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Nearly 100 years ago, D’Arcy W. Thompson pub-

lished one of the first studies visualizing two-dimen-

sional evolutionary morphology, comparing (among 

other examples) the shapes of crania in humans and 

apes and graphing the “distortions” that would permit 

one to transform into another. In the past 20 years, 

collaborations among mathematical biologists, 

morphologists, paleontologists and computer scien-

tists have led to the rise of geometric morphometrics, 

which allows the sophisticated statistical analysis of 

shape in the biological world and the visualization of 

evolutionary shape change. Anthropologists have 

been at the forefront of such work, studying the 

cranium, dentition and postcranial elements of living 

and fossil humans and other primates in ways that 

would never have been imagined even 30 years ago.  

 

This lecture will survey the methods and tech-

niques of 3D GM (three-dimensional geometric mor-

phometrics) and review some of the major results of 

analyses conducted to date by numerous 

researchers, especially my colleagues in the NYCEP 

Morphometrics Group (http://www.nycep.org/nmg). 

3D GM requires the recording of landmarks on bony 

surfaces and may involve semi-landmarks placed be-

tween fixed landmarks. With new technology, data 

collection has evolved from the use of simple devices 

such as 3D digitizers to high-resolution surface 

scanners and CT scanners. Analytical methods have 

also become more complex, combining multivariate 

statistics, least-squares superimposition of datasets, 

splines and advanced visualization programs.  

 

Among the many projects undertaken by numer-

ous colleagues, not all of which can be discussed 

here, a few can be noted: 1) comparison of cranial 

shape variation in Neanderthals vs. modern humans, 

revealing that Neanderthals are more different from 

Homo sapiens than species of chimpanzees or ma-

caques are from each other, thus supporting Homo 

neanderthalensis as a distinct species of hominin 

(Harvati et al., 2004); 2) study of cranial shape varia-

tion in modern baboons, documenting a continuity of 

form with only slight “steps” at the boundaries of 

recognized varieties, suggesting that there is only one 

extant species of Papio with numerous subspecies, 

rather than multiple species (Frost et al., 2003); 3) 

analysis of growth patterns in various primate 

species, revealing that the patterns are relatively 

consistent across closely related species and most 

cranial shape is fixed from a quite young age, so that 

juvenile individuals can be “grown up” along their 

ontogenetic trajectories to allow comparison of their 

inferred adult shape—this has been accomplished for 

individuals of such species as the fossil human 

Australopithecus africanus (Fig. 1) and the rare and 

newly recognized African monkey Rungwecebus 

kipunji, which have then been compared to adults of 

closely related species (McNulty et al., 2006; 

Singleton et al., 2010); 4) reconstruction of damaged 

individuals of such fossil hominins as Sahelanthropus 

tchadensis, Homo neanderthalensis and others using 

a “puzzle-piece” approach with CT scans and a 

computer visualization approach for other fossil spe-

cies (Ponce de Leon and Zollikofer, 2001; Zollikofer 

and Ponce de Leon, 2005; Zollikofer et al., 2005; Fig. 

2, Delson et al., in prep.); 5) analysis of shape 

variation in crania of Homo erectus and related fossil 

humans leading to the recognition that such variation 

is within the expected range for a single species and 

that additional species such as H. ergaster, H. 

georgicus and H. soloensis can be accomodated 

within H. erectus (Baab, 2008); 6) a comparison of 
Figure 1. Wireframe views of a) Sts 5, b) Taung simulated as an 

adult, c) SK 48 (from McNulty et al., 2006). 
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scanned articulating tibial and talar surfaces using 

semi-landmark grids with the aim of distinguishing 

species and individuals (Harcourt-Smith et al., 2008); 

and 7) an ongoing study of Old World monkey cranial 

shape change through time, combining a baseline 

molecular phylogeny with laser scans of extant and 

fossil species’ crania, reconstruction of damaged 

fossils, inference of cranial shape at any point on the 

tree, and placement of fossils close to the most 

similar inferred shape (Delson et al., in prep.). 

Research underway by members of the NYCEP 

Morphometrics Group is aimed at reconstructing and 

visualizing the pattern and history of cranial shape 

variation in Old World monkeys and hominins, com-

bining the above approaches with new ones to be 

discussed in this talk. 

 
BAAB, K.L. (2008). The taxonomic implications of cranial shape variation in Homo erectus. Journal of Human Evolution 54: 827-847. 

FROST, S.R., MARCUS, L.F., REDDY, D.P., BOOKSTEIN, F., DELSON, E. (2003). Cranial allometry, phylogeography and systematics of large bodied 

papionins (Primates: Cercopithecinae) inferred from geometric morphometric analysis of landmark data. Anatomical Record 275A: 

1048-1072. 

HARCOURT-SMITH, W.E., TALLMAN, M., FROST, S.R., WILEY, D.F., ROHLF, F.J., DELSON, E. (2008). Analysis of selected hominoid joint surfaces using 

laser scanning and geometric morphometrics: A preliminary report. In: Sargis, E.J., Dagosto, M. (eds) Mammalian Evolutionary 

Morphology: A Tribute to Frederick S. Szalay; Springer, Dordrecht, pp 373-383. 

HARVATI, K., FROST, S.R., MCNULTY, K.P. (2004). Neanderthal taxonomy reconsidered: Implications of 3-D primate models of intra- and 

interspecific differences. Proceedings of the National Academy of Sciences, USA 101: 1147-1152. 

MCNULTY, K.P., FROST, S.R., STRAIT, D.S. (2006). Examining affinities of the Taung child by developmental simulation. Journal of Human 

Evolution 51:274-296. 

PONCE DE LEÓN, M.S., ZOLLIKOFER, C.P.E. (2001). Neanderthal cranial ontogeny and its implications for late hominid diversity. Nature 412: 

534-538. 

SINGLETON, M., MCNULTY, K.P., FROST, S.R., SODERBERG, J., GUTHRIE, E.H. (2010). Bringing up Baby: Developmental simulation of the adult 

cranial morphology of Rungwecebus kipunji. Anatomical Record 293: 388-401. 

ZOLLIKOFER, C.P.E., PONCE DE LEÓN, M.S. (2005). Virtual Reconstruction: A Primer in Computer-Assisted Paleontology and Biomedicine. Wiley, 

New York. 288pp. 

ZOLLIKOFER, C.P.E., PONCE DE LEÓN, M.S., LIEBERMAN, D.E., GUY, F., PILBEAM, D., LIKIUS, A., MACKAYE, H. T., VIGNAUD, P., BRUNET, M. (2005). Virtual 

cranial reconstruction of Sahelanthropus tchadensis. Nature 434: 755-759. 

 

 

 

 

 

 

 

 

 

Figure 2. Virtual reconstruction and “retrodeformation” of KNM-ER 1813, cranium of Homo habilis. On the left are basal and frontal views 

of 1813, rendered from CT scan data of the original fossil. On the right, the digitally restored skull includes regions that were mirrored from 

left to right (and vice versa) as well as parts that were symmetrized by a newly developed process, which combines local retrodeformation 

with a global approach to non-linear symmetry restoration: the researcher indicates corresponding right and left landmarks in our 

Landmark Editor software and then defines a local neighborhood of fixed radius around each landmark. Based on deformation of right-left 

landmark pairs within the local neighborhood, new software estimates a local stretch that would restore symmetry. In a second step, a 

global least-squares optimization is applied to the local stretches and aligns the local planes of symmetry with a common midline plane. 

We assume the final symmetry of the result as a tight constraint, subject to which we maintain the distances between neighboring 

landmark points on the surface using the least-squares criterion. Lastly, the software restores those pieces of the cranium indicated by the 

researcher to be damaged or missing by reflecting the data from the other side of the specimen. (Research in progress by E. Delson, N. 

Amenta, S. Frost, D. Ghosh, F.J. Rohlf, W.E.H. Harcourt-Smith, L. Tallman and K. St-John). 
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