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Abstract 16 

Specimen-level phylogenetic approaches are widely used in molecular biology for 17 

taxonomic and systematic purposes. However, they have been largely ignored in analyses based on 18 

morphological traits, where phylogeneticists mostly resort to species-level analyses. Recently, a 19 

number of specimen-level studies have been published in vertebrate paleontology. These studies 20 

indicate that specimen-level phylogeny may be a very useful tool for systematic reassessments at 21 

low taxonomic levels. Herein, we review the challenges when working with individual organisms as 22 

operational taxonomic units in a paleontological context, and propose guidelines of how best to 23 

perform a specimen-level phylogenetic analysis using the maximum parsimony criterion. Given that 24 

no single methodology appears to be perfectly suited to resolve relationships among individuals, 25 

and that different taxa probably require different approaches to assess their systematics, we 26 

advocate the use of a number of methodologies. In particular, we recommend the inclusion of as 27 

many specimens and characters as feasible, and analysis of relationships using an extended implied 28 

weighting approach with different downweighting functions. Resulting polytomies should be 29 

explored using a posteriori pruning of unstable specimens, and conflicting tree topologies between 30 

different iterations of the analysis should be evaluated by a combination of support values such as 31 

jackknifing and symmetric resampling. Species delimitation should be consistent among the 32 

ingroup and based on a reproducible approach. Although time-consuming and methodologically 33 

challenging, specimen-level phylogenetic analysis is a highly useful tool to assess intraspecific 34 

variability and provide the basis for more informed and accurate creation of species-level 35 

operational taxonomic units in large-scale systematic studies. It also has the potential to inform us 36 

about past speciation processes, morphological trait evolution, and their potential intrinsic and 37 

extrinsic drivers in preeminent detail. 38 

Keywords. character weighting, cladistics, parsimony, species delimitation, vertebrate morphology 39 
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 41 

Specimen-level phylogenetic analysis is becoming increasingly popular in vertebrate 42 

paleontology, in particular (but not only) in dinosaur systematics (Yates 2003; Upchurch et al. 43 

2004; Boyd et al. 2009; Makovicky 2010; Morschhauser et al. 2014; Scannella et al. 2014; 44 

Longrich 2015; Mounier & Caparros 2015; Tschopp et al. 2015; Campbell et al. 2016; Cau 2017). 45 

This kind of phylogenetic analysis includes single specimens instead of species or genera as 46 

operational taxonomic units (OTUs), and thus ignores earlier species- and/or genus-level 47 

identifications based on comparative studies. This approach was first advocated by Vrana & 48 

Wheeler (1992), and is widely used in molecular phylogenetic studies (e.g. Dettman et al. 2003; 49 

Godinho et al. 2005; Mayer & Pavlicev 2007; Bacon et al. 2012; Ahmadzadeh et al. 2013; Marzahn 50 

et al. 2016), but rarely by morphologists. 51 

Specimen-level phylogenetic analyses can be considered a bottom-up approach to establish 52 

monophyly of a species (Vrana & Wheeler 1992), and to reassess the referral of a particular 53 

specimen to a species (Longrich 2015; Campbell et al. 2016). Using specimens instead of species 54 

avoids the risk of including potentially chimeric species-level OTUs resulting from erroneous 55 

species identifications in earlier studies (Tschopp et al. 2015). Given these advantages over species- 56 

level analyses, specimen-level phylogenetic analysis has indeed predominantly been used for 57 

taxonomic and systematic purposes, mostly at low taxonomic levels (Yates 2003; Upchurch et al. 58 

2004; Boyd et al. 2009; Scannella et al. 2014; Longrich 2015; Mounier & Caparros 2015; Tschopp 59 

et al. 2015; Campbell et al. 2016). 60 

Longrich (2015) and Tschopp et al. (2015) specifically highlighted the ability of specimen- 61 

level phylogenetic analyses to act as a test for homology of particular morphological features, and 62 

thus to assess a trait’s phylogenetic informativeness versus its status as intraspecific variation. This 63 

issue is particularly important in vertebrate paleontology, where many species are represented by a 64 

single, incomplete specimen. The holotype of the sauropod dinosaur Diplodocus longus serves as an 65 

example here: it solely comprises caudal vertebrae and a chevron (McIntosh & Carpenter 1998; 66 
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Tschopp & Mateus 2016), but these caudal vertebrae bear a peculiar ridge connecting the 67 

prezygapophyses, which appears to be otherwise shared only with one other specimen (Tschopp et 68 

al. 2015, in press; Tschopp & Mateus 2016). Whereas Carpenter (2017) interprets this ridge as 69 

homologous in the two specimens, and accepts it as a potential autapomorphy of the species D. 70 

longus, the specimen-level analysis of Tschopp et al. (2015) did not find that these two specimens 71 

formed a unique clade, suggesting that the occurrence of this ridge results from individual variation 72 

(Tschopp et al. 2015, in press).  73 

Whereas these taxonomic issues are certainly important, the potential of specimen-level 74 

studies is far greater. Such a phylogenetic analysis not only provides information about 75 

relationships between individuals, but also on the importance and variability of certain traits in the 76 

evolution of the taxon under study. When correlated with a well-dated stratigraphy, first 77 

occurrences of diagnostic traits can theoretically be pinpointed to a particular time and place, and in 78 

some cases, speciation modes can be identified (Cau 2017). Further correlations with paleoclimatic, 79 

paleoenvironmental, or molecular data could then yield information on evolution in preeminent 80 

detail. Moreover, key information on macroevolutionary patterns and processes (e.g. diversity, 81 

biogeography), can be determined from the fossil record (e.g. Alroy et al. 2008; Benson et al. 2014, 82 

2016; Mannion et al. 2014, 2015; Tennant et al. 2016a, b; Close et al. 2017), but this ultimately 83 

depends on accurate counts of how many species or genera were present in a given temporal and/or 84 

spatial bin. The taxonomic identifications that underpin such studies have mostly been made on 85 

partially subjective grounds (especially when dealing with fossils), such as a systematist’s personal 86 

view that a given autapomorphy does, or does not, warrant the erection of a new species or genus. 87 

Some recent specimen-level phylogenetic analyses (e.g. Tschopp et al. 2015) have introduced 88 

methods for imposing more explicit, quantified and consistent means for separating clusters of 89 

specimens into higher taxonomic units. The application of such approaches offers the prospect of 90 

producing more objective taxonomic units that can be counted in diversity and other 91 

macroevolutionary studies.  92 
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Paleontological data sets, however, present a number of methodological challenges that 93 

researchers must deal with when setting up a specimen-level phylogenetic analysis. Herein, we 94 

review these issues, with a particular focus on methodologies using the maximum parsimony 95 

criterion, and propose a number of approaches to address these problems accurately, while also 96 

highlighting the potential for future applications of this methodology in paleontology. 97 

Institutional abbreviations: AMNH, American Museum of Natural History, New York, 98 

USA; BYU, Museum of Paleontology, Brigham Young University, Provo, USA; CM, Carnegie 99 

Museum of Natural History, Pittsburgh, USA; GMNH-PV, Gunma Museum of Natural History, 100 

Gunma, Japan; SMA, Sauriermuseum Aathal, Switzerland; USNM, National Museum of Natural 101 

History, Smithsonian Institution, Washington DC, USA; YPM, Yale Peabody Museum, New 102 

Haven, USA. 103 

1 Methodological Challenges 104 

Challenges for phenotypic specimen-level phylogenetic analysis can be grouped into three 105 

specific steps: 1) matrix construction, 2) phylogenetic methodology and interpretation of tree 106 

topology, and 3) species delimitation. 107 

1.1. Matrix Construction 108 

1.1.1. Taxon Sampling 109 

Taxon sampling is a paramount factor affecting the accuracy of phylogenetic analysis (e.g. 110 

Bergsten 2005; Puslednik & Serb 2008; Brusatte 2010). In general, taxon (and in this case also 111 

specimen) sampling should be as extensive as possible. Molecular case studies have indicated that 112 

undersampling of specimens per species can lead to taxonomic over-splitting, and thus inflation of 113 

the number of recognized species (Bacon et al. 2012). In theory, we can be confident of sampling 114 

the most meaningful genetic variation in a species if we include a minimum of ten specimens per 115 

species (Saunders et al. 1984; Carstens et al. 2013). Although we do not know of any empirical 116 

study assessing minimum numbers of specimens in phenotypic matrices, similar numbers might 117 
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apply to morphological variation. However, there are obvious pragmatic constraints on both scoring 118 

a large number of operational taxonomic units (OTUs) and in performing phylogenetic analysis on 119 

larger datasets. In vertebrate paleontology, many species are known from less than ten specimens 120 

per species. For example, the maximum number of specimens attributed to a single species in the 121 

analysis of Tschopp et al. (2015) was four (referred to Diplodocus hallorum), whereas Campbell et 122 

al. (2016) identified nine specimens as belonging to Chasmosaurus russelli. We believe, however, 123 

that the above issues should not be seen as prohibitive: although we need to be aware of the 124 

methodological short-comings, we have to work with the data we have at hand, and address 125 

challenges with the necessary attention. 126 

Within a dataset, different sampling strategies apply for ingroup and outgroup. Taxon 127 

selection for the ingroup in part depends on the scope of the analysis. In most specimen-level 128 

analyses, the main scope is a taxonomic revision (e.g. Yates 2003; Upchurch et al. 2004; Boyd et 129 

al. 2009; Makovicky 2010; Scannella et al. 2014; Longrich 2015; Mounier & Caparros 2015; 130 

Tschopp et al. 2015; Campbell et al. 2016). In this case, it is necessary to include all the available 131 

type specimens of the clade to be revised, because these are the ‘name-bearing’ specimens that will 132 

help to determine the identification of referred specimens during the post-phylogenetic analysis 133 

phase of the study. Even if incomplete, adding OTUs generally has a positive impact on tree 134 

accuracy (Wilkinson 2003; Wiens 2006; Wiens & Tiu 2012; see “missing data”). In order to exploit 135 

this positive impact best, it is of crucial importance to add as many reasonably complete non-type 136 

specimens as are available, which can facilitate indirect comparisons between more fragmentary 137 

specimens that do not have any anatomical overlap (Tschopp et al. 2015, 2018a). In the case of the 138 

sauropod Camarasaurus, type specimens of all the species that were at some point considered to 139 

belong to the genus are highly incomplete, and are often represented by non-overlapping parts of 140 

the skeleton (Table 1). In order to analyze their relationships correctly, it is therefore necessary to 141 

add more complete specimens like CM 11338 or GMNH-PV 101, which show anatomical overlap 142 
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with nearly all the type specimens (Table 1), and can therefore serve as a link between non- 143 

overlapping ones. 144 

When analyzing character distribution and trait evolution rather than systematics, inclusion 145 

of incomplete type specimens is not of crucial importance. However, because they might still bear 146 

unique, phylogenetically informative combinations of character states, a priori exclusion of these 147 

incomplete taxa should follow certain guidelines (as e.g. the ones outlined for the “safe taxonomic 148 

reduction” process proposed by Wilkinson 1995; see also Norell & Gao 1997; Kearney & Clark 149 

2003; Butler & Upchurch 2007). 150 

In any phylogenetic analysis, outgroup selection is paramount for the correct optimization of 151 

character states along the tree. Increased outgroup sampling is likely to have benefits in terms of 152 

phylogenetic accuracy (Nixon & Carpenter 1993; Bergsten 2005; Brusatte 2010) - if one includes 153 

only a single outgroup taxon, the analysis will find the ingroup as a monophyletic clade by default, 154 

excluding any possibility of testing this hypothesis a priori (Puslednik & Serb 2008). Outgroups 155 

should therefore cover a range of taxa from species closely related to the ingroup to more distantly 156 

related taxa (Bergsten 2005), with a relatively plesiomorphic taxon as the outgroup to all others (see 157 

Whitlock 2011). 158 

For a systematic review, it can be necessary to include type specimens that are currently 159 

thought not to belong to the clade being revised, but have been attributed to it at some point in the 160 

past (see Tschopp et al. 2015). These should therefore be recovered in the outgroup by the analysis. 161 

In order to test these more recent identifications accurately, it is important to include at least one 162 

additional OTU from the taxon to which the type specimen is currently thought to belong. However, 163 

given that these OTUs were previously referred to the ingroup, it is probable that their actual 164 

higher-level taxon exhibits a number of convergently acquired features. Therefore, it is particularly 165 

important to add additional OTUs from intermediate phylogenetic positions, as outlined above. The 166 

more complete these additional outgroup OTUs, the lower the probability that convergences could 167 

outnumber phylogenetically informative characters, and thus the risk of an erroneous interpretation 168 
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of homoplastic traits as homologies. Thus, completeness of outgroup terminals becomes more 169 

important than the risk of creating chimeric OTUs by combining data from various individuals. 170 

Also, testing the monophyly of outgroup taxa is generally not the scope of a particular study. 171 

Therefore, if no complete specimen is available, species-level OTUs may be a good compromise for 172 

a particular outgroup. Indeed, completeness has often been put forward as one of the main criteria 173 

for selection of a specific taxon in the outgroup (e.g. Whitlock 2011), and often also led researchers 174 

to use higher-level taxa as outgroups, especially if the ingroup is composed of single specimens 175 

(e.g. Upchurch et al. 2004; Tschopp et al. 2015). However, the more inclusive these outgroup 176 

OTUs are, the more they are likely to be polymorphic, creating problems in scoring variable taxa 177 

(see “Polymorphisms”). This problem is why various researchers have advocated the use of multiple 178 

species-level OTUs instead of higher-level taxa (see Prendini 2001; Brusatte 2010; and references 179 

therein). Thus, adding several species-level OTUs of a particular clade in the outgroup appears to be 180 

the best compromise between OTU completeness and scoring accuracy. By doing so, the specimen- 181 

level OTUs of the ingroup can be expected to fit into a strongly supported backbone topology 182 

defined by relatively complete outgroup OTUs. In those cases where one or more outgroup species 183 

or higher taxa are themselves considered to be problematic (e.g. chimaeric), then ultimately they 184 

should also be investigated via specimen-level phylogenetic analysis. This could lead to research 185 

programmes based on iterative studies that ‘reciprocally illuminate’ the taxonomic content of a 186 

series of closely related taxa. 187 

Juvenile specimens can create problems for phylogenetic analyses, because some of the 188 

traits change throughout ontogeny, such that only adult individuals display the derived state 189 

necessary for a correct identification (Woodruff et al. 2017). Indeed, in some analyses, juveniles 190 

were found in a more ‘basal’ position compared to their respective species, because some of their 191 

apomorphic features had not developed yet (e.g. Campione et al. 2013; Carballido & Sander 2014). 192 

However, this is not always the case. In Upchurch et al. (2004), Tschopp et al. (2015), and 193 

Campbell et al. (2016), juvenile specimens were actually recovered in disparate, and often 194 
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relatively derived positions within the ingroup, and in sister-taxon relationships with adult 195 

specimens. It therefore appears that under certain circumstances, phylogenetic analysis is minimally 196 

(or not at all) influenced by ontogenetically variable features. Indeed, Carballido & Sander (2014) 197 

found that although early juvenile ontogenetic stages of the macronarian sauropod Europasaurus 198 

were recovered more ‘basally’ compared to adult specimens, older juveniles and subadults grouped 199 

with the adult specimens. 200 

In taxa, where derived clades experienced heterochronic evolutionary processes resulting in 201 

the retention of juvenile features into adulthood (as e.g. during the theropod-bird transition; Bhullar 202 

et al. 2012), juvenile specimens of less derived taxa could resemble the more derived, neotenic 203 

forms. These juvenile specimens could therefore theoretically be recovered in more derived 204 

positions than the adults, but we do not know of any empirical study where such a result has been 205 

reported. However, both stem- and crown-slippage should be assessed and discussed as potential 206 

errors when including juvenile specimens in specimen-level phylogenetic analyses. 207 

The most straightforward approach to avoid potentially misleading information from 208 

juvenile specimens would be their exclusion from the dataset (Mounier & Caparros 2015). 209 

However, juveniles of extinct taxa are not always easily recognizable as such, and it remains 210 

unclear where in the ontogenetic trajectory to set a potential threshold for exclusion. Whereas early 211 

juveniles often exhibit clear features of immaturity, and should be excluded, sexual maturity could 212 

only be established with certainty in few fossil vertebrates (e.g. Sato et al. 2005; Ji et al. 2010; 213 

Sander 2012; Hastings & Hellmund, 2015). Skeletal maturity, on the other hand, can be identified 214 

with histological studies (e.g. Cormack 1987; Chinsamy-Turan 2005; Klein & Sander 2008), but is 215 

rarely reached, and corresponds almost never with sexual maturity, also because many vertebrates 216 

continue to grow as adults (Klein & Sander 2008; Scheyer et al. 2010). Indeed, the vast majority of 217 

fossil vertebrate specimens were probably still actively growing at the time of death, but do not 218 

have morphological features that would identify them as young juveniles. A case study with the 219 

sauropod Europasaurus holgeri has shown that phylogenetically informative features may develop 220 
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late in ontogeny in sauropods, but also that autapomorphic features of the species were present in 221 

specimens that were not skeletally mature, based on the incomplete fusion of the neurocentral 222 

synchondrosis in the vertebrae (Carballido & Sander 2014; see also section 1.1.6.). Thus, whereas 223 

early juveniles can be identified and excluded, subadult to sexually mature individuals cannot be 224 

distinguished in most analyses because of a lack of data. Using the more easily recognizable 225 

skeletal maturity as a threshold for exclusion might be misleading, however, and even result in very 226 

low numbers of available specimens, given that most fossil vertebrate specimens were still growing 227 

at their point of death. Inclusion of actively growing individuals is thus a necessity, but also not 228 

necessarily misleading. However, more case studies, such as the one by Carballido & Sander 229 

(2014), should be performed in a variety of taxa to assess the timing of development of 230 

synapomorphic and autapomorphic features during ontogeny in various subclades.  231 

As with the fragmentary individuals, exclusion cannot be advised if the juvenile specimen is 232 

the type of an ingroup species (as occurs, for example, in diplodocid sauropods; Tschopp et al. 233 

2015). Also, in some data sets, it might be the case that juveniles are the only (or one of a few) 234 

relatively complete specimens, and are thus important for indirect comparisons among ingroup 235 

specimens (e.g. in the sauropod Camarasaurus; Gilmore 1925; Table 2), or that they represent rare 236 

finds in specific geographical areas or time epochs (e.g. Early Pleistocene hominins; Mounier & 237 

Caparros 2015). A number of possible approaches for minimizing the negative influence of 238 

ontogeny on phylogeny during character scoring, analysis, and species delimitation are discussed at 239 

relevant points later in this paper. 240 

1.1.2. Character Selection and Construction 241 

Character selection is rarely explained in phylogenetic studies, but can significantly impact 242 

the outcomes of an analysis (Poe & Wiens 2000). In general, inclusion of as many characters as 243 

possible is recommended, even if they are variable among and within species (Poe & Wiens 2000). 244 

Specimen-level phylogenetic analysis presents a special case, because it allows for independent 245 

assessments of trait variability (Longrich 2015; Tschopp et al. 2015), especially when using 246 
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maximum parsimony approaches, which are designed to minimize the number of homoplasies 247 

(Wiley & Lieberman 2011). Homoplastic characters are generally regarded as evolving faster than 248 

phylogenetically highly informative traits (Sites et al. 1996), which often only produce a single 249 

character state change within a phylogenetic analysis, and are thereby recovered as unambiguous 250 

synapomorphies for that particular clade. Homoplastic characters add ambiguous information to the 251 

data matrix, which has led many researchers to exclude them a priori (see Poe & Wiens 2000, and 252 

references therein). However, a combination of information from slow- and fast-evolving characters 253 

might actually be advantageous to resolve the tree at different taxonomic levels (Wiens 2006). 254 

Indeed, both simulations and real case studies have shown that a priori exclusion of homoplastic 255 

characters decreases accuracy and resolution of the resulting phylogenetic tree (Chippendale & 256 

Wiens 1994; Sites et al. 1996; Wiens 1998; Prevosti & Chemisquy 2010), at least as long as they do 257 

not include a large amount of missing data (Wiens 2006; see discussion below). 258 

 Homoplastic characters in specimen-level phylogenetic analyses have a high probability of 259 

describing features that are intraspecifically variable (Tschopp et al. 2015). As such, they add noise, 260 

and could possibly obscure the phylogenetic signal of other characters (Sites et al. 1996; Pisani et 261 

al. 2012; Townsend et al. 2012). However, case studies yield ambiguous results: whereas in some 262 

instances, deletion of the most homoplastic characters appears to increase general support and 263 

accuracy (Sites et al. 1996), the opposite appears to be the case when deleting all homoplastic 264 

characters (Sites et al. 1996; Wiens 1998). In fact, exclusion of homoplastic characters might 265 

obscure potential phylogenetic information at a low taxonomic level (given that they evolve faster 266 

than other characters). Deleterious effects of increasing homoplasy resulting from adding more 267 

characters are outnumbered by positive effects on the accuracy of the phylogenetic analysis because 268 

of the additional information available (Prevosti & Chemisquy 2010). Also, it could be that certain 269 

traits are highly variable in one taxon, but less so in another clade (Farris 1969; Tschopp et al. 270 

2015). Finally, the probability that the added noise created by homoplastic characters could produce 271 

a random signal that would be stronger than the one produced by highly phylogenetically 272 
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significant characters, and that could thus overwhelm the latter, appears low (Farris 1969; De Laet 273 

1997). In large datasets, we would expect it to be much more probable that the random support for 274 

different tree topologies within the noise would tend to be mutually contradictory instead of 275 

combining to obscure the true phylogenetic signals. Although this does not always appear to be the 276 

case when the number of character statements is small (Townsend et al. 2012, but see Prevosti & 277 

Chemisquy 2010), extensive taxon- (or specimen, for that matter) sampling appears to reduce the 278 

negative impact of noise (Townsend et al. 2012).  279 

Specimen-level phylogenetic analyses are potentially more prone to the effects of what can 280 

be termed ‘directed’ or ‘coherent’ noise (i.e. secondary non-phylogenetic signals in the data) that 281 

might overwhelm the true phylogenetic signal. Potential sources of such directed noise are shared 282 

ontogenetic or sexually dimorphic features, and ecologically controlled traits. These sources can 283 

result in the recovery of clusters of specimens in the most parsimonious trees, which represent 284 

juveniles (see Campione et al. 2013), males or females, or similar ecological adaptations instead of 285 

true phylogenetic relationships and/or species (Fig. 1). Whereas ontogenetic features can sometimes 286 

be recognized in fossil material, and sexually immature specimens could be excluded a priori (see 287 

above), a similar approach is difficult for sexually dimorphic features. Osteological indicators for 288 

sex are rarely known in extinct taxa, but similar sex differences can occur across closely related 289 

taxa (e.g. in lacertid lizards; Arnold et al. 2007). In the worst-case scenario, individual female 290 

specimens from several taxa could therefore be grouped together, and form the sister-clade to a 291 

group of male specimens from the same taxa (see case B in Fig. 1). Indeed, Donoghue (pers. comm. 292 

in Vrana & Wheeler 1992) mentioned this as the main reason why he changed his mind after 293 

initially promoting specimen-level phylogenetics (see Donoghue 1985; de Queiroz & Donoghue 294 

1990a, b; Vrana & Wheeler 1992). However, directed noise caused by sexual dimorphisms could 295 

potentially be identified in morphological datasets by character mapping: if a similar set of 296 

convergently acquired apomorphic features diagnoses subclades in equivalent phylogenetic 297 
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positions in the sister clades at higher levels (Fig. 1), one should give serious consideration to the 298 

potential confounding effects of sexually dimorphic features. 299 

Ecological or functional convergences can occur differently in subsets of characters, 300 

resulting in an uneven distribution of homoplasy among the available characters. Such an uneven 301 

distribution has been shown to occur in mammals, where dental characters are more homoplastic 302 

than other osteological ones, and produce trees that are less compatible with molecular trees than 303 

the ones recovered using only non-dental osteological characters (Sansom et al. 2017). Such a 304 

different phylogenetic signal might indicate that teeth carry a largely functional signal instead of a 305 

phylogenetic one, and that in extreme cases, the phylogenetic signal is overprinted by a functional 306 

and/or ecological signal. In order to assess if a dataset is affected by such an overprinting, it might 307 

be advisable to check if different subsets of characters carry different signals. This can be done by 308 

using Partitioned Bremer Support (see Parker 2016), or by dissecting the dataset into smaller sets 309 

including only the group of characters in question (e.g. dental vs. cranial vs. postcranial), and 310 

comparing the outcomes with a series of tests, as described in detail by Sansom et al. (2017). 311 

Whereas exclusion of homoplastic characters appears counter-productive, and negative 312 

effects can best be avoided by adding OTUs, this does not mean that highly homoplastic characters 313 

should have the same weight as highly parsimony-informative ones (Farris 1983; Goloboff 1993, 314 

1995; Chippendale & Wiens 1994). This has led several workers (e.g. Farris 1969; Goloboff et al. 315 

2008a, Goloboff 2014) to propose methods for identifying and down-weighting homoplasies (see 316 

below for discussion of the different strategies), but these have not previously been considered in 317 

detail with respect to their utility in specimen-level phylogenetic analyses. In short, the most 318 

justified approach in character selection would be to use as many character statements as possible, 319 

including highly variable ones, as long as the latter do not include a high percentage of missing 320 

data. 321 

1.1.3. Missing Data 322 
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Missing entries can stem from both incompletely preserved specimens (particularly in 323 

vertebrate paleontology, and in analyses at specimen level) and incompletely scored characters 324 

(Kearney & Clark 2003; Pol & Escapa 2009; Mannion & Upchurch 2010; Tschopp et al. 2018a). 325 

There is an expectation that, all things being equal, missing data are a particular problem for 326 

specimen-level analyses because greater completeness of OTUs in a conventional analysis is often 327 

achieved by combining multiple specimens into a single OTU. Whereas the use of individual 328 

specimens as OTUs reduces the risk of having chimeric higher-level OTUs, it will also tend to 329 

increase the relative amount of missing data per OTU. This would especially be the case when 330 

paleontological species-level datasets are simply converted into specimen-level matrices. However, 331 

the challenge is not necessarily the missing data per se, but the amount of anatomical overlap 332 

between the included OTUs (see “taxon sampling”). Also, the relative amount of missing data in a 333 

paleontological specimen-level analysis is not always higher when compared to species-level 334 

matrices (Table 2). It is therefore important to consider the real contents of a species-level OTU – if 335 

it only comprises an individual specimen, this should be stated clearly in the matrix. In fact, given 336 

that many fossil vertebrate species are only represented by a single specimen, phylogenetic 337 

analyses, even when formally run at species-level, are effectively often partial specimen-level 338 

analyses. Exceptions are analyses using similar matrices at different taxonomic levels, as for 339 

instance was done by Tschopp & Mateus (2017), who used a species-level matrix based on the 340 

specimen-level matrix of Tschopp et al. (2015). In their case, the amount of missing data was 341 

considerably reduced from 65% (complete taxon sampling) or 70% (only ingroup) in the specimen- 342 

level matrix to 49% (complete) and 53% (ingroup) in the species-level matrix (Table 2). 343 

This reduction can also be quantified using the Character Completeness Metrics proposed 344 

by Mannion & Upchurch (2010), which considers the percentage of phylogenetic characters that 345 

can be scored for a specimen or species. The Chinese sauropod Euhelopus zdanskyi, for instance, is 346 

known from two incomplete specimens (Wiman 1929; Wilson & Upchurch 2009). The more 347 

complete one (PMU 24705) scores 47% in character completeness, whereas at the level of species, 348 



15 

combining information from both specimens, character completeness increases to 68% (Mannion & 349 

Upchurch 2010). 350 

The metrics of Mannion & Upchurch (2010) are particularly low in sauropodomorph type 351 

specimens, which on average are only slightly more than half as complete as the species they typify, 352 

reaching 25.65% of individual skeletal completeness. The situation is considerably better in 353 

ichthyosaurs, where holotype specimens have an average skeletal completeness of 45.49% (ranging 354 

from 1-90.5%), and reach 66% of the completeness of the entire species (Table 3; based on data 355 

from Cleary et al. 2015). Whereas the completeness of sauropodomorph type specimens increased 356 

through time of description (Mannion & Upchurch 2010), there seems to be no such correlation in 357 

ichthyosaurs (Fig. 2). In any case, because species-level OTUs can always draw on one or more 358 

specimens, they are logically always equally or more complete than a specimen-level OTU. 359 

Inclusion of highly incomplete specimens results in extensive lack of anatomical overlap 360 

among the specimen-level OTUs in the matrix, and is likely to decrease resolution in the consensus 361 

trees (Huelsenbeck 1991; Kearney & Clark 2003; Wiens 2006; Butler & Upchurch 2007; Prevosti 362 

& Chemisquy 2010; Tschopp et al. 2015, 2018a). Both simulations and real case studies have 363 

shown that an increase in the relative amount of missing data lowers accuracy and increases errors 364 

(Wiens 2006; Prevosti & Chemisquy 2010; Sansom 2015). However, these case studies deleted 365 

information from already existing matrices, so that the result is not really about the impact of 366 

missing data in general, but about not including available data a priori, and thus the negative impact 367 

might be expected. When adding taxa or characters, even if they include a substantial amount of 368 

missing entries, accuracy increases in most cases, or at least remains similar to that achieved by the 369 

original matrix (Wiens 2006). Because missing data is no data, it cannot logically be added when 370 

adding incompletely scored characters or taxa – what we add is the amount of actual data scored in 371 

them. Therefore, even if the addition of more taxa and/or characters results in a relative increase of 372 

missing data in the entire dataset, we still increase the absolute amount of data that can be analysed, 373 

so that the positive results obtained by Wiens (2006) are to be expected. 374 
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Another concern is that character statements with a large number of missing entries may 375 

simulate the problem of long branch attraction (Wiens 2006). This problem arises from the presence 376 

of two OTUs or characters, for which few data are available, but the information that is available 377 

might be convergent, as can be the case in highly homoplastic characters (see “Character 378 

selection”). Without the information on the true character state distribution across the tree (because 379 

of too many missing entries), the two convergent taxa might be wrongly grouped together to the 380 

exclusion of others (Bergsten 2005; Wiens 2006; Tschopp et al. 2018a). However, even though 381 

adding new OTUs or characters might decrease the overall anatomical overlap in the dataset 382 

(Tschopp et al. 2018a), addition of data is always recommended (Kearney & Clark 2003; Wiens 383 

2006; Goloboff 2014). The relative amount of missing data should thus not be reduced by omitting 384 

taxa or characters; rather, its deleterious effects should be addressed using approaches such as 385 

differential weighting and ‘reduced consensus’, as will be discussed further below. Moreover, one 386 

way in which choice of character construction can reduce missing data is to convert multistate 387 

characters (coded within a single column in the data matrix) into their equivalent additive binary 388 

form. Although this is only appropriate for those multistate characters that capture a morphological 389 

transition series (i.e. ordered; see section 1.2.2.), the use of additive binary coding has the benefit of 390 

reducing the amount of missing data. For example, a single multistate character scoring the number 391 

of vertebrae in the neck would have to be scored as ? whenever the neck of a specimen was 392 

incompletely preserved, but can be scored for at least some of the states for the equivalent additive 393 

binary character (e.g. a combination of 0s, 1s and ?s scores would inform the analysis that the 394 

specimen had at least a given number of neck vertebrae, even though the exact number remains 395 

unknown – see Upchurch, 1998, for elaboration of this point). 396 

1.1.4. Character State Scoring 397 

Characters can be coded either in a discrete way or as continuous characters. These 398 

continuous characters are a type of quantitative character that use the specific ratios, ranges of 399 

measurements, or specific numbers in meristic features as states (Goloboff et al. 2006). As such, 400 
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this approach further develops the idea of gap-weighting (Thiele 1993), in which large differences 401 

in quantitative traits between OTUs are upweighted compared to minute ones, but avoids 402 

discretization of the actual values obtained from the OTUs (Goloboff et al. 2006). Advocates of 403 

such an approach mostly highlight the fact that state boundaries in discrete, quantitative character 404 

statements are often arbitrary, and their choice rarely explained and justified by the researchers (see 405 

Rae 1998, and references therein). Thus, the risk of influencing the analysis by choosing state 406 

boundaries that favor the recognition of a pre-conceived clade is relatively high (Mannion et al. 407 

2013). 408 

 The implementation of continuous characters in the software TNT treats them by default as 409 

ordered (Goloboff et al. 2006). Thus, given that every single score forms its own character state, the 410 

sum of steps in a single continuous character is much higher than any discrete binary character. As 411 

already pointed out by Goloboff et al. (2006), there are weighting strategies that can be applied to 412 

address this issue, which will be discussed below. 413 

General issues with this approach concern the choice of exact values or ranges as character 414 

scores, the use of mean or maximum or minimum values, and how to address incompleteness and 415 

deformation in fossils. Although these issues apply to any kind of phylogenetic analysis, they are 416 

particularly common when working at the specimen level, mostly because the sample size on which 417 

ratios and other values can be based is much lower than when working with species or higher-level 418 

taxa (e.g. some ranges, means etc. will be based on a maximum sample size of two, as for instance 419 

the tibia:femur ratio in a single individual, or cannot be obtained from individual specimens, 420 

because of incompleteness). 421 

Rae (1998) argued for the use of means or medians in the scoring of continuous characters, 422 

because variation could occur randomly or due to measurement errors, rendering “central 423 

tendencies” (as he termed them) more appropriate estimations of the actual distribution of values 424 

within an OTU. When working with fossils, taphonomic deformation can add to the variation of 425 

numerical values, and even lead to differential character scoring (Tschopp et al. 2013), in particular 426 
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when using continuous data. As exemplified in Figure 3, two cervical vertebrae of a single sauropod 427 

individual (SMA 0011, the holotype of Galeamopus pabsti, in this case) can be compressed 428 

transversely (Fig. 3a) or dorsoventrally (Fig. 3b), which leads to highly diverging shapes and ratios. 429 

Furthermore, specimen incompleteness might skew the analysis towards an extreme when only a 430 

statistical outlier can be sampled. If only a single, incomplete element is preserved from a 431 

specimen, it could even be that the incompleteness renders it impossible to obtain precise 432 

measurements and ratios (and thus precludes scoring as continuous characters), although they might 433 

be scorable in a discrete version of the character (Mannion et al. 2013). For instance, no exact ratios 434 

concerning tibial robustness are obtainable from a tibia lacking its distal end, but the preserved 435 

length might still result in a robustness ratio that exceeds the defined boundary of a discretized state 436 

(e.g. the proximal width to proximodistal length ratio might be ‘0.15 or lower’, showing that it lies 437 

below the state boundary of 0.2). In this case, a continuous character could not be scored when 438 

using central tendencies, but one could argue that a range could be included. This range could span 439 

from the ratio using the preserved length as minimum value to the highest value exhibited by any 440 

other OTU. However, such a range would exaggerate the actual variability and overlap with a large 441 

number of more precise ranges from other individuals, effectively hiding phylogenetic information 442 

(Giovanardi 2017). Taphonomically increased ranges due to deformation processes pose the same 443 

problem. 444 

 Given that it is statistically more probable that a single element found from a vertebral 445 

column, for instance, is closer to the central tendency than to any minimum or maximum value 446 

displayed along the column, and given that ranges pose their own risks especially when working 447 

with fossils, mean or median values should be preferred over ranges, or minimum or maximum 448 

values. Discretization of a quantitative character can be useful in ratios that are more prone to 449 

deformational processes (Arbour & Currie 2012; Tschopp et al. 2013), effectively hiding 450 

potentially misleading information. However, state boundaries in discrete characters should be 451 

defined based on statistical analyses rather than on preconceived taxonomic or phylogenetic 452 
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interpretations. There is a large number of papers concerning discretization of continuous data in 453 

statistics (e.g. Jiang & Sui 2015; Cano et al. 2016, and references therein), and some methods are 454 

also implemented in the usual office packages for computers. To our knowledge, a study on which 455 

kind of discretization would work best in phylogenetics has not yet been made. 456 

1.1.5. Polymorphisms 457 

Polymorphic traits are traits that are variable within species (Wiens 1995, 2000). At the 458 

species level, they can be treated differently, and several theoretical approaches have been 459 

compared by Wiens (1995, 2000), who suggested use of a frequency approach, meaning that 460 

species should be scored for the character state that occurs with the highest frequency within the 461 

species. By splitting a species-level OTU into single specimens, some polymorphisms can be 462 

avoided, because they derive from intraspecific variability. 463 

 Although reducing polymorphisms deriving from intraspecific variability, a specimen-level 464 

approach can still be affected by polymorphisms. In single specimens, these can be created by serial 465 

variation throughout the vertebral column (e.g. Barbadillo & Sanz 1983; Wilson 2012; Chamero et 466 

al. 2014; Böhmer et al. 2015; Tschopp 2016), bilateral asymmetry (e.g. Palmer 1996; Hoso et al. 467 

2007), or pathologic processes (e.g. Rothschild & Martin 2006; Foth et al. 2015; Tschopp et al. 468 

2016). Whereas an exclusion of pathologic data is advisable for obvious reasons, serial variation 469 

and bilateral asymmetry can still provide important phylogenetic data (Palmer et al. 1994; Böhmer 470 

et al. 2015). Even though polymorphisms in a single specimen-level OTU might indicate that the 471 

trait is individually variable and has no phylogenetic/taxonomic significance, this is difficult to 472 

establish a priori and should be evaluated in the light of specimen-level relationships – exclusion is 473 

therefore not an appropriate option (Wiens 1998; Poe & Wiens 2000). In serially variable traits, 474 

frequency-based approaches could work in a similar way as in the studies reported by Wiens (1995, 475 

2000). In vertebral columns with distinct regionalization (see Müller et al. 2010 for a review in 476 

tetrapods), it can also make sense to subdivide the column into separate morphological areas, as is 477 

often done in sauropod dinosaurs and squamates (see e.g. the descriptions and characters for 478 
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anterior cervical, or posterior caudal vertebrae in Carballido et al. 2012; D'Emic 2012; Gauthier et 479 

al. 2012; Mannion et al. 2013; Otero et al. 2014; Tschopp et al. 2015, 2018b). Often, such 480 

subdivisions are made numerically, because clear-cut morphological boundaries are difficult to 481 

identify in some cases (Mannion et al. 2013; Tschopp et al. 2015), but increasing information is 482 

now available on serial variation in a number of vertebrate animals based on geometric 483 

morphometrics, so that more detailed and less arbitrary morphological subdivisions can be made 484 

(e.g. Müller et al. 2010; Burnell et al. 2012; Böhmer et al. 2015). Splitting vertebral columns into 485 

subregions is an analogous approach to subdividing taxa into lower-level taxonomic units in order 486 

to minimize the number of polymorphisms. A combination of character splitting and frequency- 487 

based scoring approaches therefore seems the best option in this case, even though this would also 488 

increase the relative amount of missing data. 489 

 Bilaterally asymmetric traits can occur due to developmental plasticity or as a result of 490 

abnormal developmental processes. Whereas the latter should be treated as pathology and excluded, 491 

the first could still be phylogenetically informative because it may indicate a trend to acquiring a 492 

new feature that may become fixed by natural selection (Palmer 1996). Distinguishing between the 493 

two may be difficult in fossils, but in systems where asymmetry is ubiquitous, as for instance in the 494 

lamination pattern of vertebrae of saurischian dinosaurs (Wilson 1999, 2012), it is probably safe to 495 

assume they derive from plasticity instead of widespread pathology.  496 

Generally, only a small number (usually two) of bilaterally occurring elements are present in 497 

a vertebrate skeleton. Frequency-based, or majority approaches therefore cannot be applied. 498 

Possible treatments of such characters outlined by Wiens (1995) include: 1) the “any-instance” 499 

method, where the sheer occurrence of a trait (even if only on one of several equivalent elements) is 500 

treated as if the character state was invariably present; 2) the “missing” method, where asymmetric 501 

traits are scored as missing data; 3) the “polymorphic” method includes polymorphic scores; 4) the 502 

“scaled”, “unordered”, or “unscaled” methods, where binary characters are coded such that they 503 

include a third, polymorphic, character state as state 1. The character can then be treated as ordered 504 
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(“scaled”) or unordered, and binary characters, where no asymmetry was observed can be coded as 505 

normal binary character statements, without a polymorphic intermediate state (“unscaled”, see 506 

Wiens 1995 for more details). The “any-instance” method would be the most straight forward 507 

approach in a specimen-level analysis, but ignores a potential phylogenetic signal in the occurring 508 

asymmetry. Also, it remains unclear how to score an asymmetrical individual in a multi-state 509 

character, following this method (Wiens 1995). Scoring a specimen as ‘?’ in the trait in which it 510 

shows bilateral asymmetry results in loss of information, and the same happens when using the 511 

polymorphic approach if the character is binary, because the analysis treats a polymorphic score in 512 

binary character statements as ‘?’ (Wiens 1995, 1998; Brazeau 2011). Of the two latter treatments, a 513 

score as polymorphic at least provides information to a researcher who inspects the data matrix, 514 

because it clearly indicates the presence of two or more states, whereas a score as “missing” 515 

completely hides any information. The treatments that include the most potential phylogenetic 516 

information, are those where a separate polymorphic character state is included (in the present case, 517 

this state might be called “bilaterally asymmetric”). When applying this approach to a real dataset, 518 

the scaled method yielded the highest accuracy, although without large differences compared to the 519 

unscaled method (Wiens 1998). 520 

 Bilateral asymmetries can be an issue in continuous characters, in particular in meristic 521 

features. For instance, tooth counts in lizard dentaries and maxillae often vary in left and right 522 

elements (Arnold et al. 2007). Given that these variations are usually small, and counts generally 523 

precise, this might be a case where scoring ranges could actually be helpful in order to include as 524 

much morphological information as possible, without risking widely overlapping ranges among 525 

large numbers of individuals in the dataset. 526 

1.1.6. Ontogenetic Traits 527 

As mentioned above, ontogenetically variable traits can introduce problems into specimen- 528 

level analyses. However, there are a several approaches one can adopt during scoring and 529 

subsequent steps in the analysis, if it is necessary to include a juvenile specimen. In sauropod 530 
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dinosaurs, the number and prominence of vertebral laminae, and vertebral pneumatization, strongly 531 

increases during ontogeny (Wilson 1999; Wedel et al. 2000; Wedel 2003; Bonnan 2007; Schwarz et 532 

al. 2007; Tschopp & Mateus 2017), which led Carballido & Sander (2014) to propose four 533 

Morphological Ontogenetic Stages (MOS) applicable to sauropod vertebrae. In the case of 534 

Europasaurus holgeri, Carballido & Sander (2014) found that when scoring all the different MOS 535 

as distinct OTUs in the phylogenetic analysis, the juvenile MOS 1 and 2 occurred in a more ‘basal’ 536 

position compared to MOS 3 and 4. This is probably due to the fact that a large number of vertebral 537 

character statements used in sauropod dinosaur phylogenetics code for variation in these traits, and 538 

that well-developed lamination and pneumatization is both an adult and a phylogenetically derived 539 

feature among sauropods (Wilson 2012). Many other ontogenetically variable features are known in 540 

the vertebrate skeleton, so that the most straight-forward approach would just be to avoid scores of 541 

ontogenetically variable traits in obviously juvenile specimens. If scored, these characters can be 542 

downweighted during the analysis, and not considered for species delimitation (see below), but 543 

exclusion of these scores altogether would probably still be more methodologically sound. 544 

 545 

1.2. Phylogenetic Methodology 546 

1.2.1. Character Weighting 547 

Specimen-level analyses provide an opportunity to include characters coding for minute 548 

differences in morphology, and check whether or not they might be informative at some taxonomic 549 

level. However, such characters might not have a genetic basis, but could represent individual 550 

variation caused by plasticity, ecophenotypic effects or any other non-genetic cause (Tschopp et al. 551 

2015), which manifests as homoplasy in the phylogenetic analysis (see “Character selection”). In 552 

such cases, equal weighting is not advisable, in particular when working with large-scale specimen- 553 

level analyses. Indeed, Goloboff et al. (2008a, 2018) have shown that weighting against homoplasy 554 

increased reliability and stability of tree topologies in morphological datasets. 555 
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 Downweighting can be implemented a priori, or during the tree search, or iteratively after 556 

each tree search (Farris 1969; Goloboff 1993, 2014; De Laet 1997; Goloboff et al. 2008a). The 557 

most intuitively correct, and least subjective way to downweight potential homoplasies, is a method 558 

called “implied weighting” (Goloboff 1993), which is implemented in the phylogenetic software 559 

package TNT (Goloboff et al. 2008b). This approach downweights characters with widespread 560 

homoplasy as part of the tree search function (Goloboff 1993, 2014; Goloboff et al. 2008a, 2018). 561 

The equation is as follows:  562 

weight = k/(k + [observed steps - minimum steps]) 563 

where k is the ‘concavity value’. 564 

 This equation shows that implied weighting can be performed with different concavity 565 

values (“k-values”, Goloboff 1993, 1995, 2014). These values describe the slope of the curve 566 

defining how strongly characters with different homoplastic rates are downweighted. The lower the 567 

k-value, the more strongly a highly homoplastic character is downweighted during the phylogenetic 568 

analysis compared to a less variable character. A k-value approaching zero would therefore 569 

effectively exclude homoplastic characters, whereas one approaching infinity would weight them 570 

all equally. However, other than avoiding extreme values, there seems to be little biological or 571 

methodological basis for selecting any specific k-value (Goloboff 1995; Turner & Zandee 1995). 572 

Recent studies showed that a k-value of around 12 produced the most accurate results in a series of 573 

morphological datasets (Goloboff et al. 2018), but it is possible that this value varies slightly in 574 

different taxa, or even in different phylogenetic analyses of a single taxon. However, this cannot be 575 

used as an argument to dismiss implied weighting a priori, it just means that one should perform 576 

different analyses with varying k-values, and compare the results (Goloboff et al. 2008a), and/or by 577 

using statistical or stratigraphic measurements as will be discussed below. Ultimately, implied 578 

weighting might provide a simple solution to the problem found by Sites et al. (1996): that is, 579 

exclusion of all homoplastic characters reduced accuracy, whereas exclusion of only the most 580 

homoplastic ones increased it. 581 
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 Implied weighting as initially proposed by Goloboff (1993) can be negatively influenced by 582 

missing data, because characters with a large amount of the latter have a higher probability of 583 

showing fewer homoplasies, and would thus tend to be upweighted relative to more completely 584 

scored characters (Goloboff 2014). In a worst-case scenario, where the data set includes very 585 

incompletely scored characters, the weaker downweighting could effectively lead to a strengthening 586 

of the long-branch attraction phenomenon simulated by the missing data (Wiens 2006; Tschopp et 587 

al. 2018a). Nonetheless, real case studies using matrices with missing data showed that implied 588 

weighting approaches performed better than equal weighting (Prevosti & Chemisquy 2010). 589 

Moreover, Goloboff (2014) implemented the so-called “extended implied weighting” approach in 590 

the software TNT, which not only downweights the characters based on their homoplastic rate and 591 

the chosen k-value, but also adapts the k-value for every character individually based on its 592 

proportion of missing entries. Congreve and Lamsdell (2016) dismissed this methodology in part 593 

because polymorphic or inapplicable characters are often treated as missing data and could 594 

therefore be wrongly penalized by an extended implied weighting approach. However, the proposed 595 

methodology actually just enables the use of different k-values for every single character (Goloboff 596 

2014), so that these issues could also be addressed manually instead of applying the default, 597 

automated script (Goloboff et al. 2018). Moreover, at least inapplicable character states can be 598 

recognized by the latest versions of TNT, and thus be excluded from the algorithms for extended 599 

implied weighting (Goloboff et al. 2018). 600 

Simulations using modelled phylogenies have recently shown that traditional implied 601 

weighting performs worse than equal weighting and probability-based approaches such as Bayesian 602 

(Congreve & Lamsdell 2016; O'Reilly et al. 2016). On the other hand, case studies using real 603 

morphological matrices appear to show the contrary (Prevosti & Chemisquy 2010; Brinkman et al. 604 

2017), and also extended implied weighting seemed to work well under certain circumstances when 605 

analyzing specimen-level data in lizards (Villa et al. 2017). One reason for these discrepant 606 

conclusions could be that the modelled phylogenies did not accurately represent a real distribution 607 
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of homoplasy within a morphological dataset (Goloboff et al. 2018). By analyzing the actual 608 

distribution of homoplasies in numerous morphological data sets, Goloboff et al. (2018) showed 609 

that earlier simulations (Congreve & Lamsdell 2016; O’Reilly et al. 2016) did indeed represent this 610 

distribution incorrectly. Comparisons of the methodologies with newly simulated trees based on the 611 

distribution of homoplasies found in real data sets resulted in extended implied weighting being the 612 

strategy that recovered the most accurate trees, followed by the traditional implied weighting 613 

approach (Goloboff et al. 2018). Even though implied weighting retrieved a proportionally larger 614 

number of both correct and incorrect groupings in data sets with more homoplasy, compared to 615 

equal weights (Congreve & Lamsdell 2016; Goloboff et al. 2018), the relative amount of added 616 

correct groups exceeded the relative increase of incorrect groups, thereby increasing overall 617 

accuracy, especially when using extended implied weighting (Goloboff et al. 2018). Collapsing 618 

branches with low support was shown by Goloboff et al. (2018) to reduce the number of incorrect 619 

groups, but this also reduces the number of weakly supported, correct groups (Goloboff et al. 2018), 620 

and generally lowers the information content of the recovered trees by increasing the number of 621 

polytomies. 622 

These issues become especially important, if the matrix was specifically constructed to test 623 

assumptions of homology at the level of single individuals, which likely results in more 624 

homoplasies in the data set. At present, it is not yet clear whether a stronger downweighting 625 

function might help to reduce the number of incorrect retrieved groups in data sets with a larger 626 

amount of homoplasies, and if these incorrect groups might be identified somehow if we do not 627 

know the correct tree. Moreover, only Goloboff et al. (2018) also included the extended implied 628 

weighting approach in their simulations, and most other studies used rather strong downweighting 629 

functions (e.g. k=1, 3, 5, and 10 in Congreve & Lamsdell, 2016). Additional tests with real data sets 630 

(such as that of Villa et al. 2017), and a higher range of downweighting functions will be needed to 631 

compare performance of different weighting methods, including extended implied weighting in 632 

order to resolve this debate. 633 
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Tschopp et al. (2015) noted that using an implied weighting strategy was useful to address 634 

the potentially misleading ontogenetically variable characters, because the ontogenetic changes add 635 

variability to these characters, which therefore have a higher homoplastic rate, and so are 636 

downweighted more strongly than less variable ones. However, if the characters are highly 637 

parsimony-informative among adult specimens, the variability introduced by juvenile specimens 638 

would partly obscure this information, and, combined with implied weighting, even reduce its 639 

impact on the calculation of the most parsimonious trees. Omitting scores for ontogenetically 640 

variable traits in obviously juvenile specimens therefore appears more appropriate than applying 641 

implied weighting to reduce their deleterious effects. 642 

1.2.2. Character Ordering 643 

Phylogenetic characters can have multiple states that describe different relative sizes or 644 

shapes of a single feature. Multistate characters can be treated as ordered or unordered, or with step- 645 

matrices (Hauser & Presch 1991; Wilkinson 1992; Wilson 2002; Brazeau 2011). Ordering and step 646 

matrices impose different degrees of directional morphological state transformations onto the 647 

character concerned, whereas a treatment as unordered accepts all possible changes between 648 

character states as equally probable (Wilkinson 1992; Brazeau 2011). For instance, in an ordered 649 

character with three states (0, 1, 2), a morphological change from state 0 to state 2 would need 2 650 

evolutionary steps, and thus also increase the length of the most parsimonious tree relative to a 651 

treatment of the same character as unordered. By using a step-matrix, a researcher can define the 652 

possible direct evolutionary steps even more precisely, and can allow for a so-called “easy loss 653 

character”, in which the evolution from character state 0 to 2 costs more than from 2 to 0, implying 654 

that it is more likely that the character will pass through state 1 on its evolutionary way to 2, 655 

whereas the reversal could be direct (Wilson 2002). The differences and rationales of why, how, 656 

and if, multistate characters should be ordered have been reviewed recently by Brazeau (2011), and 657 

apply to phylogenetic analyses at any taxonomic level equally, so that there is no need to discuss it 658 

in detail here. Brazeau (2011) concluded that multistate characters should be ordered if they code 659 
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for quantitative characters, or if they describe an obvious morphological transformational series. 660 

We follow this recommendation here. The use of step-matrices, even if theoretically adding 661 

methodological soundness, probably has little influence on the result in most cases, but needs 662 

additional time investment to prepare the file for the analysis. The implementation of which 663 

characters should be ordered, on the other hand, is uncomplicated and fast. 664 

1.2.3. Tree Searches and Consensus Trees 665 

Whereas no specific requirements apply to the methodology of tree searches when using 666 

specimen-level matrices, several points have to be addressed once a set of trees has been obtained, 667 

and before proceeding to species delimitation. The basic tree topology can be influenced by 668 

ontogenetically variable characters, consensus methods can hide phylogenetic structure, and 669 

analyses under differential weighting (as recommended above) can produce conflicting tree 670 

topologies. 671 

Ontogenetically variable characters can influence tree topology, and thus also taxonomic 672 

interpretations. If one prefers downweighting over exclusion of ontogenetic character states (as in 673 

Tschopp et al. 2015), the position of juvenile specimens in the phylogenetic trees, on which species 674 

delimitation will be based, will be influenced by these characters. Another approach was followed 675 

by Campbell et al. (2016), who conducted a specific test to assess the influence of ontogeny on tree 676 

topology. They followed the principles of a ‘ontogenetic analysis’ as initially proposed by Brochu 677 

(1996), and ran it in parallel to the phylogenetic analysis. In an ontogenetic analysis, only traits 678 

known to be ontogenetically variable are used as character statements (Brochu 1996; Carr & 679 

Williamson 2004; Campbell et al. 2016). Character states are adapted to follow supposed 680 

ontogenetic changes, and multistate characters are treated as ordered during the parsimony analysis. 681 

Campbell et al. (2016) used their ontogenetic analysis to check if small to large-sized skulls 682 

of two different species of Chasmosaurus fell on two distinct ontogenetic trajectories, which could 683 

be used to distinguish the two species. Although the result of their study was negative, such an 684 

approach could also be used to verify if the topology of the tree recovered by the ontogenetic 685 
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analysis reproduces the findings of the phylogenetic one. If this is the case, and if the ontogenetic 686 

trajectory also correlates with an increase in body size, one should expect that the topology found 687 

by both analyses was strongly influenced by ontogenetically variable characters. Such an integrative 688 

approach of ontogenetic and phylogenetic analysis is probably more appropriate than simply 689 

reducing the weight and thus impact of ontogenetic character states as done by Tschopp et al. 690 

(2015). A combination of an ontogenetic analysis and the exclusion of obviously juvenile character 691 

states during scoring for the phylogenetic analysis under implied weighting approaches would 692 

likely provide the most accurate results. 693 

Most specimen-level analyses of fossil taxa have had to cope with the problem of a very 694 

high number of most parsimonious trees, and therefore large polytomies in the strict consensus tree 695 

(Yates 2003; Scannella et al. 2014; Tschopp et al. 2015; Campbell et al. 2016). Polytomies can 696 

derive from both the genuine absence of a branching pattern (so-called “hard polytomies”), and 697 

insufficient data in the phylogenetic matrix to recover an entirely resolved tree (“soft polytomies”; 698 

Maddison 1989; Purvis & Garland 1993). Thus, in the context of specimen-level analyses, hard 699 

polytomies would represent the lack of phylogenetic structure below the level of species, and could 700 

be used as an indication for the delimitation of species (see below for a detailed assessment). 701 

However, complete strict consensus trees do not always report the entirety of phylogenetic signal 702 

present in the matrix (Wilkinson 1995), so that a distinction of hard and soft polytomies is crucial 703 

before making positive inferences based on an apparent lack of hierarchical structure. It is possible 704 

that a few, highly unstable taxa (specimens in this case) might produce large soft polytomies, even 705 

though the rest of the included OTUs remain stable (Wilkinson 1995). Often, the main reason for 706 

this instability is missing data in fragmentary specimens lacking anatomical overlap (see “Missing 707 

data”). One approach to ameliorate such a problem is to prune the unstable OTUs from the trees a 708 

posteriori, and then apply tests to identify their most parsimonious phylogenetic positions (e.g. see 709 

Tschopp et al. 2015). The underlying tree structure hidden in “soft polytomies” in the complete 710 
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strict consensus tree can thus be revealed by reduced strict consensus approaches, or a posteriori 711 

pruning of the most unstable taxa. 712 

Multiple conflicting tree topologies can be generated by the presence of unstable taxa, as 713 

discussed above, but can also occur because of the application of an array of different starting 714 

assumptions or analytical protocols to the same data set. Thus, alternative positions of specimens 715 

have to be tested with a number of approaches. There are several support measures to evaluate tree 716 

accuracy. Given that these are not specific to specimen-level phylogeny, we will only discuss them 717 

briefly herein. Following our recommendation to use different weighting strategies during 718 

phylogenetic analysis, we will specifically focus on the impact of weighting on the various support 719 

measures. 720 

 The most widely used support metrics are resampling measures such as bootstrapping and 721 

jackknifing. Källersjö et al. (1999) and Goloboff et al. (2008a) used jackknife frequencies to 722 

calculate and compare group support between analyses with different character sets or weighting 723 

strategies. Källersjö et al. (1999) compared analyses based on molecular data under equal 724 

weighting, with and without the highly homoplastic third-codon positions, whereas Goloboff et al. 725 

(2008a) compared different k-values in implied weighting. The two approaches are equivalent, 726 

because equal weighting and the exclusion of characters basically represent the two extremes of k- 727 

values in implied weighting (Goloboff 1993; De Laet 1997). However, jackknife frequencies and 728 

bootstrapping have been reported to produce distorted support values under certain circumstances, 729 

when the analyses to be compared use different weighting strategies (Goloboff et al. 2003). Instead, 730 

Goloboff et al. (2003) proposed the use of symmetric resampling, which normalizes the impact of 731 

up- and downweighting of characters based on a probability constant (“P”), but even here, absolute 732 

values of support can be hard to interpret, and might even support groupings that are not found in 733 

the optimal trees (so-called “spurious groups”; Goloboff et al. 2003; Kopuchian & Ramirez 2010). 734 

Thus, rather than absolute support values from resampling, Goloboff et al. (2003) suggested the use 735 

of the frequency differences between contradictory groups, frequency slopes derived from curves 736 
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formed by the use of different values of P, or a sample of the values at a particular threshold of P. 737 

For further details, we refer the reader to Goloboff et al. (2003). All of these support measures have 738 

their own problems (Goloboff et al. 2003; Kopuchian & Ramirez 2010), and to our knowledge, 739 

frequency differences have rarely been used to calculate group support in vertebrate paleontology 740 

(e.g. Marx 2011; Mannion et al. 2013). Frequency differences can actually support spurious groups 741 

just like absolute values (Goloboff et al. 2003; Kopuchian & Ramirez 2010). Frequency slopes can 742 

be misleading, because they can change drastically along the curve (Goloboff et al. 2003; 743 

Kopuchian & Ramirez 2010). Finally, the threshold for the specific sample (i.e. where to compare 744 

group support) depends on the dataset (Goloboff et al. 2003). In their case studies using real 745 

phylogenetic matrices and varying weighting and resampling strengths, Kopuchian & Ramirez 746 

(2010) found that Jackknife resampling methods generally performed better than bootstrapping, but 747 

that symmetric resampling did not uniformally perform better than traditional jackknifing. Although 748 

symmetric resampling is more consistent than the traditional method in which groups are supported, 749 

it also finds more spurious groups (Kopuchian & Ramirez 2010). Perhaps unexpectedly, Kopuchian 750 

& Ramirez (2010) also found a tendency that the absolute values still performed better than the 751 

frequency differences. Thus, it remains somewhat unclear which of these statistical support 752 

measures is actually the most reliable, so that a pluralistic approach is probably warranted at this 753 

stage. 754 

 Bremer supports (initially proposed as decay analysis; Bremer 1988, 1994; Donoghue et al. 755 

1992) depend on the calculation of suboptimal topologies to test which clades are also found in 756 

trees that are longer than the most parsimonious trees. In analyses with substantial amounts of 757 

missing data, this can become a computing problem, because it is likely that the number of MPTs is 758 

already very large (e.g. > 60,000 in Tschopp et al. 2015). Moreover, Bremer supports can be 759 

strongly influenced by single, very unstable OTUs (Wilkinson et al. 2000), as occurs relatively 760 

often in paleontological specimen-level analysis. An alternative might be the so-called Double 761 

Decay Analysis developed by Wilkinson et al. (2000), but this approach has rarely been used in 762 
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vertebrate paleontology, or has been found to be unfeasible even in only moderately large data sets 763 

with around 50 OTUs and up to 221 characters (Butler et al. 2008; Brusatte et al. 2010). Finally, it 764 

remains unclear how to interpret the fractional tree lengths resulting from the use of continuous 765 

characters and/or implied weighting approaches (Goloboff & Farris 2001). When using TNT, tree 766 

length under implied weights is reported to four decimal places, such that increases can occur by as 767 

little as 0.0001. Given that these fractional tree lengths, and thus also the Bremer support values 768 

change with the applied k-value, it remains uncertain how different Bremer support values should 769 

be compared between conflicting tree topologies resulting from analyses with different k-values. 770 

This could potentially be addressed by using the Relative Fit Difference (RFD) developed by 771 

Goloboff & Farris (2001). RFD calculates the difference of how often a certain node is supported 772 

versus contradicted by the data, providing a percentage. Therefore, the tree length itself does not 773 

impact the RFD, and topologies from different weighting strategies could be compared (Goloboff & 774 

Farris 2001). The RFD was used to calculate support for specific nodes in Mannion et al. (2013), 775 

but limitations on the number of trees that can be stored using TNT resulted in the highest 776 

detectable support values being 44%. Nevertheless, RFD might be the most useful and most easily 777 

applicable derivative of Bremer supports to compare conflicting topologies resulting from differing 778 

weighting strategies. 779 

 A similar approach to Bremer support, based on differential tree lengths was used by 780 

Tschopp et al. (2015). In that study, specimens recovered in conflicting positions in the analyses 781 

under equal and implied weighting were subjected to constrained tree searches, in which the 782 

questionable specimens were forced to lie in the position found by the other analysis. Because the 783 

absolute values of tree lengths using differential weighting are hard to compare (see above), 784 

Tschopp et al. (2015) compared relative increases in tree length between the constrained tree 785 

searches to infer the most parsimonious phylogenetic position of critical specimens. However, 786 

relative length increase in the tests of Tschopp et al. (2015) were nearly always very low (below 787 

1%), and it remains unclear if the observed differences really are statistically significant. 788 
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Low support for specific groups within a tree might generally result from implied weighting 789 

approaches, if the synapomorphies uniting a group are highly homoplastic, and therefore 790 

downweighted. In the case of specimen-level analyses, where highly homoplastic characters might 791 

represent individual variation, low support could indicate that these OTU clusters represent spurious 792 

groups within a species, instead of potentially distinct subpopulations. Collapsing weakly supported 793 

nodes based on relative fit differences as initially proposed by Goloboff & Farris (2001) could be 794 

used to circumvent this issue, but has never been applied in any specimen-level analysis to date. As 795 

mentioned in the discussion concerning the use of implied weighting, weak group support can also 796 

occur in correct groups, so that a collapse of these nodes always runs the risk of obscuring 797 

potentially useful information (see also Goloboff et al. 2018). However, collapsing groups with 798 

very low relative fit differences might be a promising approach to avoid spurious within-species 799 

tree resolution. 800 

 Whereas all the analyses discussed above concern data intrinsic to the phylogenetic matrix 801 

and analysis, stratigraphic indices might provide an alternative to test for support of specific clades 802 

using extrinsic data, in particular in paleontological datasets. Stratigraphic data of the single OTUs 803 

can be implemented directly using some approaches of Bayesian Inference (Cau 2017), but no 804 

convincing strategy has yet been proposed for adding this data in parsimony analyses. Instead, 805 

stratigraphic data and phylogenetic topology can be treated as separate data sources and compared 806 

using an array of indices that capture aspects of how well a branching topology matches the 807 

stratigraphic order of appearance of taxa. A number of such stratigraphic indices have been 808 

proposed, reviewed in detail by Bell & Lloyd (2015), who also presented an easily usable script for 809 

the statistics software R (Bell & Lloyd 2014). One limiting factor is that, in many cases when 810 

working with specimen-level phylogeny, specimens come from similar strata or the strata are not 811 

dated with enough precision to be able to apply stratigraphic indices in a significant way. 812 

Nevertheless, in cases where finely resolved stratigraphic data are available for all or most 813 

specimens, very detailed analyses of character evolution through time can be attempted, as 814 



33 

discussed below. Of course, including stratigraphic data in the analysis, or using it to decide on a 815 

more “accurate” tree topology will render subsequent biostratigraphic studies based on these trees 816 

circular, just as in paleobiogeographic studies of taxa, where fossil material is attributed to extant 817 

species based on their geographical occurrence (Bell et al., 2010). 818 

 819 

1.3. Post-Phylogenetic Analysis  820 

1.3.1. Species Delimitation 821 

Specimen-level cladistic analyses allow reassessment of taxonomic assignments and 822 

nomenclature without having to accept previous identifications or referrals (Tschopp et al. 2015; 823 

Cau 2017). However, it does not provide direct evidence for the delimitation of taxonomic levels 824 

such as species or genera, and there seems to be no single objective criterion to do so, be it based on 825 

morphology or molecular data (Sites & Marshall 2004; Carstens et al. 2013; Satler et al. 2013; 826 

Kimura et al. 2016). Disagreements over species delimitation can stem from the use of different 827 

data, from variable evolutionary processes acting on different sources of data, and from different 828 

methodological approaches (Wiens & Penkrot 2002; Dettman et al. 2003; Sites & Marshall 2004; 829 

Carstens et al. 2013; Satler et al. 2013; Kimura et al. 2016). Whereas many approaches exist for 830 

molecular data (see reviews in Sites & Marshall 2004; Carstens et al. 2013), only a small proportion 831 

of them are applicable to morphological data, and only a few approaches have been proposed to 832 

address the problem of species and genus distinctions based on morphology specifically (Wiens & 833 

Penkrot 2002; Sites & Marshall 2004; Benson et al. 2012; Tschopp et al. 2015; Kimura et al. 2016). 834 

Species-delimitation methods can be tree-based or character-based (Wiens & Penkrot 2002). 835 

Although all these approaches have to be guided by tree topology, monophyly (the most straight- 836 

forward criterion for the definition of species and genera) cannot be used as the sole criterion for 837 

recognizing species in a specimen-level analysis. In the case of anagenetic speciation, some but not 838 

all members of a species become ancestors of a descendent species (Wiens & Penkrot 2002), which 839 
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renders the ancestral species as a whole necessarily paraphyletic (Brummit 2002; Longrich 2015), 840 

and which should therefore theoretically be detectable in a phylogenetic tree resulting from a 841 

specimen-level analysis. Because of this, some researchers advocated the entire abandonment of the 842 

species-level taxon in phylogenetic nomenclature (e.g. Pleijel & Rouse 2000), but by doing so, 843 

some individual organisms might not be referable to a “least-inclusive taxonomic unit” (sensu 844 

Pleijel & Rouse 2000; see also Baum 1998). Some species delimitation approaches used in 845 

molecular studies allow for paraphyletic species (Carstens et al. 2013), but they have not yet been 846 

further developed for application to morphological data. Carr et al. (2017) presented a species-level 847 

phylogenetic analysis of tyrannosaurid dinosaurs, and inferred anagenetic speciation based on 848 

sister-taxon relationships and differential stratigraphic but overlapping geographic ranges. An 849 

adaptation of such an approach to specimen-level analyses holds promise but has not yet been 850 

attempted. Proposed approaches for morphological data by various researchers are explained and 851 

discussed below. 852 

Wiens & Penkrot (2002) proposed a tree-based method combining information from 853 

bootstrap supports and geographic distribution of the included OTUs (populations in their case, but 854 

this could equally be applied to specimens). Following this approach, species delimitation depends 855 

on how weakly or strongly supported is a specific clade, and how much tree topology follows 856 

geographical segregation between populations (Wiens & Penkrot 2002). Additionally, Wiens & 857 

Penkrot (2002) proposed a character-based approach, which uses the occurrence of fixed, and 858 

exclusive diagnostic features as cut-off points to define species boundaries. However, these two 859 

approaches did not lead to the same conclusions in their study case of the iguanian Sceloporus, and 860 

yielded discordant results compared to approaches based on molecular data (Wiens & Penkrot 861 

2002). That the two approaches almost necessarily lead to discordant results should be expected, 862 

given that they are based on fundamentally different ideas of character evolution: as shown by Sites 863 

& Marshall (2004), tree-based methods are often based on recognizing phylogenetic splits or nodes, 864 

which do not necessarily have to be diagnosable by distinct apomorphic features. Indeed, Wiens & 865 
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Penkrot (2002) noted that some species, as recognized by their character-based approach, actually 866 

just represented groupings of OTUs that did not exhibit any of the diagnostic features used to define 867 

other species, and that no diagnostic feature could be statistically proven to be fixed in any of these 868 

clades. Additionally, Kimura et al. (2016) demonstrated that the appearance of diagnostic features 869 

is delayed in respect to lineage splitting in murid mammals. High intraspecific variability among 870 

osteological features has also been shown in the lacertid lizard Lacerta (Villa et al. 2017), where no 871 

single trait could be identified as a unique, unambiguous autapomorphy of a species; rather, only 872 

combinations of traits were found to be species-specific.  873 

 The tree-based approach of Wiens & Penkrot (2002) relies on bootstrap support measures. 874 

In specimen-level phylogenetic analysis, bootstrap values rarely reach 70% (a value proposed to 875 

indicate high support by Hillis & Bull (1993), and used as a cut-off value by Wiens & Penkrot 876 

2002), or even 88% (as proposed by Zander 2004). Nonetheless, the type of support value could be 877 

changed to one less prone to the negative impacts of morphological data and missing entries (see 878 

discussion above), and a stratigraphic criterion could be added to the geographic one when 879 

analyzing fossil OTUs. In general, integrating different types of data to test interpretations of 880 

species delimitations is expected to lead to more accurate results, and is being applied increasingly 881 

frequently in extant organisms (see Carstens et al. 2013 and references therein for examples). 882 

 The proposed species delimitation methods of Benson et al. (2012) and Tschopp et al. 883 

(2015) can be regarded as adaptations of approaches used in molecular specimen-level studies 884 

based on genetic distances. Benson et al. (2012) calculated morphological dissimilarity between 885 

species of different genera of plesiosaurs. They identified the comparable character states between 886 

the various operational taxonomic units within the genera, and calculated how many of them are 887 

scored differently. By doing so, Benson et al. (2012) included a value of completeness of the 888 

sampled species and specimens. However, highly fragmentary specimens might simply not preserve 889 

characters coding for variation at species level, but only at genus or even higher systematic levels. 890 

If this is the case, dissimilarity scores between these fragmentary specimens and more complete 891 
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ones of potentially different species within the same genus will approach 0%; this would obviously 892 

not represent the true extent of differences that would be recognizable if a complete skeleton were 893 

available (Fig. 4). 894 

 The above distance method was applied by Tschopp et al. (2015), who also developed an 895 

additional approach, which they termed ‘apomorphy count’. Recovered apomorphies are 896 

qualitatively assessed based on their variability within the clade they define, and among the other 897 

OTUs. At the level of specimens, recovered “autapomorphies” of single specimens are not 898 

necessarily species autapomorphies, whereas recovered “synapomorphies” of specific clades might 899 

actually represent autapomorphic features of a particular species. Single-specimen 900 

“autapomorphies” are therefore especially prone to simply code for intraspecific variability. 901 

Consequently, Tschopp et al. (2015) excluded recovered “autapomorphies” from their counts, if 902 

they were shared with other specimens of closely related species (i.e. shown to be homoplastic; Fig. 903 

5). Additionally, Tschopp et al. (2015) excluded “synapomorphies” from their apomorphy counts, if 904 

they were variable within the clade they define, shared with specimens of other clades, and found 905 

solely by one of the two analyses they performed. Apomorphies considered valid after this step 906 

(which could be both “autapomorphies” and “synapomorphies”) are then counted for two branches 907 

of a dichotomy, and summed in order to determine the number of major morphological changes 908 

between the two. As such, only characters deemed significant enough by the software TNT to be 909 

considered apomorphies, and which are not too variable among the ingroup are counted. These 910 

apomorphies can also be distributed unequally: in an extreme case, they could all occur on one 911 

branch of the dichotomy only, with the sister-group having not a single apomorphic feature. The 912 

apomorphy count therefore also partially accounts for unequal rates of morphological evolution. 913 

Based on earlier taxonomic interpretations of specific and generic distinctions, for which 914 

sister-taxon relationships have been confirmed by their specimen-level analysis, Tschopp et al. 915 

(2015) then defined thresholds for how many significant morphological changes were historically 916 

accepted within a species and within a genus, and applied these consistently across their ingroup 917 
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taxon Diplodocidae. In the latter study, two traditionally recognized species clusters were 918 

confirmed by the analysis (Apatosaurus ajax and A. louisae, and Diplodocus carnegii and D. 919 

hallorum), and changes between these sister-groups amounted to a maximum of 12, leading 920 

Tschopp et al. (2015) to use 13 changes as a minimum threshold to justify generic separation. At 921 

the species level, a number of specimens historically referred to a single species were found as 922 

sister-OTUs by Tschopp et al. (2015) as well. Differences between these specimens summed to 923 

maximally five, so that six changes were considered as sufficient for justifying specific distinctions 924 

(Tschopp et al. 2015). However, it is important to note that the absolute number of changes depends 925 

on the dataset, and can thus not be uniformly applied to any specimen-level phylogenetic analysis. 926 

Concerns about this method are the fact that the resulting absolute numbers vary between any single 927 

phylogenetic analysis performed, and that highly incomplete specimens are likely to show fewer 928 

apomorphic features. Both methods (pairwise dissimilarity and apomorphy counts), in part, take 929 

earlier, and well-accepted interpretations of species and genera as a basis for the definition of the 930 

taxonomic thresholds, and thus also include taxonomical history of a given clade to some extent. 931 

Kimura et al. (2016) proposed a combination of phenetic, ecological, and diagnosability 932 

criteria to study lineage sorting in murid mammals, based on morphometric and carbon isotope 933 

analyses. Although their study was not based on a phylogenetic analysis, these criteria could be 934 

easily adapted for use with a cladogram. Interestingly, and thanks to their extensive, and 935 

stratigraphically well dated data set, Kimura et al. (2016) found that the different species- 936 

delimitation thresholds did not occur simultaneously, but that, based on the phenetic criterion, new 937 

species could be recognized earlier in geological time than based on the other criteria. This finding 938 

correlates well with the interpretation of a species as a lineage, as is the case in the General Lineage 939 

Concept (de Queiroz 1998). Based on the assumption that species lineages diverge gradually during 940 

the process of speciation, and that they gradually accumulate distinguishing features along the way, 941 

different operational criteria (such as the ones used by Kimura et al. 2016), can be plotted onto 942 

diverging lineages, and evaluated in the light of the General Lineage Concept. 943 
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Although the studies and approaches mentioned above yielded promising results concerning 944 

species delimitation, it remains unclear if the outcomes represent accurate identifications of the 945 

boundaries between true biological species. Indeed, populations exist today that are only 946 

reproductively isolated due to behavioural incompatibility (e.g. Nanda & Singh 2012). Although 947 

this can obviously not be detected in extinct species, behavioural incompatibility can be a first step 948 

during cladogenesis in the context of the General Lineage Concept, followed by morphological 949 

distinctiveness due to diverging evolution. While morphologically indistinct, “biological species” 950 

might be an issue when comparing extinct with extant forms, it is not necessarily a problem when 951 

working with fossil taxa alone. What we need to develop, are consistent and reproducible studies 952 

for taxonomic clustering at the lowest possible level. In paleontological datasets, this can only be 953 

done based on morphological differences. Even if these clusters do not represent exactly true 954 

biological species, a use of distance measures or apomorphy counts will produce consistent and 955 

objective units that can be counted in diversity studies. 956 

 None of the proposed species delimitation approaches is without problems. In fact, the 957 

various competing species delimitation methods are based on different species concepts (Adams 958 

2001; Sites & Marshall 2004: Kimura et al. 2016), and effectively represent the operational ways of 959 

how to apply these concepts to recognize species in nature (Adams 2001). Given that the numerous 960 

species concepts (both theoretical and operational) just define species at different steps of the 961 

speciation process (and can indeed be united in the General Lineage Concept for species, as 962 

proposed by de Queiroz 1998), it is paramount to apply a number of operational criteria to assess 963 

species delimitation (Sites & Marshall 2004; Bacon et al. 2012; Satler et al. 2013). Conflicting 964 

outcomes can then be evaluated qualitatively in the light of speciation processes, as has been 965 

successfully achieved with paleontological material by Kimura et al. (2016). Such a need for an 966 

integrative approach to species delimitation has been confirmed by the results of a case study of 967 

fungi by Dettman et al. (2003), where the phylogenetic species recognition approach (based on 968 

genetic distance) identified an additional species, which was still able to produce viable offspring 969 
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with the sister-group. Similarly, generally accepted species of plants exhibited only some of the 970 

criteria applied in case studies of palms and Primula, implying that speciation has not yet led to 971 

complete lineage sorting in these taxa (Bacon et al. 2012; Schmidt-Lebuhn et al. 2012). These 972 

examples of molecular studies and the case study of fossil murids by Kimura et al. (2016) show that 973 

by applying different operational concepts to taxa with a good fossil record, it is possible to trace 974 

morphological speciation along a phylogenetic tree (see below). 975 

 976 

2 Ceratopsian Case Study 977 

In order to illustrate some of the challenges outlined above, we conducted a case study 978 

based on the analysis of Campbell et al. (2016) on chasmosaurine ceratopsians, which used a 979 

modified version of the matrix of Sampson et al. (2010). Re-analysis of this study is informative, 980 

because Campbell et al. (2016) did not apply several of the methodological steps outlined herein to 981 

address specific challenges. For instance, Campbell et al. (2016) treated all multistate characters as 982 

unordered and performed the analysis under equal weights (J. Campbell, pers. comm. 2018). They 983 

pruned OTUs only a posteriori, as recommended herein, but the deleted taxa were selected based on 984 

their amount of missing data rather than their instability in the MPTs. Finally, Campbell et al. 985 

(2016) delimited species based on a morphometric study of a character of the frill (the variable 986 

angle of an embayment on the posterodorsal bar) rather than either the distance measure or 987 

apomorphy count approaches outlined above. 988 

 989 

2.1. Methodology 990 

Herein, we treated the multistate characters that appeared to describe clear morphological 991 

transitions as ordered (characters 40, 41, 50, 60, 68, 70, 80, 89). Some of these characters had to be 992 

rescored to bring the states into the right order to describe a linear transition (characters 40, 41, 50, 993 
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70, 80; see supplementary material). During the analysis with TNT v. 1.1 (Goloboff et al. 2008b), 994 

we applied an extended implied weighting strategy, with a k-value of 5, and otherwise followed the 995 

search strategies of Campbell et al. (2016). A second analysis was performed with the original 996 

matrix under equal weights, applying only the character ordering as outlined above, and agreement 997 

subtree and pruned tree options in TNT in order to assess possible hidden phylogenetic structure in 998 

the large polytomy found by Campbell et al. (2016: fig. 5A). 999 

Before applying species delimitation methods, we collapsed the nodes with low supports by 1000 

using TBR, as suggested by Goloboff et al. (2018). We tentatively applied the apomorphy count to 1001 

the resulting tree as a means of delimiting species. Given that the ingroup just includes two genera, 1002 

we excluded all ambiguous “synapomorphies”, and all ambiguous “autapomorphies” shared with 1003 

any other member of the ingroup during the qualitative assessment of the apomorphies found by 1004 

TNT (the final counts are given in the supplementary material). The apomorphy count had to be 1005 

slightly adapted because the TBR collapsing resulted in a partly unresolved tree, so that the sums of 1006 

apomorphies could not always be counted between two branches of a dichotomous node. We 1007 

therefore calculated the average count across all possible sister-group relationships within a 1008 

polytomy. 1009 

2.2. Results 1010 

2.2.1. Analysis under Extended Implied Weights 1011 

The analysis with ordered multistate characters and under extended implied weights yielded 1012 

a single, completely resolved phylogenetic tree of length of 15.69203 (Fig. 6). The only clade of the 1013 

ingroup recovered by Campbell et al. (2016), including the two specimens referred to Vagaceratops 1014 

irvinensis, is also found here, as part of a larger clade, which also includes the type specimen of 1015 

Chasmosaurus russelli (CMN 8800; Fig. 6). This entire clade forms the sister group to a clade 1016 

including the type specimen of C. belli (CMN 0491; Fig. 6). Three specimens are found as 1017 

successively more basal OTUs to these two clades: ROM 839, CMN 1254, and AMNH FARB 1018 
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5401, which are the type specimens for C. brevirostris, C. canadensis, and C. kaiseni, respectively. 1019 

All the specimens referred to C. russelli by Campbell et al. (2016) are found in the clade with the 1020 

type specimen of C. belli, whereas the type specimen of C. russelli is found in a clade with two 1021 

specimens previously referred to C. belli (Fig. 6). 1022 

2.2.2. Analysis under Equal Weights 1023 

The re-analysis of the original matrix provided as supplementary material by Campbell et al. 1024 

(2016) under equal weights and with ordering of some multistate characters (see list in section 2.1.) 1025 

yielded more than 30,000 most parsimonious trees (we only allowed TNT to store 30,000 trees for 1026 

this preliminary analysis) of length of 297 steps, 4 more than reported by Campbell et al. (2016), 1027 

which is probably a result of the ordering of some of the multistate characters in our analysis. 1028 

Our re-analysis found the same large polytomy within Chasmosaurinae as did Campbell et 1029 

al. (2016). Neither the a posterior pruning processes as implemented in TNT, nor an agreement 1030 

subtree revealed more underlying phylogenetic structure. 1031 

2.2.3. Apomorphy Count 1032 

The sums of changes between two branches of a node ranged from zero to three, which is 1033 

very low compared to those reported by Tschopp et al. (2015). However, as pointed out above, 1034 

these absolute numbers depend on how a matrix is constructed. As a guideline to subdivide species 1035 

following historical taxonomic practice, we took the sums of changes between the clades including 1036 

the holotypes of the two generally accepted species Chasmosaurus belli and C. russelli, which 1037 

amounts to two (Fig. 6). For the necessary number to define a genus, we checked the sum of 1038 

changes between the entire clade attributed to Chasmosaurus and its closest outgroup 1039 

Agujaceratops, which corresponds to three. Based on these counts, Vagaceratops irvinensis would 1040 

only be considered a different species within a paraphyletic Chasmosaurus russelli, and not a 1041 

distinct genus. However, both nodes along the lineage from C. russelli to V. irvinensis have an 1042 
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apomorphy count of two. A similar condition occurs along the stem of C. belli (Fig. 6). Accepting 1043 

the General Lineage Concept, these continued, elevated counts might be an indication of gradual 1044 

morphological change during the speciation process. However, stratigraphic tests would be needed 1045 

to sustain such a claim. The apomorphy count thus supports the validity of three species within 1046 

Chasmosaurus, but no distinct genus Vagaceratops. 1047 

 1048 

2.3. Discussion 1049 

As shown above, the analysis under extended implied weighting recovered a much more 1050 

resolved tree than the one under equal weights, even after TBR-collapsing. Moreover, most of the 1051 

referrals by Campbell et al. (2016) could not be confirmed based on this tree topology, indicating 1052 

that the single character proposed as distinguishing the two species Chasmosaurus russelli and C. 1053 

belli by Campbell et al. (2016) might not be taxonomically informative. According to these authors, 1054 

the two species can be distinguished by the embayment of the posterior parietal bar, which is deep 1055 

in Chasmosaurus russelli and shallow in C. belli. Although we cannot know the correct 1056 

phylogenetic tree, our study implies that this character should be assessed in more detail, in 1057 

particular concerning alternative interpretations such as sexual dimorphism. The latter has already 1058 

been tentatively suggested by Lehman (1990), and might have to be reconsidered given our 1059 

analysis. 1060 

Our results highlight the importance of using different weighting strategies, and a 1061 

combination of methodological approaches that suit the specific challenges of a specimen-level 1062 

phylogenetic analysis. However, given that our tests are only preliminary, the underlying causes of 1063 

the potentially conflicting taxonomic interpretations based on Campbell et al. (2016) and the tree 1064 

recovered herein, are better addressed by experts in chasmosaurine anatomy.  1065 

 1066 
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3 Recommendations 1067 

Recommendations for the various steps of a specimen-level phylogenetic analysis are 1068 

collated and summarized here. For detailed rationales and case studies see the discussion above. 1069 

 1070 

3.1. Matrix Construction 1071 

Phylogenetic matrices for specimen-level analyses should generally include as many data 1072 

points as possible. Neither character selection nor OTU sampling should be guided by the amount 1073 

of missing data. An inclusion of all holotype specimens in the analysis is necessary for systematic 1074 

reviews. The only justification for a priori exclusion of certain specimens, is when they are 1075 

incomplete, juvenile non-type specimens, which could mislead the analysis because of the typically 1076 

higher number of plesiomorphic traits in individuals of an early ontogenetic stage. 1077 

Character scoring should include approaches to address polymorphisms along the vertebral 1078 

column and bilateral asymmetry. The most straight-forward and promising approaches are 1079 

frequency or majority scoring for serially variable characters, and the inclusion of an intermediate 1080 

character state for bilaterally asymmetric traits. Continuous characters can be used, but should be 1081 

scored with a value representing a central tendency instead of ranges or minimum or maximum 1082 

values. If juvenile specimens have to be included, they should not be scored for reportedly 1083 

ontogenetically variable traits. Ordered multistate characters should be represented by their additive 1084 

binary equivalents in order to reduce the impact of missing data. 1085 

 1086 

3.2. Phylogenetic Methodology 1087 

Characters should be weighted differentially, using an extended implied weighting approach 1088 

as implemented in the software TNT with variable k-values. Multistate characters should be treated 1089 
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as ordered if they are quantitative (including continuous characters), or if they describe clear 1090 

transitions in morphology. 1091 

Polytomies in the resulting consensus trees cannot be taken as evidence for species-level 1092 

clades, but have to be analyzed for possible hidden phylogenetic structure by using reduced 1093 

consensus approaches. At the same time, weakly supported nodes should be collapsed to avoid the 1094 

recovery of spurious groups. Conflicting topologies recovered after performing the analysis with 1095 

different weighting constants are best evaluated using a combination of methods (e.g. jackknifing, 1096 

relative length increases in constrained searches). Additional tests might be based on data extrinsic 1097 

to the analysis itself, as for instance stratigraphic or geographic ranges, but this must be stated 1098 

clearly to avoid circularity in subsequent biostratigraphic or paleobiogeographic studies. 1099 

 1100 

3.3. Species Delimitation 1101 

Species delimitation should be carried out based on several approaches, and the differing 1102 

results assessed from a cautious taxonomic perspective. A combination of tree-based approaches 1103 

with measures of morphological distance and possibly additional, extrinsic data are expected to 1104 

provide the most accurate results. However, when using extrinsic data, the same concerns apply 1105 

here as when testing for accuracy in tree topology (see section 3.2.). 1106 

 1107 

4 Future Research 1108 

4.1. Validation of the Method 1109 

 As has happened frequently with many other biological and palaeobiological techniques, the 1110 

development and application of specimen-level morphological phylogenetic methods have 1111 

proceeded prior to any attempt to validate its accuracy. Validation of the methodologies of 1112 
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morphological specimen-level phylogenetic analyses, using extant taxa, is the first step that should 1113 

be undertaken. This has been proposed for species delimitation methods by Sites & Marshall 1114 

(2004), and has been carried out using molecular approaches in some fungi and plants (Dettman et 1115 

al. 2003; Bacon et al. 2012). Without such tests, any follow-up study addressing the further 1116 

potential of specimen-level analyses based on morphology (see below) will be flawed and lack a 1117 

firm methodological base. Extant taxa have to be chosen carefully, and should represent species and 1118 

genera, where several recent phylogenetic studies based on multiple molecular sequence data 1119 

confirm at least monophyly of the ingroup. Validation studies should be undertaken for a number of 1120 

disparate and distantly related clades, in order to assess if the methodology that works best is the 1121 

same across clades, or has to be adapted for each group of organisms. The studies of Wiens & 1122 

Penkrot (2002) on lizards and Dettman et al. (2003) on fungi would suggest the latter: whereas 1123 

different methodologies led to discordant results in lizards (Wiens & Penkrot 2002), the opposite 1124 

was the case in fungi (Dettman et al. 2003). A wide survey thus seems to be necessary to detect 1125 

significant patterns. 1126 

 Aside from a general test of whether specimen-level morphological phylogenetic analyses are 1127 

capable of accurately identifying species among extant taxa, validation and testing is also needed 1128 

for each of the alternative steps and assumptions available to the researcher (see above). For 1129 

example, it would be interesting to examine whether the morphological distance approach of 1130 

Benson et al. (2012) or the apomorphy-based approach of Tschopp et al. (2015) yields the most 1131 

accurate assessments of species delimitations among extant taxa where the ‘correct’ answer is 1132 

already known based on molecular phylogenies or direct field observations of reproductive 1133 

isolation. Again, it might be that different protocols are variably successful with particular clades or 1134 

types of organisms, but this has yet to be investigated in any detail. 1135 

Simulations are an additional tool to assess methodological issues, but their utility and 1136 

applicability to a wide taxonomic range depend strongly on study design (Carstens et al. 2013). 1137 

Therefore, validation studies with real morphological data preferably gathered first hand should be 1138 
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expected to provide more meaningful results. Nevertheless, simulations could prove to be highly 1139 

useful to model and address the impact of missing data and of the treatment of ontogenetic features 1140 

on tree topology (see Wiens 2003 and Carballido & Sander 2014 for examples simulating missing 1141 

data and the influence of ontogeny respectively). 1142 

 1143 

4.2. Beyond Parsimony 1144 

 In addition to validation in different taxa, it will also be important to analyse and compare 1145 

accuracy and performance of phylogenetic methodologies other than parsimony, such as Bayesian 1146 

inference, Maximum Likelihood, and Network analysis. Bayesian inference has been shown to be a 1147 

promising tool for specimen-level phylogeny, because it is possible to allow for the recognition of 1148 

ancestor-descendent pairs (Cau 2017). However, there is an ongoing debate on the accuracy of 1149 

maximum parsimony versus probability-based approaches, in particular regarding the applicable 1150 

models of character evolution in probability-based approaches when analyzing morphological data 1151 

(e.g. Wright & Hillis 2014; O’Reilly et al. 2016; Goloboff et al. 2018; Sansom et al. 2018). 1152 

Network analysis might represent a promising approach because it is able to recognize patterns of 1153 

reticulate evolution and horizontal gene or trait transfer (Morrison 2005), which should be expected 1154 

to be ubiquitous when using individual organisms as OTUs. Comparisons of these different 1155 

approaches are rare in vertebrate paleontology, however, so it remains unclear to what extent these 1156 

methodologies can fulfil their promise. Therefore, we herein concentrated on parsimony 1157 

approaches, but we note that the entire discussion concerning the interpretation of phylogenetic 1158 

topology equally applies to trees recovered by means of other methodologies. 1159 

 1160 

4.3. Potential of Phenotypic Specimen-Level Phylogeny 1161 

Detailed phylogenetic trees of species known from well-dated stratigraphic successions 1162 

provide the basis for the study of physical drivers of evolution. Where phylogeny is analysed at the 1163 
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level of individual specimens, external factors do not have to be applied to species as a whole, but 1164 

can be applied to single individuals or populations, and specific morphological traits. Thus, once 1165 

validated with extant taxa, specimen-level phylogeny, combined with fine-scale stratigraphic field 1166 

work and geological studies revealing paleoenvironmental and -climatic factors, could yield 1167 

information concerning morphological trait evolution within (and possibly across) evolutionary 1168 

lineages through deep time in preeminent detail. Such an approach would allow highly localized 1169 

and detailed correlations with data on environment and climate in the locale where a diagnostic trait 1170 

first occurred, and can even help to track speciation processes through the accumulation of new 1171 

morphological traits. 1172 

 1173 

5 Conclusions 1174 

Phenotypic specimen-level phylogenetic analysis has a high potential for significant 1175 

advances in the study of morphological variability, trait evolution, and speciation in deep time. 1176 

However, certain steps during matrix construction, phylogenetic analysis, and interpretation of tree 1177 

topology have to be followed in order to obtain accurate results. These mostly concern the inclusion 1178 

of as much data as possible to obtain statistical significance, the application of appropriate 1179 

weighting strategies to reduce the impact of characters possibly simply describing individual 1180 

variation, and the use of a number of complementing approaches to species delimitation, evaluating 1181 

potentially conflicting results in the light of the general lineage concept for species. We also 1182 

highlight the need for validation studies with extant taxa, where attribution of specimens to a 1183 

particular species is known a priori, and can be used to infer the best-fitting methodology in a 1184 

specific taxon. 1185 

 1186 
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 1679 

Captions 1680 

Figure 1. Potential influence of directed noise on tree topology. Directed noise because of sexual 1681 

dimorphism (for example) can lead to misleading topologies. In this hypothetical tree, colors 1682 

indicate the “true” species (which we usually do not know in paleontological datasets), tones and 1683 

symbols the sexes. A) is the result when character 1 codes for a sexually dimorphic trait that equally 1684 

occurs in both species, B) would be the result if character 4 coded a sexually dimorphic feature. In 1685 

case (B), character 1 codes for the true distinguishing feature between the species, but is overprinted 1686 

by character 4, which codes for features shared among males or females across the two species. 1687 

Mapping the character states diagnosing the subclades might help detect these phenomena: if 1688 

distantly related subclades show the same diagnostic features (the different states of character 1 in 1689 

the present example), they should be checked for potentially being sexually dimorphic. 1690 

Figure 2. Skeletal completeness of holotype specimens of ichthyosaurs. Average completeness of 1691 

species erected within 10 year bins from 1846 to 2015 are plotted. No species was erected between 1692 

1916 and 1925, and 1956 and 1965. Data from Cleary et al. (2015). 1693 

Figure 3. Taphonomic deformation impacts measurements and ratios. The cervical vertebrae 5 (A) 1694 

and 8 (B) of Galeamopus pabsti SMA 0011 were compressed transversely and dorsoventrally, 1695 

respectively. Anterior condyle outline shape and ratios such as centrum height/width across 1696 

parapophyses are examples of affected measurements and ratios potentially useful for phylogenetic 1697 

analysis. Minimum and maximum values or ranges can therefore yield misleading data for 1698 

continuous character scores, and central tendencies such as means should be preferred. 1699 

Abbreviations: cH, centrum height; h, height; nc, neural canal; pap, parapophysis; paW, width 1700 

across parapophyses; prz, prezygapophyses; tp, transverse process; w, width. Vertebrae figured in 1701 

anterior view (modified from Tschopp & Mateus 2017), and scaled to the same anterior condyle 1702 

height. 1703 
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Figure 4. Missing data can reduce pairwise dissimilarity scores to 0%. Four hypothetical skeletons, 1704 

where only skull shape (to the left) changes. Rounded skulls are an autapomorphy of genus A, and 1705 

angled ones an autapomorphy for genus B. Different skull shapes distinguishing species within 1706 

genus A. Hypothetical, not preserved elements are marked with dashed lines. In such a simplified 1707 

case, a skeleton not preserving postcranial elements can still be identified at species level (e.g. 1708 

Genus A species 1), whereas the incomplete fossil actually belonging to Genus A species 3 does not 1709 

show any dissimilarities with any species of genera A and B, and can only be referred to a higher- 1710 

level taxon. Pairwise dissimilarity between this fragmentary specimen and the specimens of the 1711 

other species would be 0%. 1712 

Figure 5. Qualitative assessment of “synapomorphies” and “autapomorphies” within a specimen- 1713 

level context, following Tschopp et al. (2015). Acronyms with numbers indicate the character states 1714 

that diagnose particular clades (in the tree), and the hypothetical distribution of these derived states 1715 

among the ingroup. “Synapomorphies” can be unambiguous (U, shared among all members of the 1716 

clade they diagnose, and only among them), exclusive (E, occur only in specimens belonging to the 1717 

clade they diagnose, but not in all of the specimens), shared (S, shared among all members of the 1718 

clade they diagnose, but not only), and ambiguous (A, shared by most members of the clade they 1719 

diagnose, and also by specimens belonging to other groups). The latter are the most dubious 1720 

“synapomorphies”, and probably not all of them should be considered valid. Tschopp et al. (2015) 1721 

did not consider ambiguous “synapomorphies” found only by one of their two analyses for the 1722 

apomorphy count. “Autapomorphies” can be unambiguous (U) and ambiguous (A). Ambiguous 1723 

“autapomorphies” shared with specimens in a closely related clade were not counted for the 1724 

apomorphy count as implemented by Tschopp et al. (2015). 1725 

Figure 6. Different weighting strategies lead to conflicting tree topologies in ceratopsian dinosaurs. 1726 

The tree obtained under extended implied weighting (A) is better resolved than the one under equal 1727 

weighting (B, modified from Campbell et al. 2016), even after TBR-collapsing. The systematic 1728 

referrals of Campbell et al. (2016) are contradicted by the apomorphy count applied to the tree 1729 
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obtained using the extended implied weighting approach (see numbers in circles in A): highlighted 1730 

in red are the specimens referred to Chasmosaurus russelli, in blue the ones referred to C. belli, and 1731 

in dark green the ones referred to Vagaceratops irvinensis. Non-highlighted specimens in A are 1732 

specimens with unclear taxonomic assignments (see text). 1733 

Table 1: Anatomical overlap in single specimens of the sauropod dinosaur Camarasaurus. Note that 1734 

only by adding the two relatively complete non-type specimens, can most of the types be indirectly 1735 

compared with each other. 1736 

Table 2: Missing data ratios of selected phylogenetic analyses. Tschopp & Mateus (2017) used an 1737 

updated version of Tschopp et al. (2015), and collapsed the OTU sampling to species based on the 1738 

taxonomic interpretations of Tschopp et al. (2015). 1739 

Table 3: Skeletal completeness of holotype specimens of ichthyosaurs, and the species they typify. 1740 

Data from Cleary et al. (2015). 1741 
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overlap

Taxon Specimen(s) Sk T CV DV SV Cd Ch PcG Fl PvG Hl
Camarasaurus supremus* AMNH FARB 5760, X-c-1

“Apatosaurus” grandis* YPM VP.001901, and parts of YPM 
VP.001902, VP.001905

“Caulodon” diversidens* AMNH FARB 5768

“Amphicoelias” latus* AMNH FARB 5765

“Caulodon” leptoganus* AMNH FARB 5769

“Morosaurus” impar* YPM VP.001900, VP.001903, VP.007680

“Morosaurus” robustus* in parts: YPM VP.001905

Camarasaurus leptodirus* AMNH FARB 5763

Camarasaurus lentus* YPM VP.001910

“Morosaurus” agilis* USNM 5384

“Uintasaurus” douglassi* CM 11069

Camarasaurus annae* CM 8942

“Cathetosaurus” lewisi* BYU 9047

Camarasaurus sp. CM 11338

Camarasaurus sp. GMNH-PV 101

Table 1: Anatomical overlap of Camarasaurus type and non-type specimens.

Type specimens are marked with an asterisk. Colored cells mark which parts of the skeleton are represented. The 
specimens CM 11338 and GMNH-PV 101 have been described in literature, and assigned to Camarasaurus lentus 
(Gilmore 1925) and Camarasaurus grandis  (McIntosh et al. 1996), respectively. Abbreviations: Cd, caudal vertebrae; Ch, 
chevrons; CV, cervical vertebrae; DV, dorsal vertebrae; Fl, forelimb; Hl, hindlimb; PcG, pectoral girdle; PvG, pelvic girdle; 
Sk, skull; SV, sacral vertebrae; T, teeth.
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Analysis Characters Total Ingroup Total Ingroup Total Ingroup
Upchurch et al. 2004 32 16 11 319 196 38% 44%
Scannella et al. 2014 33 30 28 408 372 59% 60%
Tschopp et al. 2015 477 81 49 13404 7026 65% 70%
Campbell et al. 2016 155 40 19 3743 1617 40% 45%
Arbour & Currie 2016 177 44 41 3128 2659 60% 63%
Mannion et al. 2017 416 77 65 11124 7637 65% 72%
Tschopp & Mateus 2017 489 35 16 8806 3673 49% 53%

Table 2: Missing data ratios of selected phylogenetic analyses.
Taxonomic 

level

Species

OTUs Missing DataScores

Specimen



Table 3: Completeness Ichthyosaurs
Species Year Holotype Species - Total %
Acamptonectes densus 2012 15,75 35,25 45%
Arthropterygius chrisorum 1993 28,5 35 81%
Brachypterygius cantabridgiensis 1888 4 17,5 23%
Brachypterygius extremus 1904 9,5 12 79%
Brachypterygius mordax 1976 27,5 59 47%
Brachypterygius zhuravlevi 1998 11 30 37%
Californosaurus perrini 1902 56 79,5 70%
Callawayia neoscapularis 1994 49,5 78,5 63%
Caypullisaurus bonapartei 1997 68 75,5 90%
Chaohusaurus geishanensis 1972 75,75 100 76%
Cymbospondylus petrinus 1868 1 86 1%
Cymbospondylus piscosus 1868 1 3,5 29%
Eurhinosaurus longirostris 1851 61,5 97 63%
Excalibosaurus costini 1999 50 94 53%
Grippia longirostris 1929 13 63,75 20%
Guanlingsaurus liangae 2000 90,5 100 91%
Guizhouichthyosaurus tangae 2000 70,5 100 71%
Guizhouichthyosaurus wolonggangensis 2007 44 44 100%
Hudsonelpidia brevirostris 1995 57,5 64 90%
Ichthyosaurus breviceps 1881 89,5 96 93%
Ichthyosaurus conybeari 1888 53 98 54%
Maiaspondylus lindoei 2006 34 34 100%
Mixosaurus kuhnschnyderi 1998 53,5 94 57%
Mixosaurus panxianensis 2006 34,5 90 38%
Nannopterygius enthekiodon 1871 74,5 80 93%
Ophthalmosaurus icenicus 1874 47 98 48%
Ophthalmosaurus yasykovi 1999 48,5 63 77%
Phalarodon fraasi 1910 10 16,5 61%
Platypterygius americanus 1939 31,5 44,5 71%
Platypterygius hercynicus 1946 65,5 65,5 100%
Platypterygius kiprijanoffi 1968 36 38,5 94%
Qianichthyosaurus zhoui 1999 90,5 100 91%
Shastasaurus alexandrae 1902 21,5 46 47%
Shastasaurus pacificus 1895 5,5 41 13%
Shonisaurus popularis 1976 65,5 81,5 80%
Stenopterygius triscissus 1856 85 98 87%
Stenopterygius uniter 1931 81,5 98,5 83%
Undorosaurus gorodischensis 1999 53,5 55 97%


	Emanuel Tschopp1,2,3 & Paul Upchurch4
	Emails: etschopp@amnh.org (ET); p.upchurch@ucl.ac.uk (PU)
	Corresponding author: ET
	Running head: PHENOTYPIC SPECIMEN-LEVEL PHYLOGENY
	Abstract
	Keywords. character weighting, cladistics, parsimony, species delimitation, vertebrate morphology
	1 Methodological Challenges
	1.1. Matrix Construction
	1.2. Phylogenetic Methodology
	1.3. Post-Phylogenetic Analysis
	2 Ceratopsian Case Study
	2.1. Methodology
	2.2. Results
	2.3. Discussion
	3 Recommendations
	3.1. Matrix Construction
	3.2. Phylogenetic Methodology
	3.3. Species Delimitation
	4 Future Research
	4.1. Validation of the Method
	4.2. Beyond Parsimony
	4.3. Potential of Phenotypic Specimen-Level Phylogeny
	5 Conclusions
	6 Acknowledgements
	7 References
	Captions

