
Dental characters used in phylogenetic analyses of
mammals show higher rates of evolution, but not
reduced independence (#41216)

1

First submission

Guidance from your Editor

Please submit by 21 Oct 2019 for the benefit of the authors  (and your $200 publishing discount) .

Structure and Criteria
Please read the 'Structure and Criteria' page for general guidance.

Raw data check
Review the raw data. Download from the materials page.

Image check
Check that figures and images have not been inappropriately manipulated.

Privacy reminder: If uploading an annotated PDF, remove identifiable information to remain anonymous.

Files
Download and review all files
from the materials page.

4 Figure file(s)
5 Table file(s)



For assistance email peer.review@peerj.com
Structure and
Criteria

2

Structure your review
The review form is divided into 5 sections. Please consider these when composing your review:
1. BASIC REPORTING
2. EXPERIMENTAL DESIGN
3. VALIDITY OF THE FINDINGS
4. General comments
5. Confidential notes to the editor

You can also annotate this PDF and upload it as part of your review
When ready submit online.

Editorial Criteria
Use these criteria points to structure your review. The full detailed editorial criteria is on your guidance page.

BASIC REPORTING

Clear, unambiguous, professional English
language used throughout.
Intro & background to show context.
Literature well referenced & relevant.
Structure conforms to PeerJ standards,
discipline norm, or improved for clarity.
Figures are relevant, high quality, well
labelled & described.
Raw data supplied (see PeerJ policy).

EXPERIMENTAL DESIGN

Original primary research within Scope of
the journal.
Research question well defined, relevant
& meaningful. It is stated how the
research fills an identified knowledge gap.
Rigorous investigation performed to a
high technical & ethical standard.
Methods described with sufficient detail &
information to replicate.

VALIDITY OF THE FINDINGS

Impact and novelty not assessed.
Negative/inconclusive results accepted.
Meaningful replication encouraged where
rationale & benefit to literature is clearly
stated.
All underlying data have been provided;
they are robust, statistically sound, &
controlled.

Speculation is welcome, but should be
identified as such.
Conclusions are well stated, linked to
original research question & limited to
supporting results.



Standout
reviewing tips

3

The best reviewers use these techniques

Tip Example

Support criticisms with
evidence from the text or from
other sources

Smith et al (J of Methodology, 2005, V3, pp 123) have
shown that the analysis you use in Lines 241-250 is not the
most appropriate for this situation. Please explain why you
used this method.

Give specific suggestions on
how to improve the manuscript

Your introduction needs more detail. I suggest that you
improve the description at lines 57- 86 to provide more
justification for your study (specifically, you should expand
upon the knowledge gap being filled).

Comment on language and
grammar issues

The English language should be improved to ensure that an
international audience can clearly understand your text.
Some examples where the language could be improved
include lines 23, 77, 121, 128 – the current phrasing makes
comprehension difficult.

Organize by importance of the
issues, and number your points

1. Your most important issue
2. The next most important item
3. …
4. The least important points

Please provide constructive
criticism, and avoid personal
opinions

I thank you for providing the raw data, however your
supplemental files need more descriptive metadata
identifiers to be useful to future readers. Although your
results are compelling, the data analysis should be
improved in the following ways: AA, BB, CC

Comment on strengths (as well
as weaknesses) of the
manuscript

I commend the authors for their extensive data set,
compiled over many years of detailed fieldwork. In addition,
the manuscript is clearly written in professional,
unambiguous language. If there is a weakness, it is in the
statistical analysis (as I have noted above) which should be
improved upon before Acceptance.



Dental characters used in phylogenetic analyses of mammals
show higher rates of evolution, but not reduced independence
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Accurate reconstructions of phylogeny are essential for studying the evolution of a clade.
Morphological characters are necessarily used for the reconstruction of fossil organism
relationships, however variation in their evolutionary modes not accounted for in analyses
may be leading to unreliable phylogenies. A recent study suggested that phylogenetic
analyses of mammals may be suffering from a dominance of dental characters, which were
shown to have lower phylogenetic signal than osteological characters and produced
phylogenies less congruent with molecular benchmarks. Here we build on this previous
work by testing seven additional morphological partitions for phylogenetic signal and
examining what aspects of dental and other character evolution may be affecting this, by
fitting models of discrete character evolution to phylogenies inferred and time calibrated
using molecular data. Results indicate that the phylogenetic signal of discrete characters
correlate most strongly with rates of evolution, with increased rates driving increased
homoplasy. Dental characters have higher rates of evolution than other partitions. They do
not, however, fit a model of independent character evolution any worse than other
regions. Marsupials show different patterns to other mammal clades, with dental
characters evolving at slower rates and being more heavily integrated (less independent).
While the dominance of dental characters in analysis of mammals could be leading to
inaccurate phylogenies, the issue is not unique to dental characters and the results are not
consistent across datasets. Molecular benchmarks (being entirely independent of the
character data) provide a framework for examining each dataset individually to assess the
evolution of the characters used.
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25 ABSTRACT

26 Accurate reconstructions of phylogeny are essential for studying the evolution of a clade. 

27 Morphological characters are necessarily used for the reconstruction of fossil organism 

28 relationships, however variation in their evolutionary modes not accounted for in analyses may 

29 be leading to unreliable phylogenies. A recent study suggested that phylogenetic analyses of 

30 mammals may be suffering from a dominance of dental characters, which were shown to have 

31 lower phylogenetic signal than osteological characters and produced phylogenies less congruent 

32 with molecular benchmarks. Here we build on this previous work by testing seven additional 

33 morphological partitions for phylogenetic signal and examining what aspects of dental and other 

34 character evolution may be affecting this, by fitting models of discrete character evolution to 

35 phylogenies inferred and time calibrated using molecular data. Results indicate that the 

36 phylogenetic signal of discrete characters correlate most strongly with rates of evolution, with 

37 increased rates driving increased homoplasy. Dental characters have higher rates of evolution 

38 than other partitions. They do not, however, fit a model of independent character evolution any 

39 worse than other regions. Marsupials show different patterns to other mammal clades, with 

40 dental characters evolving at slower rates and being more heavily integrated (less independent). 

41 While the dominance of dental characters in analysis of mammals could be leading to inaccurate 

42 phylogenies, the issue is not unique to dental characters and the results are not consistent across 

43 datasets. Molecular benchmarks (being entirely independent of the character data) provide a 

44 framework for examining each dataset individually to assess the evolution of the characters used.

45

46 Keywords: Evolutionary Rates; Homoplasy; Independence; Phylogeny; Mammalia
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48

49 INTRODUCTION

50 Accurate reconstructions of phylogenetic relationships are essential for studying the 

51 evolutionary history of a clade, with hypotheses being based on molecular or morphological 

52 data, or both. While it is comparatively straightforward to observe patterns of evolution in 

53 molecular sequence data and therefore develop models more closely representing the 

54 evolutionary processes, this is more difficult in the case of morphological characteristics due to a 

55 poorer understanding of how novel morphology is evolved from ancestral traits. Nonetheless, 

56 morphological data is our only means of reconstructing the phylogenetic relationships of fossil 

57 organisms that are too old to preserve DNA. It is therefore imperative that we strive to better 

58 understand the evolutionary modes of morphological traits. In recent years many studies have 

59 examined how variation in their evolutionary patterns accounted for by current analyses may be 

60 affecting phylogenetic inferences (e.g. O’Keefe & Wagner, 2001; Scotland, 2003; DeGusta, 

61 2004, Sansom et al. 2017; Billet & Bardin, 2018). 

62 The high percentage of dental characters used in the reconstruction of fossil mammal 

63 phylogenies has become a particular cause for concern. Numerous studies have highlighted 

64 issues such as the non-independent evolution of dental characters (Kangas et al., 2004; Kavanagh 

65 et al., 2007; Harjunma et al., 2014; Dávalos et al., 2014; Billet & Bardin, 2018) and increased 

66 convergence due to ecological selective pressures (Evans et al., 2007; Kavanagh et al., 2007). In 

67 a recent meta-analysis, Sansom et al. (2017) examined the phylogenetic signal of tooth and 

68 osteological character partitions, using phylogenies derived from molecular data as a benchmark. 

69 This study found that osteological characters were more consistent with the molecular 
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70 phylogenies and contained greater phylogenetic signal than dental characters, while parsimony 

71 analyses with only dental characters produced results less similar to the molecular phylogenies 

72 than analyses where the same number of characters were selected at random from both partitions.

73 This paper builds on the work of Sansom et al. (2017) in two principle ways. Sansom et 

74 al. (2017) employed two partitions, dental and osteological, to assess whether dental characters 

75 performed more poorly than osteological characters in phylogenetic analyses. As such, while 

76 dental characters have been demonstrated to potentially be problematic, an understanding of 

77 whether this problem was limited to them, or whether it is seen in other partitions, is lacking. We 

78 therefore examine phylogenetic signal in eight morphological partitions in mammals in order to 

79 establish whether any other skeletal regions may be a poor indicator of phylogeny. 

80 Secondly, we also aim to understand why dental characters may be producing 

81 phylogenies less congruent with molecular benchmarks. It is becoming more well established 

82 that morphological characters frequently violate at least some of the principle assumptions of 

83 parsimony: between-character rate homogeneity (all characters being just as likely to transition), 

84 within-character rate homogeneity (all character states within the same character being similarly 

85 likely to transition than others), and character independence (see below). We test each 

86 morphological character partition for variation in rates of state transition within characters, 

87 variation in rates of evolution between characters, and character independence. 

88 In most published phylogenetic analyses performed using parsimony, the characters are 

89 weighted equally (Källersjö et al., 1999; Kluge, 2005; Goloboff et al., 2008). Under such a 

90 scheme, a change in any character is given equal emphasis in determining tree length. However, 

91 such a scheme only produces reliable results when the characters are all equally likely to change. 

92 If, however, there is variation in the rates of character evolution, certain characters will change 

PeerJ reviewing PDF | (2019:09:41216:0:0:NEW 13 Sep 2019)

Manuscript to be reviewed

Reviewer
Comment on Text
principal

Reviewer
Comment on Text
principal

Reviewer
Comment on Text
I suggest just saying "change" here

Reviewer
Comment on Text
again, "change" is clearer here (as you know, transition has a very specific meaning in molecular data)

Reviewer
Comment on Text
again, I would say "change" is better here

Reviewer
Comment on Text
influence?

Reviewer
Comment on Text
I'm not sure if this is necessarily correct. Even if all characters are equally likely to change, but they evolve at very high rates (i.e. show high homoplasy, with multiple hits in characters), then won't this will lead to an incorrect tree? 



93 more frequently and are more likely to show homoplasy (Felsenstein, 1981; Goloboff, 1993). 

94 While parsimony analysis does not incorporate an explicit evolutionary model, an equal weights 

95 analysis does rely on equal between-character rates for its accuracy.

96 Furthermore, in most published phylogenetic analyses, transitions between different 

97 combinations of character states are given equal weight (i.e. a transition from state 0 to state 1 is 

98 just as likely as a transition from state 1 to state 0; an assumption of within-character rate 

99 homogeneity). This assumption may be relaxed by incorporating step matrices which give 

100 greater weight to particular transitions (Sankoff & Kedergren, 1983), or by ordering (Fitch, 

101 1971), an extreme modification of step matrices, setting the possibility of most transitions to 0. 

102 However, such modifications are rarely employed (see Marjanović & Laurin, 2019 for summary 

103 of their history) and most analysis assume equality of within-character rates.

104 Finally, all phylogenetic analyses (parsimony, Bayesian, and likelihood methods), treat 

105 all characters as independent of one another (i.e. an assumption that a change in one character 

106 will have no effect on another character transition probability). Extensive study has shown this 

107 assumption of independence to be frequently violated (e.g. Kangas et al., 2004; Kavanagh et al., 

108 2007; Harjunma et al., 2014; Dávalos et al., 2014; Billet and Bardin, 2018), with many traits or 

109 regions forming integrated modules that change as a unit (Goswami, 2006, 2007; Goswami & 

110 Polly, 2010).

111 By analysing phylogenetic signal, between- and within-character rates, and character 

112 independence across eight morphological partitions and four mammalian clades, we aim to better 

113 understand how the use of mammalian morphological characters can be optimised during 

114 phylogenetic analyses. The results should provide future studies that intend to reconstruct the 

PeerJ reviewing PDF | (2019:09:41216:0:0:NEW 13 Sep 2019)

Manuscript to be reviewed

Reviewer
Comment on Text
Hmm...ordering of characters is pretty common. Step matrices, I agree, are comparatively rare though

Reviewer
Comment on Text
methods? Optimality criteria?



115 relationships of fossil mammals with a framework to enable more evidence-based decisions 

116 about which characters are more reliable for use in phylogenetic analyses. 

117

118 MATERIALS AND METHODS

119 Data

120 This study builds on the protocol established by Sansom et al. (2017), where molecular 

121 phylogenies are used as the framework over which morphological evolution may be analysed. 

122 This allows the evolutionary patterns of the characters to be examined over a phylogeny 

123 produced from data entirely independent of those characters. For mammals the time-scaled 

124 molecular phylogeny was taken from Meredith et al. (2011), and the morphological data from Bi 

125 et al. (2014), both recent and comprehensive datasets. The morphological characters were 

126 divided between eight partitions: dental, cranial, axial, pectoral girdle, pelvic girdle, forelimb, 

127 hindlimb, and soft tissue. Taxa not present in both the morphological matrix and molecular tree 

128 were dropped. If, after doing so, a character showed no variation in score among the remaining 

129 taxa, that character was also dropped from subsequent analyses. 

130 As well as the global analysis of mammals, three subclades were subjected to the same 

131 analyses to test for variation in the macroevolutionary patterns within Mammalia. The clades 

132 chosen were: Cetartiodactyla (Molecular tree from Hassanin et al. [2012], Morphological matrix 

133 from O’Leary & Gatesy [2008]), Primates (Molecular tree from Perelman et al. [2011], 

134 Morphological matrix from Pattinson et al. [2015]) and Marsupialia (Molecular tree from 

135 Mitchell et al. [2014], Morphological matrix from Beck [2017]). These clades were chosen for 

136 the following reasons: 1) they have been analysed using morphological character matrices 

137 containing characters from all eight of the morphological partitions; 2) there exist time calibrated 

PeerJ reviewing PDF | (2019:09:41216:0:0:NEW 13 Sep 2019)

Manuscript to be reviewed

Reviewer
Comment on Text
OK, but this includes a few questionable nodes, e.g. position of tree shrews (Scandentia). 



138 molecular phylogenies with substantial taxonomic overlap with the morphological matrixes; 3) 

139 the character list, data matrix and time calibrated phylogeny were available in usable formats; 

140 and 4) they are morphologically and ecologically diverse lineages, and therefore the 

141 morphological characters have the potential to be heavily influenced by functional and ecological 

142 constraints.  

143

144 Phylogenetic Signal

145 Levels of homoplasy relative to the molecular phylogeny were used as an estimate of the 

146 phylogenetic signal of the characters, measured using Pagel’s lambda (Pagel, 1999). This 

147 statistic produces a value between 0 and 1, where 0 indicates that character states are distributed 

148 independent of phylogeny (no phylogenetic signal). Other methods of calculating phylogenetic 

149 signal in discrete characters, for example Moran’s I (Gittleman & Kot, 1990) or Fritz & Purvis’s 

150 D (Fritz & Purvis, 2010), were not used as they are only suitable for binary characters and would 

151 require a large proportion of characters to be dropped. For each character, taxa scored as 

152 unknown were dropped from the tree. If more than a quarter of the taxa were scored as unknown, 

153 the character was not considered in this or subsequent analyses. Pagel’s lambda was calculated in 

154 R version 3.3.2 (R core team, 2016) using the fitDiscrete function in the package Geiger 

155 (Harmon et al., 2007).  

156

157 Testing the Assumptions of Phylogenetic Analysis

158 Within-character rate homogeneity was tested by fitting models of discrete character 

159 evolution to the observed phylogeny and trait values using the function fitDiscrete in the R 

160 package Geiger. Two models were compared: an equal rates (ER) model, where every possible 
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161 character state transformation has the same rate, and an all-rates-different (ARD) model, where 

162 every possible character state transformation is allowed a different rate. The models are 

163 compared using the Akaike information criterion, which penalises the parameter-rich ARD 

164 model. The Akaike weights of the ER model are used as a metric to assess how well a character 

165 obeys the assumption of within-character rate homogeneity.

166 The fitDiscrete function also allows testing of between-character rate homogeneity. As 

167 well as identifying the model of discrete character evolution that best fits the trait and phylogeny, 

168 it also identifies the rates of character-state transformation that best fits the observed data. A 

169 higher rate of change means a character is more likely to change multiple times by convergence. 

170 If a character was found to best fit the ER model in the above analysis, then the single rate of 

171 change was assigned to the character. If the ARD model was found to fit best, the rate assigned 

172 to that character was the mean of all rates assigned to each possible transformation, weighted by 

173 the number of times each transformation occurred over the phylogeny. The number of transitions 

174 was inferred by stochastically mapping the character over the phylogeny 1000 times using the 

175 make.simmap function in in the R package phytools (Revell, 2012), and calculating the mean 

176 frequency of each possible transition.

177 To test character independence, the method of Pagel (1994) was applied to pairwise 

178 comparisons of characters. This is again a model-fitting approach, where dependant and 

179 independent models of character evolution are fit to pairs of traits and the observed phylogeny. 

180 Under the dependant model, the rate of character change in trait 1 will depend on which 

181 character state is observed in trait 2, and vice versa. Under the independent model, both 

182 characters change state independently of each other. Again, the two models may be compared via 

183 the Akaike information criterion, and the Akaike weights of the independent model may be used 
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184 as a metric for how well a pair of characters obeys the assumption of independent evolution. 

185 Unfortunately, this method is only applicable to binary characters, so non-binary characters were 

186 not considered in this section of the analyses. The analysis was implemented using the function 

187 fitPagel in phytools.

188

189 Statistical Comparisons

190 Pagel’s lambda values for each character partition were compared using generalised least 

191 squares (GLS), using the R package nlme. For each partition, a null model where all the 

192 phylogenetic signal of all partitions comes from the same distribution, was compared to a model 

193 where the partition of interest had a different phylogenetic signal to the others (H1). The Akaike 

194 weights was used to infer which best fit the data. Partitions that better fit the H1 model were 

195 deemed to have significantly different phylogenetic signals than the other partitions, with the 

196 GLS coefficient used to identify whether higher or lower. The same method was also applied to 

197 the rate values, the support for the ER model, and support for the independent model of 

198 evolution. 

199 The rate of character change for each character, and the Akaike weight for the ER model 

200 for each character, were both compared to Pagel’s lambda using the Kendall’s tau correlation 

201 coefficient. This latter test could not be applied to the Akaike weights values of the independent 

202 model of evolution because these represent pairwise comparisons of characters rather than 

203 individual characters.

204

205 RESULTS

206 Results from the Total Mammalian Dataset
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207 The median phylogenetic signal calculated from the Bi et al. (2014) character matrix (the 

208 total Mammalia dataset) was 1 for all partitions (Fig. 1A). This indicates that at least half of the 

209 characters in each partition are synapomorphies for a single clade. The dental characters do show 

210 a larger range of lambda values than most of the other partitions. However, the range of values 

211 observed for cranial characters is even wider, indicating that for Mammalia the cranium 

212 possesses the largest number of characters with reduced phylogenetic signal. In the GLS 

213 analysis, cranial characters are the only partition to not fit the null model best; instead they are 

214 found to have significantly lower phylogenetic signal than other partitions (Table 1).

215 Dental characters show no evidence of increased within-character rate heterogeneity than 

216 do the other partitions (Fig. 1B). In fact, the Akaike weights of the equal rates (ER) model are 

217 the highest of all the partitions, and in the GLS analysis the dental partition is the only one have 

218 significantly better support for the ER model than other partitions (Table 2). Dental characters 

219 also show no evidence of increased non-independence (Fig. 1C). Only the pectoral girdle 

220 partition was found to have significantly worse support for the independent model of evolution 

221 than other partitions (Table 3). The forelimb was found to have significantly better support for 

222 the independent model.

223 However, dental characters have the highest median rates of evolution compared to all 

224 other partitions (Fig. 1D), and the increase in rates is significant according to the GLS analysis 

225 (Table 4). The pectoral girdle was found to have reduced rates of evolution relative to other 

226 partitions, albeit only a marginally significant reduction.

227

228 Results from Mammalian Subclade Datasets

PeerJ reviewing PDF | (2019:09:41216:0:0:NEW 13 Sep 2019)

Manuscript to be reviewed

Reviewer
Comment on Text
Give the range here

Reviewer
Comment on Text
give the range here

Reviewer
Comment on Text
OK, but this might not necessarily be the case: you could have a larger range and yet the lower end of the range could still be higher than for the other partition, e.g.

Partition A has range 0.4-0.6
Partition B has range 0.5-0.8

Range is greater in B, and yet the lower end is still higher than in A.

Reviewer
Inserted Text
to 

Reviewer
Comment on Text
relative to other partitions? If so, state this explicitly



229 The Cetartiodactyla datasets produced similar results to those of mammals overall, albeit 

230 with considerably more variation in phylogenetic signal from the vertebral, forelimb and soft 

231 tissue characters (Fig. 2). The dental characters are the only partition where the GLS analysis 

232 found phylogenetic signal to be significantly reduced (Table S1). Rates of dental evolution are 

233 again significantly higher than for other partitions (Fig. 2, Table S4). There is no significant 

234 difference found between the Akaike weights support for the ER model of evolution in teeth 

235 (Table S2), nor the support for the independent model of character evolution, compared to other 

236 partitions (Table S3). 

237 The primate dataset showed less variation in the performance of the various character 

238 partitions compared to the cetartiodatyl dataset (Fig. 3). The dental characters again show 

239 significantly lower phylogenetic signal than other partitions (Table S5). The range of Pagel’s 

240 lambda values obtained for the dental characters was wider than other partitions, as was that of 

241 forelimb characters (Fig. 3A). However, there is no significant difference in their support for an 

242 ER model of evolution compared to other partitions, and their fit to the independent model of 

243 evolution is actually significantly better than other partitions. (Tables S6-S7). Rates of evolution 

244 in primate dental characters are faster than most other partitions, but the difference is not 

245 significant. The only partition to show significantly high rates of character evolution is the 

246 pectoral girdle (Table S8)

247 The marsupial dataset produced results conflicting with the other subclades (Fig. 4). 

248 While many of the character partitions, including dentition, show a wide range of Pagel’s lambda 

249 values, the lambda values of the tooth characters are more concentrated towards higher values 

250 than other partitions. The tooth characters show no significant difference in their phylogenetic 

251 signal than other partitions (Table S9). The dental characters showed no significant difference 
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252 from any other partitions in support for the ER model of evolution (Table S10), and no 

253 significant difference in rates (Fig. 4D). In contrast to the other datasets, however, the marsupial 

254 dataset does support increased character non-independence of dental characters relative to other 

255 partitions, with median Akaike weights support for the independent model of evolution lower 

256 than all other partitions except the pelvic girdle (Fig. 4C; Table S11). 

257

258 Correlation Tests

259 In all four datasets, there is a significant negative correlation between lambda and rate of 

260 character evolution (Table 5). The correlation between the lambda values and Akaike weights of 

261 the ER model is weaker in all four, but in some is still significant.

262

263 DISCUSSION

264 Mammalian tooth characters have been a source of much discussion over the last two 

265 decades, due in part to their dominance of the character lists used in morphological phylogenetic 

266 analyses of mammals, itself largely a product of their dominance in the mammalian fossil record. 

267 Teeth have been shown to suffer from issues such as large amounts of homoplasy (Evans et al., 

268 2007; Davalos et al., 2014) and non-independence (Kangas et al., 2004; Harjunmaa et al., 2014). 

269 While these issues clearly do impact on the utility of dental characters in phylogenetic analysis, 

270 what has received less attention is whether dental characters are in fact worse affected than other 

271 body partitions in these regards. The majority of studies cited above focus solely on teeth, but 

272 issues of homoplasy due to ecological and functional constraints might be expected to affect 

273 other character partitions (e.g. limb characters being functionally linked to locomotion). Indeed, 

274 ecological constraint and developmental linkage has been demonstrated in cranial and limb 
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275 characters across various tetrapod groups, including mammals (Ruvinsky & Gibson-Brown, 

276 2000; Young & Hallgrimson, 2005; Sadleir & Mackovicky, 2008). The same argument could be 

277 made for the issue of character non-independence: while this has been demonstrated to be a 

278 problem with mammal dentition, recent work on modularity and integration highlights that this 

279 issue might just as strongly impact on non-dental characters (Goswami 2006, 2007; Goswami & 

280 Polly 2010).

281 Our analyses suggest that increased homoplasy driven by increased rates of evolution 

282 may affect dental characters to a greater extent than other partitions. Dental characters from the 

283 total mammalian dataset and the cetartiodactyl dataset are found to evolve at faster rates than the 

284 other character partitions, and so are more likely to transition multiple times. Moreover, the 

285 strong inverse correlation between phylogenetic signal and rates of evolution in all tested 

286 datasets indicates that rate variation is likely to be the main driving force behind loss of 

287 phylogenetic signal, more so than within-character rate heterogeneity. However, this signal is not 

288 consistent across all the tested clades. In the marsupial dataset, for example, dental characters 

289 have lower rates (and higher phylogenetic signal) than most other partitions.

290 Moreover, while the results obtained here seem to suggest that dental characters have 

291 lower phylogenetic signal than some other characters when optimised over a molecular-based 

292 phylogeny, they are not alone in this respect. The mammal dataset indicates that cranial 

293 characters also produce low phylogenetic signal. In primates, the forelimb characters have a 

294 similar range of Pagel’s lambda values to the dental characters (Fig 3A), and in cetartiodactyls 

295 the same may be said for hindlimb characters (Fig 2A). One might take this as an indication that, 

296 while it is not unreasonable to expect dental characters to contain a strong ecological signal, such 

297 a signal is likely to be found in other regions. The limbs of cetartiodactyls, for example, will be 
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298 heavily constrained by locomotor type and, in particular, the restrictions placed on the hindlimb 

299 by a cursorial lifestyle may be responsible for the reduced phylogenetic signal of hindlimb 

300 characters. The hindlimbs in cursorial artiodactyls, as well as in cursorial perissodactyls, have 

301 been shown to be responsible for providing the majority of the driving force for such locomotion 

302 (Merkens et al., 1993; Dutto et al., 2004; Vaughn et al., 2011). The architecture of the limbs in 

303 both clades independently reflects this, with more limited ranges of stance and planes of 

304 movement (Liem et al., 2001) and increased muscle mass relative to length (Crook et al., 2008). 

305 However, as a counter-point to the suggestion that the constraints of cursoriality are responsible 

306 for the reduced phylogenetic signal in cetartiodactyl hindlimbs, one might ask why it is only the 

307 hindlimbs that are affected in this way. The forelimbs, for example, while not as important in 

308 driving locomotion, should be constrained by the need to “catch” the weight of the animal as it 

309 lands (McGuigan & Wilson, 2003; Witte et al., 2004; Vaughn et al., 2011), and so their 

310 architecture is constrained by the need to support greater forces. A potential area of future study 

311 is to examine whether forelimbs or hindlimbs in cursorial mammals show greater ranges of 

312 morphological variability or convergence.

313 The results observed in cetartiodactyls raise a possibility that might warrant future study: 

314 the increase in rates of dental evolution observed might be due to the dominance of herbivores in 

315 this dataset. Herbivory has been suggested to be a driver of dental disparity in mammals (Jernvell 

316 et al., 1996, 2000) as they morphology tracks a constantly changing resource (plants). Since the 

317 functional requirements of eating meat has not changed over time, carnivorous mammals show 

318 reduced dental disparity and less evolutionary change (Van Valkenburgh, 1988; Wesley-Hunt et 

319 al., 2005). In an analysis of diversification patterns across all mammals, herbivores showed 

320 significantly higher diversification rates than carnivores or omnivores (Price & Hopkins, 2015). 
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321 While this analysis focussed on lineage diversification, the authors cited increased specialisation 

322 and niche-subdivision as a potential driving force behind diversification patterns, and 

323 morphological diversification patterns should respond to these drivers in the same way. 

324 It is finally worth noting that in the total-mammal dataset and the two placental subclades 

325 tested, there is little evidence that tooth characters are affected by non-independence to any 

326 greater extent than the other morphological partitions. The marsupial dataset is the exception, 

327 with dental characters showing a weaker fit to the independent model than almost all other 

328 partitions, with the exception of pectoral girdle. That pectoral characters are strongly affected by 

329 character non-independence in marsupials is unsurprising due to the developmental constraints 

330 placed on this girdle and the forelimb; the need for neonatal marsupials, born extremely early in 

331 their development, to crawl to the pouch requires these structures to develop precocially, and 

332 therefore potentially from a more integrated module (Sears, 2004; Cooper & Steppan, 2010). The 

333 integration of the dental characters and their low rates of evolution is likely due to similar 

334 constraints; the need to attach to the teat leads to precocial development of the jaw and facial 

335 region in marsupials (Smith, 1996, 2006) and they do show reduced dental disparity relative to 

336 placentals (Werdlin, 1987)

337 The concept pioneered by Sansom et al. (2017), of testing morphological discrete 

338 characters over a molecular benchmark, is a powerful tool, and it would be highly recommended 

339 that researchers studying clades where molecular phylogenies exist examine the performance of 

340 their characters in this manner. But given the extremely wide variation in results found by this 

341 study, where different partitions produced different relative phylogenetic signals (with the 

342 marsupials in particular producing results conflicting strongly with the other datasets studied), 

343 one should perhaps be cautious of basing assumption of character quality on the results of large 
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344 meta-analyses. While the latter are useful for identifying broad-scale patterns, it is necessary that 

345 each dataset be examined individually, and decisions made based on the macroevolutionary 

346 patterns observed in that clade. While dental characters have been shown to suffer from issues of 

347 homology and non-independence (Kangas et al., 2004; Evans et al., 2007; Harjunmaa et al., 

348 2014), the comparison of the dental characters to finer partitions of data presented here 

349 demonstrates that these issues are not unique to teeth. In fact,  in some cases other regions 

350 perform even worse, and that the nature of these issues varies from clade to clade.

351
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488 FIGURE CAPTIONS

489 Figure 1: Results from the Bi et al. (2014) character matrix (total Mammalia). A) Pagel’s lambda 

490 values (phylogenetic signal) of each character. A value of 0 indicates no phylogenetic signal, 
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491 while a value of 1 indicates high phylogenetic signal. B) Akaike weights support for the ER 

492 model of evolution of each character. Characters with an Akaike weights score of 1 have equal 

493 rates of within-character evolution between each state, while characters with a score of 0 display 

494 unequal rates of within-character state evolution. C) Akaike weights support for the independent 

495 model of evolution of all pairwise comparisons of characters in each partition. Pairwise 

496 comparisons that have an Akaike weights score of 1 evolve independently of one another, while 

497 pairwise comparisons with a score of 0 display character non-independence. D) Rates of 

498 character evolution of each character (log scale).

499

500 Figure 2: Results from O’Leary & Gatesy (2008) matrix (Cetartiodactyla). A) Pagel’s lambda 

501 values (phylogenetic signal) of each character. B) Akaike weights support for the ER model of 

502 evolution of each character. C) Akaike weights support for the independent model of evolution 

503 of all pairwise comparisons of characters in each partition. D) Rates of character evolution of 

504 each character (log scale).

505

506 Figure 3: Results from the Pattinson et al. (2005) matrix (Primata). A) Pagel’s lambda values 

507 (phylogenetic signal) of each character. B) Akaike weights support for the ER model of 

508 evolution of each character. C) Akaike weights support for the independent model of evolution 

509 of all pairwise comparisons of characters in each partition. D) Rates of character evolution of 

510 each character (log scale).

511

512 Figure 4: Results from the Beck (2017) matrix (Marsupialia). A) Pagel’s lambda values 

513 (phylogenetic signal) of each character. B) Akaike weights support for the ER model of 
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514 evolution of each character. C) Akaike weights support for the independent model of evolution 

515 of all pairwise comparisons of characters in each partition. D) Rates of character evolution of 

516 each character (log scale).

517

518 TABLES

519 Table 1. Results of GLS analyses of Pagel’s λ (phylogenetic signal of character partitions) in 

520 mammals. Rows coloured are those where the partition best fits the H1 model (partition has a 

521 different lambda value to all others); blue indicates lower phylogenetic signal.

Partition
Median 

λ
GLS 

Coefficient

lnL 

(null)

lnL 

(H1)

AIC 

(null)

AIC 

(H1)

Akaike 

weights 

(null)

Akaike 

weights 

(H1)

Teeth 1 -0.05 -62.01 -63.54 128.03 133.08 0.93 0.07

Skull 1 -0.11 -62.01 -60.24 128.03 126.47 0.31 0.69

Vertebrae 1 0.13 -62.01 -62.65 128.03 131.30 0.84 0.16

Pectoral 

girdle
1 0.13 -62.01 -62.01 128.03 130.02 0.73 0.27

Pelvic 

girdle
1 0.12 -62.01 -62.70 128.03 131.40 0.84 0.16

Forelimb 1 0.13 -62.01 -62.28 128.03 130.55 0.78 0.22

Hindlimb 1 0.04 -62.01 -63.69 128.03 133.39 0.94 0.06

Soft 

tissue
1 0.12 -62.01 -62.58 128.03 131.17 0.83 0.17

522

523

524 Table 2. Results of GLS analyses of Akaike weight support for the equal rates (ER) model of 

525 character evolution in mammals. Rows coloured are those where the partition best fits the H1 

526 model (partition has a different rate value to all others); red indicates higher support for equal 

527 rates.

Partition Median 

weight 

GLS 

Coefficient

lnL 

(null)

lnL 

(H1)

AIC 

(null)

AIC 

(H1)

Akaike 

weights 

(null)

Akaike 

weights 

(H1)

Teeth 0.99 0.11 54.95 56.91 -105.9 -107.8 0.28 0.72
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Skull 0.67 -0.02 54.95 52.53 -105.9 -99.06 0.97 0.04

Vertebrae 0.64 -0.12 54.95 54.74 -105.9 -103.5 0.77 0.23

Pectoral 

girdle
0.64 -0.04 54.95 53.08 -105.9 -100.2 0.95 0.05

Pelvic 

girdle
0.70 0.02 54.95 53.24 -105.9 -100.5 0.94 0.06

Forelimb 0.67 -0.08 54.95 54.02 -105.9 -102.0 0.87 0.13

Hindlimb 0.72 0.02 54.95 52.63 -105.9 -99.25 0.97 0.03

Soft 

tissue
0.66 0.03 54.95 53.72 -105.9 -100.4 0.90 0.10

528

529 Table 3. Results of GLS analyses of Akaike weight support for the independent model of 

530 character evolution in mammals. Rows coloured are those where the partition best fits the H1 

531 model (partition has a different rate value to all others); blue indicates lower Akaike weights, red 

532 indicates higher.

Partition Median 

weight

GLS 

Coefficient

lnL 

(H0)

lnL 

(H1)

AIC 

(H0)

AIC 

(H1)

Akaike 

weights 

(H0)

Akaike 

weights 

(H1)

Teeth 0.75 0.04 1028.8 1027.6 -2054 -2049 0.90 0.10

Skull 0.73 -0.02 1028.8 1028.5 -2054 -2051 0.78 0.22

Vertebrae 0.59 -0.02 1028.8 1026.5 -2054 -2047 0.96 0.04

Pectoral 

girdle
0.63 -0.06 1028.8 1030.2 -2054 -2054 0.39 0.61

Pelvic 

girdle
0.80 0.04 1028.8 1026.9 -2054 -2048 0.94 0.06

Forelimb 0.76 0.04 1028.8 1035.7 -2054 -2065 0.01 0.99

Hindlimb 0.60 0.02 1028.8 1026.5 -2054 -2047 0.96 0.04

Soft 

tissue
0.75 0.08 1028.8 1028.1 -2054 -2050 0.84 0.16

533

534

535 Table 4. Results of GLS analyses of rates of character evolution in mammals. Rows coloured are 

536 those where the partition best fits the H1 model (partition has a different rate value to all others); 

537 blue indicates lower rate, red indicates higher rate.

Partition
Median 

rate 

GLS 

Coefficient

lnL 

(null)

lnL 

(H1)

AIC 

(null)

AIC 

(H1)

Akaike 

weights 

Akaike 

weights 
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(null) (H1)

Teeth 0.0016 0.21 -98.17 -94.88 200.34 195.76 0.09 0.91

Skull 0.0010 0.04 -98.17 -99.99 200.34 205.98 0.94 0.06

Vertebrae 0.0007 -0.22 -98.17 -97.78 200.34 201.56 0.64 0.35

Pectoral 

girdle
0.0007 -0.19 -98.17 -96.98 200.34 199.96 0.45 0.55

Pelvic 

girdle
0.0009 -0.06 -98.17 -99.20 200.34 204.40 0.88 0.12

Forelimb 0.0010 -0.07 -98.17 -99.38 200.34 204.77 0.90 0.10

Hindlimb 0.0008 -0.03 -98.17 -100.0 200.34 206.05 0.95 0.05

Soft 

tissue
0.0006 -0.21 -98.17 -98.33 200.34 202.65 0.76 0.24

538

539

540 Table 5. Results of Kendal’s tau correlation tests

Pagel’s lambda vs Rates of 

character evolution

Pagel’s lambda vs Akaike 

weight support for ER model of 

character evolution

Total mammal dataset -0.27 (p = 8.91 x 10-9) -0.062 (p = 0.1906)

Cetartiodactyl dataset -0.25 (p=3.75 x 10-11) 0.15 (p=6.37 x 10-5)

Primate Dataset -0.23 (p=8.26 x 10-8) -0.033 (p=0.44)

Marsupial dataset -0.37 (p=6.46 x 10-12) 0.18 (p=0.0063)

541

542

543
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Figure 1
Figure 1: Results of analyses from the Bi et al. (2014) character matrix (total Mammalia)

A) Pagel’s lambda values (phylogenetic signal) of each character. A value of 0 indicates no
phylogenetic signal, while a value of 1 indicates high phylogenetic signal. B) Akaike weights
support for the ER model of evolution of each character. Characters with an Akaike weights
score of 1 have equal rates of within-character evolution between each state, while
characters with a score of 0 display unequal rates of within-character state evolution. C)
Akaike weights support for the independent model of evolution of all pairwise comparisons of
characters in each partition. Pairwise comparisons that have an Akaike weights score of 1
evolve independently of one another, while pairwise comparisons with a score of 0 display
character non-independence. D) Rates of character evolution of each character (log scale).
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Figure 2
Figure 2: Results from O’Leary & Gatesy (2008) matrix (Cetartiodactyla)

A) Pagel’s lambda values (phylogenetic signal) of each character. B) Akaike weights support
for the ER model of evolution of each character. C) Akaike weights support for the
independent model of evolution of all pairwise comparisons of characters in each partition. D)
Rates of character evolution of each character (log scale).
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Figure 3
Figure 3: Results from the Pattinson et al. (2005) matrix (Primates)

A) Pagel’s lambda values (phylogenetic signal) of each character. B) Akaike weights support
for the ER model of evolution of each character. C) Akaike weights support for the
independent model of evolution of all pairwise comparisons of characters in each partition. D)
Rates of character evolution of each character (log scale).
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Figure 4
Figure 4: Results from the Beck (2017) matrix (Marsupialia)

A) Pagel’s lambda values (phylogenetic signal) of each character. B) Akaike weights support
for the ER model of evolution of each character. C) Akaike weights support for the
independent model of evolution of all pairwise comparisons of characters in each partition. D)
Rates of character evolution of each character (log scale).
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