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Abstract: Adaptive radiations are hypothesised as a generating mechanism for much of the
morphological diversity of extant species  1,2,3,4,5,6,7  . The Cenozoic radiation of
placental mammals, the foundational example of this concept  8,9  , gave rise to much
of the morphological disparity of extant mammals, and is generally attributed to relaxed
evolutionary constraints following the extinction of non-avian dinosaurs  10,11,12,13  .
However, study of this and other radiations has focussed on variation in evolutionary
rates  4,5,7,14  , leaving the extent to which relaxation of constraints enabled the origin
of novel phenotypes less well-characterised  15,16,17  . We evaluate constraints on
morphological evolution among mammaliaforms (mammals and their closest relatives)
using a new method that quantifies the capacity of evolutionary change to generate
phenotypic novelty. We find that Mesozoic crown-group therians, which include the
ancestors of placental mammals, were significantly more constrained than other
mammaliaforms. Relaxation of these constraints occurred in the mid-Paleocene, post-
dating the extinction of non-avian dinosaurs at the K/Pg boundary, instead coinciding
with important environmental shifts and with declining ecomorphological diversity in
non-theriimorph mammaliaforms. This relaxation occurred even in small-bodied
Cenozoic mammals weighing <100g, which are unlikely to have competed with
dinosaurs. Instead, our findings support a more complex model whereby Mesozoic
crown therian evolution was in-part constrained by co-occurrence with disparate
mammaliaforms, as well as by presence of dinosaurs, within-lineage incumbency
effects and environmental factors. Our results demonstrate that variation in
evolutionary constraints can occur independently of variation in evolutionary rate; and
that both make important contributions to the understanding of adaptive radiations.
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Summary 26 

Adaptive radiations are hypothesised as a generating mechanism for much of the 27 

morphological diversity of extant species1,2,3,4,5,6,7. The Cenozoic radiation of placental 28 

mammals, the foundational example of this concept8,9, gave rise to much of the 29 

morphological disparity of extant mammals, and is generally attributed to relaxed 30 

evolutionary constraints following the extinction of non-avian dinosaurs10,11,12,13. However, 31 

study of this and other radiations has focussed on variation in evolutionary rates4,5,7,14, leaving 32 

the extent to which relaxation of constraints enabled the origin of novel phenotypes less well-33 

characterised15,16,17. We evaluate constraints on morphological evolution among 34 

mammaliaforms (mammals and their closest relatives) using a new method that quantifies the 35 

capacity of evolutionary change to generate phenotypic novelty. We find that Mesozoic 36 

crown-group therians, which include the ancestors of placental mammals, were significantly 37 

more constrained than other mammaliaforms. Relaxation of these constraints occurred in the 38 

mid-Paleocene, post-dating the extinction of non-avian dinosaurs at the K/Pg boundary, 39 

instead coinciding with important environmental shifts and with declining ecomorphological 40 

diversity in non-theriimorph mammaliaforms. This relaxation occurred even in small-bodied 41 

Cenozoic mammals weighing <100g, which are unlikely to have competed with dinosaurs. 42 

Instead, our findings support a more complex model whereby Mesozoic crown therian 43 

evolution was in-part constrained by co-occurrence with disparate mammaliaforms, as well as 44 

by presence of dinosaurs, within-lineage incumbency effects and environmental factors. Our 45 

results demonstrate that variation in evolutionary constraints can occur independently of 46 

variation in evolutionary rate; and that both make important contributions to the 47 

understanding of adaptive radiations. 48 

 49 

Keywords: Adaptive Radiation; Constraint; Mammal; Mesozoic; K/Pg Mass Extinction 50 
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Results 51 

Discrete character state matrices provide a characterisation of morphological variation 52 

that summarises observations from across the skeleton. Analytical methods for this data type 53 

can make use of incompletely-sampled datasets, which are common in fossil record studies. 54 

These have previously been deployed to study patterns of disparity and evolutionary rates in a 55 

wide range of groups18,19,20 but are relatively underexploited for the study of evolutionary 56 

constraints (but see21). Character state matrices provide information about constraints on 57 

phenotypic evolution through the concept of character saturation21,22,23, which describes the 58 

effective size of character state space or the limit of novel phenotypes available to a lineage 59 

for a given set of characters. Once this limit is attained, further evolutionary change (i.e. 60 

additional character state transitions), no matter the rate, does not result in expansion of 61 

morphospace21,22,23.  62 

Character saturation occurs at different levels in different groups, indicating variation 63 

in constraints on morphological evolution among groups and through time. We quantify 64 

levels of character saturation by comparing the morphological dissimilarity of taxon pairs 65 

(pairwise character state dissimilarity) to the inferred character state changes between those 66 

taxa measured along the branches of the phylogeny (‘patristic distances’), a measure of the 67 

amount of evolutionary change since divergence from their most recent common ancestor 68 

(see22,23 for comparable approaches; and see24 for similar concepts in DNA). Taxon pairs 69 

separated by less evolutionary change (lower patristic distance) are more similar to each other 70 

(lower morphological dissimilarity) and dissimilarity generally increases with increasing 71 

evolutionary change (see Figure S1A for method schematic). However, this relationship 72 

begins to asymptote as further character state transitions are added (patristic distance 73 

increases), an effect of character state saturation. Greater morphological dissimilarity at the 74 

asymptote indicates more relaxed constraints (Figure S1B). 75 
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We analysed several large datasets of Mesozoic mammaliaforms25,26,27,28. Our 76 

analyses reveal considerable variation in constraint among lineages when comparing non-77 

theriimorphs (i.e. stem mammals and Australosphenida) to stem- and crown-therians. 78 

Theriimorpha is the total-group of therian mammals29 comprising stem therians (species more 79 

closely related to therian mammals than to Australosphenida) and crown-group therians 80 

(marsupials, placentals, their more recent common ancestor and all of its descendants29). 81 

Loess regression curves used to characterise morphological constraints within non-82 

theriimorph mammaliaforms and within stem therians suggest that neither grouping reached 83 

character saturation (Figure 1B). This is confirmed by evaluation of their predicted 84 

asymptotic levels of character saturation, quantified as the asymptote (Vmax) parameter of a 85 

Michaelis-Menten curve fitted to the points. Neither stem therians nor non-theriimorphs have 86 

reached their respective levels (Table 1), suggesting that both continued to explore novel 87 

morphologies throughout their evolutionary histories.   88 

In contrast, Mesozoic crown-group therians show strong evidence of having reached 89 

character state saturation (Figure 1B). Furthermore, Mesozoic therian disparity asymptotes at 90 

considerably lower morphological dissimilarity than the predicted asymptotes of other 91 

mammaliaforms, indicating a more constrained pattern of morphological evolution. The 92 

crown therian asymptote is significantly lower than the null expectation derived from 93 

simulating character evolution under a uniform, pan-mammaliaform equal-rates model (Table 94 

1), whereas stem therians and non-theriimorphs exceed it.  95 

We conducted additional analysis to address the possibility that high constraint in 96 

Mesozoic crown therian evolution resulted from uneven taxon sampling, which focussed on 97 

pre-Cretaceous taxa in source matrices based on Zhou et al.25. When comparing two taxon 98 

partitions of equal size from that matrix, the non-theriimorph Haramyida and the crown 99 

therian Eutheria (n=15), eutherians are are still found to be under significantly greater 100 
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constraint than haramiyds (Table S3). Moreover, simulation studies show that incomplete 101 

sampling does reduce the observed Vmax of a dataset or partition (Supplementary Results). 102 

However, this is accounted for by our null simulations, which show a broadening the range of 103 

expected Vmax values, therefore becoming more conservative with decreasing sample size 104 

(Figure S4). This suggests that the risk of false positives due to low sample size is low 105 

(Supplementary Results).  106 

Evidence of high constraint in Mesozoic crown therians emerges consistently from 107 

analysis of multiple datasets with different taxonomic foci (see Supplementary Methods), 108 

including a broad-based matrix of theriimorphs and non-theriimorphs25, matrices with a 109 

larger sampling of stem-group therians26 or crown therians27, as well as a recent alternative 110 

topology for non-theriimorph mammals28 (Figure 1C; Supplementary Results; Table S3). 111 

Assembly of these datasets focussed on characterising morphological variation in Mesozoic 112 

mammals but excludes or incompletely characterises the morphology of younger lineages. 113 

We therefore focus our interpretations from these matrices on Mesozoic events. These 114 

analyses vary in their implications for relative degrees of constraint between non-115 

theriimorphs and stem therians, but generally indicate increased constraint in Mesozoic 116 

crown therians where sampling of that group is sufficient to provide reasonable estimates 117 

(Figure 1C). The only exception to this occurs in an analysis of Krause et al.26, which 118 

recovers similar asymptotic disparities for crown therians and non-theriimorphs, with 119 

extrapolated asymptotic disparities that fall within the bounds of null simulations (Table S3). 120 

Nevertheless, stem therians asymptote at a greater disparity than these, exceeding the null 121 

expectation, consistent with the conclusion from other datasets that therians were under 122 

enhanced evolutionary constraint when compared to their stem lineage. 123 

Highly constrained morphological evolution in crown therians compared to stem 124 

therians is found independently across cranial, dental, and postcranial partitions (Figure S2, 125 
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Table S3). Constrained evolution in Mesozoic therians compared to both non-theriimorphs 126 

and stem therians is found in cranial and dental partitions. These findings suggest that our 127 

results, particularly for comparisons of therians to their stem-group, are not artefacts of the 128 

distribution of characters or missing data, or of the varying extent of ecological signal among 129 

anatomical partitions. 130 

Variation in the level of constraint (character saturation) depends more strongly on 131 

group identity (i.e. crown-therian | stem-therian | non-theriimorph) than on the inferred 132 

divergence dates between taxon pairs. Divergence time interval can only explain 133 

approximately 5% of the variance in morphological dissimilarity, according to a non-linear 134 

generalised least squares analysis (Figure 2; Table S4). This suggests that earlier 135 

phylogenetic splits resulted in greater phenotypic divergence than later splits, but that this 136 

effect is weak compared to the differences between groups. 137 

Various mammalian radiations have been hypothesised before the diversification of 138 

placentals following the K/Pg mass extinction. These include a crown therian radiation 139 

associated with the Cretaceous Terrestrial Revolution30,31,32 and an earlier, mid-Jurassic 140 

radiation of crown mammals8,33. We find little evidence that either was associated with a 141 

substantial relaxation of evolutionary constraints compared to other studied intervals. The 142 

divergence time between pairs of taxa explains less than 5% of the variance in morphological 143 

dissimilarity when encoded as a binary split, before and after each event (Table S4; Figure. 144 

2), compared to more than 50% explained by patristic distance (Figure 2). Our analyses 145 

therefore find no evidence for a relaxation of constraints on overall skeletal evolution among 146 

therian mammals following the mid-Cretaceous Terrestrial Revolution and initial 147 

diversification of flowering plants (Figure 2C). This contrasts with previous evidence for an 148 

expansion of ecological diversity among Late Cretaceous crown-group therians30,31,32. 149 

However, we note that even the existing datasets of ecologically-relevant mandibular and 150 
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dental traits suggest this Late Cretaceous expansion was small compared to later expansions 151 

of therian disparity, and was quantitatively a replacement of the ecological disparity of Early 152 

Cretaceous non-theriimorphs and stem therians12,13,30. Our findings suggest a decoupling of 153 

this early episode in therian ecological diversification from their overall patterns of skeletal 154 

evolution, which do not show evidence for substantial anatomical novelty. 155 

Patterns of constraint in eutherian (including placental) mammals across the K/Pg 156 

boundary were evaluated using comprehensive eutherian data matrices34,35. These matrices 157 

focussed on characterising morphological variation in late Mesozoic and early Cenozoic 158 

eutherians, encompassing the early radiation of placental mammals, and provide strong 159 

evidence for relaxed constraints on Cenozoic eutherian (i.e. placental mammal) evolution 160 

compared to Mesozoic eutherians (Figure 3A). However, the time-slicing of divergence times 161 

before pairwise comparison shows that this shift post-dated the K/Pg boundary extinction of 162 

non-avian dinosaurs. Eutherian divergences during the Danian (early Paleocene, 66-61.6 163 

million years ago) asymptote at a similar morphological dissimilarity to those of Mesozoic 164 

eutherians, and both are lower than expected from uniform, equal-rate null simulations 165 

(Figure 3A, Figure S3, Table 1). Our results show that the release in constraint instead 166 

occurred during the latter half of the Paleocene, when projected asymptotic dissimilarity falls 167 

within expectation from null simulations (Table 1). Crucially, late Paleocene taxa have not 168 

reached character saturation (their curve has not reached its asymptote), despite already 169 

attaining greater morphological disparity than in the early Paleocene (Figure 3A). These 170 

patterns of variation in constraint through time differ from patterns obtained for rates of 171 

morphological evolution by analysis of the same dataset, which were elevated during the 172 

earliest Paleocene11.  173 

We also classified eutherian mammals into distinct size classes (small, body mass < 174 

100 g; medium, 100 g – 5 kg; large, > 5 kg; see Methods) and examined the morphological 175 
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constraints within these different classes. Cenozoic eutherians within all three size classes 176 

reach character state saturation at a higher morphological dissimilarity than Mesozoic 177 

eutherians (Figure 3B). Furthermore, small-bodied eutherians show the largest relaxation of 178 

morphological constraint compared to null simulations; large and medium-sized Cenozoic 179 

eutherians both reach character saturation at lower morphological dissimilarity than expected 180 

from null simulations, whereas small-bodied Cenozoic eutherians are within the expected 181 

range (Table 1). This relaxation of constraints on morphological evolution in small-bodied 182 

mammal cannot readily be explained by extinctions of non-avian dinosaurs, which had 183 

minimum body sizes of approximately 400g36. Furthermore, ecosystem models predict that 184 

the competitive effects of adult and juvenile dinosaurs were very weak for non-dinosaurian 185 

species weighing less than 100g37. If non-avian dinosaurs were solely responsible for 186 

constraining the morphological evolution of Mesozoic eutherians, with no role for non-187 

theriimorph mammaliaforms, then the effects of the K/Pg should instead have manifested 188 

predominantly as a release of constraints on large and possibly medium-sized eutherians. 189 

Multituberculates (a lineage of stem therians that survived and radiated during the 190 

Paleocene) exhibit the inverse pattern of constraint to those observed in eutherians, when 191 

analysing a matrix that comprehensively samples Mesozoic and Paleocene taxa38. Cretaceous 192 

and Danian multituberculates show low levels of constraint as indicated by Vmax values of 193 

0.94 and 0.82 respectively (Figure S3, Table S3). Constraints on multituberculate evolution 194 

strengthened substantially during the latter half of the Paleocene, when the observed Vmax 195 

falls to 0.69 (Figure S3; Table S3). These shifts are not found to be significant in the null 196 

simulations (Table S3), potentially due to the smaller number of characters sampled (130 197 

characters), leading to a wide envelope of simulated null values. 198 

Metatherians, analysed using the matrix of Williamson et al.39, show no major shifts 199 

in constraint across the K/Pg boundary; character saturation in the Mesozoic and Cenozoic 200 
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occurs at similar morphological dissimilarities within the range expected from null 201 

simulations (Table S3). Nevertheless, it is not clear whether this is due to a difference in 202 

patterns of metatherian evolution compared to that of eutherians (including placentals), rather 203 

than more limited sampling of Cenozoic Metatheria and the extremely small number of 204 

characters sampled in the studied matrix. Analysis of Mesozoic eutherians and metatherians 205 

separately using the matrix of Zhou et al.25 shows eutherians still under significantly 206 

increased constraints but produces a Vmax value for metatherians only just within the limits of 207 

the null simulations (Table S3). This may be a result of metatherians being under reduced 208 

constraints relative to eutherians during the Mesozoic30 or due to the smaller taxon sample of 209 

Mesozoic metatherians in this matrix leading to broader null estimates (see above) 210 

 211 

Discussion 212 

Our findings suggest that Mesozoic crown-group therians were substantially more 213 

constrained than other mammaliaforms, occupying only a small portion of the total 214 

mammaliaform character state space. We show that relaxation of this constraint played a 215 

central role in the Cenozoic radiation of placental mammals, but that this did not occur until 216 

after the Danian, during the second half of the Paleocene, several million years after the 217 

extinction of non-avian dinosaurs. This is evident even in small-bodied therians, and from 218 

analysis of character states from across the skeleton (Figure 1B) as well as within individual 219 

anatomical compartments with more specific ecological relationships such as the teeth, crania 220 

and postcrania (Table S3, Figure S2). At least two hypotheses could explain variation in 221 

patterns of character state saturation among groups and through time, either (1) intrinsic 222 

factors such as inherited developmental or functional limitations on the range of possible 223 

forms and evolutionary changes; or (2) extrinsic factors such as ecological or selective 224 

forces20,40,41. The occurrence of a rapid, time-correlated shift as found here (rather than a 225 
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clade-specific shift) cannot readily be explained by relaxation of intrinsic developmental or 226 

functional limitations. We therefore focus on examining extrinsic, ecological explanations for 227 

this prominent phase-shift in mammalian phenotypic evolution.  228 

A widespread explanation for constrained mammalian evolution in the Mesozoic 229 

invokes competition with, or predation by, non-avian dinosaurs. Under this hypothesis, the 230 

extinction of non-avian dinosaurs during the K/Pg mass extinction allowed ecological release 231 

of mammalian phenotypes8,16. This provides only a partial explanation of patterns of mammal 232 

evolution. For example, it can explain the attainment of large, dinosaur-like body sizes42,43, 233 

and the occurrence of phenotypic novelty in large–medium sized mammals during the early 234 

Cenozoic. However, it does not explain the different patterns of constraint observed here 235 

among Mesozoic crown-group therians compared to other mammaliaforms (Figure 1). Nor 236 

does it explain the delay in the release of the constraints on eutherian evolution until the late 237 

Paleocene (Figure 3A), or the fact that constraints were released even among the smallest 238 

therians, weighing less than 100 g (Figure 3B). Instead, these patterns suggest that Mesozoic 239 

crown-group therians were also constrained by the ecological incumbency of other 240 

mammaliaform lineages that radiated prior to the origin of the therian crown, excluding 241 

crown therians from a broader range of phenotypes. The early Cenozoic radiation of placental 242 

mammals can therefore be cast at least in part as an example of an incumbent-replacement 243 

dynamic in the aftermath of a mass extinction (e.g.14,44,45). 244 

Mesozoic mammaliaforms document the first two-thirds of mammalian evolution and 245 

exhibited great ecomorphological diversity, including fossorial, arboreal, aquatic, gliding and 246 

predatory forms with a wide range of body masses (mostly < 1 kg, but extending up to ~14 247 

kg), diversifying particularly along locomotor axes32,46. The two crown therian clades 248 

Eutheria and Metatheria diverged during the Middle-Late Jurassic in the northern 249 

hemisphere33. A major turnover event during the mid-Cretaceous, coinciding with the 250 
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diversification and rise to dominance of angiosperms30,31,32, and resulted in extinctions of 251 

many non-theriimorph groups in the northern hemisphere. This gave rise to a Late Cretaceous 252 

mammaliaform assemblage in Laurasia comprising species-rich crown therians co-occurring 253 

with ecologically disparate stem therian multituberculates47,48,49. Although our dataset is 254 

nominally global in scope, most of the record of late Mesozoic and early Cenozoic mammals 255 

represents this northern hemisphere assemblage, and especially North America. 256 

Therians and multituberculates both underwent a Late Cretaceous expansion of dental 257 

ecomorphology and body size related to the origin of grinding and plant-related diets30,47,48. 258 

Both groups also continued to diversify in the immediate aftermath of the K/Pg mass 259 

extinction12,30,47. Multituberculates retained high abundance in North American fossil 260 

assemblages50, and achieved peak morphological diversity in the early Danian (Puercan)47,51 261 

with a substantial disparity of ecologies, including arboreal forms52, folivores, frugivores47,53, 262 

omnivores and faunivores47, and an expanded range of body sizes47. In contrast, therians 263 

experienced a delay in their expansion of morphological diversity until after the early 264 

Paleocene, based on dental morphology (late Danian48) and our analyses of discrete 265 

characters. Morphological and inferred ecological disparity of multituberculates declined 266 

after the Danian, followed by large decreases in richness during the late Paleocene and 267 

extinction in the late Eocene47,51,54. The timing of early decreases in the ecological diversity 268 

of multituberculates coincides with the timing of release of constraints on therian evolution 269 

shown here (Figure S3, Table S3), suggesting that the two events may have been linked. We 270 

discuss several hypothesised mechanisms for this (see below), but the most direct is via an 271 

incumbent-replacement dynamic between multituberculates and small-bodied therians. This 272 

may have been particularly relevant for smaller-body-sized arboreal and plant-based 273 

placentals such as early primates and rodents. Indeed, ecological interactions between 274 
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multituberculates and placentals have also been proposed during the geographic expansion of 275 

rodents into North America in the latest Paleocene and early Eocene (e.g.50,55 but see56).  276 

Mesozoic–Paleocene therians were rare on the southern continents, which generally 277 

present a more poorly-sampled fossil record. Instead, Late Cretaceous assemblages of the 278 

southern continents were dominated by gondwanatherians and dryolestids12,26,57,58. Evidence 279 

from South America and Madagascar indicates that gondwanatherians persisted into the 280 

middle Eocene59 and dryolestids into the Miocene58.  Nevertheless, both groups experienced 281 

substantial reductions in their diversity during the K/Pg boundary interval13,58,60. Eutherian 282 

and metatherian mammals appeared rapidly in the southern continents during the early 283 

Cenozoic61,62 before diversifying in situ into a range of groups with varying ecologies and 284 

morphologies, undergoing stepwise radiations with geographic variation in timing and extent, 285 

as observed by Osborn8. This pattern suggests that relaxation of the geographical incumbency 286 

of gondwanatherians and dryolestids allowed geographic expansion of therians in to the 287 

southern continents after the K/Pg. This is consistent with our hypothesis that the presence of 288 

mammaliaform groups outside the therian crown imposed constraints on the evolutionary 289 

diversification of Mesozoic eutherians and metatherians via incumbency, but is much less 290 

consistent with a hypothesis of dinosaur incumbency.  291 

This delayed radiation of eutherians, with heterogeneous patterns occurring in 292 

different areas, is inconsistent with the extinction of the non-avian dinosaurs being the sole or 293 

dominant driver in the release of placental mammals. It should be noted that the hypothesis 294 

that extinctions among non-theriimorph mammaliaforms facilitated the Cenozoic placental 295 

radiation is not mutually exclusive of others. These include evidence for a more limited 296 

ecomorphological expansion of crown therians during the Late Cretaceous12,13,29, that 297 

extinctions of non-avian dinosaurs at the K/Pg boundary allowed mammals to diversify into a 298 

wider range of body sizes16, or that the diversification of angiosperms or other environmental 299 



2 

 

shifts placed important controls on the timing of ecological diversification in mammals for a 300 

long interval spanning the Late Cretaceous and Paleogene31,46,62. It is also possible that the 301 

late Paleocene release of constraints in Eutheria may have been influenced by the climatic 302 

warming and the expansion of more productive, angiosperm-dominated forest ecosystems at 303 

low and mid latitudes63,64. This environmental shift coincided with a major turnover in early 304 

Cenozoic mammalian assemblages, including not only the decline of multituberculates, but 305 

also of early-diversifying therian groups with more generalised dietary ecomorphology such 306 

as phenacodontids and arctocyonids, and the emergence of specialised herbivores such as 307 

artiodactyls, perissodactyls and rodents56,65,66. Divergent evolutionary responses to 308 

environmental change combined with a trend of increasing specialisation might therefore 309 

explain some of the patterns shown here even without invoking incumbency effects. 310 

Analyses of rates of evolutionary change have dominated discussion of adaptive 311 

radiations since their inception14 and many recent analyses have focused on identifying early 312 

bursts of high rates which then decrease through time as niches are filled4,5,6,7. However, 313 

although high rates provide the potential for rapid phenotypic divergence, the relaxation of 314 

evolutionary constraints must also play an important role in permitting the evolution of novel 315 

phenotypes15,16. In this framework, ‘rate’ (or tempo) is a driver of evolutionary change along 316 

individual lineages, and ‘constraint’ (an aspect of the ‘mode’ of evolution) describes the 317 

extent to which those changes result in an overall expansion of morphospace15,16,17. Without 318 

relaxation of constraints, large amounts of evolutionary change (i.e. high rates) can result in 319 

the repeated exploration of a limited morphospace (i.e. convergent evolution), with only rare 320 

development of novel phenotypes15. In contrast, when constraints are relaxed, then 321 

evolutionary change is expected to more frequently generate novel phenotypes. 322 

Despite its clear importance in controlling the development of novel phenotypes, 323 

relatively little attention has been given to patterns of constraint and how they vary between 324 
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groups and through time. The method presented here provides a new approach for 325 

quantifying the evolution of morphological constraints, using data drawn from the entire 326 

skeleton. Our results illustrate the importance of variation in constraint among groups and 327 

through time in permitting major evolutionary radiations. Furthermore, we find that patterns 328 

of variation in constraint are at least partially independent of variation in evolutionary rate; 329 

increased rates at the origin of therians co-occurred with strong constraints and did not lead to 330 

increased disparity12,30. Moreover, the Cenozoic radiation of eutherian mammals is 331 

characterised by increased rates during the earliest Cenozoic11, but relaxation of constraints 332 

did not occur until slightly later, during the late Paleocene (Figure 3A). The contrast between 333 

these two events, and our findings regarding constraints on the Cenozoic mammal radiation, 334 

both highlight the importance of a more complete characterisation of phenotypic 335 

macroevolution for understanding the origins of the great diversity of organismal form. 336 
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Figures 362 

Figure 1: Patterns of Constraint in Mesozoic Mammaliaformes 363 

A) Phylogeny of Mesozoic mammals used in analyses with branch lengths scaled to the 364 

number of character changes, based on the character matrix of Zhou et al.25. Node labelled I 365 

= Mammaliaformes; II = Australosphenida; III = Theriimorpha; IV = Crown Theria; V = 366 

Metatheria; VI = Eutheria. Colours represent the subsets used in analyses: black = non-367 

theriimorph mammals; red = stem Theria; blue= crown Theria. Lilac used in Figures 2 and 3 368 

for Eutheria only. B) Comparison of patristic distances and morphological dissimilarities 369 

between pairs of Mesozoic mammaliaforms, calculated from the character matrix of Zhou et 370 

al.25. Each point represents a pairwise comparison of two taxa, and the lines represent loess 371 

fitted regression curves. Black squares represent pairs of Australosphenidans. C) 372 

Comparisons of the Loess regression curves produced by analyses of different matrices. 373 

Numbers indicate reference of dataset used in each study. Analysis marked * had the 374 
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phylogeny constrained so that haramiyidans were stem therians. Silhouettes from 375 

phylopic.org shared under Creative Commons Liscence 376 

https://creativecommons.org/licenses/by-nc/3.0/ (Juramaia, Castorocauda, Cimolodonta – 377 

Nobu Tamura), Public Domain Dedication 1.0 license (Sinodelphys), or No Copyright 378 

(Fruitafossor) 379 

  380 

Figure 2: Variation in Patterns of Constraint in Mesozoic Mammaliaformes Through 381 

Time 382 

Comparison of patristic distances and morphological dissimilarities between pairs of 383 

mammaliaforms, calculated from the matrix of Zhou et al.25, separating pairs by divergence 384 

dates. Darker colours represent more recent divergence dates. A) Non-theriimorph 385 

mammaliaforms; B) Stem therian mammals; C) Crown therian mammals. See also Table S2 386 

 387 

Figure 3: Patterns of Constraint in Cretaceous and Cenozoic Eutherians 388 

Comparison of patristic distances and morphological dissimilarities, calculated from the 389 

matrix of Halliday et al.34, between pairs of eutherian mammals, separating pairs by A) 390 

divergence date, and B) size category. Mesozoic Eutheria are all small apart from two 391 

medium sized taxa (not included). Silhouette from phylopic.org (no copyright). See also 392 

Figure S3, Table S3 393 

 394 

 395 

 396 

 397 

 398 

 399 
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 400 

Tables 401 

Table 1: Point of character saturation in different mammaliaform lineages 402 

Morphological dissimilarity between pairs of taxa at the point of character saturation, 403 

estimated as the Vmax parameter of a Michaelis-Menten curve fitted to comparisons of 404 

patristic distances and morphological dissimilarities between the pairs. Null expectation 405 

calculated by simulating character evolution over a phylogeny under an equal rates models. 406 

See also Table S1 407 

Data-set Partition Observed 

Vmax 

Vmax values expected 

from null simulation: 

Median (range) 

25 

Non-theriimorph 

mammaliaforms 

1.11 

0.70 (0.68-0.73) 

25 Stem therian mammals 0.93 0.85 (0.80-0.90) 

25 Crown therian mammals 0.64 0.75 (0.69-0.80) 

34 Mesozoic Eutheria 0.72 0.80 (0.77-0.83) 

34 Danian Eutheria 0.74 0.79 (0.76-0.81) 

34 Late Paleocene Eutheria 0.85 0.86 (0.82-0.90) 

34 Eocene-Recent Eutheria 0.84 0.83 (0.81-0.85) 

34 Mesozoic small Eutheria 0.62 0.86 (0.81-0.89) 

34 Paleogene small Eutheria 0.87 0.91 (0.83-0.98) 

34 Paleogene medium 

Eutheria 

0.80 0.90 (0.87-0.94) 

34 Paleogene large Eutheria 0.76 0.91 (0.86-0.95) 

 408 
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 410 

STAR METHODS 411 

 412 

 413 

RESOURCE AVAILABILITY 414 

Lead Contact – Further information and requests for resources and reagents should be 415 

directed to and will be fulfilled by the Lead Contact: Neil Brocklehurst 416 

(neil.brocklehurst@earth.ox.ac.uk) 417 

 418 

Materials Availability 419 

This study did not use or generate any new material. 420 

 421 

Data and Code Availability 422 

The Nexus files employed are presented in Supplementary Data 1-8. All analyses were 423 

carried out in MrBayes and R67,68 using functions from packages cited in the Key Resources 424 

Table. The script is available in Supplementary Data 12. These have been deposited in Dryad 425 

(https://doi.org/10.5061/dryad.bk3j9kdbt) 426 

 427 

Experimental Models and Subject Details 428 

Datasets employed were taken from references 12,26,27,28,34,35,38,39. The nexus fules employed 429 

are found in Supplementary Data 1-10 430 

 431 

METHOD DETAILS 432 

 433 

about:blank
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Data 434 

The morphological character matrices under study represent extensive samplings of 435 

morphological data from Mesozoic and Cenozoic mammaliaforms. Four matrices, which 436 

between them contain the largest available sample of taxa across a broad range of Mesozoic 437 

mammaliaform clades, were chosen to compare patterns between Mesozoic crown therians, 438 

stem therians and non-theriimorph mammaliaforms, indicated in Figure 1C as “Zhou et al. 439 

2019”25, “Krause et al. 2020”26, “Bi et al. 2018”27, and “King and Beck 2020”28. The Zhou et 440 

al.25 matrix (Taxa – 126, Characters 556) contains a broad coverage of the three 441 

mammaliform subgroups (non-theriimorphs, stem therians and crown therians), but is limited 442 

in its sampling of certain stem mammal clades such as dryolestids and multituberculates, and 443 

late Cretaceous crown therians. The Bi et al.27 matrix (Taxa – 64, Characters – 401) contains 444 

no taxa outside theriimorphs, but a broader sampling of crown and stem therian taxa. Krause 445 

et al.26 (Taxa – 82, Characters – 530) contains a more restricted sampling of crown Theria, 446 

but a more extensive sampling of stem therians, in particular multituberculates and 447 

Gondwanatheria. The King and Beck28 matrix (Taxa – 96; Characters – 507) contains a very 448 

similar sampling to the Zhou et al.25 matrix, but their analysis using the Fossilised Birth 449 

Death model produced a novel topology with polyphyletic haramiyidans, and so analysis was 450 

performed with phylogenetic relationships constrained to this topology. Although no 451 

individual matrix present an even sample of morphological variation among Mesozoic 452 

mammals, our finding of similar patterns regardless of dataset choice suggests that these 453 

biases do not overwhelm the underlying signal of constraint in Mesozoic therians compared 454 

to other groups. 455 

To compare patterns of constraint in crown therians across the Cretaceous/Paleogene 456 

boundary, two comprehensive datasets covering Eutheria were used: Manz et al.35 and 457 

Halliday et al.34. The Manz et al. study (Taxa – 81; Characters 415) is a recent iteration of the 458 
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matrix of Wible et al.75, designed to resolve the relationships of Cretaceous eutherians. 459 

Halliday et al.34 (Taxa – 177; Characters – 681) sampled a substantially greater number of 460 

Paleocene taxa. The results from these were compared to those from Williamson et al.39, 461 

which broadly samples Mesozoic and early Cenozoic Metatheria (Taxa – 95; Characters – 462 

85), and Wang et al38, which samples multituberculates over a similar interval (Taxa – 51; 463 

Characters – 130).  464 

To generate the phylogenetic framework for the analyses, the matrices were subjected 465 

to a Bayesian phylogenetic analysis in MrBayes v3.2.667. The analyses were run for 466 

10,000,000 generations, sampling every 1000. Four runs, each with four chains, were 467 

employed to ensure convergence. A variable rates model of character evolution, with rates 468 

drawn from a gamma distribution, was used. The analysis was undated so that branch lengths 469 

would represent number of character transitions rather than time. The maximum clade 470 

credibility (MCC) tree, with 25% of the posterior sample of trees discarded as burn in, was 471 

used in subsequent analyses. Non-mammaliaform taxa were dropped from the tree (we adopt 472 

Mammaliaformes as comprising the most recent common ancestor of Sinoconodon and 473 

modern mammals, and its descendants76). Cenozoic mammals were dropped from the trees 474 

produced using the Mesozoic mammaliaform matrices because these contained only a limited 475 

and non-representative sampling of mostly extant Cenozoic mammals and their relevant 476 

characters (see Table S1 for taxa included), and document events in morphological evolution 477 

extending after the end of our study interval. Note that the King & Beck28 analysis produced 478 

a novel set of relationships not seen in other studies by analysing their matrix using the 479 

Fossilised Birth Death Model; the relationships in the analysis of their matrix were 480 

constrained to this novel topology. 481 

  482 

Character Saturation 483 
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Pairwise patristic distances between each taxon in the MCC tree were calculated in R 484 

3.6.168 using the distTips() function in the package adephylo70. The morphological 485 

dissimilarity between the pairs of taxa were calculated using the MorphDistMatrix() function 486 

in the package Claddis20, using the maximum observable rescaled distance (MORD) metric. 487 

A loess regression line was calculated in R comparing the pairwise patristic distances and 488 

morphological dissimilarities (See Figure S1 for method schematic). 489 

 490 

Temporal partitions 491 

We used a time-slicing approach based on node ages to test whether more ancient 492 

divergences of Mesozoic mammals accumulated more morphological variation, and the 493 

effects of the Cretaceous Terrestrial Revolution on crown therian evolution. Our approach 494 

subdivides the pairwise comparisons of patristic and morphological distances calculated from 495 

the character matrix of Zhou et al.25, subdividing according to the interval in which the 496 

lineages diverged (i.e. the ‘node age’, or divergence date). Divergence dates were calculated 497 

in the R package paleotree69 using the minimum branch length (MBL) method, with a 498 

minimum branch length of 1 million years. The intention here was to obtain approximate 499 

dates that can be used to assign divergence times to relatively coarse, epoch-level time bins. 500 

The same approach was used to assess the eutherian, metatherian and multituberculate 501 

matrices34,35,38,39, subdividing time into Cretaceous, Danian, Late Paleocene, and Eocene-502 

Recent. 503 

 504 

Anatomical Partitions 505 

To examine whether the patterns of constraint are consistent across anatomical partitions, and 506 

thus show whether the distribution of characters and missing data may have affected the 507 

inferences, the characters were all assigned to one of three partitions: Skull, Dental and 508 
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Postcranial. For each partition, a matrix restricted to the characters within the partition was 509 

analysed in MrBayes in using the same protocols and parameters as described in the main 510 

text, but constraining the tree topology to that found in the analysis of all characters. This 511 

produces a tree whose topology is identical to that of Figure 1, but whose branch lengths 512 

represent only character changes within the relevant partition. Character saturation was then 513 

assessed as described (Figure S2). 514 

 515 

Body size partitions 516 

Patterns of constraint within different size classes were assessed in Eutheria using the 517 

matrix of Halliday et al.34. Body masses of Mesozoic and Paleogene taxa were estimated 518 

using published regressions of body mass on m1 measurements derived from extant 519 

species77,78. Two separate regressions were used to account for the differences in these 520 

relationships in artiodactyls and perissodactyls37,78 and in all other mammals77. This follows 521 

the approach used by other studies of mammalian body size evolution in the fossil record42.  522 

Only m1 length was used to estimate body mass in artiodactyls and perissodactyls 523 

based on previous studies that showed this measurement correlates best with body mass in 524 

extant species42,78, according to equation 1: 525 

 526 

Equation 1.  ln(massm1) = 1.24 + (3.11 * (ln(lengthm1))) 527 

 528 

 529 

A generic body mass regression for all mammals77 was applied to all species in the 530 

dataset except artiodactyls and perissodactyls: 531 

 532 

Equation 2.  ln(massm1) = 1.81 + (1.827 * (ln(lengthm1 * widthm1))) 533 
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 534 

Body mass estimates were used to categorize species in our dataset as ‘small’, 535 

‘medium’, or ‘large’. The cut off size for each size class was based on the distribution of 536 

eutherian mammal body sizes throughout the Mesozoic. ‘Small’ mammals are equivalent in 537 

mass to the most common Mesozoic mammals (below 100 g). Mammals of this mass are 538 

small enough that they are unlikely to have directly competed with non-avian dinosaurs in the 539 

Cretaceous; the smallest adult specimen of a non-avian dinosaur known has been estimated at 540 

400 g36. ‘Medium’ mammals have body masses from 100 g to 5 kg. This represents body 541 

sizes which are rare but present, both in non-avian dinosaurs and Mesozoic mammaliaforms, 542 

and includes the largest Mesozoic eutherians that may have competed both with dinosaurs 543 

and other Mesozoic mammaliaforms. ‘Large’ mammals are larger than 5 kg, and by 544 

definition include only Cenozoic eutherian species, representing an almost exclusively novel 545 

body size class for Cenozoic mammals. Strict conceptions of the dinosaur-incumbency 546 

hypothesis predicts that most morphological novelty should occur among large, and 547 

potentially medium, bodied mammals. 548 

 549 

 550 

QUANTIFICATION AND STATISTICAL ANALYSIS 551 

To provide an estimate of the point of character saturation of different groups, a 552 

Michaelis-Menten curve (which tends to an asymptote) was fit to the pairwise comparisons of 553 

taxa using the drm() function in the R package drc74. The Vmax parameter was used as an 554 

estimate of the morphological dissimilarity at which character saturation occurred.  555 

The observed point of character saturation identified by the Michaelis-Menten curve 556 

fittings were compared to null simulations of character evolution. For each character an 557 

estimate of the instantaneous probability of change was fit to the phylogeny using the fitMk() 558 
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function in the R package phytools71, assuming an equal rates model. Using these 559 

probabilities, an evolutionary history of each character was simulated over the phylogeny, 560 

producing a set of character scores for each tip. These were used to calculate morphological 561 

dissimilarities between the taxa as above. The null morphological dissimilarities were 562 

compared to the patristic distances again by fitting a Michaelis-Menten curve. This process 563 

was repeated 1000 times, producing a null distribution of character saturation estimates 564 

which can then be compared to the observed. 565 

Finally, the relative impact of divergence time and character change frequency on the 566 

morphological dissimilarities between pairs of taxa was tested using generalised least 567 

squares, comparing morphological dissimilarity to the square root of the patristic distance 568 

(root transformed since the curve should tend to an asymptote) and divergence time. This was 569 

carried out using the gls() function in the R package nlme72. The relative importance of the 570 

variables was calculated by averaging R2 contributions over ordering of regressors79, 571 

implemented in the R package relaimpo73. Three models were tested: one where divergence 572 

time was a continuous character; one where it was treated as binary: diverging before or after 573 

the Early Jurassic, at which point a significant rate increase occurred in mammals33; and one 574 

where it was treated as binary diverging before or after the end of the Cretaceous Terrestrial 575 

Revolution (80 mya)30. 576 

 577 

SIMULATION ANALYSIS 578 

As discussed above, incomplete taxon sampling has the potential to reduce the 579 

observed character state space. It might be expected, therefore, that incomplete taxon 580 

sampling within a dataset or partition might be expected to lead to inference of increased 581 

morphological constraint. To examine this possibility, we carried out further analyses on the 582 

Krause et al.26 matrix. The entire taxon sample produced an observed Vmax (0.86) within the 583 
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range of values observed in null simulations (0.83-0.88) i.e. significantly 584 

strengthened/relaxed constraints are not supported. To test whether incomplete taxon 585 

sampling could result in a false inference of significantly strengthened constraints (i.e. false 586 

positives), taxa were deleted at random. The observed Vmax and range of null simulations 587 

were calculated using the new taxon sample. This process was carried out with 25%, 50 % 588 

and 75% of taxa deleted, with 1000 replicates each time. 589 

Simulations of incomplete taxon sampling show little evidence that this leads to false 590 

positive inferences of strengthened constraint. Only one out of the 1000 simulations with 591 

25% of taxa deleted falsely indicated significantly strengthened constraint. With 50% deleted 592 

the number was four, and with 75% the number was 12. It is true that the observed Vmax 593 

values showed considerable variation and were usually lower when large numbers of taxa 594 

were deleted. However, under such circumstances the null values were also lower and the 595 

range of simulated values was wider (Figure S4), making the inference of significant 596 

strengthening of constraints more conservative. This set of simulations validates the approach 597 

of using null simulations to test for significant variation in constraints, even when there are 598 

concerns about taxon sampling within a dataset or partition. However, these results do also 599 

indicate that the observed Vmax values should not be used alone as an indicator of constraint; 600 

they are likely not directly comparable between different datasets or partitions. Rather they 601 

must be used in conjunction with null simulations. 602 

 603 
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