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Introduction

The femoral anatomy of fossil Theropithecus is poorly known, although it provides critical data for inferring squatting behaviors, a characteristic trait of extant Theropithecus gelada.





Methods

Here, we describe and provide functional and taxonomic interpretations on two subcomplete femora from the Afar Depression using a combination of traditional morphometrics (bivariate and multivariate) and 2D geometric morphometric combined with multivariate analyses and hierarchical clustering. 





Results

The ca. 3.20 Ma A.L. 206–1 femur is identified as the oldest known and most complete femur of an adult Theropithecus cf. oswaldi darti and shows a morphology similar to that of extant T. gelada. It supports the hypothesis of an early emergence of squatting behaviors in Theropithecus, prior to the onset of dental adaptations related to the grazing diet of the genus. The ca. 2.60 Ma A.L. 94–5 femur is identified as the oldest and most complete femur known of an adult Theropithecus cf. oswaldi oswaldi. Its knee anatomy is distinct from that of T. o. darti but it nonetheless shares with T. gelada and other fossil Theropithecus functional traits related to squatting behaviors. Unexpected convergences with arboreal cercopithecids are observed in Theropithecus brumpti, indicating diversity in the femoral functional anatomy of Theropithecus. 





Discussion

Overall, our study highlights the future need to link femoral anatomical diversity with postural and locomotor behaviors by combining paleontological data with neontological data including biomechanical data on the squatting and climbing of large extant papionins.
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Introduction

From the early 1970s onwards, the discovery of hundreds of hominin fossils (Johanson et al., 1982a; White and Johanson, 1982; Susman et al., 1984; Latimer et al., 1987; Kimbel et al., 1994; Drapeau et al., 2005; Kimbel and Delezene, 2009; Ward et al., 2012; DeSilva et al., 2020) in 3.40–2.95 Ma fluviolacustrine sediments from the Hadar Formation has shed light on the paleobiodiversity of fossiliferous localities from the Hadar Research Project area (Bonnefille et al., 1987; Radosevich et al., 1992; Behrensmeyer, 2008; Reed, 2008; Campisano et al., 2022), in the Afar Depression, Ethiopia (Figure 1). The search for hominin remains also yielded detailed chronostratigraphic frameworks and an extensive mammalian fossil record (Johanson et al., 1982b; Campisano and Feibel, 2007, 2008). Similarly, a large mammalian fossil record has been discovered alongside the earliest Homo specimens in the younger deposits of nearby Ledi-Geraru (Lee Adoyta basin, ca. 2.8 Ma) and the Busidima Formation at Hadar (ca. 2.35–2 Ma) (Kimbel et al., 1996; Campisano, 2012; Villmoare et al., 2015; Rowan et al., 2022). Fossil cercopithecids figure prominently in the fossil record of the oldest deposits of the Hadar Formation, with well-preserved isolated craniodental and postcranial specimens recovered alongside three partial skeletons, including the holotype of the fossil colobine Cercopithecoides meavae and the sole partial skeleton of Parapapio jonesi (Eck, 1993; Krentz, 1993; Frost and Delson, 2002; Rector and Vergamini, 2018). There is evidence of cercopithecid taxonomic diversity at Hadar with the presence of the large colobine Rhinocolobus turkanaensis and the medium-sized papionin Parapapio jonesi, but most cercopithecid fossil specimens were attributed to Theropithecus oswaldi darti, one of the earliest Theropithecus (Frost and Delson, 2002). Specimens of cercopithecids from outcrops of the Busidima Formation at Hadar and the Lee Adoyta basin at Ledi-Geraru have not been formally described, but T. o. darti was provisionally recorded at Lee Adoyta and Gurumaha fault blocks at Ledi-Geraru (DiMaggio et al., 2015).
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Figure 1 | (A) Maps showing the geographic setting of fossiliferous formations and localities discussed in the text. (B) 3D generated surfaces of A.L. 206–1 and A.L. 94–5. (C) Chronostratigraphic frame of fossil Theropithecus along with 3D generated surfaces of T. brumpti KNM-TH 46700 (blue star), T. o. oswaldi KNM-ER 5408 (grey star) and T. o. leakeyi Old 67 5600 (white star). A.L. 206–1 and A.L. 94–5 are materialized by red stars while Pa. jonesi A.L. 363–1 and Cer. meavae A.L. 2–74 are materialized by a green and a brown star, respectively. The chronostratigraphic distribution of Theropithecus species follows Getahun et al. (2023).

The taxonomy of early Theropithecus is in flux, as illustrated by the recent naming of Theropithecus oswaldi ecki, which recognizes the phyletic distinctiveness of the early eastern African Theropithecus compared from T. o. darti of the southern African site of Makapansgat (Getahun et al., 2023). This led Getahun et al. (2023) to transfer specimens from Hadar, as well as those from Dikika, to T. o. ecki. The distinct subspecies status of T. o. ecki was largely established on its smaller dental size compared with southern African specimens of T. o. darti along with qualitative mandibular and cranial features, but not postcranial traits, despite the inclusion of postcranial specimens in paratypes of T. o. ecki. Furthermore, only the fragmentary proximal femora A.L. 175–2 and A.L. 341–5a were formally published and tentatively assigned to T. o. darti (Delson et al., 1993; Krentz, 1993; Frost and Delson, 2002). Recent advances in our knowledge of the postcranial anatomy of early Theropithecus were achieved by the description of the ca. 3.60 Ma Theropithecus subadult partial skeleton ARI-VP-1/26 from Woranso-Mille, attributed to T. o. darti (Frost et al., 2023). ARI-VP-1/26 demonstrated, among other characteristics, that the metacarpal proportions typical of Theropithecus (i.e., elongated first metacarpal relative to the average lengths of all other metacarpals) were not yet present in early Theropithecus, with proportions intermediate between those of extant Papio and Theropithecus gelada (Frost et al., 2023). No clear assessment of traits related to squatting behaviors, such as the anteroposterior asymmetry of the femoral condyles, was done on ARI-VP-1/26. Frost et al. (2023) nonetheless noted the presence of a short femur and a varus knee in ARI-VP-1/26, the first trait functionally attributable to squatting while the functional value of the latter is unclear (Pallas et al., 2023). Novel hypotheses on the functional anatomy of the Theropithecus hindlimb were established thanks to the description of the associated femur and tibia of T. cf. brumpti NME L 896–1 and –2 (Shungura Formation, Lower Omo Valley, Ethiopia; Pallas et al., 2023). The associated morphofunctional analysis demonstrated that the angulation of the knee was variable and do not allow to distinguish T. gelada from other extant papionins. This is in contrast with the shortened femur, asymmetrical anteroposterior length of the femoral condyles, wide patellar groove, wide intercondylar notch, wide distal epiphysis and high crural index which distinguish T. gelada from other papionins (Gilbert et al., 2011; Pallas et al., 2023). This combination of characteristics was ultimately linked to the squatting and shuffling behaviors of T. gelada, which, in addition to altered craniodental anatomy and manual proportions, is linked to a grazing diet and careful handling of grass blades, respectively (Iwamoto, 1993). However, the assessment of the above combination of femoral characteristics is unknown in fossil Theropithecus predating 2.70 Ma due to the lack of complete femoral specimens. The discovery of two subcomplete femora (A.L. 94–5 and A.L. 206–1) from the Afar Depression, contemporaneous with, and predating this period, may shed light on the timing and context of the emergence of these postcranial femoral traits (Figure 1).

Here, we describe two subcomplete cercopithecid femora from the Hadar and Busidima formations. Using comparative anatomy and 2D geometric morphometrics, we provide functional hypotheses related to locomotor behaviors, in addition to providing taxonomic hypotheses. Specifically, we assess whether the subcomplete femora A.L. 94–5 and A.L. 206–1 can be attributed to Theropithecus and whether they exhibit traits related to the squatting behavior typical of T. gelada and later species of that genus. We confirm the attribution of these specimens to Theropithecus, with A.L. 206–1 being the oldest adult Theropithecus femur yet known and predating the previous evidence by around 500 kyr. A.L. 94–5 shows a greater phenetic affinity with presumed Theropithecus oswaldi oswaldi specimens and represent the oldest and most complete femur of this taxon. Our functional analyses of A.L. 206–1 and A.L. 94–5 has implications on the functional anatomy and evolution of Theropithecus, notably on the emergence of postural traits related to the grazing habits of that genus.





Materials and methods




Paleontological sample




The new fossils from the Afar Depression: A.L. 206–1 and A.L. 94–5

A.L. 206–1 is a right subcomplete femur discovered in 1974 in sediments from Submember 2 of the Denen Dora Member (DD-2, Hadar Formation) and initially attributed to T. o. darti by Krentz (1993) and Delson et al. (1993). However, no morphometric nor qualitative data were given to justify its taxonomic attribution. DD-2 is radiochronologically constrained between 3.24 Ma and 3.20 Ma (Behrensmeyer, 2008) and corresponds sedimentologically to fluvial or fluvio-deltaic sediments deposited on a deltaic plain (Campisano and Feibel, 2008). A.L. 94–5 is a left subcomplete femur discovered in a fossiliferous locality from the Lee Adoyta fault block in the Ledi-Geraru research area and is radiochronologically constrained between 2.67 Ma and 2.58 Ma (DiMaggio et al., 2015). A complete description of both femora can be found in Supplementary Material S1.





The other cercopithecid taxa from the Afar Depression: Parapapio cf. jonesi A.L. 363–1c & –1d and Cercopithecoides meavae A.L. 2–70, –71 & –74

A.L. 363–1c and –1d are the right proximal and distal femur, respectively, of a partial male skeleton allocated to Parapapio and tentatively attributed to Pa. cf. jonesi (Frost and Delson, 2002). Craniodental remains include a partial skull and mandible, while the other postcranial remains include axial elements and a fifth metatarsal. The partial skeleton A.L. 363–1 was discovered in the upper part of the Kadar Hadar Member, in Submember KH-3, which is overlying the 2.95 Ma BKT-2 tuff (Campisano and Feibel, 2008). A.L. 2–70 and –71 are the left and right proximal femur and A.L. 2–74 is the left distal femur of the Cercopithecoides meavae colobine partial skeleton (Frost and Delson, 2002). The skeleton was discovered in the Leadu locality but its chronostratigraphy is still uncertain, ranging from 3 Ma to 2.5 Ma.





Contextual data on Theropithecus brumpti KNM-TH 46700, Theropithecus cf. oswaldi oswaldi KNM-ER 5408, and Theropithecus oswaldi leakeyi Old 67 5600

KNM-TH 46700 is a complete right femur of a partial skeleton of an older female T. brumpti, discovered from the Chemeron Formation in the Baringo Basin (Kenya). The skeleton was discovered in sediments dated, based on sedimentation rate, to 2.63 Ma (Gilbert et al., 2011). KNM-ER 5408 is a subcomplete left femur tentatively attributed to T. o. oswaldi given the absence of associated craniodental material (Jablonski et al., 2008). It was discovered in Area 103, in the Okote Member of the Koobi Formation, Kenya, and is radiochronologically constrained between 1.56 Ma and 1.48 Ma (Lepre and Kent, 2015). Old 67–5600 is a complete left femur from a male partial skeleton of Theropithecus oswaldi leakeyi discovered in the Upper Bed II sediments of the MCK (Margaret Cropper Korongo) II site at Olduvai and is dated between 1.74 Ma and 1.20 Ma (Szalay and Delson, 1979; Stanistreet, 2012; Frost et al., 2017).






Neontological dataset

Fossil Theropithecus were compared with all extant genera of papionins, except the rare Rungwecebus, encompassing extant African papionins (Papionina; n = 52 specimens) and Asian papionins (Macacina; n = 19 specimens). Only two species of Macaca (i.e., Macaca assamensis and Macaca nemestrina) were included as they represent relatively large Macaca species with body masses comparable to that expected for A.L. 206–1, and from which a substantial morphometric sample could be taken. Additional specimens (n = 26) of two medium-sized colobine taxa, Colobus guereza and Nasalis larvatus, were included to assess the hypothesis that A.L. 206–1 and A.L. 94–5 do not represent arboreal fossil colobine taxa such as Rhinocolobus turkanaensis, which is also recorded at Hadar (Frost and Delson, 2002). Data on extant specimens were collected from the Muséum National d’Histoire Naturelle (MNHN, Paris), Center for the Evolutionary Origins of Human Behavior (EHUB, Kyoto University), National Museums of Kenya (KNM, Nairobi), Bavarian State Collection for Zoology (ZSM, Munich), Smithsonian National Museum of Natural History (USNM, Washington), Natural History Museum, London, United Kingdom (NHMUK) and PALEVOPRIM laboratory (University of Poitiers).

Functionally, this sample includes taxa with terrestrial and arboreal substrate preferences such as Papio (Jolly, 2016b) and Lophocebus (Kingdon and Groves, 2016a), including taxa with mixed substrate preferences like Cercocebus (Groves and Butynski, 2016). It also includes arboreal climbers, represented by Ma. assamensis (Hirasaki et al., 2019) and Colobus guereza (Kingdon and Groves, 2016b), arboreal leapers with Lophocebus (Groves and Butynski, 2016), terrestrial walkers and runners with Papio (Jolly, 2016a) and terrestrial walkers, runners, and squatters with T. gelada (Jolly, 2016b). See Pallas et al. (2023) for a summary of the locomotor behaviors of extant papionins.





3D scanning and femur alignments prior to morphometry

We obtained 3D data for A.L. 206–1 and A.L. 94–5 using an Artec Space Spider surface scanner while 3D data for T. brumpti (KNM-TH 46700), T. cf. o. oswaldi (KNM-ER 5408) and T. o. leakeyi (Old 67 5600) were generated with an EinScan Pro 2X surface scanner. Three-dimensional data for extant cercopithecids were obtained using surface scanners (Artec Space Spider and EinScan 2X) and photogrammetry (Panasonic DC-GX9). Information on data acquisition type can be found in Supplementary Material S2.

Prior to morphometry, all femora were aligned using MeshLab (Cignoni et al., 2008). We placed the center of the X, Y, Z orthonormal reference axes approximately at the level of the femoral mid-diaphysis. Femora were rotated so that the X axis was aligned with the femoral biepicondylar axis.





Linear morphometry

We collected n = 17 linear measurements using the landmarks presented and defined in Supplementary Materials S1, S3–5. All linear measurements were acquired from 3D models using Avizo and were acquired by a single operator (L.P.). Raw data can be accessed on Supplementary Table S2.





Body masses predictions

Body masses were estimated using the Ruff (2003) equation based on the superoinferior diameter of the femoral head. Regression equations used by Ruff (2003) were generated irrespective of sex for cercopithecines (y = 2.389x - 4.541) and colobines (y = 2.424x - 4.684) and were used here for extant and fossil specimens. Using the general equation rather than the sex-specific equation is relevant given the uncertain sex attribution of A.L. 94–5 and A.L. 206–1 (Supplementary Material S1).





2D geometric morphometric

We obtained external contours of cross-sections at 75%, 50%, and 25% of the femoral biomechanical length (BL) using Avizo. We used tpsDig (Rohlf, 2006) to digitize landmarks (n = 2) and semilandmarks (n = 75). Section outlines were analyzed using landmarks placed at the most anterior and posterior points of the cross section, respectively, while semilandmarks were placed and distributed equidistantly along the outline of the cross-section.

Femoral curvature was assessed using 2D geometric morphometric by digitizing n = 3 landmarks and n = 75 semilandmarks along the anterior surface of the diaphysis (Supplementary Material S3). Landmarks and semilandmarks were digitized using tpsDig (Rohlf, 2006) on photographs of lateral views captured with Avizo. Landmarks were placed at the 75%, 50% and 25% of the biomechanical length of the femur while n = 75 equidistant semilandmarks were placed on the anterior edge of the diaphysis (Supplementary Material S3).

Prior to multivariate analysis, we computed a generalized Procrustes alignments of the landmarks and semilandmarks coordinates using the gpa function of geomorph (Adams et al., 2024) in R v.4.4.1 (R Core Team, 2024). This step consists in the alignment, rotation, and scaling of coordinates to ensure the retention of shape information only.





Morphometric ratios

To assess shape differences between taxa, we computed n = 12 morphometric ratios that quantify the superoinferior robustness of the neck, the anteroposterior robustness of the femoral neck, the anteroposterior expansion of the femoral head, the relative length of the iliopsoas lever arm, the relative depth, height and width of the patellar groove, the relative anteroposterior depth of the lateral condyle, the depth differential of the lateral and medial condyle, the relative mediolateral width of the medial condyle, the relative mediolateral width of the intercondylar notch and the biepicondylar dimension.

Apart from the depth differential of the lateral and medial condyle ratio that represent the depth of the medial condyle divided by that of the lateral condyle, all ratios represent linear measurements divided by the geometric mean (GM) computed on the n = 17 linear measurements (Supplementary Material S5).

All ratios are biomechanically and/or taxonomically relevant, as previously reviewed in Pallas et al. (2023). The notable addition compared to Pallas et al. (2023) is the distal extension of the lesser trochanter which is linked with the lever arm length of the iliopsoas muscle group, a major flexor of the hip and external rotator (Rodman, 1979; Lifshitz et al., 2020). We briefly summarized here the relevance of all other ratios. The relative superoinferior height of the femoral neck is related to resistance in bending loads set in the coronal plane due to the weight-bearing functions of the hip (Fleagle and Meldrum, 1988; Nakatsukasa, 1994; Fleagle and Simons, 1995; Cooke and Tallman, 2012) while the mediolateral width of the femoral head is related to mobility of the coxofemoral (hip) joint and stress dissipation (Ward, 1993; Bouma et al., 2013). The depth, height and width of the patellar groove is related with mobility and load dissipation at the patellofemoral (knee) joint (Tardieu, 1983; Ford, 1988; Gebo and Sargis, 1994; Nakatsukasa, 1994; Madar et al., 2002). The depth of the femoral condyles is linked with mobility of the knee, notably its flexion/extension and abduction ability while the width of the femoral condyles is reflective of load dissipation of the knee given specific knee positions (Tardieu, 1983; Nakatsukasa, 1994; Madar et al., 2002). The intercondylar notch and biepicondylar widths are related with knee rotational abilities (Nakatsukasa, 1994; Pallas et al., 2023).





Linear regression of femoral length on body mass

As the scaling of femoral length on body mass discriminates extant papionins (Strasser, 1992), we regressed the natural logarithm of the biomechanical femoral length of extant and fossil cercopithecids on their inferred body masses. We computed a linear regression using the lm function of the stats package (R Core Team, 2024) and visualized results using a bivariate plot of femoral length over body mass and a boxplot of the model residuals.





Multivariate analyses

We performed a principal component analysis (PCA) to order variation and visualize our morphometric data. Five datasets were generated and subjected to PCA: i) linear morphometric data and Procrustes coordinates of cross-sections at ii) 75%, iii) 50%, and iv) 25% of femoral biomechanical lengths as well as v) Procrustes coordinates of femoral curvature.

All data were scaled and centered prior to PCA and then subjected to PCA using the function prcomp of stats (R Core Team, 2024). Principal component (PC) scores were visualized using biplots and boxplots. For linear dimensions, data were transformed using the log-shape ratio method prior to inclusion in the PCA (Mosimann, 1970).





Statistical modelling and hierarchical clustering

To assess the phenetic affinity of fossil femora based on linear morphometric data, we computed a linear discriminant analysis (LDA) with the lda function of MASS (Venables and Ripley, 1997) on the femoral dimensions scaled using the log-shape ratio method (Mosimann, 1970). Class memberships were defined as equiprobable for each extant taxon prior to LDA. The accuracy of the model was assessed using the Leave One Out Cross-Validation (LOOCV) method by computing a confusion matrix using the confusionMatrix function of caret (Kuhn, 2008).

In addition to the LDA generated on linear data, we explored the phenetic affinity of the fossil femora to extant cercopithecid genera using a hierarchical clustering established on mean values of morphometric ratios and mean values of PC scores from selected multivariate analyses. To this end, we retained 10 morphometric ratios that permitted to discriminate extant geladas from other cercopithecids (i.e., femoral head anteroposterior expansion, femoral neck superoinferior robustness, femoral neck anteroposterior robustness, relative iliopsoas lever arm length, relative intercondylar notch width, relative biepicondylar width, condylar depth differential, relative patellar groove width, relative patellar groove height, and relative patellar groove depth), in addition to the residual values of the regression of femoral length on body mass as well as the scores of the first PCs for the 2D geometric morphometric PCA of the cross-sectional shape and curvature of the femur. We computed mean data for these variables for each genus, which where then scaled and centered, and we computed a distance matrix, based on Euclidean distance, using the dist function of stats (R Core Team, 2024). We computed a hierarchical clustering following the Ward clustering method [following the algorithm of Murtagh and Legendre (2014)], which minimizes the total-within cluster variance, using the hclust function of stats (R Core Team, 2024).

We computed analysis of variance (ANOVA) and multivariate analysis of variance (MANOVA) to evaluate whether extant taxa can be significantly discriminated based on morphometric ratio values and PC scores, respectively. We set the levels of significance of our tests at 5%. ANOVA were computed using the aov function of stats and MANOVA using the manova function (R Core Team, 2024). Prior to ANOVA, we tested the following assumptions: i) there is no significant differences in data normality between the dependent variables and ii) there is no significant differences in data homoscedasticity between the dependent variables (Table 1). Normality of the model residuals was assessed using the Shapiro-Wilk test with the shapiro.test function of stats (R Core Team, 2024). Homoscedasticity of the data was evaluated using the bartlett.test function of stats (R Core Team, 2024). A particular attention was given to homoscedasticity as ANOVA is robust to non-normality of the data. In cases where we failed to validate homoscedasticity, we used the non-parametric Kruskall-Wallis and permutational MANOVA (PERMANOVA) tests. The Kruskall-Wallis test was applied using the kruskal.test function of stats and PERMANOVA using the adonis function of vegan (Oksanen et al., 2001). We ran post-hoc tests following MANOVA and PERMANOVA. For ANOVA, we used the Tukey’s Honest Significant Difference (HSD) with the TukeyHSD function of stats. For Kruskall-Wallis, we used the Dunn’s Test with the dunnTest function of FSA (Ogle et al., 2023).


Table 1 | Results of One-way ANOVA for the morphometric ratios.
	
	Normality (Shapiro-Wilk)
	Homoscedasticity (Bartlett)
	Model (ANOVA or Kruskal-Wallis)



	Femoral neck robustness
	W = 1, p.val = 0.01
	K2 = 14, p. val = 0.07
	Kruskal-Wallis
X2 = 26,
p. val = 0.001


	Lever arm length of illiopsoas
	W = 1, p.val = 0.2
	K2 = 12, p.val = 0.1
	ANOVA
F = 19,
p. val < 0.001


	Medial condyle width
	W = 1, p.val = 0.1
	K2 = 13, p.val = 0.1
	ANOVA
F = 4.95,
p. val < 0.001


	Lateral condyle depth
	W = 1, p.val = 1
	K2 = 6, p.val = 0.6
	ANOVA
F = 3.30,
p. val < 0.001


	Biepicondylar width
	W = 1, p.val = 0.2
	K2 = 20, p.val = 0.01
	Kruskal-Wallis
X2 = 34,
p. val = 0.001


	Patellar groove depth
	W = 1, p.val = 0.09
	K2 = 18, p.val = 0.02
	Kruskal-Wallis
X2 = 48,
p. val < 0.001


	Patellar groove width
	W = 1, p.val = 0.3
	K2 = 15, p.val = 0.06
	ANOVA
F = 5.85,
p. val < 0.001


	Femoral head width
	W = 1, p.val = 0.9
	K2 = 5, p.val = 0.70
	ANOVA
F = 7.35,
p. val < 0.001


	Intercondylar notch width
	W = 1, p.val = 0.4
	K2 = 4, p.val = 0.80
	ANOVA
F = 5.29,
p. val < 0.001


	Patellar groove height
	W = 1, p.val = 1
	K2 = 17, p.val = 0.03
	Kruskal-Wallis
X2 = 23,
p. val = 0.003


	Depth differential of the condyles
	W = 1, p.val = 0.6
	K2 = 11, p.val = 0.20
	ANOVA
F = 8.68,
p. val < 0.001


	PC1 scores femoral curvature
	W = 1, p.val = 0.3
	K2 = 6, p.val = 0.60
	ANOVA
F = 2.11,
p. val < 0.05





Bold text indicates significant p-values.








Results




Principal component analysis based on the complete morphometric dataset

The PC1-PC2 biplot accounts for ca. 36% of the variance (Figure 2). Extant geladas show a combination of negative PC1 scores and positive PC2 scores. Such a combination is also seen in A.L. 206–1, T. o. oswaldi (KNM-ER 5408) and T. o. leakeyi (Old 67 5600). In contrast, A.L. 94–5 and T. brumpti (KNM-TH 46700) present negative PC2 scores and group close to Macaca for the former, and N. larvatus for the latter. Negative PC1 scores are driven by femoral head dimensions (anteroposterior and superoinferior), the width of the intercondylar notch and the anteroposterior dimension of the neck while positive PC1 scores are driven by patellar groove depth and anteroposterior diameter at mid-diaphysis. Positive PC2 scores are influenced by the length of the iliopsoas lever arm, the depth of the medial and lateral condyles, and the width of the patellar groove. Negative PC2 scores are due to neck dimensions (anteroposterior and superoinferior) and patellar groove depth.

[image: Two fossil femurs labeled A.L. 94-5 and A.L. 206-1 are shown on the left with scale bars. On the right, a boxplot graph displays femoral curvature PC1 scores for various species. The legend distinguishes samples using different colored and shaped markers for A.L. specimens and Theropithecus species.]
Figure 2 | PC1-PC2 biplot (left panel) and PC1-PC3 biplot (right panel) of extant and fossil cercopithecids. Correlation circles are visible on the bottom left and right corners of the PC1-PC2 biplot and PC1-PC3 biplot, respectively. Boxplots of PC scores for PC1, PC2 and PC3 are given in the lower panel with median (black bar), mean (red losange), first quartile and third quartile.

The PC1-PC3 biplot accounts for ca. 32% of the variance (Figure 2). Extant geladas show positive or slightly negative scores on PC3, as is the case for all fossil Theropithecus. The highly positive scores of A.L. 94–5 and T. o. oswaldi are to be noticed, as they fit with Ma. assamensis in PC3 scores. Positive PC3 scores are driven by iliopsoas lever arm length as well as anteroposterior and mediolateral dimensions at midshaft while negative PC3 scores are driven by the height of the patellar groove and the width of the lateral condyle.

Extant cercopithecid taxa can be statistically discriminated using the first three PC scores (Table 2). PC1 scores notably permit the discrimination of T. gelada from all other taxa (Supplementary Material S6). PC2 scores significantly discriminates T. gelada from all other taxa except Mandrillus and Papio (Supplementary Material S6). Lastly, PC3 scores significantly distinguish T. gelada from all extant taxa but colobines and Papio (Supplementary Material S6).


Table 2 | Result of the multivariate ANOVA on linear morphometric data.
	
	Multivariate normality (Shapiro-Wilk multivariate extension)
	Homogeneity of covariance
	Model (MANOVA or Kruskal-Wallis)



	PCA Scores Linear Morphometry
	p. val = 0.07
	p. val = 0.015
	MANOVA PC1
F val. = 15.9, p. val < 0.001


	MANOVA PC2
F val. = 11.2, p. val < 0.001


	MANOVA PC3
F val. = 7.72 p. val < 0.001





Bold text indicates significant p-values.







Linear discriminant analysis on the complete morphometric dataset

The discrimination accuracy of the LDA is modest, with an accuracy of ca. 65%. As for the PCA, fossil Theropithecus show a similar combination of scores to that of T. gelada on the LD1-LD2 biplot (65.5% of the variance), with positive LD1 scores and moderately positive or negative LD2 scores (Figure 3). A.L. 94–5 and A.L. 206–1 nonetheless present higher LD2 scores compared with other extant and fossil Theropithecus. For the LD3 axis (12.6% of the variance), T. o. oswaldi (KNM-ER 5408) and T. o. leakeyi (Old 67 5600) presents a much higher LD3 scores compared to other Theropithecus and clusters with Mandrillus. Positive LD1 scores are mostly influenced by the length of the iliopsoas lever arm and the anteroposterior dimension of the neck while negative scores are influenced by femoral length. Positive LD2 scores are influenced by iliopsoas lever arm length and negative LD2 scores by the mediolateral dimension of the lateral condyle, the anteroposterior dimension of the head, and the superoinferior dimension of the patellar groove. Positive LD3 scores are impacted by the mediolateral dimension of the diaphysis at mid-length and by the depth of the lateral condyle while negative LD3 scores reflects femoral length.

[image: Map and diagram of fossil site locations in East Africa with associated femur fossils. Panel A shows a map highlighting sites in Ethiopia and Kenya: Hadar, Koobi Fora, Baringo Basin, and Olduvai Gorge. Panel B depicts femur fossils A.L. 206-1 and A.L. 94-5. Panel C illustrates a timeline of fossil species, including Theropithecus oswaldi and Theropithecus brumpti, across the Pliocene and Pleistocene epochs. The timeline details fossil formations from various sites, with markers indicating specific fossil discoveries. Color coding and labels provide detailed information on site references and fossil associations.]
Figure 3 | LD1-LD2 biplot (left panel) and LD1-LD3 biplot (right panel) of extant and fossil cercopithecids.

Overall, the positive scores of extant and fossil Theropithecus on LD1, the main axis of variation, illustrate their short femur, long iliopsoas lever arm length, and anteroposteriorly expanded femoral neck.





Principal component analysis and linear discriminant analysis of the femoral epiphyses

The sparse morphometric dataset used here is limited to dimensions of the proximal and distal epiphyses, permitting to compare A.L. 206–1 and A.L. 94–5 with Pa. jonesi (A.L. 363–1) and Cer. meavae (A.L. 2–74).

Overall, the multivariate analyses of the proximal and distal epiphyseal dimensions permit to distinguish cf. Pa. jonesi from fossil Theropithecus as well as A.L. 206–1 and A.L. 94–5 (Supplementary Material S7). The putative Pa. jonesi femur notably presents a deep patellar groove and a wide medial condyle, like the more arboreal papionins Ma. assamensis and Macaca nemestrina. It is much more complicated to conclude for the fossil colobine Cer. meavae given its proximity with extant and fossil papionins on PCs and LDs scores. The fossil colobine Cer. meavae is notably sharing with extant papionins Papio and T. gelada a longer iliopsoas lever arm length and an anteroposteriorly wide femoral head. However, Cer. meavae present a neck much more gracile than that of A.L. 94–5 on one hand, and a reduced biepicondylar width and less longer (anteroposteriorly) medial condyle than that of A.L. 206–1 on the other hand, supporting a separate taxonomic assignment of Cer. meavae for the subcomplete femora.





Allometry of femoral length

The femur of T. gelada scales differently compared to other cercopithecids, including Papio (Figure 4A). Femora of T. gelada are shorter for any given body mass compared with that of Papio, as observed by negative residuals (Figure 4B). A.L. 206–1 and A.L. 94–5, along with other fossil Theropithecus, present short femur and negative residuals comparable to that of extant geladas (Figure 4B).

[image: Scatter plot and box plot comparing log femoral length and log body mass of various primate species. Part A shows two regression lines for Th. gelada and Papio, with individual species represented by colored dots. Part B shows model residuals as box plots for each species, with distinct symbols indicating specific specimens.]
Figure 4 | (A) Biplot of the natural logarithm of femoral biomechanical length over the natural logarithm of body mass. (B) Residuals of the model shown in (A).





Proximal femur (posterior and inferior view)

A distally placed lesser trochanter (high iliopsoas lever arm length) is visible in A.L. 206–1 and A.L. 94–5, as illustrated by their high iliopsoas lever arm length relative to size (i.e., GM) (Figure 5). High values, and hence long lever arm length, are also observed in T. gelada (Supplementary Material S8), with significant differences from all other cercopithecids (Supplementary Material S9), and notably with the short lever arm length and proximally placed lesser trochanter of Co. guereza. While A.L. 206–1 and A.L. 94–5 conform with the morphological pattern of extant T. gelada, the large-sized fossil Theropithecus species (T. brumpti, T. o. oswaldi and T. o. leakeyi) are more like Papio than T. gelada (Figure 5).

[image: Two scatter plots show principal component analyses comparing various primate species, labeled with different symbols and colors. The left plot compares Principal Component 1 (20.24%) and Principal Component 2 (15.67%), and the right plot compares Principal Component 1 and Principal Component 3 (12.11%). Insets show circular graphs detailing factor loadings for variables such as femoral neck dimensions. The bottom section includes box plots comparing species such as Cercocebus, Mandrillus, and Papio, with legends indicating species and key components. Data points are color-coded and symbolized to distinguish among species.]
Figure 5 | 3D generated surfaces of the proximal epiphysis of A.L. 94–5 and A.L. 206–1 in posterior and inferior views (left panel) along with boxplots of the iliopsoas lever arm length, femoral neck height, and femoral head width standardized by the geometric mean (GM) for extant and fossil cercopithecids on the central panel. Boxplots with median (black bar), mean (red losange), first quartile and third quartile. 3D generated surfaces of extant cercopithecids showing extreme morphologies for each index is visible on the right panel.

The superoinferior diameter of the neck is extremely large relative to size in A.L. 94–5 compared to A.L. 206–1, which has a more gracile neck (Figure 5; Supplementary Material S8). Apart from large values of Na. larvatus, there are large overlaps in ranges of variation among cercopithecids. The large-sized fossil Theropithecus species have a superoinferiorly robust neck like that of Na. larvatus, but more gracile than that of A.L. 94–5.

The femoral head of A.L. 206–1 and A.L. 94–5 is not particularly expanded anteroposteriorly relative to its size (Figure 5). It contrasts with the anteroposteriorly expanded femoral head of T. gelada and Papio (Figure 5; Supplementary Material S8). A much narrower femoral head is seen in Ma. nemestrina and Cercocebus. The T. brumpti KNM-TH 46700, T. o. oswaldi KNM-ER 5408 and T. o. leakeyi Old 67–5600 specimens all have an anteroposteriorly expanded femoral head, in contrast to the Afar femora, and are consistent with that of extant T. gelada.





Distal femur (posterior view)

A larger medial condyle relative to size is seen in A.L. 206–1 compared to A.L. 94–5 (Figure 6; Supplementary Material S10). A relatively large medial condyle is characteristic of Mandrillus and Macaca while a narrow medial condyle is typical of Na. larvatus. While extensive overlaps are seen among extant cercopithecids regarding this trait, Mandrillus, Macaca and Na. larvatus can be significantly distinguished in this feature (Supplementary Material S9). A.L. 94–5 falls near the mean value of Na. larvatus while A.L. 206–1 best conforms with other large-sized African papionins. Other fossil Theropithecus (Supplementary Material S10) show values most like Papio and Mandrillus (Figure 6).

[image: Three rows of images and charts display comparative anatomical data of femoral features. The left column shows 3D models of femurs labeled “A.L. 94-5” and “A.L. 206-1.” The middle column contains box plots comparing relative iliopsoas lever arm lengths, femoral neck superior-inferior robustness, and femoral head anteroposterior expansion across various primate species, with colored triangles indicating specific specimens. The right column includes 3D models of femoral heads from various species, labeled accordingly. A key identifies the triangles' colors and corresponding specimens.]
Figure 6 | 3D generated surfaces of the distal epiphysis of A.L. 94–5 and A.L. 206–1 in posterior view (left panel) along with boxplots of the medial condyle width, intercondylar notch width, and biepicondylar width standardized by the geometric mean (GM) for extant and fossil cercopithecids on the central panel. Boxplots with median (black bar), mean (red losange), first quartile and third quartile. 3D generated surfaces of extant cercopithecids showing extreme morphologies for each index is visible on the right panel.

The intercondylar notch of A.L. 206–1 is extremely wide relative to size and is much wider than that of A.L. 94–5 (Figure 6). T. gelada also exhibit a large intercondylar notch (Figure 6; Supplementary Material S10), contrasting markedly with the narrow intercondylar notch of Mandrillus and Cercocebus. Both T. gelada and Mandrillus can be significantly discriminated from other cercopithecids in this aspect (Supplementary Material S9). A.L. 206–1 fits in the third quartile of T. gelada while A.L. 94–5 falls near the Papio mean value (Figure 6). While T. brumpti KNM-TH 46700 and T. o. leakeyi Old 67–5600 fits within the interquartile range of Papio, T. o. oswaldi KNM-ER 5408 has a much narrower intercondylar notch and falls in the interquartile range of Mandrillus (Figure 6; Supplementary Material S10).

The distal epiphysis of A.L. 206–1 is very wide relative to size while that of A.L. 94–5 is much narrower (Figure 6). An extremely wide distal epiphysis is characteristic of T. gelada, with barely any overlap in interquartile range with other considered cercopithecids, and as such, have significant differences in index values (Supplementary Material S9). The wide distal epiphysis of A.L. 206–1 is comparable to that of T. gelada while that of A.L. 94–5 is most like Cercocebus and Lophocebus. A.L. 94–5 also shares a narrow distal epiphysis with T. o. oswaldi KNM-ER 5408 while the relatively wide distal epiphysis of A.L. 206–1 is also seen in T. brumpti KNM-TH 46700 and T. o. leakeyi Old 67 5600 (Figure 6; Supplementary Material S10).





Distal femur (inferior view)

The patellar groove of A.L. 206–1 is narrower relative to size than that of A.L. 94–5 (Figure 7). A relatively narrow patellar groove is commonly seen in Na. larvatus while a wider one is characteristic of T. gelada (Supplementary Material S5). The width of the patellar groove of A.L. 94–5 is similar to values obtained for T. gelada, Papio and Mandrillus and is also similar to T. o. oswaldi KNM-ER 5408 (Supplementary Material S11). The narrow patellar groove of A.L. 206–1 is in line with the morphology of T. brumpti KNM-TH 46700 and T. o. leakeyi Old 67 5600, in addition to fitting close to the mean value of Ma. nemestrina and Na. larvatus.

[image: Top images show two grayscale 3D models of the A.L. 206-1 and A.L. 94-5 fossil bones with a legend indicating different species. Box plots below compare relative patellar groove height and depth among various species. Bottom right images illustrate skeletal features of Na. larvatus, Ma. assamensis, and Th. gelada, highlighting patellar grooves with dashed lines and measurements.]
Figure 7 | 3D generated surfaces of the distal epiphysis of A.L. 94–5 and A.L. 206–1 in inferior view (left panel) along with boxplots of the patellar width and lateral condyle depth standardized by the geometric mean (GM) along with the depth differential of the condyles for extant and fossil cercopithecids on the central panel. Boxplots with median (black bar), mean (red losange), first quartile and third quartile. 3D generated surfaces of extant cercopithecids showing extreme morphologies for each index is visible on the right panel.

The lateral condyle of A.L. 206–1 is elongated anteroposteriorly while that of A.L. 94–5 is comparatively shorter (Figure 7). Deep lateral condyles are observed in all non-Theropithecus African papionins (Figure 7; Supplementary Material S11). Deep lateral condyles are also seen in T. brumpti KNM-TH 46700 and T. o. leakeyi Old 67 5600, while a shorter condyle is observed in T. o. oswaldi KNM-ER 5408 (Figure 7; Supplementary Material S11).

A moderate condyle depth differential is observed in A.L. 206–1 and A.L. 94–5, with values fitting with the lower range of variation of extant T. gelada (Figure 7). This translates an elongated medial condyle relative to the lateral condyle. The reverse is true for Mandrillus and Cercocebus, with, on average, a longer lateral condyle relative to the medial condyle (Figure 7). A much-pronounced condyle depth differential is seen in other fossil Theropithecus (Figure 7; Supplementary Material S11).





Distal femur (anterior view)

A proximodistally short patellar groove relative to GM is observed in A.L. 206–1 and A.L. 94–5, a feature also observed in T. gelada (Figure 8; Supplementary Material S12). Extant geladas, along with Macaca, show the lowest patellar groove among the considered extant cercopithecids, contrasting with Na. larvatus, Mandrillus and Cercocebus (Figure 8). However, the range of variation is very wide in Ma. assamensis and overlaps extensively with that of other taxa. The patellar groove of T. brumpti KNM-TH 46700, T. o. oswaldi KNM-ER 5408 and T. o. leakeyi Old 67–5600 is low relative to size and is consistent with that of A.L. 206–1, A.L. 94–5 and extant T. gelada (Figure 8; Supplementary Material S12).

[image: Comparative analysis of patellae and condyles across different primate specimens. Top row shows 3D models of A.L. 94-5 and A.L. 206-1. Middle rows include box plots comparing relative patellar width, lateral condyle length, and anteroposterior length differential. Bottom row features 3D models of Th. gelada, Na. larvatus, Ma. sphinx, and Co. guereza. Each diagram highlights statistics with legend references for identification.]
Figure 8 | 3D generated surfaces of the distal epiphysis of A.L. 94–5 and A.L. 206–1 in anterior view (left panel) along with boxplots of the patellar height and patellar depth standardized by the geometric mean (GM) for extant and fossil cercopithecids on the central panel. Boxplots with median (black bar), mean (red losange), first quartile and third quartile. 3D generated surfaces of extant cercopithecids showing extreme morphologies for each index is visible on the right panel.

The patellar groove is relatively shallow in A.L. 94–5 and A.L. 206–1 (Figure 8). An extremely shallow patellar groove is typical of T. gelada which can be significantly discriminated from other cercopithecids in this aspect (Supplementary Material S9). The opposite condition (a deep patellar groove) is observed in Macaca. The relative depth of the patellar groove of T. brumpti KNM-TH 46700, T. o. oswaldi KNM-ER 5408 and T. o. leakeyi Old 67–5600 is slightly higher than that of both Afar femora and overall, fits within the range of variation of Papio and Mandrillus and is deeper than that of extant T. gelada (Figure 8; Supplementary Material S12).





Femoral curvature

PC1 accounts for 83.45% of the variance and explain the overall curvature of the anterior aspect of the femoral shaft (Figure 9). PC2 is not commented here given its low explanatory value compared to PC1 (12.3% vs. 83.45%, respectively). For PC1 scores, the femoral shafts of A.L. 206–1 and A.L. 94–5 are not strongly curved and overlap extensively with all the extant cercopithecids (Figure 9), which cannot be discriminated statistically (Supplementary Material S9). The femur of T. o. oswaldi KNM-ER 5408 is also only weakly curved and similar in this aspect to A.L. 206–1 and A.L. 94–5, but strikingly distinct from the highly curved femora of KNM-TH 46700 T. brumpti and T. o. leakeyi Old 67-5600 (Figure 9). The PC1 scores and femoral curvature of T. brumpti and T. o. leakeyi are unmatched among extant papionins. The femora of Papio, T. gelada, Ma. nemestrina and Ma. assamensis are, on average, more strongly curved than that of the other considered cercopithecids but we failed to detect significant differences in PC1 scores.

[image: Comparative analysis of primate knee morphology with diagrams and box plots. Three box plots depict relative medial condyle width, intercondylar notch width, and biepicondylar width among various primates. Representative knee joint images show different species. A legend identifies symbols for specific specimens like A.L. 94-5 and A.L. 206-1.]
Figure 9 | 3D generated surfaces of the diaphysis of A.L. 94–5 and A.L. 206–1 showing the landmark placement (left panel) along with boxplots of the PC1 scores of the aligned Procrustes coordinates of the femoral curvature of extant and fossil cercopithecids. Boxplots with median (black bar), mean (red losange), first quartile and third quartile. 3D generated surfaces of extant cercopithecids showing extreme morphologies for PC1 scores are visible on the right of the boxplots.





Femoral cross-sectional contours

On PC1 scores of the cross-section shape set at 75% of femoral BL, A.L. 206–1 and A.L. 94.5 present an anteroposteriorly extended proximal metaphysis as indicated by negative PC1 scores and are quite similar in shape and scores to that of T. gelada (Figure 10). The proximal metaphysis of T. brumpti KNM-TH 46700 and T. o. oswaldi KNM-ER 5408 are slightly more elliptical mediolaterally as indicated by their PC1 scores around zero. Overall, fossil Theropithecus are distinct from the mediolaterally elongated proximal femoral metaphysis of Macaca and Mandrillus and are more like Papio and T. gelada. The negative scores of A.L. 206–1 and A.L. 94–5 on PC2 scores align them with the colobines and T. gelada and reflects a poorly developed gluteal tuberosity.

[image: Scatter plots showing linear discriminant analysis of primate traits, with groups distinguished by color: Cercocebus, Colobus, Lophocebus, Macaca, Mandrillus, Nasalis, Papio, and Theropithecus. The plots are LD1 vs. LD2 and LD1 vs. LD3, with percentage variance explained indicated. Key includes fossil specimens A.L. 94-5, A.L. 206-1, Th. o. oswaldi, Th. brumpti, Th. o. leakeyi, using distinct triangle markers. Bar charts below illustrate scaling for LD1, LD2, and LD3.]
Figure 10 | 3D generated surface of an extant Papio specimen showing the cross-section placement (upper panel) along with boxplots of the PC1 and PC2 scores of the aligned Procrustes coordinates of the femoral cross-section outlines of extant and fossil cercopithecids (middle panel). Boxplots with median (black bar), mean (red losange), first quartile and third quartile. Shape changes along cross-section outlines on PC1 and PC2 scores are visible on the lower panel, along with the cross-section shape of A.L. 206–1 and A.L. 94–5.

In PCA of the cross-sectional shape at 50% of femoral BL, PC1 illustrates the anteroposteriorly elongated mid-diaphysis of A.L. 206–1 and A.L. 94–5, fitting with the positive PC1 scores of Co. guereza and Lophocebus but falling outside the negative scores of T. gelada (Figure 10). A wide range of variation is seen for the large-sized fossil Theropithecus with negative, null, and positive PC1 scores. Contrary to PC1, all fossil Theropithecus show positive PC2 scores, indicating a poorly developed lateral margin of the vastus lateralis on the linea aspera. Fossil Theropithecus are quite distinct in this aspect from Papio and T. gelada.

A clear clustering pattern appears on PC1 scores of the cross-sectional shape set at 25% of femoral BL. A.L. 206–1 and A.L. 94–5 show highly positive scores, matching the third quartile of Papio, and reflecting their mediolaterally extended distal metaphysis (Figure 10). Similar PC1 scores are observed for T. o. oswaldi KNM-ER 5408 and T. o. leakeyi Old 67-5600 but not for T. brumpti KNM-TH 46700 which falls on the negative side of PC1, clustering with Macaca and colobines. An extensive range of overlap is seen between extant taxa on PC2 scores, and all fossil Theropithecus show negative or slightly positive PC2 scores.





Predictions of the LDA on complete morphometric dataset and hierarchical clustering

Although the accuracy of the linear discriminant model is modest (ca. 65%), several taxa can be classified with confidence, as is the case for N. larvatus (100% of correct predictions), T. gelada (90%), Colobus (75%), Papio (73.3%), and Ma. assamensis (70%). The greatest phenetic affinity of most Theropithecus species, as identified by posterior probability of membership, is with T. gelada or Papio, in the case of T. o. oswaldi KNM-ER 5408 (Figure 11A). A high phenetic affinity of A.L. 206–1 and A.L. 94–5 with T. gelada supports their attribution to Theropithecus.

[image: Chart A shows a scatter plot with various colored dots representing different species, including Th. gelada, Papio, and others, plotted against a percentage axis. Chart B displays a dendrogram illustrating the evolutionary relationships among several primate species, including Papio, Mandrillus, Colobus, and Theropithecus gelada.]
Figure 11 | (A) Dotplot of the percentage of posterior probability of taxonomic assignment for fossil Theropithecus. (B) Dendrogram of the Ward clustering established on PC scores of linear morphometry, 2D geometric morphometric of the femoral curvature, and 2D geometric morphometric of the cross-section shape.

Hierarchical clustering recovers a Theropithecus cluster with A.L. 206–1 as the sister group to extant geladas, and a T. o. oswaldi KNM-ER 5408 – A.L. 94–5 group sister to the T. gelada – A.L. 206–1 group (Figure 11B). Extant papionins are clustered together, to the exclusion of Theropithecus. The clustering of T. brumpti KNM-TH 46700 with N. larvatus, as the sister group to extant geladas and A.L. 206–1, is unexpected. Apart from a lower patellar height, a shorter femur, a more curved femur, and a more anteroposteriorly expanded diaphysis at 85% of BL, T. brumpti resembles N. larvatus for all other considered traits included in the hierarchical analysis. The inclusion of other linear measurements (e.g., proximal projection of the greater trochanter) and qualitative traits (e.g., development of the intercondylar line) would have the potential to break down this convergence (see Supplementary Material S13 for an illustration of these traits).





A summary of the similarities/differences in femoral anatomy between extant geladas and fossil Theropithecus

Overall, A.L. 206–1 shows a close phenetic match with the extant geladas, sharing 9 of the 14 considered femoral traits with them, followed by T. brumpti, which shares 8 of 14 femoral traits with the geladas. In contrast, T. o. oswaldi, with 6 out of 14 traits, and A.L. 94–5, with 4 out of 14 traits, are the least similar to geladas.






Discussion

We demonstrated, using a combination of LDA and hierarchical clustering established on morphometric ratios, shaft cross-sectional shape, and shaft curvature, that the subcomplete femora A.L. 206–1 (ca. 3.2 Ma) and A.L. 94–5 (ca. 2.6 Ma) exhibit closer morphological affinities with extant and fossil Theropithecus than with other extant papionins. Craniodental specimens of T. o. darti are documented in the Sidi Hakoma Member of the Hadar Formation, contemporaneously with A.L. 206–1 and in accordance with our taxonomic hypothesis. However, the femur A.L. 94–5 postdates the youngest T. o. darti from Hadar and slightly predates the oldest T. o. oswladi specimens from the Middle Awash, at ca. 2.5 Ma (Gamedah, Matabaietu, and Hatayae Member of the Bouri Formation; White et al., 2005 but see Getahun et al., 2023). A.L. 206–1 and A.L. 94–5 also show traits, notably on the distal femur, that distinguish them from the femur of the putative Pa. jonesi partial skeleton A.L. 363–1. It is more complicated to statistically discriminate them from Cer. meavae (A.L. 2–74), but more data are needed given the poor preservation of the femoral diaphysis of Cer. meavae. According to our phenetic analyses, age of the specimens, and current chronostratigraphic distribution of fossil Theropithecus, we assign A.L. 206–1 to T. cf. o. darti and A.L. 94–5 to T. cf. o. oswaldi.

No adult femora from Theropithecus were documented prior to the ca. 2.70 Ma T. brumpti femur NME L 869–1 from the Shungura Formation in the Lower Omo Valley (Pallas et al., 2023), and our best line of evidence on the femoral anatomy of early Theropithecus relied on the ca. 3.70 Ma T. o. darti subadult partial skeleton ARI-VP-1/26 from Woranso-Mille (Frost et al., 2023). The ca. 3.20 femur A.L. 206–1 is, therefore, the earliest and most complete femoral specimen of adult Theropithecus. Similarly, no complete femora of T. o. oswaldi are known prior to 2.60 Ma, in a time where the earliest representatives of this subspecies probably emerged as suggested by craniodental data (Jablonski and Frost, 2010; Getahun et al., 2023). While A.L. 206–1 provides a unique glimpse into the mode and tempo of emergence of the adaptations of early Theropithecus, A.L. 94–5 provides new data on the functional anatomy of the earliest T. o. oswaldi. Hence, the present analysis offers new interpretations on the functional anatomy of Theropithecus postcranium and complements previous functional analyses (Krentz, 1993; Gilbert et al., 2011; Guthrie, 2011; Frost et al., 2017, 2023; Pallas et al., 2023).




Femoral characteristics of the T. gelada femur

We reaffirmed, using an updated dataset from Pallas et al. (2023), that the femur of T. gelada is derived compared with that of Papio and Mandrillus by being shortened relative to body mass (Strasser, 1992), by presenting a marked asymmetry in anteroposterior depth of the condyles, and by exhibiting, relative to geometric mean, a long lever arm of the iliopsoas, an anteroposteriorly expanded femoral head, a wide intercondylar notch, a wide distal epiphysis, and a wide, shallow patellar groove (Table 3). All those adaptations are part of a functional complex that is hypothesized to be linked with squatting behaviors (Pallas et al., 2023). Indeed, the shortened femur engenders stability in crouching by lowering the center of mass, the wide femoral head enhances thigh abduction in squatted posture and the distally set lesser trochanter (i.e., an increased lever arm length of the m. iliopsoas) facilitates flexion of the thigh. The anteroposterior asymmetry of the condyles, with a deep medial one, facilitates knee abduction in flexed posture while the wide distal epiphysis and wide intercondylar notch demonstrate rotational capabilities of the knee to adjust the shank and foot position. The wide and shallow patella translates the ability to dissipate large transarticular forces generated by the m. quadriceps tendon, a major knee extensor, and a patella set preferentially in the distal position, as is the case when the knee is flexed in squatting.


Table 3 | Summary table of the main diagnostic femoral traits of T. gelada and comparison with A.L. 206–1, A.L. 94–5 and fossil Theropithecus.
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A.L. 206–1 and the emergence of squatting behaviors in Theropithecus

The 3.20 Ma subcomplete femur A.L. 206–1 shares with the femur of extant T. gelada a reduced length relative to body mass, a long lever arm length of the iliopsoas, a shallow patellar groove, a wide intercondylar notch, and a wide distal epiphysis (Table 3). On the other hand, the asymmetry of the condylar depth of A.L. 206–1 is not as marked as that of extant T. gelada, and its anteroposteriorly shortened femoral head and narrow patellar groove are inconsistent with the condition seen in T. gelada. The total available evidence, which includes femoral curvature and femoral cross-sectional shape, demonstrates a closer phenetic affinity of A.L. 206–1 with T. gelada. The addition of other specimens from Hadar should demonstrate whether all traits analyzed here represent mere interindividual variation or a clear affinity between early Theropithecus and T. gelada. Unfortunately, these features are not quantified in ARI-VP 1/26, the sole published T. o. darti partial skeleton from eastern Africa, and its subadult status may also introduce confounding factors of ontogeny to interpret its functional anatomy.

A.L. 206–1 provides the oldest substantiated evidence for squatting behaviors in Theropithecus at ca. 3.20 Ma, with the emergence of squatting-related postcranial traits possibly as early as 3.70 Ma considering the short femur of the subadult T. o. darti subadult ARI-VP-1/26. In addition, ARI-VP-1/26 shows metacarpal proportions (i.e., elongated first metacarpal relative to the average lengths of all other metacarpals) intermediate between those of Papio and T. gelada, demonstrating that some of the postcranial traits typical of Theropithecus were not present in early members of the genus. Squatting behaviors in Theropithecus are tightly linked with grazing, with post 3 Ma fossil Theropithecus showing a derived dental and cranial anatomy related to the processing of herbaceous foods. In contrast, the earliest Theropithecus, mainly represented at Kanapoi, Woranso-Mille, Laetoli, Dikika, Makapansgat, and Hadar, among the most relevant sites, shows a less derived dental anatomy (i.e., large anterior dentition and molars with few enamel folds; Frost and Delson, 2002; Harrison, 2011; Frost et al., 2020; Getahun et al., 2023). The presence of squatting-related traits in A.L. 206–1 in a time frame where Theropithecus populations with presumed less derived dental anatomy are documented shows that the full suite characterizing the ecology of modern geladas was not in place during the mid- to late Pliocene and implies a distinct ecological niche for the earliest Theropithecus.

We attributed A.L. 206–1 to Theropithecus cf. oswaldi darti but the status of this subspecies in eastern Africa was recently reassessed and allocated to a new subspecies Theropithecus oswaldi ecki. Postcranially, there is no data that refutes this hypothesis, but given that dental and cranial arguments leading to the naming of T. o. ecki are mostly related to size (Eck, 1993; Getahun et al., 2023), we prefer to retain the original taxonomy of T. o. darti cautiously, pending a future reassessment of the cercopithecid Hadar postcranial collection.





A.L. 94–5 and the adaptations of the earliest Theropithecus oswaldi oswaldi

The emergence of Theropithecus oswaldi oswaldi and its relationship with prior subspecies of the Theropithecus oswaldi species complex is in debate (Eck, 1993; Leakey, 1993; Getahun et al., 2023). The earliest T. o. oswaldi specimens from the Turkana Basin are now regarded as a different subspecies, either T. o. darti or T. o. ecki with conservative attribution to T. o. oswaldi set at ca. 2.50 Ma. With an estimated age of ca. 2.60 Ma, A.L. 94–5 is the oldest and most complete femur of T. o. oswaldi. We attributed A.L. 94–5 to T. o. oswaldi based on results of a linear discriminant analysis and a hierarchical clustering. A.L. 94–5 is more like T. cf. o. oswaldi (KNM-ER 5408) than to any other extant and fossil taxa considered. While the attribution of KNM-ER 5408 to T. o. oswaldi was not justified by Jablonski et al. (2008) on morphological grounds, the results of our morphometric analyses combined with its provenance from the Okote Member, where many T. o. oswaldi craniodental fossils were recovered, strengthen its attribution to T. o. oswaldi.

A.L. 94–5 shares with T. gelada a reduced length relative to body mass, a long lever arm of the iliopsoas and a wide patellar groove and marked depth differential of the condyles (Table 3). Interestingly, A.L. 94–5 bears less resemblance to T. gelada than A.L. 206–1, notably in lacking the wide distal epiphysis and wide intercondylar notch shared by the latter, resulting in lesser abilities for knee rotation (Table 3). A.L. 94–5 is also distinct from T. gelada and A.L. 206–1 in its extremely robust femoral neck, a feature shared with Theropithecus brumpti and T. o. leakeyi (Gilbert et al., 2011; Pallas et al., 2023). Functionally, the robust femoral neck (superoinferiorly) of A.L. 94–5 illustrates its capacity to withstand high coronal bending loads. A.L. 94–5 and KNM-ER 5408 also show straight diaphysis that differ from those of T. brumpti and T. o. leakeyi. The functional interpretation of the femoral shaft curvature is complicated to establish given the absence of significant differences in its development between the arboreal leaper Co. guereza, the arboreal climber Ma. assamensis or the terrestrial walker and runner Papio. This feature is even more intriguing as the shaft bowing of some large Theropithecus specimens is highly distinct. Overall, the functional signal of the femur of T. o. oswaldi appears more intriguing than previously anticipated and demonstrated that even though the craniodental anatomy of this taxon is specialized for grazing, its femoral anatomy is not fully consistent with the expected morphological pattern of a frequent squatter, notably on the distal femur, as exemplified by that of extant T. gelada.

Our study further demonstrates shape diversity and functional convergences in femoral anatomy among Theropithecus therefore supporting previous arguments that highlighted morphological convergences between colobines and Theropithecus in femoral head shape femoral neck robustness (Krentz, 1993). Indeed, the ressemblance of T. brumpti with Nasalis larvatus, a large colobine engaged in arboreal leaping and climbing would confirm such a convergence (Krentz, 1993; Pallas et al., 2023). This convergence is notably drawn by a robust femoral neck (anteroposteriorly and superoinferiorly). While climbing could not be ruled out to explain such similarities in shape, leaping is a much less probable candidate given the large size of T. brumpti [but see McGraw (1996) for a lack of correlation between leaping and body size for cercopithecids ranging from ca. 9–3 kg and description of female Mandrillus as adept leapers in Fleagle and McGraw (2002)]. Given the relatively gracile neck of extant T. gelada compared to T. brumpti, we expect the robust neck of T. brumpti to result from distinct selective pressures than those induced by frequent squatting behaviors or alternatively, a distinct kinetic and kinematic of squatting in the large-sized T. brumpti compared to the relatively small-sized T. gelada. Perhaps the robust neck of T. brumpti is the developmental outcome of its shortness, which also impacts the lever arm length of, among other muscles, m. vastus lateralis and the iliopsoas group. Alternatively, its short and robust neck may be the direct evidence of a yet unidentified postural/locomotor behavior requiring an extensive reinforcement of the femoral neck to bending and twisting loads. As previously suggested (Pallas et al., 2023), future kinematic and kinetic studies should investigate whether this result illustrates morphological convergences between squatters and climbers or a genuine functional signal of climbing in large Theropithecus. In addition, future quantitative analyses, including the quantification of entheses, would provide useful data to verify such functional convergences.






Conclusion

The femoral anatomy of fossil Theropithecus is poorly known prior to 2.60 Ma despite its importance in inferring the squatting posture characteristic of the grass-harvesting behavior of extant Theropithecus gelada. The timing of the emergence of this behavioral specificity is also debated, with dental adaptations to grazing appearing later than postcranial adaptations. At 3.2 Ma, A.L. 206–1 is the oldest known subcomplete adult femur of Theropithecus and provides evidence for the presence of traits related to squatting behaviors early in the evolutionary history of Theropithecus. We attributed A.L. 206–1 to Theropithecus cf. oswaldi darti and it shares with extant geladas a shortened femur, a long lever arm of the iliopsoas muscle, a wide intercondylar notch, a broad distal epiphysis, and a shallow patellar groove. At 2.60 Ma, A.L. 94–5 is the oldest and most complete femur of Theropithecus oswaldi oswaldi and differs from the older T. o. darti A.L. 206–1 by showing a more robust neck and a less mobile distal epiphysis (narrower intercondylar notch and narrow distal epiphysis with a deeper patellar groove), further indicating diversity in femoral anatomy among fossil Theropithecus. We also identified phenetic affinities between Theropithecus brumpti and the extant leaping colobine N. larvatus, which underline the need to correlate skeletal traits with biomechanical data to verify functional convergences.
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