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Geometric morphometrics, This study compares legacy and modern coordinate systems used in shape analysis as a
Shape analysis, Boas pedagogical demonstration, evaluating their impact on morphometric outcomes using a Homo
Coordinates, Bookstein naledi third metacarpal (MC3). Nine fixed landmarks were placed along the palmar curvature
coordinates, Procrustes of a Homo naledi MC3 (MorphoSource ID: 0000S2122). Thirty specimens were simulated by
Coordinates. applying small positional noise to the original configuration. Landmark data were transformed

using four coordinate systems: Boas, Bookstein, Procrustes, and tangent space. Mean displacement,
RMSE, morphological disparity, and PC1 variance were calculated for each. Bookstein coordinates
produced 138% higher disparity and 155% greater PCI variance than Procrustes. Boas also
inflated shape metrics. Tangent space approximated Procrustes outcomes closely. No inferential
statistics were applied due to deterministic transformations. Results indicate that coordinate
system choice significantly affects shape quantification. Legacy systems incorporate a measure of
a different, more comprebensive variable that includes non-shape components Procrustes-based
methods remain the most reliable for evolutionary morphometric analyses.

Introduction

Shape analysis has long held a central place in evolutionary anthropology. From early attempts to
quantify cranial form to contemporary studies of hominin morphology, the way shape is encoded,
transformed, and compared has directly influenced our understanding of biological variation and
evolutionary processes. Over the past century, a succession of coordinate systems has emerged, each
reflecting a conceptual shift in how anthropologists define and analyse shape.

The earliest attempt was made by Franz Boas, who advocated using a fixed landmark as the origin of
a coordinate system, aligning specimens through translation alone (Boas 1905; 1912). This pragmatic
solution served craniometry in the early 20th century but retained differences in orientation and scale
(Sneath 1967). In the 1980s, Fred Bookstein introduced a two-point anchoring scheme— now known as
Bookstein coordinates— where landmarks are placed relative to a fixed baseline, normalising for position
and scale in two-dimensional configurations (Bookstein 1991; 1989). While eftective for outlines and
comparative sketches, Bookstein coordinates still exhibit angular distortion.

The adoption of Procrustes coordinates marked a major turning point, aligning specimens through
translation, uniform scaling, and rotation, and minimising the sum of squared distances between
homologous landmarks (Rohlf & Slice 1990; see also Gower 1975, in a psychometric context). This
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approach became foundational in geometric morphometrics, as it standardises shape while removing
non-shape variation. Underlying this method is Kendall’s shape space, a curved manifold on which
shapes reside (Kendall 1984), whose local linearisation — the tangent space— permits multivariate
statistical analyses such as principal component analysis (Dryden & Mardia 2016).

Despite this historical trajectory, these coordinate systems are rarely evaluated side-by-side as a
pedagogical demonstration (for a detailed review of geometric morphometrics, see Mitteroecker &
Schaefer 2022). The present study statistically demonstrates that legacy coordinate systems such as Boas
and Bookstein introduce systematic distortions in the quantification of shape variation when compared
to modern Procrustes and tangent space methods now standard in evolutionary anthropology. To achieve
this in a less complex scenario than real-world biological data, shape variation is simulated by perturbing
a single specimen of third metacarpal of Homo naledi, transforming the same dataset under Boas,
Bookstein, Procrustes, and Tangent space frameworks, and comparing their morphometric outcomes
quantitatively. The shape variation being analysed here is therefore purely simulated measurement error
or noise and not a true population-level, interspecific, or phylogenetic shape variation.

Materials and Methods

The third metacarpal (MC3) of Homo naledi, a fossilhominin long bone with pronounced curvature
and preserved morphology, was selected. Its palmar shaft curvature made it suitable for testing shape
transformations across coordinate systems. The MC3 surface model was obtained from MorphoSource
(Specimen ID: 0000S2122; Media ID: 000006499). Landmarking was performed in MeshLab, where nine
equally spaced points were placed along the palmar curve, with emphasis on the midshaft region. Their
placement on the midshaft curve primarily captures curvature, which is what is being analysed. Landmark
positions are illustrated in Figure 1.

To demonstrate how coordinate systems respond to small, controlled errors on a single shape, 30
synthetic specimens were simulated by adding small, normally distributed perturbations (u. = 0, ¢ =
0.2 mm) to the original landmark configuration. This produced a synthetic dataset that preserved
anatomical plausibility while introducing realistic variation. All coordinate transformations and analyses
were conducted in R (v4.5.0), using the geomorph, dplyr, stats, and base packages. Each specimen was
transformed into four coordinate systems:

* Boas (translation only)

* Bookstein (baseline scaling with fixed endpoints)
* Procrustes (translation, scaling, rotation via GPA)
* Tangent space (linearised Procrustes)

For each system, the mean shape was calculated, and the following morphometric metrics were extracted:
mean displacement from Procrustes shape, root mean square error (RMSE), morphological disparity
(Procrustes variance), and PC1 variance (%). This framework enables a controlled evaluation of how
coordinate systems influence morphometric interpretations, which is critical when working with fossil data.

Results

The 30 simulated MC3 configurations were transformed into four coordinate systems for comparison
(Table 1). The historically grounded Boas and Bookstein systems showed higher shape variation metrics,
while Procrustes and tangent space transformations produced more constrained and interpretable results.
Boas coordinates, relying solely on translation, retained positional noise, inflating measures of variation.
Bookstein coordinates, which scale along a fixed baseline, exhibited even greater displacement and disparity,
likely due to distortion introduced by its anchor-based geometry. These systems inflated RMSE and
PC1 variance, indicating reduced shape fidelity. In contrast, Procrustes alignment and its tangent space
projection effectively removed non-shape variation, yielding the lowest disparity and dimensional spread.
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These results reaffirm a mathematically necessary and expected outcome.

Discussion

This study demonstrates that the choice of coordinate system has a measurable and systematic effect
on shape analysis, even when all data are derived from a single biological structure. By transforming a
set of simulated Homo naledi third metacarpals using Boas, Bookstein, Procrustes, and tangent space
frameworks, it was found that older coordinate systems— though historically foundational- tend to
inflate morphometric metrics and potentially distort evolutionary interpretations.

With only one deterministic transformation of the same dataset, this is a descriptive rather than an
inferential study. As each coordinate system deterministically transforms the same underlying shape
data, formal hypothesis testing was not appropriate; results are interpreted descriptively based on direct
metric comparisons. These 30 specimens from a base configuration were simulated to demonstrate how
shape coordinates behave under different alignment frameworks. While not reflecting population-level
biological variation or asymmetry, this simulation allowed comparison of coordinate systems under
controlled conditions.

The elevated morphological disparity and PC1 variance under Boas and Bookstein coordinates
highlight the residual effects of non-shape variation such as translation, scale, and orientation. Bookstein
coordinates produced a morphological disparity value 138% higher than that of Procrustes (0.0060 vs
0.0025), while Boas exceeded Procrustes by approximately 69%. Similarly, the variance explained by
PC1 was 155% higher under Bookstein coordinates than under Procrustes (42.4% vs 16.6%), suggesting
substantial inflation of dimensional structure when non-shape variation is retained. These limitations
explain their historically limited use in multivariate shape analysis and underscore why they are rarely
applied in contemporary evolutionary anthropology.

In contrast, Procrustes alignment and its linearised tangent space representation have become standard
because they eliminate non-shape variation while preserving geometric relationships. The lower disparity
and PC1 variance in these systems reflect this methodological precision. The relatively high value for Mean
Displacement (— Procrustes) in the Tangent Space (0.37800) is a geometrical artifact of the linear projection
required to transform the shape coordinates from the curved Procrustes shape space into the flat Tangent
Plane. The crucial metrics for evaluating the validity of this projection are the Morphological Disparity,
PC1 Variance, and the Root Mean Square Error (RMSE). The identical disparity and PC1 variance,
coupled with an RMSE of approximately zero, definitively confirm that the Tangent Plane projection is
a near-perfect linear approximation for this dataset, resulting in no measurable statistical distortion. The
identity of outcomes under Procrustes and tangent confirms that the tangent space approximation is a
valid basis for statistical analysis when specimens exhibit relatively low Procrustes distances, as in this study.

These findings are particularly relevant for studies using fossil material, where sample sizes are limited
and each specimen carries interpretive weight. Using legacy coordinate systems risks overestimating
morphological variability or misinterpreting dimensional patterns of shape change. While the Boas
and Bookstein methods remain important for understanding the historical development of geometric
morphometrics, their analytical value today is largely pedagogical or exploratory.

This study also demonstrates a reproducible, simulation-driven approach to evaluating
methodological frameworks in evolutionary morphology. As this analysis is based on simulated variation
derived from a single anatomical element of one species, its conclusions may not generalise across other
taxa, anatomical regions, or more complex landmark datasets. However, the framework presented here
can be readily extended to diverse structures and taxa in future comparative studies. By leveraging a
single known specimen and generating controlled variation, this study highlighted how coordinate
system selection can alter downstream inferences, even when biological input is held constant.
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Conclusion

Thisstudy demonstrateshow historically importantyet methodologically divergent coordinate systems
can produce different interpretations of shape variation, even when derived from identical biological
input. While the Boas and Bookstein systems laid the groundwork for quantitative morphology, the
Procrustes and tangent space frameworks offer clearer, statistically grounded insights into shape relevant
to evolutionary questions. As evolutionary anthropology increasingly integrates digital morphology,
revisiting the assumptions embedded in coordinate systems is not merely technical—it is central to
advancing robust and reproducible interpretations of form, function, and lineage in the fossil record.
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Tables and Images
Table 1: Summary of the key metrics derived from each coordinate system: mean displacement and RMSE relative to the Procrustes-aligned
mean shape, morphological disparity (Procrustes variance), and percentage of variance explained by the PC1.

Metric Boas Bookstein Procrustes Tangent
Mean Displacement (— Procrustes) 0.49800 0.73300 0.00000 0.37800
RMSE (— Procrustes) 0.49800 0.86600 0.00000 =(0.00000
Morphological Disparity 0.00424 0.00598 0.00251 0.00251

PC1 Variance (%) 31.87 42.38 16.60 16.60

Fig. 1- Palmar view of the Homo naledi MC3, showing placement of 9 fixed landmarks along the midshaft curvature (lateral

view as a small inset).




