70 

these regions16,21. Finally, as a global test of the biome conservatism hypothesis22, we predict that 71 

transitions between biomes and zoogeographic realms (sensu Holt et al. 2013) will favor elevated 72 

turnover of both partitions.  73 

 74 

Our method to partition turnover along the phylogenetic scale consists of three main steps (Fig. 75 

1, see ‘Methods’). First, given a phylogeny encompassing two assemblages being compared, a 76 

threshold is chosen that represents the phylogenetic depth separating older from more recent 77 

portions of the tree. The recent segment is then created by collapsing to zero branch lengths older 78 

than the threshold, i.e. closer to the root of the phylogeny (Fig. 1B), and the ancestral segment is 79 

created by collapsing to zero branch lengths younger than the threshold, i.e. closer to the tips 80 

(Fig. 1C). Finally, recent (pβRecent) and ancestral (pβAncestral) phylogenetic turnover fractions are 81 

calculated as the non-shared branch length in either the recent or ancestral segments (red and 82 

blue-colored branches in Fig. 1B, 1C), divided by the total branch length connecting both 83 

assemblages. Larger fractions indicate higher lineage turnover between two assemblages and 84 

smaller fractions signify lower turnover. Using this method, we can now determine if turnover is 85 

due to losses or gains of recently-diverged or deeper-diverging clades, and the relative influence 86 

of each. When mapping turnover, we used the recent and ancestral fractions that then sum to the 87 

total turnover at a given location, which may be higher or lower depending on the region. 88 

 89 

Using a comprehensive phylogeny of all birds (see ‘Methods’), we evaluated a series of 90 

thresholds to demarcate recent from ancestral turnover. We found results were largely the same  91 
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Figure 1 | Partitioning lineage turnover into recent and ancestral components. Visualization 
of total, recent and ancestral phylogenetic turnover, calculated as the fraction of total branch 
length (all colors) found only in a single assemblage (either red or blue branches) for the entire 
phylogeny (a) and more recent (b) versus more ancient (c) parts of a shared phylogeny (see 
‘Methods’). Assemblage membership is denoted with red circles or blue triangles and the 
phylogeny links all species in both assemblages. The location of the partition threshold used in 
this example, at a depth of 1myr, is denoted with T.  
 
when an intermediate value was chosen (5myr), versus when older (10myr) or more recent 92 

(0.5myr) thresholds were used (Extended Data Fig. 1 and see 'Methods'). Therefore, we chose to 93 

use 5myr as a threshold, which also corresponds to the period of highest diversification in this  94 

group24. However, the most appropriate threshold will depend on the groups under study, and 95 

could also be chosen to correspond to geological or biological events thought to strongly 96 

influence diversity (e.g. Bacon et al. 2015). We measure phylogenetic turnover via the UniFrac 97 

metric18, the phylogenetic analog of Jaccard dissimilarity. However, our method can be applied 98 

to any turnover metric that relies on branch lengths. We focus here on birds because they are 99 

ecologically important and intensely-studied, and thus taxonomic, distribution and phylogenetic 100 

information is essentially complete for all known species24. Finally, we quantified the effect of 101 
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environmental heterogeneity and topographic complexity on recent and ancestral turnover using 102 

global-scale climatic and topographic data (see ‘Methods').  103 

 104 

Results and discussion 105 

Using our partitioning method, we discovered global hotspots of recent and ancestral turnover 106 

that occur in largely non-overlapping geographic and environmental space (Fig. 2). Surprisingly, 107 

the Sahara, Middle East and Greenland are all hotspots of ancestral turnover, while in contrast 108 

mountainous regions such as the Andes, East Africa and the Himalayas are hotspots of recent 109 

turnover (Fig. 2A, Extended Data Fig. 3). Our results clarify earlier work which identified 110 

similar regions of high turnover in birds26,27 by uncovering the phylogenetic scales that most 111 

strongly structure this turnover. One explanation for these results is a large-scale geographic 112 

gradient in speciation, because variation in this process should leave imprints in the phylogenetic 113 

structure of assemblages5,28. Despite much spatial variation, the ancestral turnover fraction is on 114 

average higher than the fraction of recent turnover (Extended Data Fig. 3, pβAncestral: mean=0.11, 115 

s.d.=0.09, range=0-0.79; pβRecent: mean=0.03, s.d.=0.02, range=0-0.16). In addition, several 116 

regions are hotspots of both forms of turnover. The existence of ‘double hotspots’ in tropical and 117 

subtropical mountain ranges such as the Andes and Himalayas, suggests species rich regions 118 

achieve their exceptional diversity by being both museums and cradles of diversity3,29,30.  119 

 120 

Counter to hypotheses of tropical niche conservatism and the ‘tropics as museum’31, ancestral 121 

turnover hotspots are not primarily located in the tropics, but are in climatically-extreme, 122 

species-poor regions such as North African and Middle East deserts, and Greenland (Fig. 2, 123 
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Figure 2 | Global distribution of turnover hotspots. (a) Geographic distribution of ancestral 
and recent turnover hotspots. Hotspots of both forms of turnover are shown in purple and all 
other areas (non-hotspots) are in tan. (b) Richness as a function of ancestral and recent turnover, 
fit via third degree polynomials due to non-linearity of the response. Points with x-axis values 
within hotspots are colored according to the corresponding hotspot type. (c) Distribution of 
recent and ancestral turnover hotspots in climatic and topographic space. See Extended Data Fig. 
2 for PC axis loadings, and Extended Data Fig. 3 for continuous maps of the turnover partitions. 
 

Extended Data Fig. 4). However, these patterns could potentially arise via tropical niche 124 

conservatism, if high ancestral turnover is shaped by independent colonizations of species 125 
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tolerant of extreme climates from disparate branches of the phylogeny. Another, non-mutually 126 

exclusive explanation is that turnover in species-poor regions is high because small numbers of  127 

species differing among localities creates large proportional turnover26. Indeed, we find tree 128 

topology, a metric incorporating species richness, phylogenetic diversity and tree depth, is a 129 

better predictor of ancestral turnover than either climate or topography (Fig. 3A, see 'Methods'). 130 

This richness effect may also partly explain why Greenland is a hotspot of ancestral turnover 131 

(Extended Data Fig. 5, Gaston et al. 2007, Barnagaud et al. 2017). Future, targeted work in 132 

specific regions could clarify the roles of niche conservatism and colonizations on species 133 

turnover and richness.  134 

 135 

We find that climate and earth surface topography both influence turnover, but the relative 136 

importance of each differs between recent and ancestral partitions (Fig. 2C, Fig. 3). For example, 137 

ancestral hotspots occur in climatically-extreme environments, occupy a smaller fraction of topo-138 

climatic space compared to recent turnover hotspots, and are found in two distinct areas of this 139 

space (Fig. 2C). This suggests that unproductive regions such as deserts and the Arctic can be 140 

hotspots of lineage turnover, unlike biodiversity hotspots (sensu Myers et al. 2000) which are 141 

primarily in highly-productive, tropical regions. In contrast to ancestral hotspots, hotspots of 142 

recent turnover are primarily distributed across tectonically-active regions such as the mountain 143 

chains of the Andes, East Africa and the Himalayas (Fig. 2A). Recent turnover hotspots also 144 

span a much larger area of topo-climatic space than ancestral hotspots, and are generally found 145 

on the margins of this space, in particular wet, warm, high elevation regions such as tropical 146 

mountains (Fig. 2C). Our findings contribute to an emerging consensus about the role of climatic 147 

heterogeneity, in particular across elevation, in generating global diversity patterns2,3,34.  148 
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Figure 3 | Physical and biotic drivers of turnover. (a) Relative importance of physical and 
biotic factors for predicting total, ancestral and recent turnover; +/− indicates direction of effects. 
Principal component (PC) axes used in the analysis are plotted in geographic space for each 
assemblage: (b) climate, (c) tree topology, integrating species richness, phylogenetic diversity 
and tree depth (see ‘Methods’), and (d) land surface topography (Extended Data Fig. 2).  
 

 149 

Our hotspot map reveals that transitions between biomes and zoogeographic realms are often 150 

areas of high phylogenetic turnover, particularly of recent lineages. For example, several major 151 

turnover hotspots are in transition zones between grasslands and deserts in North Africa, plains 152 

and mountains in South Asia, and along the Isthmus of Panama separating North and South  153 

America (Fig. 2A). This serves as an independent test of the biome conservatism hypothesis, 154 

which posits that broad evolutionary conservatism acts at the broad climatic scale of biomes to 155 

structure assemblages7,35. Our results call for additional studies into the role of transitions 156 

between biomes and zoogeographic realms in generating the spatial distribution of  157 

diversity9,22,30, especially as biomes are shifting due to anthropogenic impacts36.  158 
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 159 

Emerging evidence suggests that large-scale gradients in species richness may be influenced by 160 

gradients in species turnover, yet large-scale tests are few and results can differ based on the 161 

choice of metric30,37,38. Here, we find areas of high avian richness are associated most often with 162 

hotspots of recent turnover (Fig. 2A&B, Extended Data Fig. 4) and are found in biodiversity 163 

hotspots (sensu Myers et al. 2000). This suggests that high species turnover, in particular of more 164 

recent clades, contributes to richness gradients at large scales. However, the global relationship 165 

between species richness and recent turnover is weak (R2=0.02, df=12,495, P < 2.2x1016), though 166 

ancestral turnover is more predictive of richness (R2=0.38, df=12,495, P < 2.2x1016). As 167 

mentioned previously, some regions of high ancestral turnover such as the Sahara and Greenland 168 

are also hotspots of recent turnover. This suggests a possible role for high recent speciation rates 169 

in these areas28, though other factors such as immigration are likely important.  170 

 171 

Though we found several new global diversity patterns, care needs to be taken when interpreting 172 

results- for example some turnover metrics may be influenced by local or regional richness38. To 173 

test for an influence of richness on our results, we compared geographic patterns in residuals of 174 

regressions of both ancestral and recent turnover against richness (see ‘Methods’). Counter to 175 

expectations if local richness was largely shaping our results, we find strong patterns in the 176 

residuals- for example many of the same areas identified as hotspots also had greater than 177 

expected turnover given their richness (Extended Data Fig. 6). In addition, we removed the 178 

bottom 10th, 25th and 50th percentile of assemblages by richness and recalculated turnover 179 

hotspots using the remaining regions (see ‘Methods’). We find the Greenland hotspot is largely 180 

removed without areas in the poorest 10th percentile, and the Sahara and Middle East hotspots 181 
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are partially removed after areas in the bottom 25th percentile are removed (Extended Data Fig. 182 

7). Taken together, it appears the patterns of turnover identified here are not strongly influenced 183 

by local richness, but that, as noted earlier, hotspots of ancestral turnover are often in species-184 

poor regions of the globe.  185 

 186 

Combined, our results suggest that diversity in many regions of the globe is influenced more by 187 

recent than ancient dynamics, though both appear to be important for exceptional, hyper-diverse 188 

regions such as the Andes and the Himalayas3. Therefore, a steep reduction in human impacts in 189 

these areas is needed to maintain processes generating biodiversity now and into the future9. In 190 

addition, our results argue for the conservation of high turnover, low diversity hotspots such as 191 

the Sahara and Greenland, which are not currently classified as biodiversity hotspots but may be 192 

particularly sensitive to global change36. Using our approach, we provide both a global map of 193 

the recent and ancestral lineage structure of avian assemblages, and a foundation for further 194 

examination into the processes structuring species diversity in space and time.  195 
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METHODS 296 

Partitioning turnover into recent and ancestral components  297 

To infer the relative importance of more modern and deep-time processes shaping assemblages, 298 

we developed a method which partitions phylogenetic turnover into recent and ancestral 299 

components. Our method is a significant advance over existing phylogenetic β diversity metrics, 300 

as single metrics tend to emphasize either recent or deep-time turnover19, making comparisons 301 

between metrics difficult. It is also an advance compared to phylogenetic tree scaling methods 302 

via delta transformations39, that are now being used in β diversity studies40,41. This is because 303 

existing methods weight either recent or ancestral sections of the tree when calculating turnover, 304 

without completely removing the influence of one time period when quantifying turnover in the 305 

other. Our method can be applied to any β diversity metric that uses branch lengths, however for 306 

this study we chose to partition a widely-used phylogenetic analog of Jaccard dissimilarity, the 307 

UniFrac metric18: 308 

pβUniFrac  =  
B  +  C

A  +  B  +  C
  (1), 

where given two assemblages 𝑗 and 𝑘, the sum of branch lengths shared between 𝑗 and 𝑘 is given 309 

by 𝐴, the sum of branch lengths found in assemblage 𝑗 but not in assemblage 𝑘 is denoted with 310 

𝐵, and the sum of branch lengths found in assemblage 𝑘 but not in assemblage 𝑗 is denoted with 311 

𝐶. Summing 𝐵 with 𝐶 and dividing by the total branch length or phylogenetic diversity (𝑃𝐷!"!#$, 312 

or  𝐴 + 𝐵 + 𝐶) yields the non-shared, or unique, fraction of branch length (Fig. 1A). As with 313 

Jaccard dissimilarity, larger fractions indicate higher turnover between two assemblages.  314 

 315 
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To create the two additive recent and ancestral turnover partitions we apply a threshold at 316 

phylogenetic depth 𝑇 (units: myr) to the total phylogeny of both assemblages, dividing the tree 317 

into two parts (Fig. 1B&C). The ancestral segment of the phylogeny is made by collapsing all 318 

branch lengths younger, i.e. closer to the tips, than 𝑇 to zero, and this truncated tree is then used 319 

to calculate the same quantities 𝐵 and 𝐶 as above using only the ancestral phylogeny: 320 

pβAncestral  =  
BA

T   +  CA
T

A  +  B  +  C
 (2), 

where 𝐵%& is the sum of branch lengths in the ancestral phylogeny made with threshold 𝑇 that are 321 

found in assemblage 𝑗 but not in assemblage 𝑘, and 𝐶%& is the sum of branch lengths in the 322 

ancestral phylogeny made with threshold 𝑇 found in assemblage 𝑘 but not in assemblage 𝑗. All 323 

other quantities are the same. Then, as for UniFrac, the non-shared branch length in the ancestral 324 

phylogeny is divided by the total branch length to yield the ancestral turnover fraction. Next, the 325 

recent phylogeny is produced by collapsing all branch lengths older, i.e. closer to the root, than 𝑇 326 

to zero and the quantities 𝐵 and 𝐶 are calculated: 327 

pβRecent  =  
BR

T  +  CR
T

A  +  B  +  C
 (3), 

where 𝐵'& is the sum of branch lengths in the recent phylogeny made with threshold 𝑇 that are 328 

found in assemblage 𝑗 but not in assemblage 𝑘, and 𝐶'& is the sum of branch lengths in the recent 329 

phylogeny made with threshold 𝑇 found in assemblage 𝑘 but not in assemblage 𝑗. Finally, the 330 

quantities are used to calculate recent turnover in the same way as is done for ancestral turnover. 331 

Importantly, the turnover values of the two partitions sum to total turnover as obtained with the 332 

UniFrac metric:  333 
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pβTotal = 	pβAncestral 	+ 	pβRecent  (4). 

Finally, to remove assemblages without sufficient phylogenetic history to partition, we set a 334 

minimum tree depth, or oldest node, of 10myr for the combined phylogeny of both assemblages 335 

in each pairwise comparison.   336 

 337 

Distribution data 338 

We obtained range polygons for a total of 9,655 bird species from the BirdLife International 339 

database42, which represents the current best estimate of global distributions from a consensus of 340 

many sources. Unlike previous studies (e.g. Barnagaud et al. 2017), we chose to retain 341 

widespread and transient species such as shorebirds and birds of prey because our goal was to 342 

quantify the total assemblage turnover of all species in all regions. To determine the composition 343 

of each local assemblage we aggregated range polygons into 1-degree cells by finding all species 344 

with ranges overlapping that cell. Cells with fewer than seven adjacent neighbors were removed 345 

to ensure a similar area was compared for each turnover calculation. This resulted in the removal 346 

of small islands and areas at the margins of continents, and a total of 12,499 remaining cells.   347 

 348 

Phylogenetic relationships 349 

We used the Time Tree of Life database43 to obtain a complete phylogenetic hypothesis for all 350 

bird species. The phylogeny was constructed by mapping many individual molecular 351 

phylogenies and divergence data onto a backbone tree based on community consensus; see 352 

Hedges et al. (2015) for additional information about construction methods. Of the 9,655 bird 353 

species with mapped ranges, 86% had phylogenetic information, which yielded a total of 8,296 354 

focal species. For each assemblage (1-degree cell) we calculated phylogenetic diversity as the 355 
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total branch length connecting all species in the phylogeny44 and tree depth as the age of the 356 

oldest node in the phylogeny. We then created an integrated variable describing the evolutionary 357 

structure, or tree topology, of each assemblage using the first axis of a principal component 358 

analysis (PCA) combining richness, phylogenetic diversity and tree depth (Extended Data Fig. 359 

2B), which explained 78% of the total variation. This allowed us to assess the influence of 360 

regional species diversity and phylogenetic topology on turnover fractions38,45.  361 

 362 

Climatic and topographic data 363 

To quantify the influence of climate and earth surface topography on turnover partitions, we 364 

compiled climatic data from the CHELSA database46 and topographic data from the EarthEnv 365 

database47, which is derived largely from the USGS Global Multi-resolution Terrain Elevation 366 

Data source48. We focused on six key topo-climatic attributes, namely mean annual temperature 367 

and temperature seasonality, annual precipitation and precipitation seasonality, and finally 368 

elevation and total elevational range. To match the geographic scale at which turnover is 369 

calculated (see ‘Mapping turnover hotspots’ below), attribute values for each cell were 370 

calculated as the average of the focal cell and all 7-8 neighboring cells. We then used PCA to 371 

create two major axes of climatic and topographic variation (Extended Data Fig. 2A) for use in 372 

further analyses, which together explained 65.7% of the total variation.  373 

 374 

Mapping turnover hotspots 375 

We mapped turnover components in space by first calculating total, recent and ancestral turnover 376 

between each focal cell and the 7-8 neighboring cells around it, i.e. the Queens’s case. Then, the 377 

7-8 pairwise turnover calculations were averaged into a single value for each cell (Extended Data 378 
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Fig. 3). Next, in order to map the hotspots, we identified cells with turnover in the 90th percentile 379 

globally for ancestral and recent turnover separately, and designated these high turnover areas as 380 

hotspots of ancestral or recent turnover, respectively. We then overlaid these two sets of focal 381 

cells to create the global turnover hotspot map (Fig. 2A) which includes four categories: i) 382 

ancestral turnover hotspots, ii) recent turnover hotspots, iii) hotspots of both ancestral and recent 383 

turnover and iv) non-hotspot regions with turnover in the 0-90th percentile for both recent and 384 

ancestral partitions. Finally, we plotted turnover hotspots in bivariate space using the climatic 385 

and topographic PC axis scores for each cell (Fig. 2C). 386 

 387 

Modeling drivers of turnover 388 

To test our hypotheses about how recent and ancestral turnover may influence bird richness 389 

globally, we modeled richness as a function of each turnover component separately (Fig. 2B). 390 

Richness was log-transformed and ancestral and recent turnover were logit-transformed prior to 391 

analysis. Due to non-linearity of the relationships a third-degree polynomial fit was used. In 392 

addition, we implemented a multivariate modeling framework to understand the relative 393 

importance of climate, tree topology, and earth surface topography for predicting phylogenetic 394 

turnover, and its recent and ancestral components. To do this we used the total, ancestral and 395 

recent turnover values of each cell as the response, and the corresponding PC axis values of 396 

climate, topography (see ‘Climatic and topographic data’ and Extended Data Fig. 2) and tree 397 

topology (see ‘Phylogenetic relationships’ above) as predictors. To quantify the relative 398 

importance of each predictor in explaining the total variance of each model we used the lmg 399 

method of hierarchical partitioning49, as implemented in the ‘relaimpo’ R package50.  400 

 401 
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Controlling for richness  402 

The extent to which turnover is influenced by richness is a subject of ongoing debate38,51. 403 

However, it is thought that metrics comparing a single pair of assemblages, such as Jaccard 404 

dissimilarity or UniFrac, are less influenced by richness than so-called ‘classical’ metrics which 405 

include regional or Ɣ diversity in the calculation51. Nevertheless, to examine any influence of 406 

variation in species richness on our results, we mapped in space the residuals from a regression 407 

of both ancestral and recent turnover against the richness of each 1-degree cell (Extended Data 408 

Fig. 6), logit-transforming both turnover components and log-transforming richness values prior 409 

to fitting the model. If geographic variation in turnover was due mostly or entirely to variation in 410 

species richness, we would expect no consistent spatial patterning in the residuals, however this 411 

was not the case and strong patterns were observed.  412 

 413 

Influence of species-poor regions 414 

To further explore the effect of species richness on the spatial distribution of turnover hotspots 415 

(see also ‘Controlling for richness’ above), we systematically removed the most species-poor 416 

cells and used the remaining cells to recalculate and remap hotspots of turnover for three lower 417 

bound values (Extended Data Fig. 7). We first removed cells in the bottom 10th percentile by 418 

richness, next the bottom 25th and finally the bottom 50th percentile- i.e. cells containing less than 419 

21, 76 and 129 species, respectively. If species-poor cells do not influence the size and location 420 

of the turnover hotspots, we would expect little or no change in the configuration of hotspot 421 

regions as species-poor cells are removed, such as those in the bottom 10th percentile. However, 422 

it is expected that some changes will occur in the configuration of hotspots once larger numbers 423 

of cells are removed, such as all those below the 25th and 50th percentiles.   424 
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 425 

Effect of varying threshold depth 426 

To test for an effect of the phylogenetic age at which the tree is divided into recent and ancestral 427 

portions, i.e. the chosen threshold depth 𝑇, we recalculated ancestral and recent turnover for each 428 

cell using two additional threshold values (Extended Data Fig. 1). First, we used a more inclusive 429 

threshold of 10myr to define the recent partition (0-10myr), as compared to the 5myr threshold 430 

used in the main analyses. Second, we used a less inclusive threshold of 0.5myr, in which branch 431 

length from 0-0.5myr was considered recent turnover. If choice of threshold depth has a strong 432 

influence on the results, we would expect to see different spatial patterns of turnover among the 433 

three threshold values. However, the patterns were nearly identical except that the maximum 434 

value of recent turnover decreased, and ancestral turnover increased, as the threshold approached 435 

zero (i.e. modern day, Extended Data Fig. 1). All analyses were performed in R 4.0.152.   436 

 437 

Data availability  438 

Bird range and phylogenetic data used in this study are available from the BirdLife International 439 

(http://datazone.birdlife.org/species/requestdis) and TimeTree (http://www.timetree.org) 440 

databases, while climatic and topographic data are available from the CHELSA (https://chelsa-441 

climate.org) and EarthEnv databases (http://www.earthenv.org/topography).  442 

 443 

Code availability  444 

Code used to calculate recent and ancestral turnover will be archived in a Dryad digital 445 

repository (datadryad.org) under a CC0 1.0 Universal Public Domain Dedication license, and is 446 

available to editors and referees on request, as is all code used to generate the results.   447 
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EXTENDED DATA 
 
 

 
 
 
Extended Data Figure 1 | Effect of threshold depth on turnover partitions. Ancestral and 475 
recent turnover recalculated using a more temporally inclusive threshold (T) of 10myr to define 476 
the recent partition, and a less-inclusive threshold of 0.5myr. Note spatial patterns of turnover 477 
remain largely the same for both partitions at all values of the threshold. However, as T 478 
approaches zero from the top row to the bottom row, the maximum value of ancestral turnover 479 
(pβAncestral) increases and the maximum value of recent turnover (pβRecent) decreases.  480 
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Extended Data Figure 2 | Major axes of variation in climate, topography and tree topology. 481 
(a) Principal component axes representing macroclimatic (PC1) and topographic variation (PC2). 482 
(b) Tree topology measure (PC1), calculated for each 1-degree cell. The measure integrates 483 
species richness (alpha), phylogenetic diversity (PD)- total branch length connecting all species- 484 
and tree depth, the total divergence time between root and tip of an assemblage phylogeny.  485 
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Extended Data Figure 3 | Maps of continuous ancestral and recent turnover. Maps of single 486 
turnover partitions used to define the global turnover hotspots using a threshold of 5myr. Note 487 
the smaller maximum value of recent (pβRecent) compared to ancestral (pβAncestral) turnover.  488 
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Extended Data Figure 4 | Global bird richness patterns. Richness values were calculated by 489 
aggregating range maps into 1-degree cells. Note the high richness of tropical and subtropical 490 
mountainous regions, as well as Amazonian lowlands.  491 
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Extended Data Figure 5 | Influence of species-poor assemblages on ancestral turnover. As 492 
shown here for Greenland, several regions of high ancestral turnover (pβAncestral) are species-poor 493 

and adjacent to areas of higher richness. (a) Greenland map with colors corresponding to 494 
turnover hotspots. White inset shows the focal area (b) containing a horizontal grid cell transect 495 
(black rectangle), for which the total, ancestral and recent turnover (pβ), and richness of the 12 496 
cells is plotted left to right along the transect (c). (b) Colors within each cell are ancestral 497 
turnover values and numbers within cells indicate richness.   498 



 

 
 

31 

 

 
 
 
Extended Data Figure 6 | Effect of local richness on turnover partitions. Residuals of 499 
regressions between turnover components and richness (insets) for each 1-degree cell plotted in 500 
geographic space. Colors correspond to positive (red) and negative (blue) residual values. Note 501 
strong geographic structure in residuals for both components.   502 
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Extended Data Figure 7 | Effect of removing low diversity cells on turnover hotspots. Cells 503 
below a given percentile (10th, 25th, and 50th) were removed, and recent (pβRecent) and ancestral 504 
(pβAncestral) hotspots were recalculated and plotted as in the main text (a-c).     505 


