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Introduction. Geometric morphometric methods rely on the accurate identification and  Error assessment at the landmark level 0 a L
quantification of landmarks on biological specimens. A review of methods currently  « One suggestion* for assessing measurement error on an individual landmark basis involves 1 o > 3 o
being employed to assess measurement error identified three general approaches to the  the use of the centroid radius, the distance between any iIndividual landmark and the Figure 7. Partial superimposition _ ° ° o ° T °
problem. Shortcomings of these methods are reviewed and discussed here. A revised  configuration centroid (Fig. 3). of three repeat trials of a landmark
method Is proposed and described that mitigates the problems associated with existing  The centroid radius corresponding to each landmark is calculated for each repeat, and the configuration. Reference landmarks \ 1 /
methods. mean and percentage error associated with each centroid radius is computed across repeats. (red circles) are used to

. . . This method may potentially underestimate error, depending on the geometry of the  SUPermpose trials, such that @ °
Error assessment at the configuration level landmark configuration (Fig. 4). measurement precision can be i
- Some studies assess the effect of measurement error on a landmark configuration by ga’ﬂg‘ét:)d for other landmarks (blue . i

examinin repeat measurements of specimens In shape space. Followin . .
J P P P P J Figure 4. Potential

superimposition, repeats of a single specimen should cluster together and be discrepancies between the A v | \ | | | |
distinguishable from other specimens when tested in a principal components analysis! calculated error (R’ — R) and the . * A configuration of fourteen well-defined landmarks was assessed for Intra-
(Fig.1a). actual error (¢,) when using the observer error using three metho_d_s. th_e Corner et al. (1992) method, PS as
centroid radius (R) as a means of < proposed here, and full superimposition using GPA.
A. Observer 1 B. Observer 2 C. Inter-observer error assessment. A. If error * A plot of the calculated a0
occurs normal to the surface, R’ errors using the three
X X O o o O o O and R are collinear and therefore u thods (Eia. 8 100 .
"X o g x O © ¢. = R'—R. B. Modeling the * methods (Fig. 8) 2 \
a - - S
N N ) - N X 4 o . ooy . o demonstrates that PS E Lu A
O O O 4+ X 4+ vicinity of the landmark as a flat surface, error (¢,) occurs perpendicular to R. Thus, R' = VR2+ £.°. ] h = °
- - o Q. X + C. Modeled as a sphere, R' = R and therefore no error along the surface of the specimen is detectable. preielifees e seliie g —e— Comeretal
1—* pattern of results as g o
* . . . . Corner et al., in contrast o Gaperimposiion
Error assessment while keeping a constant orientation . . z 04
: _ . . to using GPA, which = —s—Ful
e Corner et al. (1992)°> describe a method for assessing individual landmark precision by - . bempositon
PC1 PC1 PC1 A . . . _ _ yields a random pattern -
repeatedly digitizing landmarks while keeping the digitizer and the specimen In a constant o T E R
—lgure 1. Three measurement repeats from three different specimens are compared in a o_rlentatlon relative to ea.Ch. other (Fig. 5). The raw repeat values of each landmark can be . _ O'OO\& R N I LA
orincipal components analysis. Each mark represents the location of a single repeat of a full directly compared for variation. | | Figure 8. Comparison of S T T T EEEE
andmark configuration in shape space. A. Repeats of each specimen clearly cluster. B. e Although this approach accurately measures landmark error, it can only be applied to three approaches to error VY Y Y Y Y Y Y YN
Repeats of a given specimen do not cluster. C. Repeats of the same specimen cluster landmarks taken on an object held static relative to a digitizer, or one that is in a constant assessment.
separately for two observers. frame of reference (such as a CT scan). | o o | |
| | | » However, many morphometric studies include instrumentally defined landmarks. In these ~ Making the transition from traditional to geometric morphometrics
* It repeats do not cluster tightly (Fig. 1b), relatively error-prone landmarks cannot be cases, the error associated with the procedure used to identify the point on a specimen (Fig. , e notential difficulty in making the

identified. Additionally, two observers may take landmarks at slightly different locations, 6) is intrinsic to the definition of the landmark in space.
which could cause the primary source of shape variation to be Inter-observer
measurement variance rather than inter-specimen variance (Fig. 1c).

« Measurement error may only reside with a few landmarks, but this increased variance

IS transferred to the whole configuration during superimposition of repeats using ﬁ ? : ? ;
Generalized Procrustes Analysis (GPA) — a phenomenon known as the “Pinocchio

transition from traditional

morphometrics to landmark-based

morphometrics Iin anthropology Is the

inadequacy of the anatomical landmark Bregma?
definitions currently available.

Day 1 Day 2 Day 3

effect”® (Fig. 2). For this reason, if a researcher is concerned with the relative validity of
individual landmarks, measurement
error must be assessed on a landmark- =N

* Describing a landmark in terms of a
junction of sutures may provide an

: accurate description of an anatomical
A by-landmark basis. 4.\ )/ standard deviation - PLo - -
N W .. locality, but may fail to define a single
_ | | | | point with sufficient exactness (Fig. 9).
Figure 5. Corner et al. (1992) method for assessing  Figure 6. Examples of instrumentally defined

landmark preCiSion. landmarks: Glabella and OpiStocranium. Figure 0. Deﬁning landmark location to a very h|gh
precision may require more than a standard description.
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