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Abstract 25 

For decades, molecular clocks that rely on one or a few genes have been employed to 26 

quantify evolutionary rates (e.g., anagenesis) or to help date important phylogeographic 27 

events (e.g., vicariance). Genome-wide clocks remain largely unexplored, and the degree 28 

to which genome-wide divergence scales with time is still unknown in most vertebrates. 29 

Here, we expand the concept of the molecular clock to entire genomes by calibrating both 30 

nuclear and mitochondrial clocks. We do so in ~700 congeneric tetrapod species pairs 31 

using distance estimates from pairwise genome alignments and best estimates of time 32 

since divergence. We find that divergence time is the dominant and most consistent 33 

predictor of genome-wide divergence, with both mitochondrial and nuclear clocks scaling 34 

log-linearly with time. Because our genomic clocks average across entire genomes, they 35 

have the ability to smooth over locus-specific variance. The two clocks complement each 36 

other temporally, with nuclear clocks being most reliable at deeper divergence times (>5 37 

MYA) and mitochondrial clocks effectively resolving shallower divergence times (<5 38 

MYA). Calibration at narrower taxonomic scales improves accuracy, as illustrated by our 39 

Order-level clocks that reflect known biological differences among clades (i.e., life 40 

history pace). When applied as diagnostic tools, the clocks recover known cryptic species 41 

complexes (e.g., mustached bats) and biological phenomena such as mitochondrial 42 

capture (e.g., rock lizards), establishing their utility in flagging candidate species groups 43 

for additional evolutionary analyses and/or taxonomic reevaluation.  44 

Significance Statement 45 

Genome sequencing rates have surpassed the rate at which systematists can designate 46 

taxonomies, yet biologists have not yet developed and embraced robust methods to 47 

evaluate genomic similarity and dissimilarity among species pairs in the context of their 48 

taxonomic relatives. By leveraging publicly available DNA sequence data from both 49 

nuclear and mitochondrial genomes, we calibrate general-purpose molecular clocks for 50 

most vertebrates. The two clocks tick at complementary rates (the mitochondrial clock 51 



faster, the nuclear clock slower) and we use them to demonstrate their potential to 52 

systematically flag cryptic, misclassified, and/or unusual species.  53 
 54 
Main Text 55 
 56 
Introduction 57 
 58 
The comparison of both protein and DNA sequence divergence has long been used to 59 

estimate rates, timing, and drivers of evolutionary change. The molecular clock 60 

hypothesis posits that sequence differences accumulate in a roughly clock-like fashion 61 

over time (1). However, the rate of sequence divergence is heterogeneous among 62 

taxonomic groups, and the use of sequence divergence as a proxy for evolutionary 63 

divergence must be evaluated with lineage-specific molecular clocks (2). Mitochondrial 64 

genes were the basis of most original molecular clocks: with short sequences, rapid 65 

evolution due to small effective population sizes, and limited recombination, they formed 66 

the backbone of eukaryotic phylogenetics and species delineation (2, 3, 4). In 1998, Johns 67 

and Avise (5) used the mitochondrial cytochrome b gene to establish a “yardstick” of 68 

genetic dissimilarity for comparing taxonomic groups across the vertebrate tree, revealing 69 

relatively slow rates of sequence evolution in birds relative to reptiles and amphibians. 70 

Such foundational clocks were built from one or a few mitochondrial genes, but it 71 

remains unclear how genetic distance scales with time across the entire mitochondrial or 72 

nuclear genomes, how the rates of evolution actually differ between genomes with 73 

different effective population sizes, and whether the noise associated with locus-specific 74 

clock variance can be meaningfully reduced with genome-wide clocks.  75 

The last decade or two has ushered a rapid shift towards whole-genome sequence datasets 76 

for resolving phylogenetic relationships (6, 7) and for estimating lineage divergence 77 

times (8). The establishment of comprehensive molecular clocks for both nuclear and 78 

mitochondrial genomes would enable comparisons of divergence between the two 79 

genomes, but also among lineages where a comprehensive clock would help circumvent 80 

distortions that can occur when using single genes (9). With advances in both sequencing 81 

technologies and bioinformatics, whole-genome clocks are now within reach. To date, 82 



there are over 14,000 vertebrate nuclear genomes available from the NCBI, and rapid 83 

whole-genome alignment has made it possible to calculate genetic distance as genome-84 

wide nucleotide divergence (10, 11). The development of genome-wide clocks presents 85 

the opportunity for population genomics to inform theoretical population genetics with 86 

empirical estimates of evolutionary rates contrasted between the nuclear and 87 

mitochondrial genomes (where effective population sizes differ four-fold; 12). 88 

Additionally, this work enables systematic efforts by identifying taxonomic groupings 89 

that—based on genome sequence distances—are relatively over- or under-split. Such 90 

cases may be a) bookkeeping anomalies that require taxonomic revision and/or b) 91 

evolutionary anomalies that warrant further research to better understand the underlying 92 

biology (e.g., cryptic species). 93 

Interpreting genome-wide sequence divergence requires differentiating between the 94 

mutation rate and substitution rate. Mutation rate (µ) is the rate at which heritable 95 

changes emerge within a generation such that µ = !"#$#%&'(
(%#)(	+	,)')-$#%&'(

. Importantly, most 96 

mutations never become fixed; the substitution rate (k) is the rate at which mutations 97 

become fixed within a population such that k = .%/)0	0%..)-)'1)(
(%#)	+	#%!)

. Under neutral conditions, 98 

mutation rate and substitution rate are equal and independent of population size within a 99 

given molecule (i.e., nuclear or mitochondrial genome). While more mutations 100 

accumulate in larger populations, this is offset by the lower probability of fixation. 101 

Consequently, neutral substitutions accumulate linearly over time, forming the basis of 102 

the molecular clock. The accumulation of substitutions in two distinct lineages can be 103 

calculated as pairwise nucleotide distance (D). Under a neutral clock, 𝐷 = 	2𝑘𝑡, where t is 104 

the time since lineage divergence and the factor of 2 accounts for the independent 105 

substitutions accumulating in each lineage. Departures from the neutral clock arise due to 106 

molecule- and lineage-specific variations in germline mutation rates, generation times, 107 

and effective population size (Ne), which mediates the efficiency of selection versus drift 108 

(13, 14, 15).  109 

Our clocks are calculated as pairwise whole-genome nucleotide distance regressed 110 

against divergence time. We consider them to be calibrated tools that estimate the 111 

molecule-specific and clade-specific relationship between sequence divergence and time. 112 



There are many reasons why nucleotide substitutions form the basis of excellent clocks 113 

(e.g., the absolute number of available sites, ease of assessment, etc.), but they represent 114 

only one axis of genomic divergence. Structural variants (SVs) can also reshape nuclear 115 

genomes by elevating nucleotide divergence in rearranged or repetitive regions and 116 

sometimes by driving reproductive isolation (16, 17, 18). Because pairwise whole-117 

genome alignment measures substitutions only within homologous, collinear blocks, our 118 

nuclear genome divergence estimates are largely insensitive to this structural variation. 119 

We view the SV agnosticism of our method as a feature that isolates the roughly clock-120 

like signal of nucleotide substitution for three reasons. First, genome-wide clocks can 121 

quantify the variance in temporal resolution within and between each molecule. Second, 122 

they can evaluate taxa that differ in evolutionary age and substitution rate on a common 123 

scale (i.e. standard normal distribution), allowing for the direct comparison of realized 124 

genomic divergence across taxonomic groups. Third, they can estimate the expected 125 

pairwise divergence within a group such that taxa that fall outside the expected range can 126 

be flagged as candidates for closer inspection.  127 

Because molecular clocks describe the expected pairwise divergence of an operational 128 

taxonomic unit (OTU) given the time since a common ancestor, deviations from the clock 129 

occur when the underlying substitution rate changes. The rate of genomic divergence 130 

may shift dramatically between molecules (due to differences in mutation and 131 

recombination rates) or subtly with life history traits. For example, species with shorter 132 

generation times experience more germline mutations per unit time (19). Nuclear genome 133 

size is thought to be positively associated with DNA sequence divergence (20, 21), and 134 

body size is often negatively associated with sequence divergence because it is 135 

mechanistically tied to metabolic rate (22, 23). Consistent with these expectations, the 136 

per-generation germline mutation rate varies roughly 40-fold across vertebrates and is 137 

predicted by generation time, age at maturity, and fecundity, with species of larger Ne 138 

having lower mutation rates (14). Additionally, mitochondrial DNA evolves more rapidly 139 

due to higher mutation rates.  140 

The difficulty for any comparative test of life history traits is that they are not 141 

independent. Body size, generation time, metabolic rate, genome size, and Ne all covary, 142 



and each has strong phylogenetic signal in that closely related OTUs tend to share these 143 

traits (24). We therefore expect that after accounting for shared ancestry, lineage 144 

divergence time will be the most consistent predictor of genomic sequence divergence, 145 

and that the predictive power of individual traits will map to phylogenetic structure. In 146 

addition to establishing genome-wide clocks, quantifying the relative predictive power of 147 

different traits in different Classes will provide context for variation within, or deviations 148 

from, each clock. 149 

Tetrapods are a well-suited system in which to build and test genomic clocks. Many 150 

reference-quality genome assemblies exist thanks to coordinated efforts including the 151 

Vertebrate Genomes Project (25), making genome-wide divergence estimates possible for 152 

many pairs of molecules and OTUs. These contrasts exhibit variation in body size, 153 

generation time, genome size, metabolic strategy, and germline mutation rate, and 154 

taxonomic traits are well catalogued by multiple comprehensive databases. Additionally, 155 

tetrapods vary in genome architecture (e.g., birds have conserved karyotypes compared to 156 

mammals) (26, 27). By contrasting clocks, we critically test whether a nucleotide-level 157 

measure of divergence behaves consistently across molecules and lineages. Finally, time-158 

calibrated phylogenetic trees are available for many tetrapods, making it possible to 159 

account for shared ancestry when examining the relative predictive capacity of different 160 

traits.  161 

Here, we extend the concept of molecular clocks by examining whole-genome 162 

divergence in over 700 pairs of tetrapods. For each species pair, we aligned the nuclear 163 

genomes and calculated pairwise Kimura-2-parameter (k2p) nucleotide divergence, a key 164 

metric that corrects the observed proportions of differing sites for unobserved multiple 165 

substitutions and for the differing rates of transitions versus transversions (28). We then 166 

regressed log(k2p) on log(divergence time) obtained from TimeTree (29) to estimate 167 

Class-specific genomic clocks for birds, mammals, and reptiles. TimeTree derives 168 

divergence time estimates from thousands of independent, fossil-calibrated phylogenies, 169 

typically generated from a small number of loci. Amphibians were included in a pooled 170 

nuclear clock, and where sample sizes allowed, we calibrated Order-specific clocks as 171 

well. Using standardized z-scores, we examined deviations from our clocks as outlier 172 



case studies, demonstrating the utility of our clocks as diagnostic tools. In the best-173 

studied tetrapod Classes, birds and mammals, we compared the relative predictive power 174 

of different traits (divergence time, body size, generation time, genome size, clutch size, 175 

population density, geographic range overlap) and data characteristics (genome N50 and 176 

genome GC content) in explaining nuclear divergence using phylogenetic mixed models 177 

and variance partitioning. Finally, we repeated each analysis with an overlapping dataset 178 

of mitochondrial genomes, comparing the utility of nuclear and mitochondrial clocks 179 

across molecules, timescales, and taxonomy.  180 

Results and Discussion 181 
 182 
Nucleotide divergence accrues in a roughly clock-like fashion, yet its rate varies among 183 

molecules and lineages. By fitting the relationship between lineage divergence time and 184 

genomic sequence divergence, we present genome-wide clocks which function as a 185 

common scale for comparing divergence across molecules, taxa, and as a taxon-specific 186 

expectation that can be used to flag anomalous species pairs. Our central finding is that 187 

lineage divergence time is by far the strongest predictor of both nuclear and 188 

mitochondrial sequence divergence and that the effect of individual life history traits on 189 

genomic divergence is largely inseparable from the effect of shared ancestry.  190 

Genome-wide clocks recover a time-dependent signal in tetrapods 191 

After filtering, the nuclear clock was calibrated with 409 bird, 245 mammal, and 44 192 

reptile pairs. The mitochondrial clock was calibrated with 234 bird, 415 mammal, and 28 193 

reptile pairs; the two datasets overlap but are not identical (Supplementary Fig. S1). 194 

Amphibians were included only in pooled tetrapod clocks as there were too few species 195 

pairs in both datasets (7 nuclear and 10 mitochondrial; Supplementary Tables S1 and S2).  196 

Regressing log(k2p) on log(divergence time) yielded nuclear slopes of 0.34 for birds, 197 

0.57 for mammals, and 0.69 for reptiles, explaining 22%, 41%, and 36% of the variance, 198 

respectively (Table 1, Fig. 1A). The mitochondrial clocks were faster, with steeper slopes 199 

(0.68 in birds and mammals, 0.80 in reptiles; Table 1, Fig. 1B). These steeper slopes are 200 

unsurprising, as mtDNA is a single, non-recombining molecule that evolves nearly 201 



neutrally (30). Thus, its divergence is largely determined by the germline mutation rate 202 

(which scales closely with time) whereas nuclear divergence averages over millions of 203 

loci that vary quantitatively with respect to selective regimes, linkage disequilibrium, and 204 

effective population sizes.  205 

Beyond rate of divergence, nuclear and mitochondrial clocks differ in the divergence 206 

time range at which they are most accurate. We found that divergence is inflated at recent 207 

splits (less than ~2 MYA), where it scales more weakly with time in birds and mammals 208 

(the reptile dataset did not include recently diverged pairs; Fig. 1C and Supplementary 209 

Table S3). This may be due to inflated nucleotide divergence in recent lineage splits, 210 

where genomes reflect variation already segregating in the common ancestor at the time 211 

of lineage coalescence (31). We do not observe this “floor” of nucleotide divergence in 212 

the mitochondrial genome, where the effective population size is only ¼ that of the 213 

nuclear genome. Thus, the mitochondrial genome harbors less ancestral polymorphism at 214 

recent splits. Instead, mitochondrial nucleotide distance tracks time closely below 5 215 

MYA (slope ≈ 0.77–0.9; Supplementary Table S4), but plateaus at deep divergence times 216 

(~7–10 MYA), as expected given its high substitution rate leading to saturation (32). 217 

Therefore, the two molecular clocks are best used in tandem to accurately capture the 218 

widest range of divergence times. 219 

Contemporary and antique clocks agree on divergence rates 220 

Relative to the nuclear genome, contemporary mitochondrial clocks reveal genomic 221 

distances between two- and seven-fold higher across Classes and timepoints 222 

(Supplementary Fig. S2). Mutation rate differences between nuclear and mitochondrial 223 

genomes are known to be highly variable across genes and across taxa (32, 33). On 224 

longer timescales, our data are in surprising agreement with the classic finding that 225 

vertebrate mtDNA evolves roughly tenfold faster than single copy nuclear DNA. Brown 226 

et al. (34) first estimated divergence rates of primate mitochondrial genomes to 227 

approximate 2% divergence per nucleotide site by 1 million years. Our 13-gene 228 

mitochondrial clock shows a divergence rate per million years of 1.7% in birds and 2.7% 229 

in mammals. These results show that our “modern” clock is well aligned with decades of 230 

“antique” clocks and that mammals have higher mitochondrial substitution rates than 231 



birds (35). By contrast, our nuclear clocks diverge about an order of magnitude more 232 

slowly, reaching similar divergence(~1.8%; 1.7% in birds, 1.9% in mammals, 1.8% in 233 

reptiles) by 10 million years. 234 

Nuclear clocks are also taxon-specific 235 

Biologists have long known that mitochondrial clocks tick at different rates in different 236 

taxa (32, 34) and thus local clocks are warranted. Our novel nuclear clocks exhibit this 237 

same pattern. As expected, the slope and intercept of each nuclear genomic clock also 238 

varied among Classes and their Orders, indicating that taxon-specific clocks are most 239 

precise. At the deepest divergence times for which our nuclear clock is most accurate, 240 

birds show the lowest genome-wide divergence per unit time. This may seem 241 

counterintuitive given the short generation times of birds, which allow for more germline 242 

replications in the same unit time. However, the low divergence of birds is congruent 243 

with the "avian slowdown" phenomenon in which birds evolve more slowly than 244 

mammals across nuclear and mitochondrial genomes due to low germline mutation rates 245 

and efficient purifying selection (14, 36). Our mitochondrial clocks corroborate this 246 

concept; birds exhibit less nucleotide divergence than mammals across lineage 247 

divergence times (32), consistent with conservative avian genome evolution that 248 

manifests as low germline mutation rates and well-conserved avian karyotypes (27). The 249 

Class-specific genomic clocks therefore reflect real biological differences among 250 

taxonomic groups and demonstrate that taxonomy-specific clocks capture systematic 251 

biological differences among groups rather than a single vertebrate-wide rate of genomic 252 

divergence. 253 

Order-level clocks offer additional clarity (Supplementary Tables S5 and S6). Within-254 

Order nuclear regressions explained 32–92% of divergence variance, versus 22–41% at 255 

the Class level, and their slopes tracked clade biology. In mammals, for example, 256 

Rodentia and Primates experience faster and slower genomic divergence, respectively, 257 

compared to the Class average (Fig. 1D). In line with this, rodents have short generations 258 

and small body sizes, raising substitution rates. By contrast, primates have longer 259 

generations and larger bodies (19, 23). The ability of Order-level clocks to reflect known 260 



biology suggests that Family- or Genus-level clocks may further improve resolution in 261 

speciose groups.  262 

Traits are inseparable from ancestry as drivers of divergence 263 

We used dyadic phylogenetic mixed models to compare the relative predictive power of 264 

nine traits (divergence time, body size, generation time, genome size, clutch size, 265 

population density, geographic range overlap, genome N50, and genome GC content) for 266 

explaining molecular divergence in bird (278 pairs) and mammal (162 pairs) nuclear 267 

genomes. Divergence time was by far the strongest and most consistent predictor of 268 

genomic distance (birds: β = 0.26; mammals: β = 0.35; 100% posterior probability; Fig. 269 

2). Only two secondary predictors were credible, albeit weakly: assembly N50 in birds (β 270 

= 0.08), likely a technical signal due to better alignment of divergent regions in high-271 

quality assemblies, and population density in mammals (β = 0.17), a possible proxy for 272 

Ne that may reflect inflated nucleotide divergence at shallow timescales due to increased 273 

ancestral polymorphism (31). Because population density is notoriously difficult to 274 

estimate (37), this result should be interpreted with caution. Importantly, none of our 275 

primary traits of interest (body size as a proxy for metabolic rate, generation time, and 276 

genome size) were credible predictors of genomic divergence, and the variance 277 

partitioning analysis revealed why. Trait variation independent of phylogeny was 278 

indistinguishable from zero in both Classes, while phylogenetically structured trait 279 

variation accounted for 36.0% (birds) and 57.5% (mammals) of explained variance (Fig. 280 

3A). The phylogenetic PCA corroborated this pattern, assigning body size and generation 281 

time to a fast-to-slow life history axis (pPC1) that was positively associated with 282 

divergence in both Classes, consistent with faster life histories elevating substitution rates 283 

(14, 19; Fig. 3B and C; Supplementary Table S7). However, even these axes retained 284 

phylogenetic autocorrelation and should be interpreted as descriptive associations. 285 

In the mitochondrial models, divergence time was again the dominant predictor (birds β = 286 

0.36, mammals β = 0.54). Unlike in the nuclear models, generation time credibly 287 

predicted mammalian mitochondrial divergence (β = −0.31), in line with the theoretical 288 

expectation that short generation times increase per-year mitochondrial mutation rate (32, 289 

34). Traits also explained substantially more mitochondrial than nuclear variance 290 



independent of phylogeny (17% in birds and 19% in mammals; Fig. 3A), and the life-291 

history axis (pPC1) was again credibly associated with nucleotide divergence 292 

(Supplementary Fig. S3 and Table S8). The non-recombining mitochondrial genome can 293 

therefore resolve trait effects such as generation time separately from shared ancestry, 294 

which remains difficult with the nuclear clock. By contrast, the much larger nuclear 295 

molecule is buffered against mitochondrial capture and locus-specific effects; thus the 296 

two clocks are complementary tools to examine different timescales and evolutionary 297 

forces.  298 

Clock outliers as case studies 299 

To demonstrate the utility of our calculated clocks, we examine case studies from our 300 

nuclear outlier pairs (Supplementary Tables S9–S12; Fig. 4A). Excess nucleotide 301 

divergence over a given timeframe could indicate the presence of cryptic species or other 302 

unrecognized discontinuities in a putative gene pool. For example, the mustached bats 303 

Pteronotus mesoamericanus and P. parnellii were significant outliers as gauged by the 304 

mammalian nuclear clock (Fig. 4A). This is an independently documented cryptic species 305 

complex in which P. parnellii is likely to encompass multiple reproductively isolated 306 

species with high mitochondrial divergence (38). The identification of this pair as an 307 

outlier serves as a positive control for cryptic speciation that can be recovered by our 308 

clock. As another example, the primates Presbytis melalophos and P. potenziani were 309 

also significant outliers on the mammalian nuclear clock. These species belong to an 310 

island radiation with a long history of taxonomic revisions, including frequent elevations 311 

from subspecies to species status (39). As these congeneric species exhibit greater 312 

nuclear distances than expected for a given divergence time, our results suggest their 313 

TimeTree age may be under-dated. Conversely, nucleotide divergence deficits may 314 

indicate over-split taxonomy or recent divergence as exemplified by the parrot genus 315 

Pyrrhura, which had multiple low-divergence outlier pairs in our avian nuclear clock. 316 

The taxonomy of this group has been frequently contested, presumably because of a rapid 317 

radiation, incomplete lineage sorting, and introgression (40). Based on low z-scores in 318 

our avian nuclear clock, the Genus may be over-split.  319 



We found few species pairs that were outliers with respect to both the nuclear and 320 

mitochondrial clocks, likely due to incomplete overlap in the two molecular datasets. 321 

However, the howler monkeys Alouatta juara and A. macconnelli exhibited excess 322 

nucleotide divergence in both mammalian clocks. This genus has extensive karyotype 323 

variation and within-species mitochondrial structure, congruent with the increased 324 

nucleotide divergence we observed (41). Outliers in the mammalian mitochondrial clock 325 

were often nucleotide divergence deficits (Supplementary Tables S13–S16; Fig. 4B). One 326 

viable explanation for low nucleotide divergence among mitochondrial genomes is 327 

mitochondrial capture, where one species inherits the mitogenome of another following 328 

hybridization. A clear example in our dataset is found in rock lizards Darevskia 329 

armeniaca and D. mixta. The former is a parthenogenetic species formed through 330 

hybridization and whose mitogenome was inherited from D. mixta (42), resulting in an 331 

FDR significant outlier in our reptile mitochondrial clock. Mitochondrial capture through 332 

introgression may be responsible for many of the extreme deficit outliers in the 333 

mitochondrial dataset including the baboons Papio anubis and P. cynocephalus, whose 334 

mitochondrial lineages are paraphyletic due to introgression (43), and the deer 335 

Odocoileus hemionus and O. virginianus, which have shared mitochondrial haplotypes 336 

across a hybrid zone (44). These case studies offer concrete examples of clock outliers 337 

representing biological reality rather than simply noise. Because the nuclear and 338 

mitochondrial genome evolve differently (e.g., the mitochondrial genome is maternally 339 

inherited and non-recombining), identifying outliers using both clocks may help to reduce 340 

false positives and diagnose interesting phenomena such as mitochondrial capture.  341 

Implications and future directions 342 

Our results establish genome-wide molecular clocks for tetrapods, recapitulate the idea 343 

that mitochondrial genomes evolve 5-10x faster than nuclear genomes, and demonstrate 344 

that lineage divergence time is the dominant predictor of genomic sequence divergence. 345 

We show that Class and Order-specific clocks are necessary due to inherent differences 346 

among OTUs, and that individual life-history effects are largely inseparable from shared 347 

ancestry. Mitochondrial clocks have particular utility at recent lineage divergence or 348 

coalescent timescales due to more accurate nucleotide divergence estimates. The 349 



mitochondrial clock is more sensitive to generation time (19, 34), while the nuclear clock 350 

is more robust at deep time scales and for genome-wide comparisons. Both clocks are 351 

informative and complementary when it comes to identifying taxonomic outliers.  352 

We see this work as a proof-of-concept that provides an initial estimate of taxon-specific 353 

genomic clocks. Because our dataset only includes genome pairs that properly aligned, 354 

meaning highly diverged genomes were disproportionately excluded from the analysis, 355 

and because TimeTree divergence time estimates inevitably contain errors, we imagine 356 

regular clock updates (i.e., recalibrations) as data availability and accuracy improve. A 357 

key advantage of the genome-wide approach is that averaging across the entire genome 358 

should buffer clock estimates against locus-specific heterogeneity that impacts single-359 

locus clocks. Whole-genome clocks may become invaluable as rapid and reliable tools to 360 

screen for taxonomic disparities (e.g., cryptic species and over- or under-split 361 

taxonomies) across the tree of life. Future work should focus on expanding genome-wide 362 

clocks to other taxonomic groups, including new Order and Family-specific clocks, to 363 

help illuminate interesting branches on the tree of life. 364 

Materials and Methods 365 
 366 
Nuclear Divergence Data 367 

Extended methods can be found in the Supplementary Information. For each tetrapod 368 

Class (Mammalia, Aves, Amphibia, and Reptilia), we identified congeneric genome 369 

assemblies using the NCBI Genomes database, requiring that at least two species per 370 

genus had available assemblies and TimeTree divergence time estimates (29). We aligned 371 

each possible congeneric pair using minimap2 v. 2.26 (11) and calculated Kimura-2-372 

parameter (k2p) divergence using a custom python script. For each assembly, we 373 

recorded genome size (bp), GC content (%), scaffold N50 (bp; contig N50 for 374 

unscaffolded assemblies), and repeat content (%) via WindowMasker (45). 375 

Genome-wide clock analyses 376 

We excluded domesticated or taxonomically unreliable species and required both nuclear 377 

genomes in each pair to achieve ≥ 80% alignment coverage (this threshold was selected 378 



because pairs below this value showed median alignment percentages of approximately 379 

25–35%; pairs above showed median alignment of 96.9% in the query and 96.4% in the 380 

reference). Two overrepresented bird genera (Falco, N = 169; Pyrrhura, N = 53) were 381 

capped at 25 pairs per genus; no other Class was affected. To calculate clocks, we 382 

modeled the relationship between log(k2p) and log(divergence time) for each Class using 383 

ordinary least squares regression, producing Class-specific prediction intervals and 384 

standardized (z-score) residuals. Cross-Class comparisons used predicted k2p values at 385 

standard divergence times (1, 2, 5, 10, and 15 MYA). Outliers were flagged in R v.4.5.2 386 

at |z| > 1.96 with Benjamini–Hochberg FDR correction, and we tested for excess outliers 387 

using DHARMa simulation-based tests (simulateResiduals/testOutliers). Amphibians 388 

were included only in a pooled all-Class nuclear clock due to small sample size. Where 389 

Order-level sample sizes were sufficient (≥15 pairs), we fit Order-specific regressions, 390 

retaining only time-informative clocks (R² ≥ 0.28, the 50th percentile of the Order R² 391 

distribution; chosen to avoid uninterpretable fits in Orders with narrow divergence time 392 

ranges). 393 

Trait associations with nuclear sequence divergence 394 

We compiled body size (kg), generation time (years), clutch size, and population density 395 

(individuals/km²) for each species. Sources included COMBINE (46) for mammals and 396 

AVONET (47) for birds. Population density gaps were filled from TetraDENSITY (48), 397 

and generation time and geographic range overlap estimates were obtained from IUCN. 398 

Remaining gaps were filled via literature searches; final sources for each datapoint can be 399 

found in Purdue University’s Research Repository (PURR).  400 

To test whether species traits predict nuclear genomic divergence while accounting for 401 

shared evolutionary history, we fit dyadic Bayesian phylogenetic mixed models 402 

separately for birds and mammals using brms v.2.23.0 (49) with log-transformed k2p 403 

divergence as the response. Amphibia and Reptilia were excluded due to insufficient 404 

sample sizes, and divergence times were capped at 15 MYA to allow for direct 405 

comparisons across Classes. Each species pair was treated as a single dyadic observation. 406 

Fixed effects included pairwise trait averages (divergence time, body size, generation 407 

time, clutch size, population density, genome size, GC content, and assembly N50) and a 408 



binary geographic overlap term (sympatric: overlap > 0 km²; allopatric: overlap = 0 km²). 409 

In the case of one species missing a trait datapoint, the other species was used in the 410 

“average” predictors; pairs with both species lacking data were excluded. All continuous 411 

predictors were log-transformed where appropriate and z-score standardized. We 412 

assessed multicollinearity using variance inflation factors prior to model fitting. We 413 

included a dyadic phylogenetic random effect modeled via multi-membership syntax to 414 

control for taxonomic structure and shared ancestry. This approach follows de 415 

Villemereuil & Nakagawa (50) and controls for pseudoreplication arising from shared 416 

ancestry among pairs that share a species (51). We used weakly informative priors 417 

(Normal(0, 1) for fixed effects; Exponential(1) for variance components) and verified 418 

convergence via R̂, effective sample size ratios, and divergent transitions. Models were 419 

fit across N = 100 posterior phylogenetic trees from VertLife (mammals: DNAonly 420 

4098sp FBD tree set, 52; birds: Hackett Stage 1, 53). Species absent from the 421 

phylogenies due to taxonomic revisions were matched with synonyms identified through 422 

GBIF. Posterior draws were combined across trees to propagate phylogenetic uncertainty. 423 

We assessed phylogenetic signal using Pagel's λ (54) and Blomberg's K (55) via phytools 424 

v.2.5.2 (56). 425 

Variance Partitioning  426 

Because life history traits are often phylogenetically structured, variance attributable to 427 

traits versus shared ancestry is difficult to parse with a phylogenetic mixed model alone. 428 

To examine the relationship between traits and genomic divergence more closely, we 429 

partitioned variance following Desdevises et al. (57). For each Class, we fit full (traits + 430 

phylogeny), traits-only, and phylogeny-only models on the maximum clade credibility 431 

consensus tree and decomposed the Bayesian R² (58) into four components: pure trait 432 

effects, pure phylogenetic, the shared (phylogenetically structured) trait variation, and 433 

unexplained residual. Uncertainty was propagated by combining 4,000 posterior draws. 434 

We complemented the variance partitioning with a phylogenetic principal components 435 

analysis (pPCA; 59) to summarize covarying traits into composite axes, following 436 

Sundaram et al. (60). The pPCA was computed using Abouheif's method in the adephylo 437 

v. 1.1.17 R package, retaining the first two global axes and the first local axis. We 438 



recomputed the pPCA on each of the 100 posterior trees, converted species scores to pair-439 

level predictors (pairwise mean), and regressed log(k2p) on the retained axes, divergence 440 

time, and sympatry, pooling coefficients across trees with Rubin's rules. 441 

Mitochondrial genome analyses 442 

We assembled the mitochondrial dataset by searching the same pool of candidate 443 

congeneric pairs for complete mitogenomes. For each species, we searched for a 444 

complete mitogenome from NCBI, prioritizing RefSeq records. Pairs were retained only 445 

if a mitogenome was available for both members; the mitochondrial and nuclear datasets 446 

therefore overlap but are not identical. We extracted the 13 protein-coding genes, aligned 447 

them with MAFFT v.7.525 (61), concatenated the alignments, and computed k2p 448 

distance. Pairs with fewer than 8 genes or fewer than 3,000 aligned coding sites were 449 

excluded. We replicated all nuclear analyses (clock regressions, mixed models, variance 450 

partitioning, and pPCA) on this dataset using identical specifications, substituting 451 

mitochondrial GC content for nuclear GC content and excluding genome size and 452 

assembly N50, which have no mitochondrial analog. 453 
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Figures and Tables 634 

 635 
Figure 1. A genome-wide molecular clock for tetrapod divergence. (A) Genome-wide 636 

Kimura-2-parameter distance against divergence time (log scales) for all pairwise 637 

comparisons within Aves (n = 600), Mammalia (n = 245), Reptilia (n = 44), and 638 

Amphibia (n = 7). (B) Mitochondrial genome k2p distance against divergence time (log 639 

scales) for all pairwise comparisons within Aves (n = 282), Mammalia (n = 486), Reptilia 640 

(n = 28), and Amphibia (n = 10). For (A) and (B), points are species pairs, solid lines are 641 

the fitted Class regressions, and shaded bands are 95% prediction intervals (Amphibia is 642 



shown as points only due to sample size). Within every Class, genomic distance scales 643 

log-linearly with time, but the slope and intercept differ among Classes. (C) Nuclear (top) 644 

and mitochondrial (bottom) k2p versus divergence time (log scales) for birds and 645 

mammals, the classes with slope breakpoints. Solid lines show the clocks from (A) and 646 

(B) whereas dashed lines show the segmented two-slope fit with an open circle at the 647 

slope breakpoint. Nuclear divergence flattens below ~2 MYA (a "floor" from ancestral 648 

polymorphism); mitochondrial divergence flattens above ~7–10 MYA (a "ceiling" from 649 

saturation). (D) Residual genomic divergence (deviation from the Class expectation, in 650 

log-k2p units) for each taxonomic Order with ≥ 5 pairs, faceted by Class. Nuclear and 651 

Mitochondrial divergence are shown side-by-side in darker and lighter colors, 652 

respectively. Values near zero indicate clades that sit on the clock trendline; consistent 653 

offsets identify Orders that may diverge faster or slower than their Class average. 654 
  655 



 656 

  657 
Figure 2. Standardized coefficients from the nuclear (darker) and mitochondrial (lighter) 658 

dyadic phylogenetic mixed models for birds (left) and mammals (right), estimated per 659 

tree and pooled over 100 posterior trees (points = posterior median, lines = 95% credible 660 

interval). Filled points denote effects whose 95% interval excludes zero whereas open 661 

point intervals include zero. Divergence time is the dominant predictor in all models, 662 

whereas individual traits show small effects that largely overlap zero.  663 
  664 



 665 
  666 

Figure 3. (A) Partition of the explained variance in nuclear and mitochondrial genomic 667 

divergence into four components for birds and mammals: pure trait variance (purple), 668 

phylogenetically structured trait (i.e. shared) variance (teal), pure phylogeny variance 669 

(beige), and residual variance (dark gray). Nuclear genomic divergence variance is 670 

dominated by phylogeny and by phylogenetically structured trait variation, not by traits 671 

acting independently. (B) Phylogenetic PCA of life-history traits and its relationship to 672 

genomic divergence. Trait loadings on the leading phylogenetic principal component 673 

axes (pPC1 × pPC2; global axes from pPCA) shown separately for birds and mammals. 674 

Arrows are individual trait contributions. Longer arrows indicate stronger loadings and 675 

similar directions indicate traits that covary along the phylogenetically structured axes. 676 

The opposite sign of the pPC2 effect between Classes is due to the arbitrary axis 677 

orientation. (C) Pooled standardized effects of the retained pPC axes on genomic 678 

divergence in the trait-averaged model (log K2P ~ pPC1 + pPC2 + pPC3 + divergence 679 

time + sympatry). Points indicate the estimate while lines are the 95% interval over 100 680 



trees and filled circles are credible. The leading global axis (pPC1) is credibly associated 681 

with divergence in both Classes. 682 
  683 



 684 
 Figure 4. (A) Nuclear clock outliers (clocks as in Fig. 1A). Species pairs consistent with 685 

the expectation are shown in gray while those faster-than-average are yellow and slower-686 

than-average are purple. Four outlier case studies are shown in red dots and illustrate the 687 

clock’s ability to flag biologically meaningful outliers: Pteronotus mesoamericanus / P. 688 

parnellii, whose large genomic divergence is consistent with known cryptic speciation; 689 

Presbytis melalophos / P. potenziani, primates in a genus with frequent taxonomic 690 

revisions; Pyrrhura roseifrons / P. egregia, a recent parakeet radiation with less 691 

divergence than expected for its age; and Alouatta juara / A. macconnelli, primates with 692 



extensive karyotype variation that are also excess outliers in the mitochondrial clock. (B) 693 

Mitochondrial clock outliers (clocks as in Fig. 1B). Unremarkable species are shown in 694 

gray whereas those statistically faster-than-average are yellow and slower-than-average 695 

are purple. Notable outlier case studies are labeled with red dots: Alouatta juara / A. 696 

macconnelli, which are also nuclear outliers; examples of mitochondrial capture 697 

including lizards Darevskia armeniaca / D. mixta, baboons Papio anubis / P. 698 

cynocephalus, and deer Odocoileus hemionus / O. virginianus.  699 

  700 



Table 1. Class-level clock regressions of log(k2p) genomic distance on log(divergence 701 

time), where log denotes the natural logarithm. Clock regressions were calculated as 702 

log(k2p) = a + b·log(t), where t is divergence time in millions of years. For each clock we 703 

report the intercept (a), slope (b), residual standard deviation (σ), coefficient of 704 

determination (R²), and the divergence-time range (MYA) over which the clock was 705 

calibrated. The pooled model includes Aves, Mammalia, Reptilia, and Amphibia. Outlier 706 

pairs can be flagged by computing the standardized residual z = [log(k2p) − (a + b·log t)] 707 

/ σ. Clocks should be applied only within the calibrated divergence-time range. 708 
 

Genome 
 

Class 
# of 

pairs 
(fit) 

# of 
pairs 

(outlier 
test) 

 
Intercept 

 
Slope 

Residu
al SD 

 
R2 

Divergence 
time range 

(MYA) 

Nuclear  Aves 409 600 −4.82 0.336 0.603 0.216 0.02 – 38.27 
Nuclear  Mammalia 245 245 −5.29 0.566 0.574 0.413 0.03 – 35.10 
Nuclear  Reptilia 44 44 −5.61 0.692 0.438 0.364 3.47 – 47.25 
Nuclear  Pooled  705 889 −5.03 0.439 0.599 0.327 0.02 – 47.25 
Mitochondrial  Aves 234 282 −4.10 0.680 0.712 0.317 0.11 – 38.27 
Mitochondrial  Mammalia 415 486 −3.61 0.684 0.590 0.479 0.10 – 35.10 
Mitochondrial  Reptilia 28 28 −4.27 0.803 0.709 0.494 1.24 – 55.68 
Mitochondrial  Pooled  687 796 −3.70 0.620 0.675 0.381 0.10 – 58.22 

 709 


