
Evolution of vertebral numbers in primates, with a focus on hominoids and the last common 

ancestor of hominins and panins

Abstract

The primate vertebral column has been studied extensively, with a particular focus on hominoid primates

and the last common ancestor of humans and chimpanzees. The number of vertebrae in hominoids—up 

to and including the last common ancestor of humans and chimpanzees—is subject to considerable 

debate. However, few formal ancestral state reconstructions exist, and none include a broad sample of 

primates or account for the correlated evolution of the vertebral column. Here, we conduct an ancestral 

state reconstruction using a model of evolution that accounts for both homeotic (changes of one type of 

vertebra to another) and meristic (addition or loss of a vertebra) change. Our results suggest that 

ancestral primates were characterized by 29 precaudal vertebrae, with the most common formula being 

seven cervical, 13 thoracic, six lumbar, and three sacral vertebrae. Extant hominoids evolved tail loss 

and a reduced lumbar column via sacralization (homeotic transition at the last lumbar vertebra). Our 

results indicate that the ancestral hylobatid had seven cervical, 13 thoracic, five lumbar, and four sacral 

vertebrae and the ancestral hominid had seven cervical, 13 thoracic, four lumbar, and five sacral 

vertebrae. The last common ancestor of humans and chimpanzees likely either retained this ancestral 

hominid formula or was characterized by an additional sacral vertebra, possibly acquired through a 

homeotic shift at the sacrococcygeal border. Our results support the ‘short-back’ model of hominin 

vertebral evolution, which postulates that hominins evolved from an ancestor with an African ape-like 

numerical composition of the vertebral column.

Keywords: Vertebral column; Last common ancestor; Hominin evolution; Bipedalism; Ancestral state 
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1. Introduction

The numerical composition of the vertebral column and its evolution has been of interest to 

natural historians and other biologists for centuries. Modern understanding of evolutionary processes 

and the underlying developmental genetics of vertebra segmentation and specification, coupled with 

increasing phylogenetic resolution, permits research into the conservation and complexity of vertebral 

numbers among mammals. Numbers of cervical vertebrae are essentially fixed at seven in the vast 

majority of mammals (Galis, 1999a), and presacral number (combined cervical, thoracic, and lumbar) is 

also fairly constrained, at least in certain lineages (Narita and Kuratani, 2005; Galis et al., 2014; 

Williams et al., 2019b). Mammals that engage in suspensory behavior often depart from and are more 

variable in presacral numbers of vertebrae than their non-suspensory close relatives (Williams et al., 

2019b). One such group is hominoids (apes and humans), and interpretations of the evolutionary history 

of both suspensory positional behavior and vertebral numbers in this group is contentious (Latimer and 

Ward, 1993; Haeusler et al., 2002; Pilbeam, 2004; Rosenman, 2008; Lovejoy et al., 2009; Lovejoy and 

McCollum, 2010; McCollum et al., 2010; Williams, 2012a; Machnicki et al., 2016a; Williams et al., 

2016, 2019a; Thompson and Almécija, 2017; Tardieu and Haeusler, 2019; Machnicki and Reno, 2020; 

Williams and Pilbeam, 2021), in large part due to its implications for the ancestral condition from which 

hominins evolved bipedal locomotion. 

There are currently three models that hypothesize the numbers of vertebrae characterizing the 

last common ancestor (LCA) of hominins (members of the human lineage) and panins (chimpanzees and

bonobos; LCAH-P). These focus on the number of lumbar vertebrae, which is the presumed target of 

selection due to its role in vertical posture and lordosis, and the dorsal concavity of the lumbar spine 

(Lovejoy, 2005; Whitcome et al., 2007; Williams et al., 2022). The ‘long back’ model (Fig. 1A) posits 

that the LCAH-P maintained six lumbar vertebrae as well as a long thoracic column consisting of 13 

elements (Lovejoy et al., 2009; Lovejoy and McCollum, 2010; McCollum et al., 2010; Machnicki and 

Reno, 2020), together contributing to a 26-element presacral column. The ‘intermediate back’ model 
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suggests that the LCAH-P was characterized by five lumbar vertebrae and either 12 or 13 thoracic 

vertebrae (Johanson et al., 1982; Haeusler et al., 2002; Machnicki et al., 2016a; Tardieu and Haeusler, 

2019), totaling either 24 or 25 presacral vertebrae (Fig. 1B). The ‘short back’ model posits that the 

LCAH-P possessed four lumbar vertebrae and 13 thoracic vertebrae (Pilbeam, 2004; Williams, 2012a; 

Williams et al., 2016, 2019a; Williams and Pilbeam, 2021), yielding a short presacral column consisting 

of 24 elements (Fig 1C).

Among extant taxa, many non-hominoid primates are characterized by a vertebral formula 

consisting of seven cervical (C), 13 thoracic (T), and six lumbar (L) vertebrae, including many 

platyrrhine and cercopithecoid monkeys, and this presacral combination was proposed as ancestral for 

primates, anthropoids, or catarrhines (Schultz and Straus, 1945; Pilbeam, 2004; Williams, 2011, 2012a). 

Extant African apes, specifically western gorillas (Gorilla gorilla) and both chimpanzees (Pan 

troglodytes) and bonobos (Pan paniscus), are characterized by 7C, 13T, and 4L modally, while eastern 

gorillas (Gorilla beringei) have one fewer lumbar vertebra (7C, 13T, 3L; Williams et al., 2019a). The 

latter presacral combination is frequently found in western gorillas, chimpanzees, and bonobos as well 

(Williams et al., 2019a). Orangutans generally have one fewer thoracic vertebra than chimpanzees, 

bonobos, and western gorillas (7C, 12T, 4L). Hylobatids (lesser apes or gibbons) are highly variable but 

most commonly possess 7C, 13T, and 5L. Modern humans are also variable in their vertebral formula, 

although deviations from the modal formula are less frequent than in most other apes. Humans normally 

have 7C, 12T, and 5L (Pilbeam, 2004; Williams et al., 2019a).

A variety of approaches have been brought to bear on this question, including parsimony 

analyses, comparative morphology, and inferences from fossil taxa (Pilbeam, 2004; McCollum et al., 

2010; Williams, 2012a; Williams et al., 2019a; Machnicki and Reno, 2020). Two formal ancestral state 

reconstruction studies have been performed so far (Fulwood and O’Meara, 2014; Thompson and 

Almécija, 2017). Both studies found strongest support for the short back model and weakest support for 

the long back model. Fulwood and O’Meara (2014), however, looked only at lumbar numbers. 
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Thompson and Almécija (2017) examined all precaudal vertebrae, but each portion of the vertebral 

column was analyzed independently. This represents a major limitation of their study (which they 

acknowledge), since conducting the analysis in this way assumes that all changes to different segments 

of the vertebral column are independent of one another.

Although vertebral formulae (regional numbers of vertebrae) can clearly evolve via meristic 

change (additions or deletions of vertebrae), which is largely independent in each region of the vertebral 

column, homeotic changes (regional boundary shifts within the same numerical framework) also appear 

to be common both inter- and intraspecifically (Galis, 1999b; Wellik and Capecchi, 2003; Williams, 

2011; Galis et al., 2014; Williams and Pilbeam, 2021). For example, cercopithecoid monkeys tend to 

possess either 13T and 6L or 12T and 7L (Schultz and Straus, 1945; Clausier, 1980; Williams, 2011, 

2012a), two configurations of 19 thoracic and lumbar vertebrae achievable via homeotic shifts at the 

thoracolumbar border. Most researchers agree that great apes evolved reduced numbers of lumbar 

vertebrae via homeotic shifts at the lumbosacral border and that hominoid sacra increased in number due

to homeotic shifts at the lumbosacral border or the sacrocaudal border (see Williams and Russo, 2015). 

Recently, Williams and Pilbeam (2021) proposed that hominins evolved from a LCAH-P that was 

specifically panin-like in its full vertebral formula and derived the modal human configuration via a 

single homeotic shift in Hox10 rostral and caudal expression boundaries. 

Homeobox (Hox) gene expression domains are associated with vertebra regional boundaries and 

are thought to contribute to the development of morphologies typical of different regions (Wellik and 

Capecchi, 2003; Carapuço et al., 2005; Mallo et al., 2010; Casaca et al., 2014). Shifts in Hox gene 

expression domains and their effects on vertebra development are therefore homeotic in nature. Since 

differences among taxa in regional numbers of vertebrae can result from meristic or homeotic change at 

any regional boundary, ideally full vertebral formulae (cervical, thoracic, lumbar, sacral, 

caudal/coccygeal) should be used in analyses, rather than considering each individual section 

independently. Here, we employ phylogenetic ancestral state reconstruction methods that account for 
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both homeotic and meristic changes on full vertebral formulae of primates to understand how vertebral 

numbers evolved and test hypotheses regarding the number of vertebrae in ancestral apes. 

2. Materials and methods

2.1. Samples

Data were collected at natural history museums and university collections around the world 

(Supplementary Online Material [SOM] Table S1). Specimens were articulated to check for 

completeness, and numbers of cervical, thoracic, lumbar, and caudal (or coccygeal in the case of animals

lacking an external tail) vertebrae were recorded. The number of elements composing the sacrum and the

number of coccygeal segments (if relevant) were recorded. Taxa were included in the analysis if they 

were represented by at least four individuals in the dataset. The Schultz (1961) definition of thoracic and

lumbar vertebrae based on rib presence (thoracic) or absence (lumbar) was used (also see Schultz and 

Straus, 1945; Williams and Pilbeam, 2021). For the purposes of this study, individuals with incomplete 

homeotic transitions (e.g., 12.5 thoracic and 4.5 lumbar) were treated as half a count for each whole 

number vertebral formula (e.g., 0.5 for 13 thoracic / 4 lumbar and 0.5 for 12 thoracic / 5 lumbar) rather 

than individuals with unique formulae. The total sample includes 6216 individuals representing 141 

species (Table 1).

2.2. Phylogeny

For this analysis, we used the recent mammal phylogeny published by Upham and colleagues (2019). 

This phylogeny strongly samples both primate and non-primate taxa and is better resolved than earlier 

mammal phylogenies (e.g., Bininda-Emonds et al., 2007). We could not use an order-wide primate 

phylogeny as those in common use (e.g., Arnold et al., 2010; Springer et al., 2012) do not include 

sufficient outgroups for the primate-wide analysis.
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2.3. Data analysis

We performed two ancestral character state reconstructions. Due to computational limitations, we

were unable to include variation in all types of vertebrae across all primates. Therefore, we limited our 

analysis of the entire primate order (and relevant outgroups) to precaudal vertebrae. For our analysis that

included caudal vertebrae we focused on apes specifically, which allowed us to use fewer taxa and 

character states, and thus make the analysis computationally feasible.

We performed ancestral state reconstructions using the make.simmap and describe.simmap 

functions in the phytools package (Revell, 2012) in the R statistical environment using R v. 4.1.1 (R 

Core Team, 2022). The make.simmap function implements the stochastic character mapping method of 

Bollback (2006), and describe.simmap summarizes the posterior distributions of all simulations. 

SIMMAP simulates character state transition across the tree under an instantaneous transition rate, or 

Mk, model (Lewis, 2001). Rates of transitions between different character states are represented using an

instantaneous rate matrix (Q matrix). The SIMMAP method can accommodate uncertainties in tip states.

These simulations can be run multiple times, and a posterior distribution of states is generated for each 

node and tip. For each reconstruction, we generated 5000 character histories. Posterior probabilities for 

ancestral states at each node represent the frequency that each state appears at that node across those 

5000 stochastic simulations. Once the simulations were run, we examined both the posterior probability 

of different character states at relevant nodes in the primate tree as well as the 95% highest posterior 

density (HPD) intervals for each vertebral type at each node. The HPD interval represents the range of 

values that includes 95% of the posterior distribution, centered on the value with the highest posterior 

probability. HPD intervals were calculated using the HPDintervals function in the coda package in R 

(Plummer et al., 2006).

In the first reconstruction (Analysis 1), we examined the precaudal vertebral numbers across 

Primates. To allow us to estimate ancestral conditions near the base of the primate tree, we also included 

data from the four orders most closely related to Primates: Dermoptera, Scandentia, Lagomorpha, and 
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Rodentia. Outgroup taxa were chosen to be representative of the diversity of different vertebral formulae

in these groups. Dermoptera is represented by two extant genera, Scandentia is represented by six 

species representing both extant families, Lagomorpha is represented by a single species (Lepus 

timidus), and Rodentia is represented by nine species from nine families (see Table 1). Ideally, our 

sample would have included pikas within Lagomorpha. We encountered very few specimens during data

collection, however, and Tague’s (2017) large samples of lagomorphs cannot be compiled with our data 

due to differences in data collection (i.e., Tague, 2017 did not follow the Schultz criteria in recording 

‘half counts’ for asymmetrical, ‘intermediate’ vertebrae).

Possible character states for each section of the column include: cervical (7), thoracic (12 or 

fewer, 13, 14, 15 or more), lumbar (3, 4, 5, 6, 7, 8 or more), and sacral (2, 3, 4, 5, 6, 7). Together, these 

make 144 unique character states. Prior probabilities were applied to each tip based on the frequency 

that a given condition is observed in a given taxon in our dataset. All absolute frequencies over 10% 

were included. In addition, we ran a broken stick model (MacArthur, 1957) to determine whether any 

variants represented at below 10% frequency should also be included. Variants were included if they 

were represented in more than 10% of individuals or were represented in fewer than 10% of individuals 

but in more individuals than would be expected under a random distribution. None of the character states

eliminated during binning (e.g., 11 thoracic vertebrae binned with 12) represented a majority or plurality

of any taxon studied.

The Q matrix (the instantaneous rate matrix for the Mk model) is calculated using maximum 

likelihood, contingent on tip states, and a specified rate heterogeneity. The default rate heterogeneity in 

the make.simmap function is a symmetrical model in which transitions between each pair of character 

states occur at the same rate in both directions, but transitions between different pairs occur at different 

rates. For example, the rate of a transition between 7C-12T-7L-3S → 7C-13T-6L-3S is the same as 7C-

13T-6L-3S → 7C-12T-7L-3S, but 7C-12T-7L-3S ↔ 7C-12T-7L-4S is different. Using this default model

in our analyses, however, would involve 10,000 unique rate parameters, which is unfeasible. An 
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alternative model is an equal rates model, in which transitions among all character states occur at the 

same rate. This model involves only a single rate parameter, but it means, for example, that a change 

between 7C-12T-7L-3S ↔ 7C-13T-6L-3S (a single homeotic shift) occurs at the same rate as a change 

from 7C-12T-7L-3S ↔ 7C-14T-3L-6S (multiple homeotic and meristic shifts), which is incompatible 

with current research on vertebral development.

In light of these issues with the default models, we used a custom model that accounts for prior 

understanding of how numbers of vertebrae evolve while also minimizing the number of parameters in 

the model. Our model (SOM Table S2) included only two types of character transitions: the addition or 

removal of one vertebra (representing a meristic change); and a vertebra changing from one type into a 

neighboring type (representing a homeotic change). The rates of homeotic and meristic changes are 

independent of one another, but the model assumes that all homeotic transitions happen at the same rate, 

and all meristic transitions happen at the same rate. All other types of transitions were set to a rate of 0. 

This means that it is not possible for a lineage to gain or lose two vertebrae at the same time, but since 

the Mk model treats transitions as instantaneous, independent, and reversible, it is possible for two 

transitions to occur along the same branch of the tree, leading to multiple changes between adjacent 

nodes (made more likely the longer the branch is). 

In the second reconstruction (Analysis 2), we examined the full vertebral column numbers, 

including caudal/coccygeal vertebrae, in apes. As outgroups for apes, we included a representative 

sampling of cercopithecoids and platyrrhines, as well as a tarsier. By limiting the analysis in this way we

could use fewer taxa and possible character states and therefore make the analysis that included caudal 

vertebrae computationally feasible. Possible character states for each section of the column include: 

Cervical (7); Thoracic (12, 13, 14 or more); Lumbar (3, 4, 5, 6, 7 or more); Sacral (3, 4, 5, 6); Caudal (2,

3, 4, 5, 6 or more). Together, these make a total of 300 character states. To reduce this number and 

improve computation time, we first ran 100 simulations and examined which areas of morphospace were

utilized in those simulations. We found that no lineage in any of these 100 simulations ever passed 
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through a condition of having 12 thoracic vertebrae and 3 lumbar vertebrae or 14 thoracic vertebrae and 

7 lumbar vertebrae. We therefore eliminated these possibilities to improve computation time, leaving 

260 possible character states. As with the first analysis, prior probabilities were applied to each tip based

on the frequency that a given condition is observed in a given taxon in our dataset. All absolute 

frequencies over 10% were included, and a broken stick model was used to determine whether 

additional variants with absolute frequencies below 10% should be included. Several hylobatid species 

lacked four individuals with caudal counts. These taxa were included using a uniform prior for each 

possible caudal length except 6+ (presence of an external tail). Except for variation in tail length, which 

is condensed into the single state of 6+ caudal vertebrae (i.e., possessing a tail), none of the character 

states eliminated during binning (e.g., 15 thoracic vertebrae binned with 14) represented a majority or 

plurality of any taxon studied.

As with Analysis 1, practical and theoretical concerns precluded the use of default models for the

rate heterogeneity of the Q matrix and we therefore used a custom model (SOM Table S3). In Analysis 

2, we set three unique rates for the Q matrix: the addition or removal of one vertebra (representing a 

meristic change); a vertebra changing from one type into a neighboring type (representing a homeotic 

change); and any changes between 5 and 6+ caudal vertebrae. Because of the large amount of variation 

binned in the 6+ state, it would be inappropriate to treat a transition from 5 to 6+ caudal vertebrae as 

identical to a transition from 5 to 4 caudal vertebrae. As in Analysis 1, other types of transitions were set 

to a rate of 0.

3. Results

3.1.  Analysis 1

Posterior probabilities for all vertebral formulae in Analysis 1 are given in SOM Table S4, and 

95% HPD are given in SOM Table S5. A high-level summary of results is given in Table 2. Additional 
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summaries of results showing only different thoracic (SOM Table S6; SOM Fig. S1), lumbar (SOM 

Table S7; SOM Fig. S2), sacral (SOM Table S8; SOM Fig. S3), precaudal (SOM Table S9; SOM Fig. 

S4), and presacral (SOM Table S10; SOM Fig. S5) counts are given in the SOM. Node labels used in 

SOM Tables S4–S10 are shown in the tree in SOM Figure S6.

Analysis 1 shows that vertebral numbers are fairly conserved in primates, especially within 

major primate clades: Anthropoidea, Platyrrhini, and Catarrhini are all reconstructed, with strong 

support, as having 29 precaudal vertebrae (>95% posterior probability for all three clades, 95% HPD 

includes only 29 presacral vertebrae) and 26 presacral vertebrae (>88% for all three clades, 95% HPD is 

26–25 for anthropoids and catarrhines and 26 only for platyrrhines). The single formula with the highest 

posterior probability is 7C-13T-6L-3S (anthropoids 80%; catarrhines 69%; platyrrhines 95%). Twenty-

six presacral vertebrae is also the condition recovered for the last common ancestor of haplorhines (87%;

95% HPD 26–27) and primates as a whole (86% 95% HPD 26–27). Twenty-nine precaudal vertebrae is 

also most common at these nodes but support is more tentative (65% for haplorhines, 95% HPD 29–30; 

54% for primates, 95% HPD 29–31), with 30 precaudal vertebrae being the most probable alternative 

(35% for haplorhines, 45% for primates). Ancestral primates probably had 13 thoracic vertebrae (79%; 

12 thoracic vertebrae 20%; 95% HPD 12–13), six lumbar vertebrae (67%; 95% HPD six to seven), and 

three sacral vertebrae (67%; 95% HPD three to four). In haplorhines, the specific formulae with the 

highest posterior probabilities are 7C-13T-6L-3S (48%), 7C-13T-6L-4S (22%), and 7C-12T-7L-3S 

(15%). In primates, the most commonly recovered ancestral condition is 7C-13T-6L-3S (38%), although 

7C-13T-6L-4S (28%) and 7C-12T-7L-3S (15%) are also common. An overview of primate vertebral 

evolution, showing the formulae with the highest posterior probabilities, is given in Figure 2.

Nearly all haplorhine subgroups down to the family level (except Aotidae) retain the ancestral 

haplorhine condition of 29 precaudal vertebrae (Platyrrhini, Pithecidae, Callitrichidae, Catarrhini, 

Cercopithecidae, Hominoidea, Hylobatidae, Tarsiidae all >95% posterior probability and 95% HPD 29 

only; Atelidae 92% posterior probability, 95% HPD 28–29; Hominidae 95% HPD 28–29; Cebidae 74% 
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posterior probability, 95% HPD 29–30). The ancestral haplorhine condition of 26 presacral vertebrae is 

also retained in the ancestors of most major haplorhine clades (Platyrrhini, Pithecidae, Callitrichidae, 

Cercopithecidae, Tarsiidae all >95%, 95% HPD 26 only; Atelidae 92%, 95% HPD 25–26; Cebidae 74%,

95% HPD 26–27; Catarrhini 88% 95% HPD 25–26). We recovered strong support for an ancestral 

condition of 7C-13T-6L-3S for platyrrhines (95%) and one of its families, Pitheciidea (93%), and more 

tentative support among other platyrrhine families (Callitrichidae: 66%, Cebidae: 72%). We also found 

tentative support for this formula being the ancestral condition of all catarrhines (68%).  We recovered 

strong evidence for homeotic shifts in thoracic and lumbar counts at the base of families Cercopithecidae

and Atelidae. Cercopithecids evolved a longer lower back with extremely strong support for an ancestral

condition of 7C-12T-7L-3S (99%). Atelids evolved a shorter lumbar column; the most commonly 

recovered condition was 7C-14T-5L-3S (89%).

We recovered strong support for a reduced presacral count of 25 presacral vertebrae in ancestors 

of both hominoids (93%, 95% HPD 24–25) and atelines (96%; 95% HPD includes only 25). Twenty-five

presacral vertebrae was retained in hylobatids (>99%), but a further reduction in the presacral count to 

24 was recovered for hominids (91%; 95% HPD 23–24). The single formula for the ancestor of atelines 

with the highest posterior probability is 7C-14T-4L-3S (95%).  In atelines, reduction to four lumbar 

vertebrae was accomplished by a meristic change as there is no concomitant increase in sacral numbers, 

in contrast with hominoids. In hominoids and hominids, the reduction in presacral vertebrae was 

accomplished through homeotic transitions, and there is a concomitant reduction in lumbar vertebrae 

and increase in the number of sacral vertebrae. The most common single formula recovered as ancestral 

for hominoids is 7C-13T-5L-4S (89%) and the most common single formula recovered as ancestral for 

hominids is 7C-13T-4L-5S (86%).

We recovered evidence for several additional shifts within Hominidae. Pongo underwent a 

meristic shift, losing a single thoracic vertebra to 7C-12T-4L-5S (94%). The last common ancestor of 

Homininae retained the ancestral hominid formula of 7C-13T-4L-5S (70%; the next most common is 
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7C-13T-4L-6S, at 18%). The last common ancestor of chimpanzees and humans also likely retained this 

vertebral formula (59%), although an increase in the number of sacral vertebrae to 7C-13T-4L-6S also 

receives some support (35%). The last common ancestor of both species of Pan either evolved or 

retained this latter formula (77%). Gorilla underwent a homeotic shift reducing the number of lumbar 

vertebrae and increasing the number of sacral vertebrae to 7C-13T-3L-6S (86%). An overview of 

hominid vertebral evolution, showing the formulae with the highest posterior probabilities, is given in 

Figure 3.

The ancestral strepsirrhine is tentatively recovered as having 30 precaudal vertebrae (68% 

posterior probability), an increase in one from the ancestral primate, although 29 precaudal vertebrae 

(22%) also represents a substantial minority (95% HPD 29–31). The number of presacral vertebrae in 

the ancestral strepsirrhine is recovered as being either 26 (43%) or 27 (54%) (95% HPD 26–27). The 

most probable single formula is 7C-13T-7L-3S (39%). The only other formulae above 10% posterior 

probability are the possible ancestral primate formulae, 7C-13T-6L-4S (16%) and 7C-13T-6L-3S (13%). 

This pattern was retained in ancestral lemuroids (30 precaudal: 71%; 29 precaudal 26%; 95% HPD 29-

30; 27 presacral: 61%; 26 presacral: 37%; 95% HPD 26–27; most common single formula: 7C-13T-7L-

3S, 45%; 7C-12T-7L-3S, 7C-12T-8L-3S, and 7C-13T-6L-3S are all between 11 and 14%). Indriids 

further increase the number of lumbar vertebrae to eight through a homeotic transition at the 

thoracolumbar border, with the most common formula being 7C-12T-8L-3S (99%).

We recovered substantial changes at the base of Lorisiformes. Lorisiformes are found to evolve 

an additional sacral (four sacral, 70%; five sacral, 17%; 95% HPD three to five) and at least one 

additional presacral vertebra (28 presacral: 56%), possibly two (29 presacral: 26%; 95% HPD 27-29). 

These additional presacral vertebrae were likely thoracic vertebrae (14 thoracic: 60%; 15 thoracic: 32%; 

95% HPD 13–15 thoracic), and the most common ancestral lorisoid formulae are 7C-14T-7L-4S (35%) 

and 7C-15T-7L-4S (17%). No others are above 8%. Galagids are found to have reduced the number of 

vertebrae, with 13 thoracic vertebrae (82%; 95% HPD 13–14), 6 lumbar vertebrae (96%), and 3 sacral 
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vertebrae (97%). The most common single formula is the most probable ancestral primate formula, 7C-

13T-6L-3S (76%; 7C-14T-6L-3S has the next highest posterior probability at 16%).

3.2. Analysis 2

Posterior probabilities for all vertebral formulae in Analysis 2 are given in SOM Table S11, and 

95% HPD are given in SOM Table S12. A high-level summary of results is given in Table 3. Additional 

summaries of results showing only different thoracic (SOM Table S13; SOM Fig. S7), lumbar (SOM 

Table S14; SOM Fig. S8), sacral (SOM Table S15; SOM Fig. S9), caudal/coccygeal (SOM Table S16; 

SOM Fig. S10), precaudal (SOM Table S17; SOM Fig. S11), and presacral (SOM Table S18; SOM Fig. 

S12) counts are given in the SOM. Node labels used in SOM Tables S11–S18 are shown in the tree in 

SOM Figure S13.

In Analysis 2, with its more limited taxonomic scope, the resolution of clades above the 

superfamily level is poor. The ancestral catarrhine pattern with the highest posterior probability is 26 

presacral vertebrae (57%), 29 precaudal vertebrae (67%), and an external tail (94%). Twenty-five 

presacral (38%) and 28 precaudal (27%) also have notable posterior probabilities. Ninety-five percent 

HPD is 25–26 presacral and 27–29 precaudal. The most probable single formulae are 7C-13T-6L-3S-

6+Ca (27%) and 7C-12T-7L-3S-6+Ca (23%).

The common ancestor of hominoids likely underwent a shift to a lower presacral count (25 

presacral vertebrae: 69%; 24 presacral vertebrae: 27%; 95% HPD 24–25). The precise vertebral formula 

at the base of Hominoidea is poorly resolved, but this reduction in presacral vertebrae is very likely 

driven by a reduced number of lumbar vertebrae (five lumbar vertebrae: 69%; four lumbar vertebrae: 

19%; 95% HPD four to six). The most common formula is 7C-13T-5L-4S-3Ca (19%), and only four 

individual formulae are above 5% posterior probability (7C-13T-5L-4S-4Ca: 17%; 7C-13T-5L-5S-3Ca: 

14%; 7C-13T-4L-5S-3Ca: 7%). The ancestral hominoid likely had either three (58%) or four (36%) 

coccygeal vertebrae (95% HPD two to four).
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The last common ancestor of hylobatids is firmly resolved as having had 25 presacral vertebrae, 

including five lumbar vertebrae (>99% for both). The most common single formula is 7C-13T-5L-4S-

3Ca (67%). The last common ancestor of hominids is recovered as having 24 presacral vertebrae (75%; 

95% HPD 23-25), including four lumbar vertebrae (76%; 95% HPD four to five). The number of 

precaudal and total vertebrae in the last common ancestor of hominids is more poorly resolved (32 total 

vertebrae: 47%; 33 total vertebrae: 43%; 29 precaudal: 60%; 30 precaudal: 30%; 95% HPD 28–30), in 

part due to uncertainty over the number of sacral vertebrae the ancestral hominid had (five [57%] or six 

[37%] are the most common; 95% HPD four to six). The ancestral hominid is resolved as having three 

caudal vertebrae (75%; 95% HPD two to four). The most common precise formulae for the last common

ancestor of hominids are 7C-13T-4L-5S-3Ca (27%), 7C-13T-4L-6S-3Ca (20%), and 7C-13T-4L-5S-4Ca 

(10%).

Ancestral hominines are recovered as having 24 presacral vertebrae (83%; 95% HPD 23–24), 

including four lumbar vertebrae (85%; 95% HPD three to five), likely six (67%) or possibly five (33%) 

sacral vertebrae (95% HPD five to six), and three (72%; 95% HPD two to four) caudal vertebrae. The 

most common single formula is 7C-13T-4L-6S-3C (39%). This ancestral hominine pattern is retained in 

the last common ancestor of chimpanzees and humans, with 24 presacral vertebrae (93%; 95% HPD 23 

or 24), four lumbar vertebrae (89%; 95% HPD four or five), six sacral vertebrae (70%; 95% HPD five or

six) and three caudal vertebrae (63%; 95% HPD two to four). The most common single formula is 7C-

13T-4L-6S-3Ca (43%). No other formulae are above 15%, although 7C-13T-4L-5S-4Ca has 14%, and 

formulae that are +/- one caudal vertebrae total 59%. Formulae that involve 33 total vertebrae were 

reconstructed in 64% of simulations. Gorilla may have undergone a reduction in the number of both 

lumbar (three lumbar vertebrae: 63%; four lumbar vertebrae 37%; 95% HPD three to four) and caudal 

(two caudal vertebrae: 46%; three caudal vertebrae; 46%; 95% HPD two to four) vertebrae. The most 

common formulae for the ancestor of Gorilla are 7C-13T-3L-6S-2Ca (39%) and 7C-13T-4L-6S-3Ca 

(30%). Pongo underwent a reduction in presacral vertebrae (23 presacral vertebrae: >99%) due to a 
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meristic loss of a thoracic vertebra (12 thoracic vertebrae: >99%). The most common formula for the 

ancestor of crown Pongo is 7C-12T-4L-5S-3Ca (63%), with 7C-12T-4L-6S-3Ca (24%) notable as well.

4. Discussion

We performed two ancestral state reconstructions, Analysis 1, which includes a broad sampling 

of primates and euarchontaglirans, but excludes caudal vertebrae counts, and Analysis 2, which focuses 

on hominoids and appropriate outgroups, and includes caudal vertebral counts. Results of Analyses 1 

and 2 are broadly similar, but Analysis 1 has greater resolution at most nodes. The additional uncertainty

in Analysis 2 compared with Analysis 1 makes sense since Analysis 2 includes fewer taxa and more 

potential variants (inclusion of caudal/coccygeal vertebra number). Despite this, the results of both 

analyses generally look similar in how they relate to the long back, intermediate back and short back 

models: Hominoids are found to depart from most other primates (and mammals; Williams et al., 2019b)

in reducing their number of presacral vertebrae from 26 to 25, and hominids reduce this further from 25 

to 24. The biggest difference between the two analyses is in the number of sacral vertebrae in hominines 

and the LCAH-P. Analysis 1 recovers somewhat stronger support for 5 sacral vertebrae, whereas Analysis 

2 recovers more substantial support for 6 sacral vertebrae at both nodes. Interestingly, the previous 

ancestral state reconstruction on vertebral formulae also reported quite a bit of uncertainty regarding the 

presence of five or six sacral vertebrae at this node, despite utilizing somewhat different methods and 

incorporating fossil taxa (Thompson and Almécija, 2017). Given that chimpanzees, bonobos, and 

western gorillas are all highly polymorphic for these traits, this uncertainty is perhaps unsurprising and 

may represent real variation in ancestral hominoids.

Overall, our results strongly support the hypothesis that lumbar reduction is a shared derived trait

of hominoids (Pilbeam, 2004; Williams, 2012a; Williams and Russo, 2015; Williams and Pilbeam, 2021)

and reject the hypothesis that hominoids retained a long lower back throughout much of their evolution 

(Lovejoy et al., 2009; Lovejoy and McCollum, 2010; McCollum et al., 2010; Machnicki and Reno, 
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2020). The reduction of lumbar vertebrae to five or fewer early in ape evolution is strongly supported, 

while the retention of six lumbar vertebrae in ancestral apes receives much weaker support (Tables 2 and

3). Support for lumbar reduction to four or fewer in great apes is also strong, while the retention of six 

lumbar vertebrae in ancestral great apes or the LCAH-P receives effectively no support. Indeed, in 

Analysis 1, six or more lumbar vertebrae were never recovered at either of these nodes in any of the 

5000 simulations we ran (SOM Table S4) and the support was not much better in Analysis 2 (SOM 

Table S11). 

The observed reduction of presacral vertebrae at the base of both hominoids and hominids was 

accomplished through homeotic shifts at the lumbosacral border, and numbers of precaudal vertebrae 

remain largely consistent (Fig. 3). These results are consistent with the hypothesis that rostral shifts in 

the Hox11 expression domain may be responsible for these changes (Davis and Capecchi, 1994; Favier 

et al., 1995; Wahba et al., 2001; Wellik and Capecchi, 2003; McIntyre et al., 2007). This mechanism for 

shortening the lumbar column is different than that observed in atelids. In atelids, convergent lumbar 

shortening was accomplished via caudal shift at the thoracolumbar border, and in the case of atelines, 

meristic loss of a presacral element (Fig. 2).

The most probable scheme we recover for the evolution of the vertebral column in apes (Fig. 3) 

is that ancestral catarrhines had the formula 7C-13T-6L-3S with a tail, or were perhaps polymorphic for 

7C-13T-6L-3S and 7C-12T-7L-3S. Tail loss (reduction and change in morphology from caudal to 

coccygeal vertebrae; Russo, 2015) probably characterized the ancestor of crown hominoids, a condition 

likely inherited from stem hominoids such as Ekembo and Nacholapithecus (Ward et al., 1991; 

Nakatsukasa et al., 2003, 2004; Russo, 2016). We recover three or four coccygeal vertebrae as the most 

likely counts for the ancestor of extant apes. In our analysis, ancestral crown apes exhibited a homeotic 

shift at the lumbar-sacral border to 7C-13T-5L-4S (Fig. 3). This precaudal pattern was retained in 

ancestral hylobatids. The lumbar reduction we observe in crown apes is consistent with the previous 

formal ancestral state reconstruction on this topic (Thompson and Almécija, 2017). That study did report
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the strongest support for 12 thoracic vertebrae in ancestral apes, but the authors expressed very little 

confidence in this result. They considered 12 thoracic vertebrae a likely consequence of limited 

outgroups and fossil taxa that were dominated by cercopithecoids and hominins, respectively, a 

conclusion that is consistent with our study, and its larger outgroup sample, reconstructing 13 thoracic 

vertebrae at this node.

In our study, we find that ancestral great apes further reduced their presacral vertebrae through an

additional homeotic shift at the lumbosacral border, changing their formula to 7C-13T-4L-5S. 

Orangutans reduced their thoracic count through a meristic shift to 7C-12T-4L-5S, and gorillas further 

reduced their lumbar count through another homeotic shift at the lumbosacral border to 7C-13T-3L-6S. 

This result contrasts with previous studies that argue for a crown Gorilla node with four lumbar 

vertebrae (Pilbeam, 2004; Williams, 2011, 2012a; Williams and Russo, 2015; Williams et al., 2016, 

2019b; Williams and Pilbeam, 2021). However, the other published formal ancestral state reconstruction 

(Thompson and Almécija, 2017) found the same result reported here at the gorilla node. We attribute this

discrepancy to the high incidence of three lumbar vertebrae in eastern gorillas (G. beringei) and the 

highly polymorphic presence of three and four lumbar vertebrae in western gorillas (G. gorilla). Still, 

our results point to a great deal of uncertainty at the ancestral Gorilla node. One possible interpretation 

of these results is that the last common ancestor of gorillas was polymorphic for three and four lumbar 

vertebrae, as are modern western gorillas, but a founder effect led to the loss of the four lumbar character

state in eastern gorillas (Williams, 2012a). Since ancestral state reconstruction methods (including both 

the one used here and the one used by Thompson and Almécija [2017]), typically model polymorphism 

as uncertainty surrounding a hypothetical ‘true’ character state, such a scenario would be modeled as 

exactly the result observed here—with high uncertainty at both the root node and one daughter node, and

the second daughter node with high certainty. Unfortunately, it is not possible to differentiate such a 

scenario from actual uncertainty.
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4.1. The last common ancestor of Homo and Pan

LCAH-P, likely either retained the ancestral hominid formula of 7C-13T-4L-5S or possessed a 

longer sacrum (7C-13T-4L-6S). The latter count suggests that the LCAH-P may have had an additional 

precaudal vertebra, making it more similar to bonobos than to chimpanzees (McCollum et al., 2010). 

Given that most extant African apes, particularly chimpanzees, bonobos, and western gorillas, are highly

polymorphic for vertebral counts, it is possible that ancestral apes were as well (Pilbeam, 2004; 

McCollum et al., 2010; Williams et al., 2016). This polymorphism may be due to a relaxation of 

selection pressures for mobility at the lumbosacral margin (Galis et al., 2014; Shapiro and Kemp, 2019; 

Williams et al., 2019b), and possibly related to stiffening of the lower back through lumbar entrapment 

(Lovejoy and McCollum, 2010; McCollum et al., 2010; Machnicki et al., 2016b; Williams et al., 2019a).

A polymorphic condition of five or six sacral vertebrae in the LCAH-P seems likely and would be 

consistent with our results. This scenario is also consistent with published short back scenarios (Pilbeam,

2004; Williams, 2012a; Williams and Russo, 2015; Williams et al., 2016, 2019a; Williams and Pilbeam, 

2021), but contradicts long-back (Lovejoy et al., 2009; Lovejoy and McCollum, 2010; McCollum et al., 

2010, 2010; Machnicki and Reno, 2020) and intermediate back (Latimer and Ward, 1993; Haeusler et 

al., 2002; Machnicki et al., 2016; Tardieu and Haeusler, 2019) models.

Of the three scenarios that have been proposed to explain the condition from which hominins 

evolved, neither the intermediate back model nor the long back model is supported by this study, 

although counts consistent with the intermediate back model fall within the 95% HPD LCAH-P node in 

Analysis 2 and thus cannot be fully rejected here. We counted the minimum number of changes in 

vertebral numbers (via either homeotic or meristic change) at major nodes (i.e., hominoid, hylobatid, 

hominid, hominine, hominin, and the ancestral Pongo, Gorilla, and Pan nodes) in each model (note that 

in the long back model, proposed parallel changes in Pan paniscus and Pan troglodytes are not counted 

here). The long back models (McCollum et al., 2010; Machnicki et al., 2016a; Machnicki and Reno, 

2020) require 11–15 or more changes (minima of 11 in McCollum et al., 2010; 15 in Machnicki et al., 
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2016; 13 in Machnicki and Reno, 2020; see their figures 4, 2, and 6, respectively) and the predicted 

vertebral formulae fall outside of the 95% HPD range in our study and receive 0% or near 0% posterior 

probabilities. The intermediate back models (Latimer and Ward, 1993; Haeusler et al., 2002) require 

eight or more changes (see figure 9 in Haeusler et al., 2002 and figure 3 in Machnicki et al., 2016) and 

fare only slightly better in terms of posterior probabilities in our study. The condition of having five 

lumbar vertebrae, as predicted by the intermediate back model, does fall within the 95% HPD range for 

the hominoid and hominid nodes in both analyses, as well as the hominine and LCAH-P node in Analysis 

2, however, so we are unable to fully reject it here. 

There are several versions of the short back model (Pilbeam, 2004; Williams, 2012a; Williams et 

al., 2016, 2019a; Williams and Pilbeam, 2021), which receive the highest posterior probabilities by far in

our analysis. Most short back models, which propose the presence of 13 thoracic vertebrae and gains to 

the number of sacral vertebrae via lumbar sacralization (i.e., homeotic shifts at the lumbosacral border; 

Pilbeam, 2004; Williams, 2011, 2012; Williams and Russo, 2015; Williams et al., 2016, 2019a; Williams

and Pilbeam, 2021) require five changes. Regarding the LCAH-P, all short back models propose either 

7C-13T-4L-5S (Williams, 2011, 2012a; Williams and Russo, 2015; Williams et al., 2016) or 7C-13T-4L-

6S (Pilbeam, 2004; Williams and Pilbeam, 2021). These receive the highest and second highest support 

in both of our analyses. Analysis 1 recovers the best support for 7C-13T-4L-5S, while Analysis 2 

recovers strongest support for 7C-13T-4L-6S. In Analysis 2, we found the strongest support for a LCAH-P

condition of 7C-13T-4L-6S-3Ca. The second most strongly supported condition was 7C-13T-4L-5S-4Ca,

which represents a homeotic variant of the variant with the strongest support. Indeed, we found 

moderately strong support for a LCAH-P with 33 total vertebrae. A modal number of 33 total vertebrae is 

found in humans, chimpanzees, bonobos, and western gorillas. Although high amounts of variation are 

seen in specific vertebral numbers within each species, when vertebrae are grouped into combined 

presacral (C+T+L) and sacrocaudal (S+Ca) numbers, there is much less (i.e., there is a great deal of 
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variation in specific vertebral formula, but most individuals have 24 presacral vertebrae and 9 

sacrococcygeal vertebrae; Williams & Pilbeam, 2021)  

4.2. Ancestral Primates

Primates are tentatively reconstructed with 26 presacral and 3 sacral vertebrae, similar to many 

mammals (Pilbeam, 2004; Narita and Kuratani, 2005; Williams, 2011; Galis et al., 2014; Williams et al., 

2019b). There is a large amount of uncertainty regarding specific formulae, however. The formula with 

the highest posterior probability is 7C-13T-6L-3S, although 7C-13T-6L-4S and 7C-12T-7L-3S also have 

posterior probabilities above 15%. Many primate taxa are polymorphic for 7C-13T-6L-3S and 7C-12T-

7L-3S, which represent homeotic variants of each other: over one third of the taxa in our dataset that 

have 29 precaudal vertebrae are polymorphic for these two formulae. Given this pattern, it is very 

possible that ancestral primates were polymorphic for 7C-12T-7L-3S and 7C-13T-6L-3S as well. These 

results are consistent with previous work by Schultz and Straus (1945), Pilbeam (2004), and Williams 

(2011). This pattern appears to be retained at the base of haplorhines, anthropoids, platyrrhines, and 

catarrhines. The relatively high posterior probability for 7C-13T-6L-4S at the base of primates is more 

surprising since this formula is not particularly common among primates. However, the posterior 

probability for three sacral vertebrae in ancestral primates (67%) is over twice as high as that for four 

sacral vertebrae (32%). This fairly high posterior probability of four sacral vertebrae could represent 

polymorphism or merely uncertainty. Uncertainty in number of sacral vertebrae at the ancestral primate 

node is consistent with similar uncertainty seen at the roots of outgroup clades as well as the deep 

timespan and long branch lengths in that part of the tree.

Our analysis recovers substantial changes in vertebral numbers at the base of strepsirrhines and 

lorisiformes. Both lorisids and lemuriformes have increased numbers of presacral vertebrae relative to 

what we recover for the primate LCA, but galagids do not. In fact, the formula we recover for crown 

galagids is also our reconstructed ancestral primate formula. This means that additional presacral 
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vertebrae must either be convergent in lorisids and lemuroids or that the formula of galagids represents a

reversion to the ancestral primate condition. Our results recover the strongest support for the latter 

scenario. However, our taxon sample was not chosen to address this question. Since lorisids are clearly 

derived in locomotor behavior and related postcranial morphology, including the vertebral column 

(Shapiro and Simons, 2002), it is possible that galagids, not lorisids, represent the primitive lorisoid (and

potential strepsirrhine) condition. Additional research focused specifically on the evolution of vertebral 

numbers focused on strepsirrhines specifically may be useful to help parse this question.

4.3. The fossil record and vertebral evolution

Ancestral state estimations using only extant taxa, as we have performed in this study, frequently 

fail to capture the full range of variation that existed throughout the evolutionary history of a clade, and 

the inclusion of fossils can improve on both ancestral character estimates and evolutionary models 

(Slater et al., 2012; Monson et al., 2022). This lack of fossil data represents a clear limitation of our 

study. Unfortunately, no fossils are complete enough to allow their inclusion in our analyses. Even the 

most complete fossil primate ever discovered, Darwinius masillae, does not include a complete vertebral

column such that the total, precaudal, or presacral numbers of vertebrae are known (Franzen et al., 

2009). Additionally, since many primate taxa are polymorphic, a single specimen is insufficient to 

capture the full range of variation or even the mode of that species’ vertebral formula. Further, the 

phylogenetic placement of many fossil taxa is uncertain, complicating their inclusion. 

Thompson and Almécija’s (2017) ancestral state reconstruction, however, was able to include 

limited fossil taxa due to the fact that they looked at vertebral segments independently, and there are 

several fossils that preserve whole or nearly whole segments of the vertebral column. Their results were 

broadly similar to ours—most of their analyses supported a LCAH-P with four lumbar vertebrae (short 

back model), some with five (intermediate back model), and almost none with six (long back model). 

They accounted for uncertainty by running multiple iterations and making different assumptions about 
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each fossil (e.g., the placement of Oreopithecus as a stem or crown hominoid; the presence of five, six, 

or seven lumbar vertebrae in Ekembo; etc.). Despite the inclusion of fossils, however, they consistently 

found very little, if any support for the long back model. Even with the most generous assumptions 

possible about fossil taxa—six lumbar vertebrae in both Ardipithecus ramidus (for which only one 

lumbar vertebra has been published; Simpson et al., 2019) and Australopithecus, and six or seven 

lumbar vertebrae in Ekembo and Nacholapithecus, support for a LCAH-P with six lumbar vertebrae was 

always less than 50% and usually much lower. And to produce even this modest support, all of these 

assumptions were required (e.g., when Ardipithecus is assumed to have six lumbar vertebrae, but 

Australopithecus is assumed to have five and Ekembo and Nacholapithecus are assumed to have six, 

support for the long back model is still <1%; see Thompson and Almécija [2017] SOM Fig. S60).

In addition to the long back model requiring multiple improbable assumptions to receive even 

modest support, Thompson and Almécija’s (2017) inclusion of fossils and the resulting increase in 

uncertainty in phylogenetic relatedness may have represented an additional, inherent bias in favor of the 

long back model. Simulations have shown that when there is high uncertainty in phylogenetic trees, 

ancestral state reconstructions tend to recover more independent origins of traits (Duchêne and Lanfear, 

2015). The long back model requires a shorter back to evolve repeatedly in extant great apes (Fig. 1). 

Overall, both formal ancestral state reconstruction analyses performed to date have found the strongest 

support for the short back model and effectively no support for the long back model, despite using 

different approaches—Thompson and Almécija (2017) included fossils but could not include a method 

that accounted for homeotic changes, while we utilized a method that accounts for both homeotic and 

meristic change but could not include fossils.

4.4. Comparisons with known fossils

Although we do not include fossils in our study due to their incompleteness, we consider partial 

fossil vertebral columns here, allowing an independent test of hypotheses generated by our study.

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549



The most complete primate fossil so far discovered, Darwinius masillae, includes complete 

cervical (7C), lumbar (7L), sacral (3S), and caudal (31) regions, but the thoracic column is incomplete, 

and it is stated that “11 thoracic vertebrae are present although their exact number is difficult to 

determine and therefore somewhat ambiguous” (Franzen et al., 2009:12). The phylogenetic position of 

Darwinius is subject to some debate (Franzen et al., 2009; Gingerich et al., 2010; Williams et al., 2010), 

although a position as a stem strepsirrhine seems likely (Williams et al., 2010). Seven cervical vertebrae,

seven lumbar vertebrae, three sacral vertebrae, and greater than 11 thoracic vertebrae in a stem 

strepsirrhine is consistent with our results.

Other fossil primates are less complete. The stem catarrhine Epipliopithecus vindobonensis is 

missing vertebrae from both thoracic and lumbar regions (Zapfe, 1958) and, therefore cannot be used to 

address issues such as the 12T–7L vs 13T–6L configuration at the crown catarrhine or haplorhine nodes.

Similarly, although numerous Miocene ape partial skeletons are known, only three species preserve 

more than several vertebrae: Ekembo nyanzae, Nacholapithecus kerioi, and Oreopithecus bambolii 

(Nakatsukasa, 2019). Ekembo and Nacholapithecus likely possessed 5–7 lumbar vertebrae and do not 

preserve complete sacra (Ward, 1993; Nakatsukasa, 2019; Hammond et al., 2020). Given their likely 

position as stem hominoids (Pugh, 2022), possessing 5–7 lumbar vertebra is consistent with a reduction 

from (perhaps polymorphic) six or seven lumbar vertebrae at the crown catarrhine node to five lumbar 

vertebrae at the crown hominoid node. The Bac#50 specimen of Oreopithecus does preserve a mostly 

complete sacrum consisting of six elements (but see Haeusler et al., 2002), but it is a different individual

from the partial skeleton IGF 11778, which preserves five lumbar vertebrae, and the number of thoracic 

vertebrae in Oreopithecus is unknown (Straus, 1963; Nakatsukasa, 2019; Hammond et al., 2020; 

Nakatsukasa, 2019). The phylogenetic position of Oreopithecus is highly uncertain (Hammond et al., 

2020; Pugh, 2022), but five lumbar vertebrae are consistent with a position as a stem hominoid or early-

diverging crown hominoid. A six-element sacrum in Oreopithecus is more difficult to reconcile with our 

analyses unless it is a crown hominid, a placement considered highly unlikely (Harrison, 1987; 
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Hammond et al., 2020; Pugh, 2022), but this could also represent one of its many autapomorphies 

(Delson, 1986). Regardless, a long sacrum is most consistent with the short back model, consistent with 

our findings. Unfortunately, potential stem and crown hominids are known from no or too few vertebrae 

to hypothesize their regional vertebral configurations (Nakatsukasa, 2008, 2019; Susanna et al., 2010, 

2014; Nakatsukasa, 2008, 2019). 

Fossil hominins are similarly incomplete, with no single skeleton or species known from 

complete thoracic, lumbar, and sacral regions (Meyer and Williams, 2019; Williams and Meyer, 2019; 

Machnicki and Reno, 2020), with the exception of Neandertals (Trinkaus, 1983; Arensburg, 1991; Rak, 

1991). Regional numbers are known (but sometimes debated) from single individuals in 

Australopithecus afarensis (thoracic and sacral: Russo and Williams, 2015; Machnicki et al., 2016a; 

Williams and Russo, 2016; Ward et al., 2017), Australopithecus sediba (lumbar and sacral: Williams et 

al., 2013, 2018, 2021), Australopithecus africanus (lumbar: Haeusler et al., 2002; Rosenman, 2008; 

Ward et al., 2020), and Homo erectus (lumbar and sacral: Haeusler et al., 2002; Schiess and Haeusler, 

2013). It has been inferred based on comparative work that Ardipithecus ramidus may have possessed 

six lumbar vertebrae (Lovejoy et al., 2009; McCollum et al., 2010; but see Williams and Pilbeam, 2021),

which would be at odds with our analysis here. Only one lumbar fragment of Ardipithecus ramidus is 

currently known and was not discovered with the original material at Aramis (Simpson et al., 2019). 

Only one Neanderthal preserves a nearly complete precaudal column from which to confidently 

infer vertebral formula, Kebara 2 (Arensburg, 1991). Kebara 2 may have the same vertebral 

configuration as modern humans do modally (7C-12T-5L-5S), but the first lumbar vertebra bears riblets 

(‘lumbar ribs’) rather than typical costal (lumbar transverse) processes (Ogilvie et al., 1998). Another 

partial skeleton, Shanidar 3, preserves a few cervical vertebrae, many thoracic vertebrae along with all 

elements of the lumbar column and sacrum (Trinkaus, 1983 1983, 2018; Gómez-Olivencia et al., 2013a; 

Trinkaus, 2018). Shanidar 3’s thoracolumbar transition additionally includes evidence for a caudal shift 

in vertebral identity: what is frequently referred to as the first lumbar vertebra bears large costal facets 
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on the pedicles (Ogilvie et al., 1998). In both cases (Kebara 2 and Shanidar 3), the criteria established by

Schultz and employed in this study would identify four lumbar vertebrae and 13 thoracic vertebrae in the

case of Kebara 2 (and also likely Shanidar 3). Other nearly complete Neandertal specimens such as La 

Chapelle-aux-Saints 1 and Regourdou 1 seem to conform to the modal modern human pattern of 7C-

12T-5L (Gómez-Olivencia, 2013; Gómez-Olivencia et al., 2013b), but individual thoracic and lumbar 

vertebrae are missing, and only the upper sacrum is present in both individuals, precluding assessment of

sacral vertebra composition. We did not include Neandertals or other fossils hominins in our analysis for 

these reasons but note that vertebral counts in these fossils are not inconsistent with the short-back 

model. This is especially true given the high degree of polymorphism observed in extant hominoid taxa, 

including humans (which frequently possess 6S; Williams et al., 2019a). Overall, then, although the lack

of fossil data in the ancestral state reconstruction represents a clear limitation of this study, no known 

fossils contradict our results.

5. Conclusions

We performed formal ancestral state reconstructions of the number of vertebrae in primates 

based on extant taxa and taking into account both homeotic and meristic changes in the vertebral 

column. We find strong support for the short back model of ape and human evolution. The long back 

model is rejected by our analyses. The intermediate back model receives little support but cannot be 

rejected. Our results are necessarily based on extant taxa but are not contradicted by any known fossils. 

Until potentially contradictory fossil material is discovered, the best-supported hypothesis for the 

numerical configuration of the vertebral column of the LCAH-P is the short back model. Complete 

understanding of the contribution of the lower back to positional behavior of the LCAH-P requires 

reconstruction of the location of the transitional vertebra (Shapiro, 1993; Russo, 2010; Williams, 2012b, 

c; Williams et al., 2013, 2016, 2019a; Williams and Russo, 2015; Thompson and Almécija, 2017; Ward 

et al., 2017; Nalley et al., 2019; but see Haeusler et al., 2011, 2012), which is beyond the scope of this 
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study. However, a short-backed ancestor is most consistent with great ape-like posture and locomotion; 

namely, orthogrady and probably forelimb-dominated suspensory behaviors in trees and quadrupedal 

locomotion on the ground. Future recovery and study of fossil material will test hypotheses on the nature

of the LCAH-P. Specifically, vertebrae from Miocene and early Pliocene hominins, members of the Pan 

or Gorilla lineage, or stem hominines will allow us to more thoroughly test the hypothesis of an African 

ape-like vertebral formula in the LCAH-P.
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Figure 1. Visual representations of the different models for the last common ancestor of hominins and 

panins. A) Long back model, with 13 thoracic vertebrae, six lumbar vertebrae, and four sacral vertebrae. 

B) Intermediate back models, one with 13 thoracic vertebrae, five lumbar vertebrae, and four sacral 

vertebrae and the other with 12 thoracic vertebrae, five lumbar vertebrae, and five sacral vertebrae. C) 

Short back model, with 13 thoracic vertebrae, four lumbar vertebrae, and five sacral vertebrae. 

Illustrations modified from (Schultz, 1950). Silhouettes from PhyloPic.org.
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Figure 2. Summary of results with highest posterior probabilities for major clades of primates (Order 

Primates). The lower thoracic column, lumbar column, and sacrum are diagrammed ancestrally and on 

each stem. Transitions are shown (plus symbol = meristic addition of an element; minus symbol = 

meristic loss of an element; downward facing arrow = caudally-directed homeotic shift; upward facing 

arrow = cranially-directed homeotic shift), and colors correspond to nodes and lineages (e.g., purple = 

strepsirrhine node). Combined numbers of presacral (C + T + L) and precaudal (C + T + L + S) are listed

at nodes. Silhouettes from PhyloPic.org.
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Figure 3. Summary of results with highest posterior probabilities in hominoids (Family Hominoidea). 

Vertebra diagrams and symbols are the same as in Figure 2. Note that this figure supported the results of 

Analysis 1. Analysis 2 supports a LCAH-P with 6 sacral vertebrae and 30 precaudal vertebrae, but is 

otherwise the same. Silhouettes from PhyloPic.org.
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Table 1

Taxa and specimens.

Order

Analyses
used

Number of
Individuals

Number of
polymorphisms

(Analysis 1)

Number of
Polymorphisms

(Analysis 2)a

Family

Genus & Species
Rodentia

Muridae
Rattus norvegicus 1 45 2 N/A

Dipodidae
Jaculus orientalis 1 19 1 N/A

Castoridae
Castor canadensis 1 54 1 N/A

Heteromyidae
Dipodomys ordii 1 17 2 N/A

Pedetidae
Pedetes capensis 1 21 1 N/A

Sciuridae
Tamiasciurus hudsonicus 1 20 2 N/A

Aplodontidae
Aplodontia rufa 1 17 1 N/A

Chinchillidae
Lagostomus maximus 1 11 1 N/A

Echimyidae
Myocastor coypus 1 23 3 N/A

Lagomorpha
Leporidae

Lepus timidus 1 14 2 N/A
Dermoptera

Cynocephalidae
Cynocephalus volans 1 16 3 N/A
Galeopterus variegatus 1 17 4 N/A

Scandentia
Tupaiidae

Tupaia glis 1 8 1 N/A
Tupaia minor 1 4 2 N/A

Ptilocercidae
Ptilocercus lowii 1 8 3 N/A

Primates
Lorisidae

Perodicticus potto 1 45 3 N/A
Arctocebus calabarensis 1 25 5 N/A
Nycticebus coucang 1 29 2 N/A
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Loris tardigradus 1 19 3 N/A
Loris lydekkerianus 1 6 3 N/A

Galagidae
Galagoides demidovii 1 12 3 N/A
Otolemur garnettii 1 12 2 N/A
Otolemur crassicaudatus 1 21 1 N/A
Galago moholi 1 5 1 N/A
Galago gallarum 1 6 3 N/A
Galago senegalensis 1 15 1 N/A
Euoticus elegantulus 1 53 3 N/A

Daubentonidae
Daubentonia madagascariensis 1 9 2 N/A

Lemuridae
Varecia variegata 1 12 1 N/A
Lemur catta 1 14 4 N/A
Hapalemur griseus 1 9 1 N/A
Eulemur mongoz 1 13 2 N/A
Eulemur coronatus 1 4 2 N/A
Eulemur collaris 1 9 2 N/A
Eulemur fulvus 1 12 1 N/A
Eulemur albifrons 1 16 1 N/A
Eulemur rufus 1 6 2 N/A
Eulemur macaco 1 13 2 N/A

Cheirogaelidae
Cheirogaleus major 1 7 4 N/A
Cheirogaleus medius 1 5 2 N/A
Microcebus murinus 1 9 4 N/A

Lepilemuridae
Lepilemur ruficaudatus 1 13 1 N/A

Indriidae
Propithecus diadema 1 9 1 N/A
Propithecus verreauxi 1 10 5 N/A
Avahi laniger 1 12 1 N/A
Indri indri 1 27 3 N/A
Phaner furcifer 1 4 1 N/A

Tarsidae
Tarsius bancanus 1 and 2 6 1 1
Tarsius tarsier 1 4 1 N/A

Aotidae
Aotus trivirgatus 1 4 2 N/A
Aotus azarae 1 34 1 N/A

Callitrichidae
Saguinus midas 1 5 3 N/A
Saguinus oedipus 1 and 2 20 2 2
Leontopithecus rosalia 1 8 3 N/A
Callithrix jacchus 1 and 2 22 1 1
Callimico goeldii 1 8 3 N/A

Cebidae
Saimiri sciureus 1 and 2 53 2 2



Sapajus apella 1 and 2 38 4 4
Cebus albifrons 1 29 3 N/A
Cebus capucinus 1 and 2 29 3 3

Atelidae
Lagothrix lagotricha 1 and 2 36 2 2
Lagothrix cana 1 9 6 N/A
Brachyteles arachnoides 1 10 4 N/A
Ateles paniscus 1 16 1 N/A
Ateles belzebuth 1 10 1 N/A
Ateles geoffroyi 1 and 2 16 1 1
Ateles fusciceps 1 7 4 N/A
Alouatta pigra 1 4 2 N/A
Alouatta palliata 1 14 2 N/A
Alouatta caraya 1 4 3 N/A
Alouatta seniculus 1 and 2 25 2 2

Pithecidae
Callicebus moloch 1 6 4 N/A
Pithecia pithecia 1 13 3 N/A
Pithecia monachus 1 4 2 N/A
Cacajao calvus 1 5 3 N/A
Cacajao melanocephalus 1 8 3 N/A

Hylobatidae
Nomascus leucogenys 1 and 2 4 4 16*
Nomascus gabriellae 1 and 2 14 2 8*
Nomascus concolor 1 and 2 25 2 1
Hylobates pileatus 1 and 2 7 3 12*
Hylobates lar 1 and 2 266 2 4
Hylobates muelleri 1 and 2 35 2 6*
Hylobates klossii 1 and 2 12 3 12*
Hylobates moloch 1 and 2 38 2 6*
Hylobates agilis 1 and 2 37 2 8*
Symphalangus syndactylus 1 and 2 98 3 6
Hoolock hoolock 1 and 2 34 2 3

Hominidae
Pongo pygmaeus 1 and 2 142 2 4
Pongo abelii 1 and 2 48 3 4
Pan troglodytes 1 and 2 525 4 8
Pan paniscus 1 and 2 55 2 3
Homo sapiens 1 and 2 893 2 3
Gorilla gorilla 1 and 2 409 4 5
Gorilla beringei 1 and 2 109 2 2

Cercopithecidae
Trachypithecus phayrei 1 23 1 N/A
Trachypithecus obscurus 1 23 2 N/A
Trachypithecus cristatus 1 and 2 118 1 1
Trachypithecus vetulus 1 4 2 N/A
Semnopithecus entellus 1 and 2 18 2 2
Presbytis melalophos 1 19 2 N/A
Presbytis rubicunda 1 5 2 N/A



Pygathrix nemaeus 1 7 1 N/A
Nasalis larvatus 1 and 2 59 1 1
Procolobus verus 1 4 2 N/A
Procolobus badius 1 40 3 N/A
Colobus guereza 1 44 1 N/A
Colobus angolensis 1 9 1 N/A
Macaca sylvanus 1 22 1 N/A
Macaca nemestrina 1 15 2 N/A
Macaca fascicularis 1 and 2 98 2 1
Macaca fuscata 1 884 1 N/A
Macaca mulatta 1 42 2 N/A
Macaca arctoides 1 and 2 29 2 2
Theropithecus gelada 1 32 1 N/A
Papio papio 1 17 3 N/A
Papio hamadryas 1 35 1 N/A
Papio anubis 1 and 2 59 2 2
Papio cynocephalus 1 62 2 N/A
Papio ursinus 1 13 1 N/A
Lophocebus aterrimus 1 21 2 N/A
Mandrillus sphinx 1 31 4 N/A
Mandrillus leucophaeus 1 and 2 20 3 3
Lophocebus albigena 1 and 2 87 1 1
Cercocebus torquatus 1 16 1 N/A
Cercocebus atys 1 13 2 N/A
Cercocebus chrysogaster 1 14 2 N/A
Cercocebus agilis 1 10 2 N/A
Cercopithecus neglectus 1 16 2 N/A
Cercopithecus pogonias 1 24 2 N/A
Cercopithecus mona 1 13 3 N/A
Cercopithecus nictitans 1 22 3 N/A
Cercopithecus mitis 1 28 2 N/A
Cercopithecus ascanius 1 117 3 N/A
Cercopithecus cephus 1 35 2 N/A
Cercopithecus lhoesti 1 9 1 N/A
Erythrocebus patas 1 and 2 35 1 1
Chlorocebus cynosuros 1 10 1 N/A
Chlorocebus aethiops 1 17 3 N/A
Chlorocebus pygerythrus 1 13 2 N/A
Chlorocebus sabaeus 1 15 1 N/A
Miopithecus talapoin 1 and 2 16 2 2

Total 6216
N/A = not applicable (i.e., taxon was not used in Analysis 2).

a Star (*) indicates that a uniform prior was included for the caudal count associated with at least one 
cervical-thoracic-lumbar-sacral formula.
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Table 2

Summary of selected results of Analysis 1, including full formula and lumbar counts.

Node
Full formulae

>5%

Posterior
probability (full

formula)
Lumbar

counts >5%

Posterior
probability

(lumbar count)

95% highest
posterior density for

lumbar count
Primates 7C 13T 6L 3S 38.4% 6 67.3% 6–7

7C 13T 6L 4S 28.3% 7 31.7%
7C 12T 7L 3S 15.3%
7C 13T 7L 3S 12.1%

Strepsirrhines 7C 13T 7L 3S 38.8% 7 58.8% 6–8
7C 13T 6L 4S 16.2% 6 34.0%
7C 13T 6L 3S 12.9% 8 6.8%
7C 12T 7L 3S 8.3%

Lorisoids 7C 14T 7L 4S 35.4% 7 78.8% 6–7
7C 15T 7L 4S 16.7% 6 17.6%
7C 14T 7L 5S 7.2%
7C 14T 7L 3S 6.2%
7C 14T 6L 4S 6.0%

Galagids 7C 13T 6L 3S 76.8% 6 95.9% 6
7C 14T 6L 3S 15.9%

Lemuroids 7C 13T 7L 3S 45.1% 7 64.2% 6–8
7C 12T 7L 3S 13.0% 6 22.2%
7C 12T 8L 3S 11.9% 8 13.4%
7C 13T 6L 3S 11.9%
7C 13T 6L 4S 8.1%

Indriids 7C 12T 8L 3S 99.2% 8 99.2% 8

Haplorhines 7C 13T 6L 3S 47.6% 6 70.7% 6–7
7C 13T 6L 4S 22.0% 7 27.7%
7C 12T 7L 3S 15.0%
7C 13T 7L 3S 10.0%

Anthropoids 7C 13T 6L 3S 79.9% 6 83.5% 6–7
7C 12T 7L 3S 11.9% 7 13.4%

Platyrrhines 7C 13T 6L 3S 94.5% 6 94.7% 6–7
7 5.2%

Atelids 7C 14T 5L 3S 88.8% 5 92.5% 4–5

Atelines 7C 14T 4L 3S 94.7% 4 95.6% 4

Catarrhines 7C 13T 6L 3S 69.2% 6 74.1% 5–7
7C 12T 7L 3S 17.7% 7 18.2%
7C 13T 5L 4S 7.4% 5 7.7%

Cercopithecoi
ds 7C 12T 7L 3S 99.1% 7 99.1% 7
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Hominoids 7C 13T 5L 4S 88.8% 5 92.0% 4–5

Hylobatids 7C 13T 5L 4S 97.4% 5 >99.9% 5

Hominids 7C 13T 4L 5S 85.7% 4 92.0% 4-5
5 6.4%

Hominines 7C 13T 4L 5S 69.5% 4 89.9% 3–4
7C 13T 4L 6S 18.4% 3 9.1%
7C 13T 3L 6S 9.0%

Pongo 7C 12T 4L 5S 94.0% 4 >99.9% 4
7C 12T 4L 6S 5.9%

Gorilla 7C 13T 3L 6S 85.9% 3 86.0% 3–4
7C 13T 4L 5S 11.2% 4 14.0%

Pan-Homo 7C 13T 4L 5S 59.3% 4 96.8% 4
7C 13T 4L 6S 39.4%

Pan 7C 13T 4L 6S 77.2% 4 99.6% 4
7C 13T 4L 5S 22.3%

Abbreviations: C = cervical vertebra; T = thoracic vertebrae; L = lumbar vertebrae; S = sacral 
vertebrae.
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Table 3

Summary of selected results of Analysis 2, including full formula and lumbar counts.

Node
Full formulae

>5%

Posterior
probability

(full formula)
Lumbar

counts >5%

Posterior
probability

(lumbar count)

95% highest posterior
density for lumbar

count
Hominoids 7C 13T 5L 4S 3Ca 18.1% 5 69.4% 4–6

7C 13T 5L 4S 4Ca 16.9% 4 19.0%
7C 13T 5L 5S 3Ca 15.3% 6 11.2%
7C 13T 4L 5S 3Ca 7.4%

Hylobatids 7C 13T 5L 4S 3Ca 67.4% 5 99.7% 5
7C 13T 5L 4S 2Ca 11.0%
7C 13T 5L 5S 3Ca 10.3%
7C 13T 5L 5S 2Ca 6.9%

Hominids 7C 13T 4L 5S 3Ca 26.5% 4 75.7% 4–5
7C 13T 4L 6S 3Ca 20.9% 5 20.8%
7C 13T 4L 5S 4Ca 9.7%
7C 13T 5L 5S 3Ca 5.7%
7C 12T 5L 5S 3Ca 5.4%
7C 12T 4L 6S 3Ca 5.1%

Hominines 7C 13T 4L 6S 3Ca 39.8% 4 85.0% 3–5
7C 13T 4L 5S 3Ca 16.7% 3 8.4%
7C 13T 4L 5S 4Ca 9.6% 5 6.6%
7C 13T 4L 6S 2Ca 6.5%
7C 13T 3L 6S 3Ca 5.1%

Pongo 7C 12T 4L 5S 3Ca 62.9% 4 99.8% 4
7C 12T 4L 6S 3Ca 24.1%
7C 12T 4L 6S 2Ca 10.3%

Gorilla 7C 13T 3L 6S 2Ca 39.7% 3 63.1% 3–4
7C 13T 4L 6S 3Ca 29.9% 4 36.9%
7C 13T 3L 6S 3Ca 15.2%
7C 13T 3L 6S 4Ca 8.1%

Homo-Pan 7C 13T 4L 6S 3Ca 42.6% 4 89.2% 4–5
7C 13T 4L 5S 4Ca 14.0% 5 8.9%
7C 13T 4L 6S 4Ca 11.5%
7C 13T 4L 5S 3Ca 11.0%
7C 13T 4L 6S 2Ca 5.2%

Pan 7C 13T 4L 6S 3Ca 53.1% 4 98.0% 4
7C 13T 4L 6S 4Ca 21.0%
7C 13T 4L 6S 2Ca 11.5%
7C 13T 4L 5S 3Ca 6.5%
7C 13T 4L 5S 4Ca 5.6%

Abbreviations: C = cervical vertebra; T = thoracic vertebrae; L = lumbar vertebrae; S = sacral vertebrae; 
Ca = caudal (or coccygeal) vertebrae
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