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Molecular sequence data is not in itself informative about absolute evolutionary timescales. 5 

Fossils are therefore often analysed alongside molecular data in order to generate time-scaled 6 

reconstructions of the tree-of-life. Here, I analyse interactions between fossils and molecular 7 

based reconstructions of the tree-of-life, and explore the implications of these interactions for 8 

time-scaling the tree of life. I use simulations to explore two types of interaction: the extinct 9 

lineage effect and the character evolution effect. The extinct lineage effect describes the effect 10 

of extinct lineages on the expected delay between the origin of a clade and the age of its oldest 11 

known fossil. Meanwhile, the character evolution effect explores the impact of limited 12 

morphological character data on the lengths of this delay. Both of these effects can 13 

significantly distort the relationship between the age of clades and the origin of their oldest 14 

fossils, especially in datasets with many species. These impacts are entirely distinct from 15 

taphonomic biases often discussed in the context of the fossil record. I discuss the implications 16 

of these effects for divergence time estimation, highlighting that they are likely to impact 17 

methods that rely on both node and tip-calibration. This further suggests that both a 18 

fundamental re-appraisal of the purpose of divergence time estimation, alongside the 19 

development of new methods, is required.  20 
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Our understanding of evolutionary history is increasingly dependent on time-calibrated 31 

phylogenetic trees (estimates of the tree of life with branching events on an absolute 32 

timescale). Time-calibrated phylogenetic trees provide a context to investigate when, how 33 

quickly, and in what environments different lineages diversified, and the morphological traits 34 

and molecular processes underlying these patterns (e.g. Baldwin and Sanderson 1998; 35 

Lagomarsino et al. 2015; Berv and Field 2018; Muñoz-Rodríguez et al. 2019; Title et al. 2024). 36 

Recognising limitations in the informativeness of the different types data that underpin time-37 

calibrated phylogenetic trees, including how these limitations interact with each other, is 38 

important for how we interpret time-calibrated phylogenetic trees, and consequently, our 39 

understanding of evolution (Britton 2005; Warnock et al 2012; Magallón et al. 2013; Brown 40 

and Smith 2018; Muñoz-Rodríguez et al. 2018; Carruthers et al. 2020a,b; Carruthers and 41 

Scotland 2021a,b; Budd and Mann 2024).  42 

Molecular sequences (primarily DNA, and sometimes amino acids) are the primary source of 43 

data for estimating phylogenetic trees comprising extant organisms. Advances in sequencing 44 

technology and analytical methods have markedly improved understanding of the order of 45 

branching events in the tree of life. Broadly speaking, molecular data has enabled such 46 

advances because of the quantity of it that can be assembled (often 10s or 100s of thousands 47 

of bases per organism), and the relatively unambiguous way that it evolves (i.e. a single site 48 

on a strand of DNA can only be in state A, C, T or G) (Scotland et al. 2003; Wortley and 49 

Scotland 2006; Weitemier et al. 2014; Muñoz-Rodríguez et al. 2019). This contrasts to 50 

morphology, where datasets rarely comprise more than a few 10s of characters, and ambiguity 51 

often surrounds how characters are coded.  52 

Nonetheless, molecular data provides at best partial information about when branching events 53 

in the tree of life happened. This is because the likelihood (in the context of phylogenetic 54 

inference) is, among other parameters, dependent on the total amount of molecular change 55 

along each branch in a phylogenetic tree. This in turn is a product of the rate of evolution along 56 

the branch, and the time duration of the branch. An infinite combination of rate and time 57 

durations on any given branch can have an equal likelihood, meaning that estimating time-58 

calibrated phylogenetic trees is impossible without additional information (Britton 2005).        59 

Often, fossil calibration provides this additional information. Broadly speaking, fossil calibration 60 

involves using fossils to generate an expectation about the age of some part(s) (clades) of a 61 

phylogenetic tree. This includes node calibration, where the oldest fossil for a clade is used 62 

as a minimum constraint for the age of a clade, and an assumption is made about how much 63 

older than the fossil the clade is expected to be. The assumption about how much older the 64 

clade is can be direct, for example, in Bayesian analyses prior probability distributions can be 65 
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specified which are designed to describe expectations about the age of the clade in relation 66 

to the fossil (Ho and Phillps 2009). They can also be indirect, for example, a maximum 67 

constraint might be applied at another (deeper) node, which, given all the nodes are connected 68 

within a single tree, will influence expectations about the age of the focal node (e.g. Zuntini et 69 

al. 2024). Alternatively, tip-calibration (or derivations thereof such as the fossilised birth-death 70 

process) involves the explicit estimation of relationships of fossils relative to extant species in 71 

the phylogenetic tree. Combined with the known ages of the fossils, this enables time-72 

calibration of the phylogenetic tree (Ronquist et al. 2012; Heath et al. 2014).  73 

It is uncontroversial to point out that information from the fossil record can be very incomplete. 74 

Taphonomic processes (processes that occur during the formation of fossils) inevitably lead 75 

to incomplete preservation, and variation in such processes e.g. between harder and softer 76 

organisms, creates further complexity. Geological processes can cause further loss and 77 

distortion of information by moving fossils and making some easier to sample than others 78 

(Darwin 1859 – opening of chapter 5 of The Origin; Behrensmeyer et al. 2000).  79 

In terms of using fossils when estimating time-calibrated phylogenetic trees, limitations in the 80 

information contained within the fossil record are important in two interlinked ways. First, they 81 

can cause large and unpredictable delays between the origin time of a clade and the formation 82 

of the earliest fossils for that clade. Second, even if fossils exist for a clade, characters 83 

enabling fossils to be assigned to clades may be incompletely preserved making it difficult or 84 

impossible to use the fossils when estimating time-calibrated phylogenetic trees. These two 85 

issues make it hard to generate reasonable expectations about the relationship between the 86 

age of known fossils for a clade and the actual age of the clade, which can lead to major 87 

inaccuracies in time-calibrated phylogenetic trees (Wilf and Escapa 2015; Wilf et al. 2017; 88 

Carruthers and Scotland 2020). Regardless, fossil calibration generally remains the only form 89 

of evidence that is directly informative about time when estimating time-calibrated 90 

phylogenetic trees.  91 

Alongside inherent limitations in the information contained within the fossil record, specific 92 

characteristics of phylogenetic trees may cause an additional degradation of information that 93 

interacts with the fossil record. In the following I explore two potentially interlinked examples 94 

of such phenomena. 95 

The first example (hereafter the extinct lineage effect) rests on the fact that a molecular 96 

phylogenetic tree only comprises extant lineages. Assuming extinction rate (μ) > 0, there may 97 

be many (necessarily unsampled) extinct lineages such that for much of the history of the 98 

clade represented by the phylogenetic tree, the number of extinct lineages vastly outnumbers 99 

extant lineages (Fig.1). Assuming the diversity of a clade at a point in time (i.e. the sum of all 100 
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the species/branches that existed at that time) bears some relation to the probability that a 101 

fossil for that clade is sampled at that time (an inherent assumption of the fossilised-birth-102 

death process (Heath et al. 2014)), large numbers of extinct lineages will distort when a fossil 103 

is sampled. Importantly, if there are a large number of extinct lineages for a clade that are not 104 

part of a more nested extant clade, this may increase the probability that a fossil for the clade 105 

is sampled that is both significantly younger than the clade and does not belong to any more 106 

nested extant clades (Fig.1).  107 

The second example (hereafter the character evolution effect) relates to the nested structure 108 

of a phylogenetic tree (with younger nested clades being more specific with respect to the 109 

relationships they describe than older and more general clades) and the limited morphological 110 

character data that is inevitable in any dataset. Specifically, limited morphological character 111 

data may cause fossils that actually belong to younger nested clades to be assigned to older 112 

and more general clades (Fig.1).  113 

It is reasonable to hypothesise that the strength of the character evolution effect will increase 114 

in large phylogenetic trees for very diverse clades. In very diverse clades, there is, by 115 

definition, a larger increase in diversity from the origin of the clade to the present. Assuming 116 

the diversity of a clade bears some relation to the probability that a fossil for that clade is 117 

sampled, in very large clades there will be a proportionally greater probability of sampling 118 

fossils closer to the present (that actually belong to nested clades). This provides more 119 

opportunities for the character evolution effect to occur (i.e. for young fossils to be incorrectly 120 

assigned to more general clades). Further, in large phylogenetic trees and with limited 121 

morphological data, the proportion of clades for which morphological synapomorphies 122 

(derived similarities shared by the members of a clade) can be identified will tend to decrease. 123 

Fossils that are sampled from clades without synapomorphies must be assigned to more 124 

general clades, thus presumably strengthening the character evolution effect. Finally, in large 125 

phylogenetic trees, there is simply more potential for fossils to be assigned to much deeper 126 

nodes than to which they actually belong (owing to the fact that large phylogenetic trees 127 

contain longer sequences of serially nested clades).  128 

 129 

 130 

 131 

 132 

 133 
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Figure 1. Summary of the extinct lineage effect and character evolution effect. The displayed 134 
tree reflects the true evolutionary history of clade A-F (including extinct lineages shown in 135 
grey). Fossils belonging to clade A-F, but not to any nested clade within A-F are more likely to 136 
be sampled during the interval that is shaded grey because there are more extinct lineages. 137 
This is the extinct lineage effect. Morphological data enables the fossil (black circle) to be 138 
identified as belonging to clade C-F. Following the common approach of using fossils to 139 
calibrate the stem node of the clade to which they are identified as belonging to, the fossil is 140 
used to calibrate the stem node of clade C-F. Note that the fossil is not used to calibrate the 141 
stem node of clade C-D (the clade to which it actually belongs). This is because there is 142 
insufficient morphological character data to assign the fossil more precisely to this clade. This 143 
is the character evolution effect.   144 

Here, I characterise these two effects with simulations. Specifically, I explore how these effects 145 

influence the expected delay between the time of origin of a clade and the occurrence of its 146 

first fossil. This is a key quantity in node calibration, which I hereafter refer to as the clade 147 

fossil delay. I then discuss the potential implications of these effects for divergence time 148 

estimation and evolutionary analyses.  149 

EXTINCT LINEAGE EFFECT 150 

To explore this effect, branching processes were simulated in R using the sim.bd.taxa function 151 

from TreeSim (Stadler 2019). Branching processes had 10 extant species and either 152 

speciation rate (λ) = 0.1 and extinction rate (μ) = 0 (a pure birth or Yule process), or λ = 1 and 153 

μ = 0.9 (a birth-death branching process with the same net diversification rate as the Yule 154 

process). Fossils were simulated along the branches of these birth death branching processes 155 

at three different rates (𝜓), 0.01, 0.001, or 0.0001. The age of the oldest simulated fossil within 156 

each extant clade was then recorded, alongside the difference between this fossil age and the 157 

age of its respective clade (i.e. the clade fossil delay). In the Yule simulation this simply 158 

involves assigning fossils to clades in the simulated branching process. In the birth-death 159 

simulation, fossils are assigned to clades following removal of extinct lineages from the birth-160 

death branching process. In both cases, the fossil is automatically assigned to the “correct” 161 

clade. These simulations enable the extinct lineage effect to be quantified in the context of 162 

simple phylogenetic trees.  163 

In a further simulation, a branching process was simulated that was affected by a mass 164 

extinction event. The timing of the mass extinction event was at 50% of the age of the 165 

simulated branching process, and caused 90% of lineages to go extinct. Fossils were 166 

simulated and assigned to a clade as set out above. However, results were only recorded for 167 

the clade fossil delay for fossils belonging to the clade incorporating all extant species in the 168 

simulated branching process. This provided a direct way to assess the impact of the mass 169 

extinction event, which is simulated to occur at the same time relative to the age of the overall 170 

clade. 171 
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Across these simulations, the presence of extinct lineages consistently increases the clade 172 

fossil delay (Fig. 2a-c compared to maroon lines Fig. 2d-i). This pattern occurs to such an 173 

extent that the probability of sampling a fossil increases through successive time intervals 174 

significantly after the origin of the clade. This occurs in simulations with a constant μ (Fig.2d-175 

f), but the effect is especially strong in the simulation with a mass extinction event (Fig.2g-i). 176 

The effect is also stronger when 𝜓 is lower, although it does occur for all values of 𝜓 that were 177 

trialled (which span 2 orders of magnitude).  178 

For any branching process simulated with extinction, the corresponding tree with extinct 179 

lineages removed has a different distribution of branch lengths compared to a branching 180 

process simulated with no extinction (a Yule tree). For example, a birth-death tree with extinct 181 

lineages removed will have longer branches toward the root of the tree. This results in longer 182 

time intervals between the origin time of each extant clade and could therefore explain the 183 

result in Figure 2 - i.e. the larger the time interval between the origin of each clade, the greater 184 

the potential of sampling fossils that are significantly younger than the clade (regardless of 185 

extinct lineages). Therefore, fossils were also simulated on the birth-death trees and mass 186 

extinction trees after (rather than before) removal of extinct lineages. The impact of the extinct 187 

lineage effect could therefore be isolated. 188 

In this subsequent simulation, the key pattern discussed above (i.e. an increased clade fossil 189 

delay in the birth-death and mass extinction simulation) is significantly reduced (Fig. 2d-h, blue 190 

lines). The extinct lineage effect therefore appears to cause much of the delay in the expected 191 

time to sample fossils for clades.    192 

 193 
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Figure 2. The extinct lineage effect. In each case the line is the probability density of the clade 194 
fossil delay following 500 replicate simulations. In a-c. there are no extinct lineages in the 195 
simulated branching process, in d-f. there is a birth-death branching process with a constant 196 
extinction rate, and in f-h. there is a mass extinction event at 50% of the age of the clade. In 197 
d-h. the blue line shows the probability density when fossils are only simulated along extant 198 
lineages, whilst the maroon line shows the probability density when fossils are simulated along 199 
extinct and extant lineages. The % values (written, not on the axis) indicate the percentage of 200 
simulated branching processes for which fossils were simulated (i.e. when 𝜓 is low no fossil 201 
is simulated on many of the trees), with the colour corresponding to whether or not the fossils 202 
were simulated along all lineages or just extant lineages.     203 

CHARACTER EVOLUTION EFFECT 204 

To explore the character evolution effect, Yule processes and fossils were simulated similarly 205 

to the description above. Simulated fossils were then assigned to clades based on 206 

synapomorphies they shared with clades in the simulated Yule process, rather than 207 

automatically being assigned to the correct clade. Therefore, binary (morphological) 208 

characters were simulated along the branches of each Yule process using the simSeq function 209 

from phangorn (Schliep 2011) and synapomorphies for each clade were identified based on 210 

the character states of extant tips. Where a fossil possessed 90% of the synapomorphies for 211 

a clade it was assigned to that clade. This means some of the simulated fossils are not 212 

assigned to any clade. Therefore, to ensure a sufficient number of fossils are actually assigned 213 

to clades, higher values for 𝜓 are used in these simulations (0.05, 0.01, and 0.002). Fossils 214 

were then assigned to the stem node of the clade to which they were identified as sharing 215 

synapomorphies with (thus recapitulating how node calibration is undertaken in empirical 216 

datasets). The age of the oldest fossil assigned to each node relative to the actual node age 217 

was recorded and treated as the fossil clade delay. As well as exploring different values for 𝜓, 218 

simulations were performed with either 8, 40, or 2000 binary characters, and a substitution 219 

rate (κ) for the binary characters of either 0.002, 0.01, or 0.05. Additional analyses were also 220 

performed where fossils were automatically assigned to the correct clade as a reference point 221 

to compare the impact of limited character data. In this second set of simulations, μ was set 222 

to 0 in all cases to isolate the character evolution effect without a confounding impact from the 223 

extinct lineage effect. Meanwhile, different numbers of tips were used (10, 25, or 100) because 224 

this variable is hypothesised to affect the strength of the character evolution effect (as set out 225 

in the introduction). 226 

Fossils automatically assigned to the correct node - With fossils automatically assigned to (the 227 

stem node of) the correct clade, the fossil clade delay is broadly distributed, regardless of the 228 

size of the simulated branching process. However, the delay is larger for smaller clades 229 

(Fig.3a). This is because regardless of the size of the simulated branching process, the 230 

absolute branch lengths are identical, but the branch lengths relative to the age of the clades 231 
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to which fossils are assigned is larger in the smaller simulated branching processes. This 232 

increases the potential for fossils to be significantly younger relative to the age of their clade 233 

(which causes larger fossil clade delays because this is a relative measure).  234 

Variable quantities of data - With a large number of simulated morphological characters, the 235 

pattern differs considerably (Fig.3b). In the smaller simulated branching processes in 236 

particular (10 and 25 tips), there are proportionally fewer larger delays, although far fewer 237 

trees have any fossil assigned to a node (Fig.3b). By contrast, in the larger simulated 238 

branching process, the proportion of large delays actually increases (i.e. the distribution 239 

represented by the maroon line shifts rightwards in Fig.3b compared to Fig.3a).  240 

In the small branching process with a large quantity of data, the dramatic reduction in the 241 

percentage of clades that have fossils assigned to them occurs because a high percentage of 242 

clades have a large number of apparent synapomorphies (99.6% of clades have 243 

synapomorphies, and the average number of synapomorphies for these clades is 56). Fossils 244 

therefore need a very large number of synapomorphies to be assigned to a clade. Importantly, 245 

a very large number of these apparent synapomorphies are erroneous. For example, when 246 

ancestral character states at nodes are also taken into account when identifying 247 

synapomorphies (and not just tip states), the average number of synapomorphies per clade 248 

drops to 11 (i.e. there are character state changes within the clade despite all the extant 249 

members having the same state). This is directly relevant for assigning fossils to clades, given 250 

that fossils will tend to possess character combinations more similar to ancestral nodes, and 251 

explains why there is often a failure to assign any fossil to a clade.  252 

Meanwhile, the reduction in the proportion of large delays in the small branching process with 253 

large quantities of data occurs because large numbers of synapomorphies are particularly 254 

concentrated on clades with long stem branches (Fig.3c). Long stem branches will lead to 255 

large fossil clade delays given they cause fossils to be assigned to relatively older nodes. With 256 

large amounts of data, fossils are far less likely to be assigned to clades with long stem 257 

branches because they have so many, often erroneous, synapomorphies.  258 

In the large simulated branching process with a large quantity of character data there are 259 

relatively fewer synapomorphies and the total number of clades with synapomorphies is 260 

reduced dramatically (around 2.75% of clades, with an average of under 5 synapomorphies). 261 

In such a scenario, fossils are more likely to be assigned to more general clades than to which 262 

they actually belong, thus reducing the proportion of simulations with very short fossil clade 263 

delays (Fig. 3a-b).  264 

Nonetheless, it is notable that with the large simulated branching process the pattern remains 265 

fairly constant regardless of the quantity of data (Fig. 3b, d-e). This may appear surprising 266 
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because with a large quantity of data there is a much higher proportion of clades with 267 

synapomorphies (around 2.75% of clades with the highest quantity of data compared to 0.05% 268 

of clades with the lowest quantity of data) which would imply that fossils would be more readily 269 

assigned to narrower clades. However, as with the small branching process, many of the 270 

apparent synapomorphies with large quantities of data are erroneous given that when the 271 

synapomorphies are identified when also considering ancestral sequences the percentage of 272 

clades with synapomorphies falls to 0.77. These erroneous synapomorphies are also 273 

particularly concentrated on younger clades (when ancestral sequences are taken into 274 

account the average age of clades with synapomorphies increases from 23.8, to 26.2), adding 275 

a further barrier to precisely assigning fossils precisely to young clades when analysing large 276 

quantities of data.       277 

With smaller quantities of character data and for smaller simulated branching processes, there 278 

is a shift back toward larger delays compared to with large quantities of data (Fig. 3d-e, 279 

compared to Fig. 3b). In this situation, far fewer synapomorphies are identified (in the small 280 

branching process only 21% of clades, which have on average just over 1 synapomorphies) 281 

and clades with long stem lineages are less likely to be penalised (compared to analysing 282 

large quantities of data in small trees – Figure 3b). Indeed, in this situation, clades subtended 283 

by long branches are often likely to be the only clades with synapomorphies to which fossils 284 

can be assigned. For example, in the small tree with 8 simulated characters, stem branch 285 

lengths for clades with synapomorphies are almost twice as long as those without 286 

synapomorphies (t test p < 0.001). Therefore, in this situation fossils are more likely to be 287 

assigned to clades with long stem branches.  288 

Variable 𝜓 - With low 𝜓, increasing the size of the simulated branching process dramatically 289 

increases the fossil clade delay (Fig. 3f). With larger branching processes, there are 290 

proportionally more younger lineages (relative to the overall age of the clade), which increases 291 

the probability that younger fossils are simulated. Also, in larger branching processes the 292 

character data enables less precision with respect enabling fossils to be assigned to clades 293 

because a lower proportion of clades have any synapomorphies. This increases the probability 294 

that fossils that belong to younger clades are assigned to older and more general clades. As 295 

𝜓 increases, the delay decreases, especially when the simulated branching process is large 296 

(Fig. 3d, g). The change with respect to a low 𝜓 occurs because fossils are simulated at a 297 

sufficient rate that the larger number of fossils simulated in younger clades becomes irrelevant. 298 

There are already a large number of older fossils simulated on earlier branches in the 299 

branching process. Meanwhile the difference between the small and large simulated 300 

branching processes with a high 𝜓 exists because the largest simulated branching processes 301 

are also the oldest. Therefore, even though fossils are simulated shortly after the origin of the 302 
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branching process in each case, the delay, relative to the clade age, is less in the larger 303 

branching process that contains older clades.  304 

Variable κ - The impact of increasing κ, (especially from low to medium) is somewhat similar 305 

to the effect with 𝜓, although the impact of low κ is less pronounced (Fig. 3d, h-i). However, 306 

the reasons for the pattern are quite different. For example, for a low κ and a large branching 307 

process there is a higher percentage of clades with synapomorphies compared to with an 308 

intermediate κ (5.5% compared to 0.22%). This can be explained by the fact that with lower 309 

κ, there is less chance of substitutions at the same site evolving independently in different 310 

lineages, and a lower chance of reversals to the ancestral state in clades for which a transition 311 

to the derived state occurred on the stem branch. Intuitively, one might expect a higher 312 

percentage of clades with synapomorphies to lead to fossils being assigned to narrower clades 313 

(and thus lower the fossil clade delay). However, with a low κ, the average length of the stem 314 

branch for clades with synapomorphies is significantly longer (t test p < 0.001). Given fossils 315 

are assigned to the stem node of their respective clades, these longer stem branches increase 316 

the fossil clade delay. By contrast, with a high κ and in the large simulated branching process, 317 

there are rarely synapomorphies for any clade. As such, no fossil was ever assigned to a clade 318 

in all the replicate simulations (Fig. 3i). In contrast to the large simulated branching process, 319 

the effect of different levels of κ was far less pronounced in the small simulated branching 320 

processes. Nonetheless, one notable pattern in the small branching process with high κ is that 321 

a significant number of fossils were wrongly assigned to clades that are younger and more 322 

specific than those to which they actually belong (around 27% of fossils).            323 
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 324 

Figure 3. The character evolution effect. In a-b and d-i the lines are the probability density for 325 
the clade fossil delay based on 500 replicate simulations with different numbers of tips in the 326 
branching process. The “% of replicates” indicates the percentage of simulated branching 327 
processes for which fossils were assigned to clades. The same colour coding is used as for 328 
the lines. Different parameter combinations are shown at the top of each plot. c. shows the 329 
relationship between the stem branch length and the number of synapomorphies identified for 330 
a clade with 2000 characters, 𝜓 = 0.01, and κ = 0.01.         331 

POTENTIAL IMPLICATIONS FOR TIME-SCALING THE TREE OF LIFE 332 

The simulations presented show that the extinct lineage effect and character evolution effect 333 

can both influence the fossil clade delay. This clearly has significant relevance to node 334 

calibration (by far the most common method of fossil calibration). As set out above, node 335 

calibration makes explicit assumptions about the fossil clade delay (Ho and Phillips 2009). 336 

Given divergence time estimates are highly sensitive to assumptions (Carruthers and Scotland 337 

2021b), distortions of the fossil clade delay will necessarily affect divergence time estimates. 338 
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For tip calibration, the relevance of these effects may be more varied. For the extinct lineage 339 

effect, a scenario where λ, μ and κ are constant may not pose problems. The phylogenetic 340 

relationships of the fossils and their degree of morphological divergence are estimated directly 341 

from the sequence data. Assuming κ is correctly estimated, this should mean that distortions 342 

to the relationship between clade ages and fossil ages are accounted for. However, where 343 

there is heterogeneity in either λ, μ, or κ, this lack of sensitivity to distortions brought about by 344 

the extinct lineage effect would likely break down. This is because there is little information 345 

with which to estimate heterogeneous rates parameters in divergence time estimation (Britton 346 

2005; Carruthers and Scotland 2020; Carruthers and Scotland 2021).  347 

For tip calibration and the character evolution effect, uncertainty in divergence time estimates 348 

is likely to increase. Consider a low 𝜓 in a large phylogenetic tree (Fig. 3f). Confidence 349 

intervals would likely increase because the analysis will incorporate the inherent uncertainty 350 

in the phylogenetic relationships of (primarily young) fossils that this situation brings about. An 351 

effect equivalent to this is discussed a recent tip-dating study by Carruthers et al. (2025) who 352 

note that uncertainty in age estimates is significantly higher in clades with more fossils, and 353 

that this uncertainty stems from uncertainty in the phylogenetic relationships of the fossils.  354 

Nonetheless, quantifying the multitude of scenarios in which the character evolution effect 355 

may or may not lead to erroneous divergence time estimates in tip calibration is far beyond 356 

the scope of this article. In an ideal world, where the correct model for morphological and 357 

molecular evolution is known, it is reasonable to assume that the character evolution effect 358 

will only increase the width of confidence intervals i.e. tip dating should account for 359 

phylogenetic uncertainty brought about by the character evolution effect without biases (as 360 

discussed above). However, such a scenario is never the case in empirical datasets. With 361 

incorrect or uncertain evolutionary rate models, and combined with the extinct lineage effect, 362 

one might expect significant error. 363 

CONCLUSIONS 364 

The purpose of this article is to identify interactions between molecular phylogenetic trees and 365 

the fossil record and to explore their implications for divergence time estimation. Two such 366 

effects have been identified, the extinct lineage effect and the character evolution effect. These 367 

effects are entirely distinct from taphonomic or geological biases that are often discussed in 368 

the context of the fossil record and divergence time estimation. 369 

Both the extinct lineage effect and character evolution effect can influence the fossil clade 370 

delay. The extinct lineage effect becomes especially pronounced with low fossil sampling 371 

rates, and when there are very large numbers of extinct branches resulting from mass 372 
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extinction events. In such situations, the fossil clade delay increases markedly. Meanwhile, 373 

the character evolution effect is especially pronounced in large phylogenetic trees with a low 374 

fossil sampling rate or a low rate of morphological evolution, and similarly increases the fossil 375 

clade delay. The character evolution effect is also significantly affected by the fact that different 376 

quantities of data, different evolutionary rates, and different tree sizes can profoundly affect 377 

the accuracy with which morphological synapomorphies are identified for clades. This in turn 378 

affects how fossils are assigned to nodes in phylogenetic trees.  379 

The length of the fossil clade delay is a critical quantity for node calibration. The extinct lineage 380 

effect and character evolution affect are therefore highly relevant to divergence time analyses 381 

that use this approach. The implications of these affects for tip-calibration are likely to be more 382 

complex, but it is entirely plausible that they will profoundly affect divergence time estimates 383 

in this context.   384 

Nonetheless, it is undoubtedly extremely difficult to determine precisely the extent to which 385 

these effects influence divergence time estimates in empirical datasets. Unlike simulations, 386 

we do not know the “true” age of any clade, and thus cannot quantify the difference in age 387 

between the clade and its oldest fossil. However, the phenomena underpinning these effects 388 

are simple and realistic enough to suggest they are widely relevant. Any clade with large 389 

amounts of extinct diversity that occurred significantly after its origin is likely to be affected by 390 

the extinct lineage effect. Meanwhile, any diversifying clade in which morphological data limits 391 

the resolution with which fossils can be assigned to subclades within it is likely to be affected 392 

by the character evolution effect.  393 

As with any other problem in divergence time estimation, there is not necessarily a 394 

straightforward solution to this issue. One option is to perform analyses that attempt to account 395 

for these problems – for example by making very relaxed assumptions about clade ages in 396 

relation to fossil ages, or the amount of variation in substitution rates in the phylogenetic tree 397 

(Carruthers and Scotland 2023). However, such an approach can result in very wide 398 

confidence intervals that may be biologically unrealistic or difficult to interpret.  399 

An alternative approach therefore, is to continue performing much more constrained analyses. 400 

These might be constrained in such a way as to meet a pre-conceived expectation. For 401 

example, many analyses of major clades such as angiosperms are constrained to meet pre-402 

conceived expectations about the age of angiosperms from the fossil record, and such an 403 

approach is advocated in other groups (Magallón et al. 2015; Budd and Mann 2023; Zuntini 404 

et al 2024). Such approaches, when supported by extensive evidence from the 405 

palaeontological record are entirely reasonable (Budd and Mann 2023). Nonetheless, they do 406 

raise the question of to what extent divergence time analyses in such cases actually make an 407 
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intellectual contribution to our understanding of evolution. For example, in the recent study of 408 

Zuntini et al. (2024) some degree of focus was given to an “early-burst” of angiosperm 409 

diversification. While there almost certainly is an early burst, we already knew this from the 410 

palaeobotanical record. What therefore has the time-calibrated phylogenetic tree actually 411 

contributed? In many further cases, when not considering the origin or early diversification of 412 

major clades such as flowering plants, animals, birds, or mammals, there is in any case very 413 

little auxiliary evidence on which to constrain divergence time analyses. Constraints placed on 414 

divergence time estimates in such cases are therefore often arbitrary. In such cases, either 415 

accepting much greater uncertainty, or being aware of the implications of alternative 416 

divergence time estimates for the conclusions drawn from the analyses is probably therefore 417 

preferable (e.g. Muñoz Rodríguez et al. 2018)  418 

Both the extinct lineage effect and character evolution effect are underpinned by phenomena 419 

(extinction, character evolution, fossil sampling rate) that are incorporated into existing 420 

macroevolutionary modelling frameworks (e.g. birth death branching processes, models of 421 

morphological evolution). It is thus entirely plausible that one could construct a model in the 422 

future that accounts for these processes, and enables appropriate calibration densities, or 423 

minimum and maximum constraints to be defined. It is also the case that we have enough 424 

theoretical evidence and the computational tools to construct models for rates of molecular 425 

evolution that are more realistic than the limited selection currently available. For example, 426 

rates could be constrained by traits such as life-history that are known to be associated with 427 

substitution rates (Smith and Donoghue 2008; Smith and Beaulieu 2024). Unlike existing 428 

relaxed clock models, which often explore an arbitrary distribution of rates that is picked by 429 

the user for statistical convenience, such models would likely be more informative with respect 430 

to the rate on any given branch. This would likely down-weight the importance of fossil 431 

calibrations in divergence time estimation (Carruthers and Scotland 2021), improving the 432 

reliability of divergence time estimates even if the issues discussed here are not dealt with. 433 

Regardless of these details, further methodological development should enable divergence 434 

time estimation to make more meaningful contributions to evolutionary research.  435 
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