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15 ABSTRACT

16 Although molecular mechanisms associated with the generation of mutations are 

17 highly conserved across taxa, there is widespread variation in mutation rates 

18 between evolutionary lineages. When phylogenies are reconstructed based on 

19 nucleotide sequences, such variation is typically accounted for by the assumption 

20 of a relaxed molecular clock, which is a statistical distribution of mutation rates 

21 without much underlying biological mechanism. Here, we propose that variation 

22 in accumulated mutations may be partly explained by an elevated mutation rate 

23 during speciation. Using simulations, we show how shifting mutations from 

24 branches to speciation events impacts inference of branching times in 

25 phylogenetic reconstruction. Furthermore, the resulting nucleotide alignments 

26 are better described by a relaxed than by a strict molecular clock. Thus, elevated 

27 mutation rates during speciation potentially explain part of the variation in 

28 substitution rates that is observed across the tree of life. 

29

30 Keywords: molecular clock, speciation, phylogenetic reconstruction, substitution 

31 rate variation

32

33

34

35
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37 INTRODUCTION

38

39 Phenotypic diversification occurs at a higher rate in some clades than in 

40 others (Simpson 1945; van Valen 1985; Ricklefs 2006; Rabosky et al. 2007; 

41 Jansson and Davies 2008) and similarly, there is substantial variation across 

42 evolutionary lineages in the rate of molecular evolution (King and Wilson 1975), 

43 such as that of nucleotide sequences (Nabholz et al. 2008; Bromham 2011; Dowle 

44 et al. 2013; Sung et al. 2016).  As a consequence, studies attempting to reconstruct 

45 the phylogeny of a clade often find that the sequence data do not support the 

46 assumption of a strict molecular clock, i.e. constant substitution rates across 

47 lineages. For such cases, phylogenetic inference software allows one to use a 

48 relaxed molecular clock (Drummond et al. 2006; Lepage et al. 2007), which 

49 assumes that the substitution rate varies between lineages according to a 

50 statistical distribution such as a gamma or lognormal distribution. However, the 

51 relaxed molecular clock thus introduces at least one additional degree of freedom, 

52 namely the variance of the distribution of substitution rates (although some argue 

53 that an uncorrelated relaxed clock in effect adds one additional degree of freedom 

54 per branch (Dornburg et al. 2012; Bromham 2019; Zhang and Drummond 2020; 

55 Douglas et al. 2021). Moreover, the relaxed clock is a rather ad-hoc solution with 

56 little underlying biological reasoning (but see Lartillot and Poujol 2014; Lartillot 

57 et al. 2016; Saclier et al. 2018). 

58

59 A first formal test to detect the impact of speciation on sequence evolution 

60 was formulated by Avise and Ayala (Avise and Ayala 1975, 1976), who 

61 distinguished gradual evolution from “punctuated equilibria” by comparing 
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62 sequence evolution in species-rich and species-poor clades. Whereas Avise and 

63 Ayala found no evidence for increased sequence evolution in species-rich clades, 

64 others did, in tetrapods (Mindell et al. 1989, 1990), sauropsids (Eo and DeWoody 

65 2010) and angiosperms (Duchene and Bromham 2013; Bromham et al. 2015). 

66 Furthermore, substitution rates have been found to be positively associated with 

67 diversification rates (Fontanillas et al. 2007; Eo and DeWoody 2010; Lanfear et al. 

68 2010a, 2010b; Ezard et al. 2013, but see Goldie et al. 2011). 

69 Several biological processes acting at speciation could lead to accelerated 

70 sequence evolution, including, but not limited to founder effects, bottlenecks, 

71 inbreeding, hybridization, selection for an increased mutation rate, divergent 

72 selection and local adaptation (Venditti and Pagel 2010). Here, we explore how 

73 such processes driving sequence evolution during speciation events might affect 

74 phylogenetic reconstruction; we posit that differences in apparent substitution 

75 rates between lineages are due to processes acting exclusively or predominantly 

76 during speciation. Due to (effectively) random extinction of lineages, different 

77 branches of a reconstructed phylogeny will differ in how often they experienced 

78 such short episodes of accelerated substitution rates, resulting in differences in 

79 apparent substitutions rates along these branches. Our approach is two-fold: first, 

80 we explore whether inclusion of substitutions during speciation affects 

81 phylogenetic inference, and, if so, which aspects of the inferred phylogenetic tree 

82 are affected. Second, we explore whether substitutions during speciation can 

83 explain variation in estimated substitution rates. 
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85 METHODS

86 We propose a model where substitutions accumulate not only along the 

87 branches of a phylogeny, but also at speciation events, including not only the 

88 internal nodes of the phylogeny but also those pruned from the phylogeny by 

89 extinction. We first make the standard assumption that gradual sequence 

90 evolution along a phylogenetic branch can be modeled as a time-homogeneous 

91 Markov process with substitution matrix:

92 Q 

AT  AC  AG AT AC AG

TA TA  TC  TG TC TG

CA CT CA  CT  CG CG

GA GT GC GA  GT  GC























93 where ij denotes the mutation rate from nucleotide i to nucleotide j. The 𝜇

94 transition probabilities of nucleotide substitutions after time t of gradual 

95 sequence evolution are then given by the matrix

96 𝐏𝐚(𝑡) =  exp (𝐐𝑡)

97 where the subscript a indicates anagenetic change, i.e. gradual accumulation of 

98 substitutions over time. This matrix can be multiplied with an initial probability 

99 vector at time t = 0 to yield the probabilities for each of the four nucleotides at 

100 time t. 

101 In addition to gradual sequence evolution over time, we assume that sequences 

102 may change rapidly during speciation. We can thus assume another matrix Pc 

103 (subscript c for “cladogenetic”) that describes the nucleotide transition 

104 probabilities during a single speciation event. 

105
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106 The processes that may accelerate sequence evolution during speciation, such as 

107 founder effects, bottlenecks, inbreeding, hybridization, and adaptation to novel 

108 environments, may well result in different kinds of substitutions than those that 

109 take place over time in established species. However, for mathematical 

110 convenience we will here assume that we can write:

111 𝐏c =  exp (𝐐𝜏)

112 where  is a parameter that measures the effect of substitutions during speciation. 𝜏

113 In other words, we assume that nucleotide sequence evolution is only accelerated 

114 during speciation events, but not qualitatively altered: the  used in Pc must be 𝜇𝑖𝑗

115 identical to those used in Pa. The acceleration is then measured by parameter : a 𝜏

116 single speciation event causes as much sequence evolution as  years of gradual 𝜏

117 evolution over time within each lineage. Thus, larger values of  correspond to a 𝜏

118 larger experienced effect at the nodes, similar to sequence evolution along a 

119 branch of length . For  = 0, Pc becomes the identity matrix, and our model 𝜏 𝜏

120 reduces to the standard model of sequence evolution that only assumes 

121 substitutions along phylogenetic branches. Important to note here is that both 

122 daughter lineages resulting from a speciation event experience substitutions 

123 independently (see the Supplement for a model where substitutions in both 

124 daughter lineages are dependent on each other).  Furthermore, we emphasize that 

125 we assume the speciation process to happen in a similar fashion across a tree, 

126 assuming an identical  for all nodes in the tree. Later versions of the model could 𝜏

127 potentially relax this assumption, provided independent information about 

128 speciation dynamics.

129
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130 For simplicity we assume in our simulations that sequence evolution can be 

131 modeled as a Jukes-Cantor process (Jukes and Cantor 1969), for which Q is given 

132 by:

133 𝐐 =  

―
3𝜇
4

𝜇
4

𝜇
4 ―

3𝜇
4

𝜇
4

𝜇
4

𝜇
4

𝜇
4

𝜇
4

𝜇
4

𝜇
4

𝜇
4

―
3𝜇
4

𝜇
4

𝜇
4 ―

3𝜇
4

134 Several existing software packages (e.g. the R package phangorn, Schliep 2011; the 

135 python module pyvolve, Spielman & Wilke 2015; the R package phylosim, Sipos et 

136 al. 2011),  provide algorithms to simulate sequence evolution along the branches 

137 of the phylogeny, given a rooted phylogeny and a root sequence (e.g. some 

138 arbitrary sequence assumed to represent the ancestral sequence), by applying the 

139 transition matrix sequentially along the phylogenetic tree. Here, we extend this 

140 methodology to also include substitutions accumulated at the nodes of the 

141 phylogeny. We implemented this in the R package ‘nodeSub’, available via 

142 https://CRAN.R-project.org/package=nodeSub.
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144 Testing the impact of node substitution models using simulations

145 To identify the amount of error in phylogenetic inference caused by 

146 assuming a (relaxed) molecular clock when substitutions actually arise (in part) 

147 during speciation, we simulated sequence evolution on known trees and then 

148 reconstructed the phylogeny from the simulated sequences, assuming strict and 

149 relaxed molecular clocks. We simulated sequence evolution with the node 

150 substitution model introduced above, with various degrees of sequence 

151 accumulation at the nodes of the tree ( ), and with various extinction rates. We 𝜏

152 then compared the resulting trees with the original true tree using a number of 

153 statistics: the gamma statistic (Pybus and Harvey 2000), the beta statistic (Aldous 

154 2001), the mean branch length (Faith 1992; Clarke and Warwick 2001), crown 

155 age, the normalized Lineages Through Time (nLTT) statistic (Janzen et al. 2015) 

156 and the Jenson-Shannon distance metric comparing the Laplacian spectrum 

157 (Lewitus and Morlon 2016). 

158 Phylogenetic reconstruction was performed with BEAST2 (Bouckaert et al. 

159 2019) using the R package babette (Bilderbeek and Etienne 2018). BEAST2 

160 inference was performed using default priors (see the Supplementary information 

161 for an example XML file), with a birth-death prior as tree prior (or a Yule prior if 

162 the extinction rate was zero), the Jukes-Cantor nucleotide substitution model, and 

163 a strict or relaxed clock model. The BEAST chain was run for 10 million steps, 

164 whilst sampling a tree every 5000 steps. After completion, the first 10% of the 

165 chain was discarded as burn-in. 

166
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168 Assessing error in phylogenetic reconstruction: the twin tree

169 Errors observed when comparing with the true tree include both errors 

170 incurred by the node substitution model chosen, and errors accumulated in the 

171 phylogenetic inference process even when the models used in inference are 

172 identical to those generating the data (e.g. stochasticity in substitution 

173 accumulation, stochasticity in phylogenetic tree creation). Furthermore, 

174 additional effects arising during alignment simulation might affect our findings, 

175 such as the impact of parameter values (sequence length, substitution rate, birth 

176 rate, death rate), and of multiple substitutions at the same site (the node-density-

177 effect) as well as potential biases or interactions between summary statistics. To 

178 correct for these effects, so as to isolate the error induced by using a node 

179 substitution model from other sources of error, we inferred a phylogenetic tree 

180 for a twin alignment (sensu Bilderbeek, Laudanno & Etienne 2020). This twin 

181 alignment has exactly the same number of accumulated substitutions as the 

182 original alignment. The total number of substitutions is tracked during simulation 

183 of the substitution model, and not just the resulting number of variable sites in the 

184 alignment. The twin alignment is based on the same true tree, but instead of using 

185 a node substitution model to generate the alignment, it results from using either a 

186 strict-clock or relaxed-clock substitution model. Using this twin alignment, we 

187 performed phylogenetic reconstruction with BEAST2 as for the original 

188 alignment, and estimated the same summary statistics for the posterior 

189 distribution of trees. The error introduced by the node substitution model is then 

190 the difference between the error of the node substitution posterior and the error 

191 in the twin posterior. In summary, we use this twin approach as a control 
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192 treatment, in order to correct for all potential sources of additional error other 

193 than that of our proposed substitution model.  

194

195 Obtaining a twin alignment

196 We generated a twin alignment conditional on a phylogeny, a node 

197 substitution model, and a mutation rate. Because an alignment generated using a 

198 node substitution model (with ) has accumulated substitutions at the nodes 𝜏 > 0

199 in addition to those along the branches, the overall number of substitutions 

200 accumulated is higher than for an alignment simulated using the same mutation 

201 rate and a model with substitutions only on the branches. Thus, in order to 

202 generate a twin alignment that contains the same amount of information 

203 (substitutions) we increased the mutation rate. We did this by calculating the 

204 estimated time spent at the nodes, relative to the time spent on the branches, and 

205 using this as an estimate of the expected fraction of the number of substitutions 

206 on the nodes, relative to the number of substitutions on the branches, assuming 

207 that substitutions accumulate at the same rate on both branches and nodes. That 

208 is, the mutation rate used in generating the twin alignment is calculated as:

209 𝜇𝑡𝑤𝑖𝑛 = 𝜇(1 +
𝜏(2𝑁 + 𝐻)

∑𝑡𝑏𝑟𝑎𝑛𝑐ℎ
) (1)

210 where  is the mutation rate used in the node substitution model,  is the time 𝜇 𝜏

211 spent on the node, N is the number of internal nodes in the tree, H is the number 

212 of hidden nodes in the tree and  is the total branch length of the tree. The ∑𝑡𝑏𝑟𝑎𝑛𝑐ℎ

213 factor 2N arises from the independent accumulation of substitutions during a 

214 node substitution event for both daughter lineages. 
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215 During simulation of node substitution alignments, we kept track of the 

216 substitutions accumulated at each node and branch, which allowed us to directly 

217 measure the contribution of substitutions accumulated at the nodes (i.e. 

218 ) relative to those accumulated at the branches (i.e.. ) This 𝜏(2𝑁 + 𝐻) ∑𝑡𝑏𝑟𝑎𝑛𝑐ℎ

219 provided us with an estimate of , and with an estimate of the total number of 𝜇𝑡𝑤𝑖𝑛

220 substitutions arising during simulation of the alignment. We then used the 

221 obtained estimate for  to generate twin alignments, again tracking all 𝜇𝑡𝑤𝑖𝑛

222 substitutions, until we obtained an alignment exactly matching the number of 

223 accumulated substitutions of the alignment simulated with the node substitution 

224 model. 

225

226 Node-density-effect

227 The method we used to simulate substitutions along branches (and nodes) 

228 ignores repeated mutations at the same site, which may lead to a node-density-

229 effect. Because the node-density-effect can mask the effect of node substitutions, 

230 we made sure in two distinct ways that our results are not affected by this effect. 

231 Firstly, by using a twin alignment, any resulting node-density-effects are mirrored 

232 in the twin alignment as well, ensuring that any additional errors picked up do not 

233 reflect errors induced by the node-density-effect. Secondly, we repeated our 

234 analysis using a different simulation method that explicitly tracks repeated 

235 mutations for the Jukes-Cantor model (see Supplementary Information for details 

236 and results). We find that this more explicit simulation method yielded virtually 

237 identical results to the more general approach described in the main text.  

238

239 Simulation settings
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240 We generated birth-death trees with varying degrees of extinction rate d in 

241 [0, 0.1, 0.3, 0.5] and a single speciation rate of b = 1. Trees were simulated 

242 conditional on 100 tips, using the function sim.bd.taxa from the R package 

243 TreeSim (Stadler 2011). Across all settings, we simulated sequences of 10 kb, with 

244  = 0.001. 𝜇

245

246 Varying the time spent on the nodes relative to the crown age

247 We varied τ in [0, 0.01, 0.05, 0.1, 0.2, 0.4] times the crown age (e.g. when 

248 the crown age of the simulated tree is 3MY, τ = [0, 0.03, 0.15, 0.3, 0.6, 1.2] MY). 

249 Again, for each combination of τ and extinction (d = [0, 0.1, 0.3, 0.5]) we simulated 

250 100 trees and for each tree we generated one node substitution alignment and one 

251 twin alignment. 

252

253 The impact of tree balance

254 In unbalanced trees, some terminal branches are connected by many more 

255 past branching events to the root of the tree than are other terminal branches. 

256 Hence, we expect that balance of a tree might have a substantial effect on the error 

257 in phylogenetic inference: less balanced trees are expected to have higher error. 

258 To test this, we compared fully balanced ( = 10.0) with extremely unbalanced 

259 “caterpillar” trees ( = -2). We did so by simulating the branching times of a birth-

260 death tree, and assigning these to a fully balanced or fully unbalanced topology. 

261 Thus, the only difference between the trees is the topology. Then, for both the 

262 balanced and unbalanced tree a node substitution alignment was generated, with 

263 the same number of total substitutions, and setting τ as a function of crown age.
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264 As an extra check, we also generated a node substitution alignment for the original 

265 birth-death tree from which the branching times were used. For all three 

266 alignments we inferred a phylogenetic tree as in the other scenarios, and 

267 compared the error in phylogenetic inference. For caterpillar trees with extreme 

268 unbalance we were unable to calculate the Laplacian Spectrum, hence we omitted 

269 the Laplacian Spectrum summary statistic in this analysis. 

270

271 Support for strict and relaxed clock models

272 To test whether the alignment originating from a process with node 

273 substitutions was better described by a relaxed than by a fixed clock model, we 

274 repeated the analysis, but now inferred the marginal likelihood of the relaxed 

275 clock and strict clock models using the “NS” package for BEAST2, which applies 

276 Nested Sampling to obtain the marginal posterior likelihood for both models 

277 (Russel et al. 2019). We used the function ‘bbt_run’ from the babette package 

278 (Bilderbeek and Etienne 2018) in combination with the function 

279 ‘create_ns_mcmc’ from the beautier package (Bilderbeek and Etienne 2018). 

280 This performs a Nested Sampling MCMC run using BEAST2 (an example XML file 

281 outlining the default settings used can be found in the Supplementary 

282 information), which runs until convergence is detected. Then, we converted the 

283 obtained marginal likelihoods to a relative weight for each model (by dividing 

284 both marginal likelihoods by their sum), which allows for comparison of posterior 

285 support for each model across parameter settings and trees. 

286

287 Empirical example
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288 As an illustration  of the impact of node substitutions on a real phylogeny (rather 

289 than a simulated one), we applied our model to an empirical dataset which is 

290 feasible under the assumption that there is no extinction (see below). The dataset 

291 consists of sequence data (Ast 2001; Fitch et al. 2006) of 35 species of Australian 

292 monitor lizards, of the family of Varanidae, which covers all known species of 

293 Varanidae occurring in the Indo-Australian realm. For each species, mitochondrial 

294 DNA was retrieved from GenBank, consisting of ND4, 16S and CO1 genes. 

295 Sequences were aligned using the “—auto” setting for mafft (Katoh and Standley 

296 2013), and concatenated for ease of use. Assuming a substitution rate of 3.35*10-

297 9 per site (Eo and DeWoody 2010), we inferred a Maximum Likelihood tree from 

298 the alignment, using the R package phangorn (Schliep 2011), assuming a 

299 Generalised Time Reversible (GTR) model of substitution. This yielded a reference 

300 tree, assuming no node substitutions. 

301 Then, we made use of a new feature of phangorn (version 2.7.1.2, added upon our 

302 request) which allows for the incorporation of node substitutions under the 

303 assumption that there is no extinction, because then all nodes where node 

304 substitutions occur are observable in the tree, and the branches connected to 

305 these nodes can all be extended by a length of τ. Thus, in this new version of 

306 phangorn one can specify a value for τ, and compute the tree likelihood (i.e. the 

307 probability of the alignment given the tree and the substitution model 

308 parameters) for this value. We explored the tree likelihood for values of τ ranging 

309 from 10-4 to 1 MY, for the Jukes-Cantor (JC)  and GTR  substitution models. 

310

Page 15 of 41

http://mc.manuscriptcentral.com/systbiol

Systematic Biology
D

ow
nloaded from

 https://academ
ic.oup.com

/sysbio/advance-article/doi/10.1093/sysbio/syab085/6407161 by U
niversity of G

roningen user on 25 O
ctober 2021



312 RESULTS

313 Summary statistics

314 We compared summary statistics of trees inferred from alignments using 

315 the node substitution model, with summary statistics of twin trees inferred from 

316 alignments with identical information content, but generated without the node 

317 substitution model (e.g. with only substitutions along the branches, and a fixed 

318 clock rate). We find that summary statistics that are influenced by branching times 

319 are affected (Figure 1, gamma, nLTT statistic, mean branch length and crown age). 

320 For these summary statistics, we find an increased difference with increasing τ. 

321 The impact of extinction seems to be limited, as the error in these summary 

322 statistics remains around the same level, regardless of the extinction rate used. 

323
324
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326 The impact of tree balance

327 Tree balance clearly influences the sensitivity of inference to node substitutions 

328 (Figure 2). The inference error is larger for unbalanced trees, again only for the 

329 gamma and the nLTT statistic. Fully balanced trees show slightly less error than 

330 birth-death trees. Overall, all three types of trees show an increased error when 

331 alignments are generated using the node substitution model. Errors are 

332 particularly large for the beta statistic, but that is expected because it measures 

333 topological features of the tree that we modified artificially. 
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335 Support for strict and relaxed clock models

336 We compared the relative support for each model, reflected by the relative 

337 weight of the marginal likelihood. With an increasing amount of time spent at the 

338 nodes τ, the median weight of the relaxed clock model increases for the node 

339 substitution alignment, with generally (across extinction rates) a higher weight 

340 than the strict clock model for values of τ that are equal or larger than 0.1 times 

341 the crown age (Figure 3). For the twin alignment, the strict clock model is 

342 preferred, as expected, because this is the generating model. 

343 For low values of τ (smaller than 0.1 times the crown age), we do not find any 

344 effect of the balance of the tree on the marginal likelihood of the relaxed clock 

345 model (Figure 4), in line with our finding above. However, for intermediate values 

346 of τ (0.1 and 0.2), we find that unbalanced trees tend to have a higher marginal 

347 weight for the relaxed clock model. For high values of τ (0.4), we find that the 

348 marginal weight for the relaxed clock model is always higher, regardless of the 

349 balance of the tree. 

350

351 Empirical example

352 We first verified that extinction was low by fitting a birth-death model to the 

353 Maximum Likelihood tree inferred without node substitutions. Here, we found an 

354 estimate for d/b of 0 (95% CI: [-1.65, 0.24), and for b – d of 0.013 (95% CI: [0.0095, 

355 0.01889], which together indicate that extinction is low indeed. This provides 

356 justification for using the likelihood computations in the new version of phangorn 

357 which assumes that the extinction rate is zero. 

358 Next, we inferred τ and found a non-zero estimate for τ of 0.74MY when using the 

359 JC model, and 2.53MY when using the GTR model (Figure 5, A & D). Comparing the 
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360 resulting trees for these ML estimates, we find that the crown age of the tree is 

361 inferred to be much lower. Without node substitutions, the crown age is estimated 

362 to be 48.22 MY for the JC model and 46.98 MY for the GTR model. When including 

363 node substitutions, the crown age shifts to 33.9 MY for the JC model and 34.1MY 

364 for the GTR model. Rescaling of the trees relative to the crown age (Figure 5 C & 

365 E) shows that including node substitutions does not merely rescale all branching 

366 points proportional to the newly inferred crown age, but that the relative 

367 positions of the different branching points shift as well.

368
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370 DISCUSSION

371 We have shown that an increased substitution rate during speciation events 

372 potentially provides a mechanistic explanation of variation in substitution rates 

373 across the branches of phylogenetic trees. Trees inferred from alignments 

374 generated with this substitution model differ substantially from trees inferred 

375 from alignments generated with a standard substitution model, especially 

376 concerning branching times. Furthermore, we find that this new substitution 

377 model can potentially explain widespread support for relaxed molecular clocks.

378 If sequence evolution mainly occurs during speciation, this would lead to a 

379 correlation between species richness and substitution rate. However, this 

380 correlation could also be an artifact of phylogenetic reconstruction known as the 

381 node-density-effect (Fitch and Bruschi 1987; Fitch and Beintema 1990). The node-

382 density-effect reflects the inability to detect multiple mutations occurring at the 

383 same site, thus causing an underestimate of the true branch length, especially for 

384 longer branches where the probability of multiple mutations occurring at the 

385 same site is higher. Because species-rich parts of phylogenies tend to have shorter 

386 branches, sequence evolution in these species-rich parts is less underestimated 

387 than in species-poor parts, causing a correlation between the number of observed 

388 substitutions and species diversity. Pagel et al. tested for the impact of speciation 

389 events, and of the node-density-effect in 122 phylogenies, spanning 4 taxa (Pagel 

390 et al. 2006). Using previously demonstrated methodology to detect the node-

391 density effect (Webster et al. 2003; Venditti et al. 2006), they showed that in 57 of 

392 the 122 examined phylogenies, they could detect a signature of increased 

393 sequence evolution during speciation events.  However, this was the result of the 

394 node-density effect in 22 out of these 57 phylogenies. Here, disentangling 

Page 20 of 41

http://mc.manuscriptcentral.com/systbiol

Systematic Biology
D

ow
nloaded from

 https://academ
ic.oup.com

/sysbio/advance-article/doi/10.1093/sysbio/syab085/6407161 by U
niversity of G

roningen user on 25 O
ctober 2021



395 sequence evolution during speciation from confounding factors such as the node-

396 density effect, but also stochasticity in tree simulation, stochasticity during 

397 alignment simulation and error or bias in tree inference, has proven to be a non-

398 trivial endeavor. In order to assess the impact of node substitutions, we therefore 

399 separated error due to assuming an alternative substitution model from the errors 

400 introduced by the factors mentioned above. To do so we extended the twinning 

401 approach (introduced by Bilderbeek, Laudanno and Etienne (2020)) to assess the 

402 impact of choosing a different tree prior to explore the impact of a different 

403 substitution model. The twinning approach succeeds by replicating the chosen 

404 analysis pipeline, but using control data that have been generated using known 

405 models and priors. The impact of the node substitution model then follows from 

406 the difference between results obtained with the node substitution model and 

407 results obtained with the twin (control) pipeline: errors are then due to model 

408 misspecification, and not stochastic uncertainty produced by the analysis pipeline. 

409 Our results show thus, that when we correct for the background effects of 

410 (amongst other factors) the node-density effect, we observe strong effects of node 

411 substitutions. However, we expect that for small values of τ, the impact of node 

412 substitutions might become comparable to the node-density effect, and 

413 disentangling these sources of substitution rate variation might become difficult.

414 One might expect that a high extinction rate, by elevating numbers of hidden 

415 nodes, would lead to a greater impact of node substitutions. It may therefore be 

416 counterintuitive that in our simulation study we did not find such an effect of 

417 higher rates of extinction. However, we conditioned our alignments on the same 

418 total number of substitutions, to ensure that alignments with and without node 

419 substitutions contained the same information content. Thus, with higher 
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420 extinction and hence more hidden nodes, relatively fewer substitutions occur on 

421 the observed nodes. Because the number of hidden nodes is proportional to 

422 branch length (Eq.2), the number of hidden nodes is interpreted as substitutions 

423 on the branches. Potentially, this provides a way to distinguish between 

424 phylogenetic models: although every constant-rate birth-death model has a 

425 corresponding zero-extinction model with a time-varying speciation rate that 

426 yields the same probability of the reconstructed tree (Nee et al. 1994; Louca and 

427 Pennell 2020), the resulting alignments under the node substitution model will 

428 not be similar. Because the birth-death tree includes extinction events, 

429 substitution patterns will be different from those of the tree generated with the 

430 time-varying speciation rate model. 

431 Distinguishing phylogenetic models will become more feasible if some of the 

432 simplifying assumptions made here are relaxed. The model we propose here takes 

433 the simplest form, assuming a Jukes-Cantor (Jukes and Cantor 1969) substitution 

434 matrix, identical substitution rates, identical substitution matrices between nodes 

435 and branches, and constant birth-death rates over time. These assumptions were 

436 made as a most basic starting point, but can be relaxed in future analyses, for 

437 instance by introducing a different substitution matrix at the nodes, or by studying 

438 the effect of node substitutions on trees that are generated by diversity-dependent 

439 speciation rates (Etienne et al. 2012). By starting with the most tractable version 

440 of the node substitution model, we have provided a first proof of concept of the 

441 potential impact of node substitutions without overcomplicating matters. 

442 Previous methods have applied rather ad-hoc corrections to account for 

443 differences in substitution rates across different branches in the same phylogeny, 

444 typically referred to as the ‘relaxed clock’ approach. These methods provide 
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445 satisfying statistical solutions to account for variation in substitution rates, but 

446 refrain from providing biological explanations for this observed phenomenon. The 

447 node substitution model we introduce here provides this explanation: branches 

448 that have accumulated a number of ‘hidden’ branching events, e.g. speciation 

449 events of species that have subsequently gone extinct, have a higher number of 

450 accumulated substitution events during these ‘hidden’ speciation events. When 

451 we compared the marginal likelihood of the relaxed clock model versus the strict 

452 clock model for alignments generated with the node substitution model, we found 

453 that marginal likelihoods for the relaxed clock model are much higher. This 

454 indicates that our proposed process of accumulating substitutions during 

455 speciation events can generate patterns in the alignment that are picked up by 

456 phylogenetic methods as evidence for a relaxed clock model, without actually 

457 using a relaxed clock model. 

458 The notion of accelerated evolution during speciation events ties in 

459 closely with the theory of punctuated equilibrium; where Eldredge and Gould 

460 (1972) proposed that evolution perhaps is not a gradual process, but rather a 

461 process with distinct bursts of phenotypic and morphological change. Their 

462 theory was influenced by ideas like Lerner’s “genetic homeostasis” (Lerner 1954), 

463 which had earlier inspired Mayr (1954) to suggest that the formation of new 

464 species involves “genetic revolutions”. Our framework provides a step towards 

465 being able to test this notion, where information on the estimated fraction of 

466 substitutions accumulated at the nodes can directly inform us about whether the 

467 majority of substitutions is accumulated over long periods of time in established 

468 lineages (e.g. along branches), or during speciation (e.g. at the nodes). 
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469 To infer whether node substitutions really occur, we should fit the node 

470 substitution model to empirical sequence alignments, and find a nonzero estimate 

471 for τ. However, the computation of the likelihood of our model (and estimation of 

472 associated τ values), is non-trivial because it requires integration across the 

473 enormous state space of complete trees (trees including extinct species). Manceau 

474 et al.  (2020) have taken a first step towards formulating such a likelihood. They 

475 introduced an alternative solution for punctuated equilibrium-like patterns in 

476 molecular evolution through the implementation of spikes of substitution, e.g. 

477 moments in time at which there is an increased substitution rate. They let these 

478 moments occur at speciation events, and also model the probability of such an 

479 event happening at a speciation event (rather than assuming that they always 

480 occur, as we did here). However, they have to assume both the topology and 

481 branching times to be fixed. We have provided an alternative inference approach 

482 that does not require topology or branching times to be fixed, but assumes 

483 extinction to be zero. The absence of extinction greatly reduces computational 

484 complexity, and allows us to use Maximum Likelihood to infer the most likely tree, 

485 using the R package phangorn (Schliep 2011). We inferred a phylogenetic tree via 

486 maximum likelihood for 35 species of Varanidae and recovered a non-zero 

487 estimate for τ. Furthermore, we found that the resulting tree was substantially 

488 different from a tree with τ = 0; not only were the crown age and branching times 

489 drastically different, the relative position of the branching times was also affected. 

490 As expected from our simulation results, topology of the tree was not affected.

491 In order to be able to infer the phylogenetic tree, we had to make several 

492 restricting assumptions. Firstly, as stated above, we had to assume extinction to 

493 be zero. This ignores any effects that hidden nodes might have. Yet, it seems 
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494 unlikely that in the 40 million years since the origination of the clade of Varanidae, 

495 no extinctions took place. Secondly, we were limited to only using a strict clock 

496 (other clocks are not yet incorporated in phangorn). Future work could explore 

497 how incorporation of a relaxed clock in the maximum likelihood framework we 

498 used impacts our findings, particularly whether using a relaxed clock could 

499 mitigate some of the differences we recovered. 

500 The present study aims to demonstrate that substitutions accumulated 

501 during speciation might explain the prevalence of the relaxed molecular clock in 

502 phylogenetic analysis. We found that substitutions during speciation may 

503 profoundly affect phylogenetic inference: if node substitutions are not taken into 

504 account, branching times tend to be overestimated, even when a relaxed clock is 

505 used to counteract the effect of “hidden nodes”. This suggests that incorporation 

506 of a node substitution model may improve phylogenetic inference. 

507 With our introduction of the node substitution model, we hope to stimulate 

508 discussion on the biological explanation of variation in substitution rates within 

509 and across phylogenies. Furthermore, we hope to have set a first step in improving 

510 our understanding of this variation, and improving phylogenetic inference as a 

511 whole. 
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706 Figure Legends

707 Figure 1. Difference in summary statistic values for trees inferred from an 

708 alignment generated with node substitutions, and twin trees that were 

709 inferred from an alignment generated without node substitutions, both 

710 compared with the summary statistics of the true tree. We explored τ (the 

711 amount of time spent on each node) as a fraction of crown age (horizontal 

712 axis), and the impact of extinction (d, columns). The summary statistics are 

713 the beta and gamma statistic, Laplacian spectrum, mean branch length, 

714 nLTT statistic, and crown age. The figure shows that with increasing τ , trees 

715 inferred from an alignment generated with node substitutions show larger 

716 differences with the true tree than trees inferred from an alignment 

717 generated without node substititions. Differences with the true tree are 

718 larger for trees inferred using the strict clock model than for those using the 

719 relaxed clock model, but only for the alignment generated with node 

720 substitutions.

721 Figure 2.  Effect of the node substitution model for phylogenies differing in 

722 balance A) example plots of a randomly generated birth-death tree (top), a 

723 fully balanced tree generated using the same branching times as the birth-

724 death tree (middle) and a very unbalanced tree generated using the same 

725 branching times as the birth-death tree (bottom). Shown are trees with 20 

726 tips for illustrative purposes, but results in B are from trees with 100 tips. B) 

727 Difference in summary statistic with the true birth-death tree for 

728 phylogenetic trees inferred from alignments generated using the node 

729 substitution model on either balanced, unbalanced or random trees. We 

730 explore τ as a fraction of crown age (horizontal axis), and the impact of 
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731 extinction (d, columns). The dotted line indicates zero difference with the 

732 true tree. The summary statistics are the beta and gamma statistic, nLTT 

733 statistic and tree height. Balanced and birth-death trees tend to have similar 

734 inferred error, whereas unbalanced trees differ strongly, with a much larger 

735 error for the gamma and nLTT statistic.

736 Figure 3. Marginal likelihood weight of the relaxed and strict clock model for 

737 varying time spent on the nodes (τ), where τ is chosen as fraction of the 

738 crown age. Alignments generated with a node substitution model (top row) 

739 are compared with alignments generated without node substitutions 

740 (bottom row). Per parameter combination, 100 replicate trees were 

741 analyzed. Because many dots are plotted on top of each other, we use solid 

742 lines to indicate the best fitting locally estimated scatterplot smoothing 

743 (LOESS), and the 95% Confidence interval (grey shaded area) of the LOESS 

744 curve. As the time spent on the nodes increases, posterior support for the 

745 relaxed clock model increases, but only if the alignment was generated with 

746 a node substitution model.

747 Figure 4. Marginal likelihood weight of the relaxed clock model for trees of 

748 varying balance, split out across different extinction rates (d = [0, 0.1, 0.3, 

749 0.5]) and time spent on the nodes (τ), where τ is chosen as fraction of the 

750 crown age 

751 (e.g. τ = 0.1 reflects a node time of 10% of the crown age). Per parameter 

752 combination, Solid lines indicate the best fitting linear regression and the 

753 95% confidence interval (grey shaded area) of regression. With increasing 

754 values of τ, the relative weight of the relaxed clock model becomes larger. 

755 For smaller values of τ, the relative weight of the relaxed clock model is 
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756 negatively correlated with the balance of the tree, with unbalanced trees 

757 having a higher relative weight.

758 Figure 5. Results applying our node substitution model to an alignment 

759 consisting of all 35 species of Varanidae occuring in the Indo-Australian 

760 realm, assuming no extinction. Likelihood profiles with respect to τ of the JC 

761 (A) and the GTR model (D) are shown. Figures B and E show the inferred 

762 trees for both τ = 0 and for the Maximum Likelihood value of τ, for the JC 

763 and GTR substitution models respectively. Figures C and F show these same 

764 inferred trees, but here the branching times have been rescaled with respect 

765 to the crown age.

766

767

768

769
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