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14.1 Abstract 

We applied a Maximum-Likelihood (ML) criterion to the problem of identifying un-
known specimens using a database of specimens whose identity was known. Our ap-
proach was based on shape, quantified using two-dimensional Cartesian landmarks. 
We applied the technique to two specific problems: (1) identifying Quaternary marmot 
skulls (Marmota, Sciuridae, Rodentia) to species, and (2) identifying the position of 
individual elements within the vertebral column of the Red-tailed pipesnake, Cylin-
drophis ruffus (Serpentes, Alethinophidia). The ML criterion finds the best identity by 
choosing the sample that best fits the unknown. Cross-validation tests indicated that 
identifications of unknown marmots were correct about 80%-90% of the time. Fossil 
marmots from two sites (Meyer Cave, Illinois and Little Box Elder Cave, Wyoming) 
could be assigned to species (M. monax and M. flaviventris respectively), but marmots 
from several other localities could not be assigned to a species-level taxon. Snake ver-
tebrae could be allocated to their proper columnar interval more than 80% of the time, 
with incorrect assignments rarely being more than 10% out of place. Our technique is 
widely applicable in palaeontology, where the problem of identifying isolated morpho-
logical elements can be acute but is often ignored. Our approach allows palaeontolo-
gists to base their identifications securely on their morphological data, and to recog-
nize conditions under which a confident identification can or cannot be made. 
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14.2 Introduction 

The identification of palaeontological specimens can often be problematic, especially 
in the face of morphological variation. Whether the problem is assigning a specimen to 
a taxon or determining which anatomical element a specimen represents, identifica-
tions can be compromised by subjectivity and “small sample” typology. Consequently, 
assignments are often influenced by external, a priori considerations such as geo-
graphic and stratigraphic provenance. Many automatic identification methods are 
available, including neural networks, nearest neighbor classification, and linear dis-
criminant analysis (Ripley 1994; Yang 2002; Behnke 2003). In this paper, we applied 
a maximum-likelihood (ML) criterion and landmark representations of shape to the 
problem of identifying unknown specimens using a database of specimens whose 
identity was known (Hastie and Tibshirani 1996). Our goal was to explore an objective 
method for identifying fossil materials, and to assess the extent to which the method 
was able to make accurate identifications. 

We applied this approach to two problems. The first was species-level identification 
of fossil marmots based on their skulls. Marmots (woodchucks, Alpine marmots) have 
a geographic distribution that covers much of Holarctica (Hoffmann et al. 1997; Ba-
rash 1989; Steppan et al. 1999). Most living marmot species are adapted to either mon-
tane or steppe habitats and their ranges have been more restricted in interglacial warm 
periods (including today) than in cooler glacial periods. Consequently, fossil marmots 
are commonly recovered outside extant distributions, and the group has provided an 
important example of the effects of climatic change on the geographic ranges of 
mammals (Stearns 1942; Anteva 1954; de Villalta 1974; Frase and Hoffmann 1980; 
Graham et al. 1996; Kalthoff 1999). The well-documented geographic reorganization 
of marmot ranges makes the accurate identification of fossil remains imperative be-
cause incorrect assignments obscure patterns of environmentally driven geographic 
reorganization (Graham and Semken 1987; Polly 2003a). We built a database of skull 
shapes from the majority of species, including most North American subspecies. We 
characterized skull shape using landmarks on the ventral cranial surface, and applied 
an automated ML algorithm that identified unknown individuals against this database. 

The second problem was the assignment of isolated snake vertebrae to a particular 
position in the vertebral column. We explored the possibility of using vertebral shape 
and ML matching to the problem of assigning isolated vertebrae to subregions of the 
precloacal vertebral column. The fossil record of snakes consists predominantly of iso-
lated precloacal vertebrae. Because of this, the majority of taxonomic assignments for 
fossil snakes are based on (often subtle) variations in vertebral shape (e.g. Rage 1984; 
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Holman 2000). Progressive, quantified intracolumnar variation is well-documented for 
the vertebral column in snakes (e.g. Hoffstetter and Garyard 1965; Hoffstetter and 
Gasc 1969; Thireau 1967; LaDuke 1991; Polly et. al. 2001), however this variation is 
not accounted for in taxonomic assignments, with a few notable exceptions (Szyndlar 
1984). In order to reconstruct alpha taxonomy in fossil snakes, taxonomic differences 
in vertebral shape must be distinguishable from intracolumnar variation. As a first step 
in separating taxonomy from regional position, we explored the possibility of using 
vertebral shape and ML matching to assign isolated vertebrae to subregions of the pre-
cloacal vertebral column for two snakes within a single species. To do this, we used 
landmarks to characterize the shape of all the precloacal vertebrae from a single indi-
vidual. We divided the vertebral column into equal sections, using each section as a 
statistical sample representing that region, and applied the same ML algorithm to 
match vertebrae whose position was unknown to one of the regions. 

Our approach used the variation in each known sample to estimate a multivariate 
probability distribution against which each unknown was compared, and is a simpli-
fied version of mixture discriminant analysis, or Gaussian ML classification (Hastie 
and Tibshirani 1996). Identifications were made by finding the sample into whose 
probability function the unknown best fit, or, put another way, by finding the known 
sample distribution that maximized the likelihood of the unknown shape. Because we 
used landmark representations of shape, the unknown was iteratively fit to each sam-
ple using Procrustes Generalized Least-Squares (GLS) superimposition, which mini-
mizes the differences among the shapes via translation, scaling, and rotation (Rohlf 
1990; Rohlf and Slice 1990). Probability distributions for each sample were estimated 
from the means and variances of each dimension of each superimposed landmark, and 
their joint distribution was used to compare the unknown specimen. In the interest of 
applying this procedure to small samples, we ignored issues of colinearity and covari-
ance, and we discuss the ramifications of that decision. For simplicity, we have con-
fined this study to examples where the unknown individuals are almost certain to have 
come from a group represented by the samples against which they are being compared. 
In many palaeontological studies, however, specimens may belong to a new taxon or 
may be an early member of an evolving lineage whose morphology is not perfectly co-
incident with living or previously studied fossil species (Polly 2002). We do not deal 
with this evolutionary problem here, but those attempting to apply our method should 
consider it carefully. A tree-based ML approach (e.g. Polly 2003a, b) may be prefer-
able in cases where the unknown is not likely to literally be a member of sampled 
groups. 

The application of Procrustes superimposition to problems of identification or clas-
sification is not new. Wang et al. (2003) applied Procrustes distance to identify human 
individuals based on their gait as measured from superimposed frames from films 
taken while walking. Numerous applications have also been made in the food industry, 
albeit with a considerably different use of Procrustes alignment (e.g. Muir et al. 1995; 
Sinesio et al. 2001; Le Fur et al. 2003). Statistical distributions of Procrustes residuals 
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(the many finer points of which we have sidestepped) have been elegantly described 
by Dryden and Mardia (1998) and references therein. 

Abbreviations: FAMNH, Frick Collection, American Museum of Natural History; 
k, number of Cartesian dimensions; IMNH, Idaho Museum of Natural History; ISM, 
Illinois State Museum; ML, maximum-likelihood; n, number of landmarks (except 
where N is explicitly used in the text for numbers of individuals in a sample); UCM, 
University of Colorado-Boulder Natural History Museum; UCMP, University of Cali-
fornia Museum of Paleontology; USNM, United States National Museum of Natural 
History. 

14.3 Materials and methods 

14.3.1 Marmots 

Nineteen samples of living marmots were assembled to serve as points of comparison 
and to test the accuracy of identifications (Table 1). The samples represented nine of 
the fourteen living species, including all but one North American species. For the three 
major North American species (M. caligata, M. flaviventris, and M. monax) represen-
tative subspecies were included. 

Living individuals or museum skin specimens can easily be assigned to their proper 
species. Skeletal or dental remains, such as those found in the fossil record, are much 
more difficult to classify, however. Diagnostic differences in the skull, including the 
breadth of the interorbital region, the shape of the postorbital processes, and the rela-
tive size of the upper fourth premolar, have been suggested (Howell 1915; Frase and 
Hoffman 1980), but these qualitative characteristics break down when large, geo-
graphically and subspecifically diverse samples are considered. 

We applied the ML identification method to six Quaternary palaeontological sam-
ples (Table 2). These samples were selected because they included skulls that were 
sufficiently complete for quantitative comparison with extant material. Palaeontologi-
cal material included specimens from Moonshiner Cave, Bingham Co., Idaho (White 
et al. 1984) housed in the Idaho Museum of Natural History; Bear Park Cave, Blaine 
Co., Idaho (Jefferson et al. 2002) housed in the Idaho Museum of Natural History; 
Little Box Elder Cave, Converse Co., Wyoming (Anderson 1968) housed in the Uni-
versity of Colorado-Boulder Museum of Natural History; Papago Springs, Santa Cruz 
Co., Arizona (Skinner 1942; Czaplewski et al. 1999a, b) housed in the American Mu-
seum of Natural History; Schlieper’s Pit, Pike Co., Illinois housed in the Illinois State 
Museum; and Meyer Cave, Monroe Co., Illinois (Parmalee 1967) housed in the Illi-
nois State Museum. All of these localities except Papago Springs fall within the cur-
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rent geographic range of either Marmota monax (the Woodchuck) or M. flaviventris 
(the Yellow-bellied marmot). 
Thirty four two-dimensional landmarks were chosen to represent the shape of the ven-
tral side of the cranium (Fig. 1). Only one half of the skull was used so that fossil (or 
extant) specimens that were broken on one side could still be included. The landmarks 
were placed as follows: 1. Contact point between incisors; 2. Lateralmost point of the 
incisor alveolus; 3. Anteriormost point of the anterior palatine foramen; 4. Intersection 
of the maxillary-premaxillary suture and the palatine foramen; 5. Anteriormost point 
of the process below the infraorbital fissure; 6. Junction between the anterior zygoma 
with the lateral wall of the skull; 7. Palatalmost point on the root of the third premolar; 
8. Palatalmost point on the root of the fourth premolar; 9. Palatalmost point on the root 
of the first molar; 10. Palatalmost point on the root of the second molar; 11. Palatal-
most point on the root of the third molar; 12. Junction of the maxillary-palatine sutures 
and the midline; 13. Anteriormost point of the lesser palatine foramen; 14. Anterior-
most point of the greater palatine foramen; 15. Posteriormost point of the palatine 
bones at the midline; 16. Anteriormost point of attachment of posterior superficial 
masseter on the the zygoma; 17. Posteriormost point of attachment of posterior super-
ficial masseter on the zygoma; 19. Anteriormost point of attachment of the posterior 
deep masseter on the zygoma; 20. Posteriormost point of attachment of the posterior 
deep masseter on the zygoma; 21. Junction between posterior of the zygoma and the 
skull wall; 22. Anterior lacerate foramen; 23. Anterior point of interpterygoid fora-
men; 24. Boundary of the basisphenoidal-occipital suture and the medial wall of the 
auditory bulla; 25. Carotid canal; 26. Midpoint of opening to external auditory meatus; 
27. Mastoid process; 28. Anteriormost point of the posterior lacerate foramen; 29. Pa-
roccipital process; 30. Hypoglossal foramen; 31. Posteriormost point of the occipital 
condyle; 32; Anteriormost point of the foramen magnum; 33. Midline of the basisphe-
noidal-occipital suture; and 34. Midline of the presphenoidal-basisphenoidal suture. It 
is worth noting that several geometric morphometric studies of marmots have been 
published (Cardini 2003; Cardini and Tongiorgi 2003; Cardini et al. 2003; Polly 
2003).  
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Table 1. Samples of living marmots whose identity was known. The individual subspecific 
samples belonging to the three North American species Marmota caligata, M. flaviventris, and 
M. monax were combined repectively into three larger species samples for final determinations. 
ID is the identifying number of each sample and N is the number of individuals 

ID Taxon Locality N 
1 M. broweri Brooks Range, Alaska, 

USA 
6 

2 M. caligata caligata Becharof Lake, Alaska, 
USA 

13 

3 M. caligata cascadensis Mt. Ranier, Washington, 
USA 

6 

4 M. caligata nivaria Montana and Idaho, USA; 
Alberta, Canada 

10 

5 M. caligata okanagana British Columbia, Canada 3 
6 M. caligata oxytona Alberta and British Colum-

bia, Canada 
8 

7 M. caudata N.W.F.P, Pakistan and 
Kashmir 

28 

8 M. flaviventris engelhardti Utah, USA 7 
9 M. flaviventris flaviventris Donner Pass, California, 

USA 
3 

10 M. flaviventris fortirostris White Inyo Mts., Califor-
nia, USA 

13 

11 M. flaviventris luteola Colorado, USA 12 
12 M. flaviventris nosophora Idaho and Montana, USA 22 
13 M. himalayana China, Kashmir, and Sik-

kim 
22 

14 M. marmota Switzerland 5 
15 M. monax canadensis Ontario, Canada 12 
16 M. monax monax Illinois, Indiana, and Vir-

ginia, USA 
28 

17 M. monax rufescens Ontario, Canada 8 
18 M. sibirica Mongolia and Inner Mon-

golia, China 
21 

19 M. vancouverensis Vancouver Island, Canada 7 
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Table 2. Fossil samples considered for identification. All localities except Papago Springs fall 
within the geographic range of an extant species of Marmota 

Locality Age N Extant Species Range 
Moonshiner Cave, Idaho Early Holocene 1 M. flaviventris 
Bear Park Cave, Idaho Holocene 2 M. flaviventris 

Little Box Elder Cave, Wyoming Late Glacial 1 M. flaviventris 
Papago Springs, Arizona Wisonsinan 1 None 

Schliepers Pit, Illinois Holocene 2 M. monax 
Meyer Cave, Illinois Lt. Pleist. / Holocene 5 M. monax 

 

 
Figure 1. Ventral view of the skull of Marmota flaviventris engelhardti from the Colub Moun-
tains, Utah (AMNH 140038) showing the position of the 34 landmarks used to represent skull 
shape 

14.3.2 Snakes 

Precloacal vertebrae from two individuals of the Red-tailed pipesnake, Cylindrophis 
ruffus were studied. Cylindrophis is an alethinophidian snake traditionally considered 
basal with respect to Macrostomata (e.g. Kluge 1991; Tchernov et al. 2000) although 
more recent analyses have reduced clarity of interrelationships (e.g. Slowinski and 
Lawson 2002). Cylindrophis ruffus is a fossorial and littoral taxon about 70 cm long 
from southeast Asia. We chose Cylindrophis because it is an “anilioid” (sensu Cundall 
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et al. 1993), a group with a long, widely dispersed fossil record (Rage 1984; Gardner 
and Cifelli 1998; Holman 2000). We considered two individual snakes. The order po-
sition of each bone was known in one specimen (USNM 523566), and vertebrae from 
that snake were used as identification samples. The order position was not known in 
the second specimen (UCMP 136995). Only precloacal vertebrae were considered be-
cause they are the most problematic in terms of positional identification, and constitute 
the majority of both the snake vertebral column and the fossil record. The first snake 
had 184 precloacal vertebrae, and the second had 187. 

Vertebrae were photographed in anterior view and their shape represented by a se-
ries of 14 two-dimensional landmarks (Figure 2). As with the marmot dataset, only 
one side of each element was digitized because vertebrae are approximately bilaterally 
symmetrical. Landmarks were placed as follows: 1. midline base of the cotyle; 2. mid-
line dorsal margin of coytle; 3. medialmost contact between vertebral centrum and 
neural arch; 4. midline dorsalmost point of neural canal; 5. midline dorsal margin of 
zygosphene; 6. dorsal margin of neural spine; 7. dorsolateralmost point of zygosphenal 
articular facet; 8. ventromedialmost point of zygosphenal articular facet; 9. medial-
most point of prezygapophyseal articular facet; 10 lateralmost point prezygapophyseal 
articular facet; 11. lateralmost point of prezygapophyseal accessory process; 12. dorsal 
margin of synapophyseal articular surface; 13. ventral point of synapophyseal articular 
surface; 14, contact between synapophysis and vertebral centrum. 

The vertebrae of the specimen where the order was known were partitioned into 
equal sized sections. Each section served as an identification sample, allowing un-
known specimens to be allocated to a specific region of the precloacal column. No at-
tempt was made to determine a more exact placement of unknowns. Two partitions 
were tried: one with 18 partitions containing ten vertebrae each, and the second with 
10 partitions of eight vertebrae each. 
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Figure 2. Anterior view of precloacal vertebra 120 from Cylindrophis ruffus (USNM 523566) 
showing the positions of the 14 landmarks used in this study 

14.3.3 ML identification procedure 

Each unknown specimen was iteratively superimposed with individual known samples 
and the likelihood calculated. Superimposition was achieved through Procrustes (GLS) 
analysis, consisting of translation, scaling to unit centroid size, and rotation. The mean 
(or consensus shape) was subtracted to yield Procrustes residuals. Normal distributions 
were fit using the mean (zero) and standard deviation of the residuals of the specimens 
of known identity, where the number of distributions equaled n landmarks * k dimen-
sions.  

Identification was treated as a maximum-likelihood (ML) problem. Normally ML is 
used to estimate distribution parameters from a set of observed data. In this case, the 
parameters were the mean and variance of the parent distribution (taxon, vertebral po-
sition) from which the unknown specimen was drawn, but instead of estimating these 
using a multi-individual sample and drawing from any possible mean and variance, the 
algorithm selected the mean and variance of the known sample that best explained the 
unknown individual. The identity of the best-fit sample was then assigned to the un-
known. 

The log likelihood of the unknown given a particular sample was calculated as 
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where n*k was the number of landmarks times the number of dimensions and f(u|s) 
was the probability of the unknown residual given the distribution of the known re-
siduals. The latter was calculated from the density function of a normal curve fit to the 
mean and variance of each of the n*k sets of residuals. Even though sample sizes dif-
fered (and were occasionally quite small) the normal distribution rather than the t-
distribution is appropriate for ML fitting. The property of the t-distribution of in-
creased spread with decreased sample size makes it inappropriate because the density 
curves for small samples would be disproportionately large, resulting in a biased refer-
ral of unknowns to them. 

Our likelihood function disregards two important properties of Procrustes superim-
posed data, colinearity and covariance, both of which reduce the accuracy of identifi-
cation. Our decision to disregard was made because these properties were nearly im-
possible to incorporate when the number of specimens in a sample is smaller than n*k, 
as is often the case for palaeontological studies. Because this study was aimed at prac-
tical use, we sacrifice power for wider applicability. 

14.3.4 Cross-validation assessment 

A “leave-one-out” cross-validation procedure (Hills 1966; Mosteller and Tukey 1968; 
Stone 1974) was used to assess the effectiveness of the algorithm. Each specimen was 
iteratively removed from its sample and treated as though its identity were unknown. 
Its identity was then estimated using the original samples (including its own n-1 parent 
sample). Cross-validation statistics were then calculated from the known and esti-
mated identities.  

For marmots, samples 1, 2, 7, 10, 11, 13, 14, 16, 18, and 19 (Table 1) were used in 
the cross-validation procedure. A second set of samples (3, 4, 5, 6, 8, 9, 12, 15, and 
17), whose identities were known but whose subspecific identity differed from the 
identification samples, was also tested. Later, some of these were combined into three 
large samples representing three North American species (see below). For snakes, the 
18 sections of ten vertebrae and 10 sections of 18 vertebrae were cross-validated. 

Two cross-validation statistics were calculated: (1) the percentage of specimens that 
were classified correctly, and (2) the percentage of classifications that were correct. 
The complements of these statistics (the percentages of incorrect classifications) corre-
spond to Type I and Type II error. The second of these is the most important for as-
sessing the probability that an identification made by the algorithm is correct. 
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14.3.5 Identification of unknowns 

The identities of true unknowns were then estimated using the ML procedure. Fossil 
marmot specimens (Table 2) were matched against the three large samples represent-
ing the most geographically widespread North American species. As will be shown 
below, the accuracy of identification was better with large samples. Individuals from 
the same parent species were combined to yield three large species samples: Marmota 
flaviventris (N = 57), M. monax (N = 48), and M. caligata (N = 39). These species cur-
rently have wide distributions and are the most likely to be represented in the fossil 
faunas considered here. For snakes, vertebrae from a disarticulated specimen of Cylin-
drophis ruffus (UCMP 136995) whose positions were not known were matched 
against the articulated specimen (USNM 523566) whose vertebral order was known. 
The known specimen was divided both into 18 sections of 10 vertebrae and 10 sec-
tions of 18 vertebrae.  

14.4 Results 

14.4.1 Marmots 

The frequency with which marmot specimens were correctly identified was high at 
76.0% (Table 3). The best results were obtained for Marmota monax, where 100% 
were correctly identified, while the worst results were for M. marmota, with 0%. The 
taxon to which a misidentified specimen was assigned was not usually the closest phy-
logenetic relation. Misidentification was related to sample size, however. When the 
size of the parent sample dropped below ten, the percentage of specimens that were 
correctly assigned to it dropped dramatically (Figure 3).  

The frequency with which identifications were correct was better, with an average 
of 87.5% of assignments being correct (Table 3). All assignments to M. broweri, M. 
caligata, M. flaviventris luteola, and M. vancouverensis were correct. Conversely, M. 
sibirica assignments were frequently incorrect (42.4%) because specimens belonging 
to other groups were frequently assigned to M. sibirica, even though nearly all M. si-
birica specimens were themselves correctly identified (90.5%). We presume that the 
high frequency of assignments to M. sibirica and M. monax (especially incorrect ones) 
was due to greater variation in these species, which would make the probability distri-
butions at each landmark broader, thus encompassing variation in other species.  
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Figure 3. Graph showing relationship between the percentage of specimens correctly identified 
as a function of the size of the identification sample for that taxon 

Results were similar when other subspecies were cross-validated against the origi-
nal samples. Twenty individuals from subspecies of M. monax (M. m. rufescens and 
M. m. canadensis) and 32 from subspecies of M. flaviventris (M. f. nosophora, M. f. 
engelhardti, and M. f. flaviventris) were submitted to the identification procedure us-
ing the same identification samples as before. Results were similar in that 100% of the 
M. monax specimens were identified correctly, but only 57.1% of the M. flaviventris 
specimens were correctly assigned (Table 4). Of the 21 M. flaviventris that were mis-
identified, one was assigned to M. caudata, 10 to M. sibirica, and the remaining 11 to 
M. monax. Of the 10 identifications made as M. flaviventris, 100% were correct, while 
only 64.5% of the identifications as M. monax were right. We can thus be much more 
confident of an identification as M. flaviventris than as M. monax. 
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Table 3. Cross-validation statistics for the first set of extant marmots. The true identity columns 
report how often a specimen belonging to the group at the left was identified correctly. The 
estimated identy columns report how often a particular identification was correct 

 True Identity Estimated Identity 
 Correct Incorrect Correct Incorrect 
M. broweri 20.0% 80.0% 100.0% 0.0% 
M. caligata 76.9% 23.1% 100.0% 0.0% 

M. caudata 75.0% 25.0% 75.0% 25.0% 

M. fl. fortirostris 50.0% 50.0% 85.7% 14.3% 
M. fl. luteola 92.3% 7.7% 100% 0.0% 
M. himalayana 81.8% 18.2% 66.7% 33.3% 
M. marmota 0.0% 100.0% -- -- 
M. monax 100.0% 0.0% 84.8% 15.2% 
M. sibirica 90.5% 9.5% 57.6% 42.4% 
M. vancouverensis 29.6% 70.4% 100% 0.0% 

 
Because large samples make better identifiers, samples representing the three wide-

spread North American samples were pooled for use with the fossil unknowns. These 
samples were also cross-validated to provide statistics for assessing fossil identifica-
tions. The numbers differed slightly, but the pattern of success was the same as the 
previous tests (Table 5). M. flaviventris assignments were correct 100% of the time, 
while M. caligata was correct 79.6%, and M. monax 88.2% of the time. 

Fossil specimens could be confidently identified in a few, but not all cases. All five 
Meyer Cave specimens were identified as M. monax, the species that currently lives in 
the area. (Table 6) The cross-validation statistics (Table 5) suggest that the chance that 
all five specimens could be incorrectly assigned was improbable (P = 2.3×10-5). Re-
sults from the remaining localities were more problematic. The Schlieper‘s Pit are also 
like to be M. monax, although one of specimens was identified as M. caligata (Table 
6). Like Meyer Cave, Schlieper’s Pit lies within the current range of M. marmota, and 
the probability that the M. caligata identification is wrong is high (P = 0.204). The 
probability that the M. monax classification is wrong is lower (P = 0.118), making it 
the best identification. The Little Box Elder Cave was assigned to M. flaviventris, 
which is the species that currently inhabits that area. The frequency with which M. 
flaviventris attributions were correct was 100% (Table 5).  
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Table 4. Cross-validation statistics for other subspecies samples. The true identity columns re-
port how often a specimen belonging to the species at the left was identified correctly. The esti-
mated identy columns report how often a particular identification was correct 

 True Identity Estimated Identity 
 Correct Incorrect Correct Incorrect 

M. monax 100.0% 0.0% 64.5% 35.5% 

M. flaviventris 32.2% 67.8% 100.0% 0.0% 

M. caudata -- -- 0% 100.0% 

M. sibirica -- -- 0% 100.0% 

Table 5. Cross-validation statistics for combined North American species samples. The percen-
tage correct for the estimated identities (column 3) was used a measure of confidence for the 
fossil identifications 

 True Identity Estimated Identity 
 Correct Incorrect Correct Incorrect 

M. caligata 100.0% 0.0% 79.6% 20.4% 

M. flaviventris 77.2% 22.8% 100.0% 0.0% 

M. monax 93.8% 6.2% 88.2% 11.8% 

 
Marmots from the remaining localities could not be confidently identified. The two 

Bear Park Cave marmots were assigned to M. caligata and M. monax, neither of which 
currently lives in the area, which is currently inhabited by M. flaviventris. M. caligata 
lives about 100 to 150 km north and M. monax has a range that extends into northern 
Idaho, with the nearest populations about 500 km away. The locality is Holocene in 
age, but geographic range shifts on the order of 100s of kilometers could easily have 
occurred within that time. In fact, the presence of two different species at the site is 
plausible. Cross-validation was not high enough to be conclusive, with 20.4% of M. 
caligata assignments and 11.8% of M. monax assignments likely to be incorrect.  
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Table 6. Identifications of individual fossil specimens. The log likelihood statistic for each 
match is also reported 

Specimen No. Locality 
Estimated 
Identity 

Ln Like-
lihood 

IMNH 21589 Moonshiner Cave, Idaho M. caligata 71.71 
IMNH 38025 Bear Park Cave, Idaho M. caligata 74.84 
IMNH 38027 Bear Park Cave, Idaho M. monax 73.65 
UCM 23606 Little Box Elder Cave, Wyoming M. flaviventris 68.75 
FAMNH 42828 Papago Springs, Arizona M. caligata 63.22 
ISM 491788 Schliepers Pit, Illinois (surface) M. monax 57.77 
ISM 491778 Schliepers Pit, Illinois (surface) M. caligata 68.75 
ISM Unnumb. Meyer Cave, Missouri M. monax 63.13 
ISM Unnumb. Meyer Cave, Missouri M. monax 63.54 
ISM Unnumb. Meyer Cave, Missouri M. monax 70.81 
ISM Unnumb. Meyer Cave, Missouri M. monax 68.45 
ISM Unnumb. Meyer Cave, Missouri M. monax 63.56 

 
The Moonshiner Cave and Papago Springs marmots were also ambiguous. The one 
available specimen from Moonshiner was referred to M. caligata , although the site 
now lies within the range of M. flaviventris. As with Bear Park, Moonshiner Cave lies 
within a few hundred kilometers from populations of M. monax and M. caligata so the 
presence of any of the three species during the Early Holocene is plausible. The Pa-
pago Springs specimen was also referred to M. caligata, with the same caveat that 
there is more than 1 in 5 chance that the identification is wrong. If the true identity 
were nearby M. flaviventris, as has been suggested in previous literature, there would 
be a 22.8% chance that the identification was incorrect, and then a 46% chance that 
the misidentification was M. caligata. 

14.4.2 Snakes 

Cross-validation statistics for assigning individual vertebrae to one of 18 sections were 
good, with 66.1% of vertebrae were assigned to their correct region (Table 7). Of 
those that were incorrectly assigned, 88.5% were assigned to the section immediately 
adjacent the true one, and an additional 11.5% were only two sections away. The 
probability of correct identification was not randomly distributed however. Both the 
first and last sections had 100% of their vertebrae correctly identified. In both sections, 
misidentifications are limited to middle sections, whereas in mid-regions misidentifi-
cation can be made both anteriorly and posteriorly, increasing the chance of a wrong 
assignment. Consequently, the percentage correct was lower for middle sections. The 
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greatest percentage of incorrect assignments was also in the middle region (73% for 
section 7 and 69% for section 9). The ends of the region had low percentages of incor-
rect assignments, although the lowest was section 5 (10%). 

Results were better when the number of sections was decreased to 10 and the bin 
size increased to 18 (Table 8). With this arrangement 81.7% of vertebrae were cor-
rectly assigned. Of those incorrectly assigned, 94% were assigned to a section imme-
diately adjacent and the remaining 6% were only two sections away. 
 
Table 7. Cross-validation statistics for the placment of individual precloacal vertabrae 
of Cylindrophis ruffus (USNM 523566) to one of 18 sections of the precloacal column 
with bin size of 10. Overall success rate was 61% of vertebrae correctly assigned to 
position 

 True Identity Estimated Identity 
Section Correct Incorrect Correct Incorrect 

1 100% 0% 83% 17% 
2 70% 30% 78% 22% 
3 60% 40% 75% 25% 
4 80% 20% 80% 20% 
5 90% 10% 90% 10% 
6 60% 40% 67% 33% 
7 30% 70% 27% 73% 
8 40% 60% 57% 43% 
9 40% 60% 31% 69% 

10 50% 50% 63% 38% 
11 80% 20% 57% 43% 
12 30% 70% 60% 40% 
13 70% 30% 54% 46% 
14 80% 20% 57% 43% 
15 60% 40% 86% 14% 
16 80% 20% 80% 20% 
17 70% 30% 88% 13% 
18 100% 0% 83% 17% 

 
 

Vertebrae from a second individual were identified using the sections from the first, 
first dividing the trunk into eighteen sections with bin size of 10 and then into ten sec-
tions with bin size of 18. When the more numerous but smaller bins were used, the re-
sults were disappointing (Figure 4a). The majority of assignments were made to the 5th 
section (69.5%), with the second most to the fourth (15.0%). The remaining 15% of 
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assignments were scattered fairly evenly across sections 6 to 18. The expectation was 
that 5.5% of vertebrae should have been assigned to each section. The preponderance 
of assignments to sections 4 and 5 was most likely the result of greater shape variance 
in this region, which attracted the ML function. Results using ten sections with bin 
size of eighteen were much better (Figure 4b). Some assignments were made to each 
section, with the most to section 7 (21.9%) and the least to section 1 (3.7%). The ex-
pectation was 10% of the vertebrae assigned to each section, and these results agree 
well with that. These results and those presented in Table 8 suggest that the position of 
precloacal vertebrae can be assigned to the nearest 10% of the vertebral column with a 
high degree of confidence. Thus, intracolumnar variation in snake vertebral morphol-
ogy can be recognized and accounted for prior to taxonomic assignments. 
 

Table 8. Cross-validation statistics for placement of individual vertebrae to one of 10 sections 
with bin size of 18. Overall succes rate was 82% of vertebrae correctly assigned 

 True Identity Estimated Identity 
Section Correct Incorrect Correct Incorrect 

1 100.0% 0.0% 35.7% 64.3% 
2 50.0% 50.0% 90.0% 10.0% 
3 83.3% 16.7% 78.9% 21.1% 
4 72.2% 27.8% 86.7% 13.3% 
5 66.7% 33.3% 80.0% 20.0% 
6 88.9% 11.1% 76.2% 23.8% 
7 88.9% 11.1% 88.9% 11.1% 
8 88.9% 11.1% 84.2% 15.8% 
9 83.3% 16.7% 88.2% 11.8% 

10 94.4% 5.6% 94.4% 5.6% 
 

14.5 Discussion 

The identification procedure used in this study took two important mathematical 
shortcuts in the interests of applicability to palaeontological samples. The pros and 
cons of adopting our procedure are worth discussing. In both cases, our decision to cut 
corners was to accommodate small sample sizes of the sort that palaeontologists nor-
mally have. 

Our first shortcut was to ignore colinearity in the Procrustes residuals. Procrustes, 
or generalized least-squares (GLS) superimposition, removes variation due to scale, 
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translation, and rotation, and, consequently, introduces colinearity, or redundancy, into 
the resulting shape variables (Gower 1975; Dryden and Mardia 1998; Rohlf 1999). In 
practical terms, that means that there were fewer informative variables than there were 
Procrustes residuals; however, our likelihood function was summed over all n*k re-
siduals. Despite its inelegance, this decision did not affect the results because the re-
dundancy was the same for each of the identification samples and no bias was intro-
duced.  

The second shortcut was to ignore covariance among the Procrustes residuals, a de-
cision with potentially detrimental effects. The covariance of two variables affects 
their joint probability distribution, but our ML did not take this into account. Figure 5 
illustrates the effect of covariance on a joint probability distribution using a simple bi-
variate example. The ellipses represent 95% confidence intervals (CI) associated with 
the data. The solid ellipse is the true bivariate CI based on the variances and covari-
ances of the data. In theory it encompasses 95% of the population and represents the 
probability boundary that would be used to statistically assess sample membership 
(i.e., Z-test with α=0.05). The dashed ellipse represents the 95% CI of a probability 
distribution that has x and y variances equal to those of the data, but with no covari-
ance. While the areas encompassed by the two are equal, their shape and orientation in 
the variable space are different. Two “unknowns” are represented by stars. The first 
would fall outside the statistical definition of the sample, but the second falls within it. 
When covariances are not used in estimating the CI, then the first unknown falls 
within the boundary, but the second is excluded. Consequently, both Type I and Type 
II errors increase when covariances are ignored. 

Our ML algorithm did not take into account covariances, so suffers from the conse-
quent loss of power. The probability density curves we used were estimated from the 
mean and variance of each set of Procrustes residuals as though each varied independ-
ently. Despite that, the cross-validation statistics were surprisingly high, even though 
they were not always high enough to make confident identifications of individual fos-
sil samples in the case of the marmot skulls.  
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Figure 4. Results of identification of unknown vertebrae of a single individual of Cylindrophis 
ruffus (UCMP 136995) using sections from another single individual of the same species 
(USNM 523566). The assignments are graphically represented as bins in the precloacal region 
of a snake. A. Eighteen sections with bin size of 10. Most of the unknown vertebrae were placed 
in the fifth section (69.5%). None were placed in the first three sections, and only a few in the 
last sections. B. Ten sections with bin size of 18. Identifications were much more plausibly dis-
tributed across the length of the precloacal region 
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Figure 5. The effect of ignoring covariances on ML identifications. These bivariate data (black 
points) have a strong covariance and their 95% confidence ellipse (solid line) is aligned along 
their major axis. If a probability distribution were estimated individually from the x and y traits 
without consideration of their covariance, the 95% ellipse would have a different shape and ori-
entation (dashed line). Conclusions about the identity of two unknowns (stars) would depend on 
whether covariances were incorporated. When they are, 1 falls outside the 95% confidence in-
terval, but 2 within it. The reverse is true when covariances are ignored. The effect of ignoring 
covariances is reduced identifying power 

Both colinearity and covariance could have been removed from our data by rotating 
them to their principal component axes using Singular Value Decomposition (SVD). 
SVD identifies a reduced number of orthogonal, or uncorrelated, axes for colinear 
data. However, the number of axes is limited by the number of individuals in a sample 
when the latter is smaller than the number of non-redundant variables. That was the 
case in this study. When complicated morphology, such as vertebrae or skulls, is stud-
ied from palaeontological or recent museum samples the number of landmarks times 
the number of dimensions will often exceed the number of individuals in a sample. In 
this study 28 landmarks (56 variables) were used to represent marmot skull shape, and 
14 landmarks (28 variables) for snake vertebrae. Only one marmot sample (the com-
bined M. flaviventris sample) and no snake samples were large enough to overcome 
this issue. Had the data been projected onto their principal components, then the num-
ber of variables would have been different for each sample, equal to the number of in-
dividuals in it. The ML statistic, which is summed over all variables in the sample, 
would not have been comparable among samples.  
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14.6 Conclusions 

Quantitative methods for assessing fossil samples should be a high priority for palae-
ontologists. We often accept weak evidence for assigning newly collected specimens 
to species-level taxa or for identifying the type of element represented by a specimen 
in cases where many similar elements make up the fossilizable parts of an organism 
(e.g. vertebrae, leaves, teeth, echinoid plates, etc.). The non-morphological logic that 
we adopt in reaching decisions about identity can often compromise the interpretations 
that we draw from the faunal data. For example, the marmots from Papago Springs 
have been presumed to be Marmota flaviventris (Skinner 1942; Frase and Hoffmann 
1980; Czaplewski et al. 1999a, b) because of the close proximity of the site to the cur-
rent geographic range of that species. However, important conclusions about shifting 
geographic ranges of mammal species in relation to climate have been drawn from the 
occurrence of marmots at Papago Springs (Stearns 1942; Anteva 1954; de Villalta 
1974; Frase and Hoffmann 1980). Given that range shifts are known to have occurred, 
some of them quite dramatic, why might the marmots from Papago Springs not belong 
to a more geographically distant species, such as M. caligata, as weakly suggested by 
our results? Similarly, the majority of identifications of fossil snakes have incorpora-
ted geographic provenance in generic- and species-level assignments of vertebral re-
mains. The subsequent uses of geographically-derived assignments as evidence in pa-
leoclimatic and biogeographic reconstructions (e.g. Holman 1995) is fundamentally 
circular and ultimately untestable (Bell et al. in press). Our understanding of the extent 
to which geographic reoganization, migration, and environmental response hinges on 
the ability to make morphology-based taxonomic assignments. A quantitative, statisti-
cal, morphological approach will give the most scientifically reliable results. 

When only single specimens are available, the possibility of reliable identifications 
may remain remote, even when quantitative procedures are adopted. We found that in-
dividual skull specimens could be accurately classified 80%-100% of the time when a 
large identification sample was available. But even that level of accuracy was not al-
ways enough to confidently identify an individual fossil specimen. Even a 10% error 
rate is enough to undermine confidence when several different species could have 
plausibly been present at a locality. For example, if ten or more skull specimens been 
available from Papago Springs, we would have been able to confidently assess their 
collective species identity, but with only a single individual, the only viable conclusion 
was that the species identity was uncertain. Similarly, analysis of a larger sample of 
Cylindrophis, accounting for ontogenetic variation and sexual dimorphism will provi-
de greater explanatory power for the abilities and limitiations for these methods in re-
cognizing regional variation in the vertebral column of snakes. 
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