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Individual and age variations and correlation of the upper cheek teeth were studied in the European bea-
ver, Castor fiber, based on an “elementaristic” description of dental crown elements by means of geometric
morphometrics and applying correlation, cluster, and dispersion analyses. The basic algorithm for both
within- and between-teeth comparisons was described. The least individual variability is characteristic of
the teeth taking middle positions in the cheek tooth row. No clear-cut relation of the levels of individual
variation of crown elements is revealed with respect to either their position in the tooth crown or their
complexity. The age differences in the shape of crown elements may occasionally be very significant, with
the juveniles being the most specific in this respect. The least individually variable dental units (either total
teeth or particular elements) appear to generally be the most variable with age, although this result may be
purely “statistical” in nature. The correlation between dental crown elements is generally not very high,
with within-teeth correlations being slightly stronger than between-teeth ones. The correlations are gener-
ally stronger in the adults than in the other age groups. The dental correlations vary with age, with general
trends of age differences in correlations being the opposite for within- and between-teeth comparisons. The
general levels of correlations and the magnitudes of their age differences are inversely related in the case of
between-teeth comparisons. The overall correlation pattern of dental crown elements is more evident in
the combined age group of subadults + adults. Further explorations of both the variation and integration
patterns of mammalian dentition should be based on an “elementaristic” description of the dental crown.
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Variation and integration patterns of the complex
anatomical structures, including their dynamics during
the later stages of postnatal ontogenesis, became recent-
ly one of the focal points in the evolutionary morpholo-
gy considered from an evo-devo perspective (Cheverud,
1996; Bolker, 2000; Callebaut, Rasskin-Gutman, 2005).
However, specific studies of this type are still very
scarce, such as those on the primate skull (Ackermann,
2002; Gkantidis, Halazonetis, 2011; Jung et al., 2021).

Mammalian dentition holds a great potential for its
use in this regard (Ruf et al., 2020). Despite the cen-
turies-long studies of its morphology, including age
variation of dental crown elements, its detailed varia-
tion and integration (correlation) patterns in mamma-
lian dentition still remain largely unknown, and this is
true even for the most recent works (e.g., Laffont et al.,
2009; Gomez-Robles, Polly, 2012; Labonne et al., 2014;

Wolsan et al., 2019; Boivin et al., 2022). The main reason
is that in the previous studies of these patterns, the entire
teeth were most usually considered the elementary units
of the tooth row, so their deeper exploration, involving
analysis of both variation of and correlations between
particular crown elements, remained beyond their atten-
tion. However, the use of an “elementaristic” approach
in such studies, which focused on the analysis of particu-
lar dental crown elements, has revealed a very interest-
ing dental correlation patterns in two unrelated mammal
species, a horse and a rodent (Pavlinov, Spasskaya, 2021;
Pavlinov, 2022). With this, the just cited and other sim-
ilar studies focused primarily on the dental crowns that
were fully developed and minimally modified by wear, so
any questions of possible age-related effects in the vari-
ation and especially integration patterns could not even
been raised, and there seemed to be the only published
attempt to reveal these effects (Scarano, Vera, 2017).
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Figure 1. Typical configurations of the upper cheek
teeth crown surface in different age groups of Castor
(schematically). Standard designations: juv, sad, ad —
juveniles, subadults, and adults; dP4/P4 and M1-3 —
teeth in the tooth row.

Since the 1950s, numerical studies of the variation
and correlation of the anatomical structures became
very popular. Those dealing with the individual var-
iation used to employ standard coefficient of varia-
tion and some other dispersion-based estimates (Van
Valen, 1965; Yablokov, 1974; Hayes, Jenkins, 1997),
whereas the analyses of the age variation were based
on some simple indices (Mina, Klevezal, 1976). In the
studies of the morphological integration, the tradition-
al correlation analysis became the most popular due
to both its simple procedure and easily interpretable
results (Olson, Miller, 1958; Terentiev, 1959; Gould,
Garwood, 1969; Rostova, 2002; Pavlinov et al., 2008).
In all these works, linear measurements were used to
characterize particular anatomical structures. Howev-
er, the recently developed methods of geometric mor-
phometrics (GM) enable a direct comparison of these
structures by their shapes and thus provide the new
opportunities in the study of their morphological var-
iation and integration (Zelditch et al., 2004; Vasil’ev
et al., 2018; Machado et al., 2019). Of prime impor-
tance is that GM provides certain numerical estimates
for the shape variation and covariation, with the res-
ervation that many of them are approximate rather
than precise because of certain specific calculation
techniques (Rohlf, 1996). In the case of mammali-
an dentition, GM methods made it possible to ana-
lyze both the entire tooth crowns (Hallgrimsson et al.,
2009; Klingenberg, 2009, 2014; Goswami, Polly, 2010;
Lawing, Polly, 2010; Cardini, Loy, 2013; Klingenberg,
Marugan-Lobodn, 2013) and their particular elements
(Pavlinov, Spasskaya, 2021; Pavlinov, 2022).
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This article considers variation and correlation of the
upper cheek teeth crown elements, described and eval-
uated by GM and some other numerical techniques, in
the rodent species Castor fiber. The choice of this object
is justified by that (a) the variation and correlation pat-
terns of its dentition, which is classified as lophodont
(Fig. 1), were not studied numerically “elementaristi-
cally” so far (unlike those of the cranium, see: Puzach-
enko, Korablev, 2016), (b) the basic crown elements
are easily susceptible to an “elementaristic” analysis
by means of GM, and (c) this rodent has a rather long
lifespan (up to 20 years), with its dental crowns notice-
ably changing during postnatal ontogenesis.

The basic issues addressed in this report were more
methodological rather than proper biological. The au-
thor’s main task was to consider the principal possibili-
ties of the approach, having been developed in his pre-
vious works (cited above), to study various aspects of
variation and correlation of the dental crown elements
in mammals. As far as the numerical analysis of shape
variation of the latter, considered “elementaristically”,
is in its infancy, only few and still rather simple specific
hypotheses could be presently formulated about denti-
tion in Castor fiber. Some of them concerned a possible
dependence of the variation of dental crown elements
on both their position in the tooth row and complexi-
ty. Others were about the general pattern of correlation
between these elements: was it expressly hierarchical,
which particular elements were most correlated, and
which correlations were subject especially to certain
age-related effects.

MATERIALS AND METHODS

The studied sample included 37 specimens of the
European beaver (Castor fiber) collected in the 1970s
and kept in the Research Zoological Museum at the Lo-
monosov Moscow State University. The sample was di-
vided into several groups according to the age (Lavrov,
1953): (1) juveniles (n = 8) with milk dP4 and not fully
erupted M3, (2) subadults (n =14) with completely de-
veloped permanent dentition and with minimally worn
flexi on dental crowns, (3) adults (# = 15) with notice-
ably worn dental crowns, but with flexi on them not
yet divided into isolated facets. Besides, subadults and
adults were united in (4) a combined group; juveniles
were not included in it because of their P4 and M3 not
fully developed. Senile specimens were not studied, as
they faced certain problems with the definite GM-de-
scription of their fragmented crown elements.

Our sample was strongly limited in its size by the
availability of specimens, which were not so numer-
ous in the collections as, say, the voles and mice most
usually studied with regard to the dental variation and
correlation. So one might reasonably suspect that such
a scanty material made it hardly possible to apply stand-
ard statistical methods, based on the frequency distri-
bution analyses. However, it is to be taken into account
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that GM methods do not presume such kind of analy-
ses and normally consider the resultant numerical es-
timates without their traditional statistical evaluations
(Rohlf, 1996). So, even with such limited data in hand,
it was proved possible to attain certain interesting results
(Scarano, Vera, 2017; Wolsan et al., 2019; Pavlinov,
Spasskaya, 2021). With this, given the relatively small
sample size used in this study, we opted for the more
simple numerical methods to ensure their results more
reliable and clearer for biological interpretations. Ac-
cordingly, the quantitative estimates were analyzed di-
rectly without considering their statistical significance;
Shrader-Frechette (2008) and Wasserstein et al. (2019)
have provided a general substantiation of the validity of
such a “non-orthodoxal” approach.

The dental crown elements in Castor fiber were iden-
tified taking into consideration (a) the accuracy of both
their standard individuation in the specimens of different
ages and (b) certain requirements of GM methodology.
The nomenclature of these elements was adopted after
Korth (2002). The re-entrant flexi were treated as the ele-
mentary units to be compared (fig. 2), namely hypoflexus
(Hyf), metaflexus (Mef), paraflexus (Paf), and posterof-
lexus (Pof). They were delimited at the tips of the salient
angles (lophs) by either the latter’s maximal curvature or
the points of enamel layer interruption on them.

The left-side upper cheek tooth row of each speci-
men was digitized by the camera Olympus SP-570 UZ,
with tooth orientation being standardized with respect
to a plane surface. For GM tools to be applied, the
enamel layers of dental crowns were first manually out-
lined on their images in Corel DRAW program using its
Shape tool, with the lines of minimum thickness being
drawn along the midlines of the enamel layers. These
vector contour lines were converted into high-resolu-
tion raster images to be processed by GM tools. Each
crown element was initially described by an array of
semilandmarks set automatically equidistantly along
its contour line between two points fixed at its bound-
aries (Mitteroecker, Gunz, 2013), with semilandmark
number, in our case, varying from 20 to 40 per a con-
tour line depending on its length (see fig. 2). After that,
some semilandmarks were appropriately “slided” by
hand along the contour lines (in the sense of Bardua
et al., 2019) to make them fitting more precisely to the
shapes of respective flexi. The semilandmarks were set
and their x, y coordinates were acquired with tpsDig2
program (Rohlf, 2017), and they were converted into
the standard landmark data with tpsUtil program (Ro-
hif, 2019). Each crown element was run twice through
tpsDig2, and its consensus configuration was calculat-
ed with tpsRelw program (Rohlf, 2019a) to become an
actual studied shape. The initial x, y coordinates were
transformed into Procrustes coordinates using gener-
alized least-square Procrustes superimposition, and
pairwise Procrustes distances were calculated between
specimens in each group using PAST program (Ham-
mer et al., 2001). In the subsequent specific analyses,
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Figure 2. Recognition and nomenclature of the upper
dental crown elements in Casfor. The analyzed crown
elements (flexi) are marked with bold contour lines, with
the gaps marking their boundaries. Element designations:
Hyf — hypoflexus, Mef — metaflexus, Paf — paraflexus,
Pof — posteroflexus. In each designation, the first part
refers to a particular tooth (here M1), figure indicates the
number of semilandmarks for respective contour lines.

either landmark x, y coordinates or pairwise Procrustes
distances were used (see below for detail).

Two kinds of comparisons of crown elements were
undertaken, either within or between teeth, with vari-
ation and correlation of these elements being consid-
ered in two following combinations. In within-teeth
comparisons, each tooth was taken for a basic unit of
comparison, so all of its crown elements were mutual-
ly compared. In between-teeth comparisons, each crown
element was taken for such a unit, so all elements were
mutually compared across all teeth in the tooth row.

Individual variation of the shapes of crown elements
was estimated by the averaged Procrustes distances cal-
culated as an arithmetic mean for each element in each
age group (Pavlinov, 2011). These distances were then
averaged for within- and between-teeth comparisons
to estimate general levels of individual variation of the
shapes of dental crown elements.

To characterize the age differences in the shapes of
these elements, principal component analyses of the lat-
ter’s x, y coordinates were run for the pairwise combi-
nations of age groups using the above-mentioned tps-
Relw program. The PC (relative warp) scores thus ob-
tained were analyzed by ANOVA using STATISTICA
program (StatSoft, 2012). The magnitude of age differ-
ence between groups was estimated (Pavlinov, 2011) as
a ratio of the sum of squares of the explained variance
(EV) to the total variance of the first ten PCs that ex-
plain cumulatively (in our case) about 95—99 percent
of the total variance. This measure seemed to be similar
methodologically to the index CR defined as a ratio of
between- to within-covariances (Adams, 2015). For the
final comparisons, the average EV estimates were calcu-
lated, as in the case of means of Procrustes distances,
for both within- and between-teeth comparisons.
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Table 1. Individual variation and age differences of the upper cheek teeth crown elements in Castor fiber

Within teeth (over all crown elements) Between teeth (crown elements across all teeth)
Age groups
dP4/P4 M1 M2 | M3 | Average Paf Mef Pof Hyf Average
Individual variation

Juv 0.16 0.14 | 0.18 — 0.16 0.14 0.16 0.14 0.20 0.16

Sad 0.18 0.13 | 0.12 | 0.20 0.16 0.13 0.13 0.16 0.19 0.15

Ad 0.19 0.17 | 0.19 | 0.22 0.19 0.16 0.18 0.21 0.21 0.19
Average 0.18 0.14 | 0.16 | 0.21 0.14 0.16 0.17 0.20

Age differences
Juv—Sad 0.23 0.40 | 0.52 — 0.38 0.41 0.45 0.37 0.23 0.39
Juv—Ad 0.27 0.33 | 0.46 — 0.35 0.39 0.44 0.39 0.20 0.35
Sad—Ad 0.20 0.16 | 0.18 | 0.20 0.18 0.32 0.29 0.31 0.18 0.27
Average 0.25 0.31 | 0.41 | 0.20 0.37 0.38 0.36 0.19
Notes. See fig. 2 for the designations of crown elements; see text for the explanation of indices.
To reveal correlation patterns in each of the age RESULTS

groups, the Procrustes distance matrices were vector-
ized, and the pairwise Pearson correlations and Euclid-
ean distances were calculated between these vectors for
all crown elements using STATISTICA program. The
average correlation values were next calculated, based
on the pairwise ones, for within- and between-teeth
comparisons. Following N. Rostova (2002), these aver-
age correlations were treated as a measure of the overall
integration of respective anatomical units, either teeth
or crown elements in our case. Being rather simple in
its calculation and straight forward in its interpretation,
this integral estimate was shown to be fully comparable
with a more sophisticated index based on the covari-
ance matrices analysis (Pavlicev et al. 2009; Machado et
al., 2019). The age differences between groups in these
correlations, both for withtin- and between-teeth com-
parisons, were numerically estimated by pairwise rank
(Spearman) correlation R,; of correlation matrices for
particular crown elements. The index AD = (1 — R,,)
was actually used for illustrating just the differences in-
stead of similarities.

The hierarchical cluster analysis of the Euclidean
distance matrices was applied to reveal the overall cor-
relation patterns of dental crown elements in each of the
age groups. The phenograms illustrating these patterns
were produced by the Ward algorithm with bootstrap
estimations of cluster support (1000 replicates). This
support was considered a rough quantitative estimate of
the “constancy” of association of respective elements.
An average bootstrap support of the cluster hierarchy
was calculated for each of the phenograms as a meas-
ure of the structuredness of the overall correlation pat-
tern in respective age group. Such measure seemed to
be more appropriate for our purposes as compared to
the analysis of cluster structure borrowed from standard
phenetic techniques (e.g., Young, 2008).
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Individual variation of the shapes of dental crown ele-
ments was shown to be somewhat higher on average in the
adults (Table 1). Among particular teeth, M1 appeared
the least and M3 the most variable in general (0.14 and
0.21, respectively), and among the elements, Pafappeared
the least and Hyfthe most variable (0.14 and 0.20, respec-
tively). The age differences may be assessed in general as
average to rather high, with the ratio of EV varying from
0.16 to 0.52 (the same Table). The differences between
subadults and adults appeared the least and those between
juveniles and two other groups the most expressed (0.18
and 0.35—0.38, respectively). In average, M3 and P4 were
the most stable and M2 was the most variable with age
(0.20—0.25 and 0.40, respectively). Of particular crown
elements, Hyf appeared the least variable in average as
compared to others (0.19 and 0.36—0.38, respectively).

Correlations between crown elements, both for
within- and between-teeth comparisons, were not es-
pecially high on average, with their most frequent values
being located between 0.15—0.35, and their upper limits
rarely reaching 0.85. Three principal kinds of frequency
distributions of correlations were revealed in different
pairwise comparisons, namely symmetrical unimodal,
asymmetrical unimodal, and slightly bimodal (fig. 3), of
which the former appeared the most common.

The average correlation between crown elements
within particular teeth was equal to 0.08—0.38 (table 2).
The most integrated were P4 and M2 (0.26—0.28 on av-
erage) and the least so M1 and M3 (0.16—0.17 on aver-
age). Regarding particular homologous elements on dif-
ferent teeth, the lowest estimates were obtained for Paf
and the highest for the rest (0.13 and 0.19—0.22 on aver-
age, respectively). On average, within-teeth correlations
were slightly higher than between-teeth ones (0.16—0.28
and 0.13—0.22, respectively), and both particular teeth
ToMm 103
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and homologues were the most integrated in the adults
as compared to the juveniles and subadults (0.28 and
0.20 against 0.16—0.17 and 0.12—0.16, respectively). It
is to be noted that the combined age group (subadults
+ adults) demonstrated the highest or nearly so level
of dental integration (0.26) in both within- and be-
tween-teeth comparisons.

The AD values indicating the age differences in
dental correlations (table 2) varied from 0.01 to 0.95
for particular pairwise comparison: the former meant
no difference and the latter corresponded to no simi-
larity between age groups. For within-teeth compari-
sons, the least different with age were the correlations
between crown elements of M2 and the most different
were those of dP4/P4 and M1 (0.38 and 0.89—0.90, re-
spectively). For between-teeth comparisons, the least
different with age were the mutual correlations of Mef
and the most different were those for Hyf'and Paf (0.22
and 0.59—0.62, respectively). Regarding particular age
groups, within-teeth correlations appeared the most dif-
ferent between juveniles and subadults (0.82) and the
least different between subadults and adults (0.56); be-
tween-teeth correlations revealed an opposite relation,
with the former pair being the least and that latter pair
the most different (0.29 and 0.69, respectively).

The averaged bootstrap supports of the overall cor-
relation patterns of dental crown elements vary from
37—42 percent in adults and juveniles to 70 percent in
subadults and in the combined group. A visual analysis
of the structure of phenograms illustrating between-el-
ements correlations in particular age groups (fig. 4) in-
dicated the following. In the juveniles, the most stable
were associations between Mef and Hyfin dP4 and less
so between Pofin dP4 and Pafin M1 (bootstrap support
is 90 and 78 percent respectively), whereas all other as-
sociations were much weaker. In subadults, most of the
branching points had rather strong bootstrap supports
exceeding 50 percent. Most strongly supported (90 and
higher percent) were the associations between some
homologues in different teeth (Hif in P4 and M3, Paf
in M1 and M3) and also strongly to moderately sup-
ported (about 70—80 percent or higher) between some
elements in the same teeth (Hyf and Pof in M3, Mef
and Pof in each of P4 and M2). In the adults, there
were several noteworthy rather strongly supported as-
sociations of homologues in different teeth (Hif'in P4
and M3, Pafin M2 and M3). Regarding the combined
group, all branching points had strong bootstrap sup-
ports exceeding 50 percent. Among quite strongly sup-
ported associations, of interest were those of the ele-
ments in the same teeth (Hyf and Pofin M1, Mef and
Pof in M2), though one seemingly “odd” association
(Pafin M3 with Mefin M1) was also highly supported.

DISCUSSION

To begin with, it is to be noted once more that the
numerical analysis of the shape variation in mammal
300JIOTUYECKU N XKYPHAJ
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Fig. 3. Three principal kinds of frequency distributions
of the correlations between dental crown elements in the
combined age group: a — symmetrical unimodal (M3-
Pof), b — asymmetrical unimodal (M2- Paf), ¢ — bimodal
(M3-Hyy).

dentition, considered “elementaristically”, is in its ear-
liest infancy. So any findings in this new field of od-
ontology may bear new light on the general trends of
dental variation and correlation patterns. In particular,
it seems very important to have numerical estimates of
these patterns, which make them commensurable in
some respects. Thus, the following principal results of
our study of the European beaver (Castor fiber) deserve
a closer consideration.

First, it is to be pointed out that a certain corre-
spondence seems to exist between individual variation
of particular teeth and their position in the tooth row.
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Table 2. Correlations between upper cheek teeth crown elements and their age differences in Castor fiber

Within teeth (over all crown elements) Between teeth (crown elements across all teeth)
Age groups
dP4/P4 M1 M2 M3 Average Paf Mef Pof Hyf Average
General levels
Juv 0.21 0.08 0.18 — 0.16 0.14 0.13 0.09 0.11 0.12
Sad 0.34 0.12 0.13 0.08 0.17 0.17 0.17 0.14 0.18 0.16
Ad 0.27 0.19 0.38 0.29 0.28 0.08 0.21 0.24 0.28 0.20
Sad+Ad 0.30 0.25 0.37 0.14 0.26 0.15 0.38 0.32 0.20 0.26
Average 0.28 0.16 0.26 0.17 0.13 0.22 0.20 0.19
Age differences
Juv—Sad 0.95 0.86 0.63 — 0.82 0.49 0.01 0.12 0.56 0.29
Juv—Ad 0.92 0.98 0.37 — 0.75 0.52 0.09 0.23 0.57 0.35
Sad—Ad 0.79 0.88 0.14 0.64 0.56 0.87 0.58 0.67 0.67 0.69
Average 0.89 0.90 0.38 0.64 0.62 0.22 0.45 0.59

Notes. Designations of crown elements are the same as in Table 1; see text for the explanation of indices.

juv ad
dP4-Pof M3-Hyf
M1-Paf P4-Hyf :98
M1-Pof M3-Pof
MI-Mef Pa-Paf 30
P4-Mef —27
dP4-Paf P4-Pof —d3 |5
M2-Paf ML-Hyf — |2
M2-Mef %:ﬁ(’ff 5
M2-Hyf MMt 9
M1-Hyf M1-Paf
M2-Pof l\l\zlg—gag 85 =1 [6
-ra
dP4—Mef:|—18 M2-Mef 18 -
dP4-Hyf 90 MI-Mef—75
sad M2-Pof sad+ad
M3-Hyf P4-Hyf
M3-Pof 95 M3-Hyf 35
Pd-Paf P4-Mef —I58
P4-Mef :|__|747 P4-Pof
P4-Pof g3 M1-Paf
MI-Hyf M3-Paf
M1-Pof 9 84 MI1-Mef
M2-Hyf 50 M2-Pof
M3-Mef 44 M2-Mef
M1-Paf 70 M2-Paf
M3-Paf 97 M1-Pof
M2-Paf 13 M1-Hyf
M2-Mef 50 M2-Hyf
MI1-Mef - |73 M3-Mef
M2-Pof -9

P4-Paf

Figure 4. Phenograms illustrating correlation patterns
of dental crown elements in different age groups.
Designations of the crown elements as in fig. 2.

The least individual variability is characteristic of M 1
and M2 taking middle position in the row (0.14—0.16),
as compared to anterior P4 and especially posterior M3
(0.18—0.21). This result largely agrees with the previ-
ous observations: the teeth in the middle position of the
tooth row were usually reported to be the least variable
individually in various mammals (e.g., Gingerich, 1974;
Gingerich, Schoeninger, 1979; Polly, 1998; Pavlinov,
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2022). Regarding particular crown elements, the inte-
rior most simple Hyf is the most variable, the anterior
moderately complex Paf is the least variable, whereas
the most complexly shaped Mef and Pof do not tend to
be more variable, as one might expect. Thus, no clear-
cut relation of individual variation of crown elements is
revealed with respect to either their position in the tooth
crown or their complexity.

The age differences in the shape of dental crown el-
ements may occasionally be very significant by reaching
up to half of the total variance. For both within- and
between-teeth comparisons, the juveniles appear the
most specific in this respect, and the least differences
occur between the subadults and adults, thus indicat-
ing that the tooth crowns remain nearly unchanged in
them. An overall trend of relations between the levels of
individual and age variation seems to be the same for
both within- and between-teeth comparisons: the least
individually variable dental units (either total teeth or
particular elements) appear in general the most variable
with age. However, one cannot exclude a possibility that
this result, though looking interesting from a biologi-
cal perspective, may be of a pure “statistical” nature:
it is normal for the ANOVA that the higher is the with-
in-group (individual) dispersion, the lower, other things
being equal, is the between-group (age) dispersion.

The general level of correlations between dental crown
elements is not very high, with within-teeth correlations
(0.16—0.28) being slightly stronger than between-teeth
ones (0.12—0.26). This ratio between within- and be-
tween-teeth correlations differs from those obtained ear-
lier for Equus and Ondatra (Pavlinov, Spasskaya, 2021;
Pavlinov, 2022), which indicate that the crown integra-
tion patterns may differ among different types of mam-
malian dentition. The correlations are somewhat stronger
ToMm 103
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in the adults in both within- and between-teeth compari-
sons, so one may speculate that a slight wear of the dental
crown surface entails a certain strengthening of its “ele-
mentary” integration, probably by an elimination (wip-
ing away) of some “random” variations in the elements.
It is to be noted also that the correlations in question are
the highest or nearly so in the combined group, which
indicates that a mixture of subadults and adults better re-
veals correlation patterns in the lophodont dentition.

The correlations between crown elements vary with
age, though at a different magnitude for different dental
units. It is of interest that the trends of the differenc-
es between age groups appear opposite for within- and
between-teeth comparisons. Indeed, juveniles and sub-
adults are the most different with regard to within-teeth
correlations and the least different with regard to be-
tween-teeth ones. The most intriguing moment in this
difference is that the elementary units of comparisons
are the same in both cases, which are particular crown
elements, so it remains unclear what might be a cause
of such an “opposite” effect.

With regard to within-teeth correlations, the most
stable with age are those within M2 and the least stable
are those within dP4/P4 and M1, whereas of particular
crown elements, the most stable is Mef and the least so
are Hyf and Paf. With regard to the relation between
general levels of correlations and the magnitudes of
their age differences, it is nearly absent for within-teeth
comparisons and is evidently negative for between-teeth
comparisons; the latter means that the less intercorre-
lated crown homologues generally are, the less stable
their intercorrelations tend to be with age.

Our analyses of relations between different aspects
of variation and correlation of dental crown elements in
Castor fiber do not reveal any clear-cut trends in them
deserving a more detailed consideration. With this,
however, certain findings are to be highlighted that may
indicate some possible biologically interesting trends
worthy of further exploration. For instance, for both
within- and between-teeth comparisons, the least indi-
vidually variable dental unit (M1 and Paf, respectively)
appears also the least correlated with others, although
other units display no relation of such kind. In this re-
gard, an absence of a clear relation between the magni-
tudes of age differences in crown elements proper and
their correlations may deserve a more close attention, as
it concerns an important issue of the ontogenetic regu-
lation of dental crown pattern in general.

The frequency distributions of correlations seems to
be quite indicative for a preliminary consideration of
the basic properties of the general correlation pattern
of cheek teeth (see fig. 4). The nearly symmetrical uni-
modal distribution indicates an absence of any clear-cut
hierarchy in it, and this was the most common corre-
lation pattern in the studied sample. The asymmetri-
cal strongly left-skewed distribution indicates certain
elements of the hierarchy in the correlation pattern,
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though without a clear-cut discreteness. The bimodal
distribution clearly indicates the occurrence of two-lev-
el basic nearly discrete levels in the pattern in question,
with the major peak of the distribution corresponding
to the prevailing lower-level correlations and its mi-
nor peak corresponding to the higher-level one. Such
discrete correlation pattern was revealed in the studied
dentition for but a few pairwise comparisons.

Both overall correlation patterns and their age-related
differences are clearly illustrated by the distributions of
particular dental crown elements over cluster phenograms
(see fig. 4). In general, judging by their bootstrap sup-
ports, the overall patterns in both the juveniles and adults
are evidently more “loose” as compared to the subadults;
or in other terms, the hierarchical arrangement of these
patterns in the two former is expressed much weaker than
in the latter. With interpreting the most supported group-
ings of crown elements as the so-called “correlation plei-
ades” (in the sense of Rostova, 2002), it becomes evident
that the overall “pleiade” structure of cheek teeth denti-
tion in Castor fiber is not well-defined in general and fair-
ly unstable with age in particular. Indeed, (a) not many
crown elements are assembled in such “pleiades”, and (c)
there are but two “pleiades” that coincide in subadults
and adults. Only few of these “pleiades” seem to be bi-
ologically sound, some uniting within-teeth correlations
(those of dP4/P4 in the juveniles and subadults, of M2 in
the subadults), while others corresponding to the corre-
lations between homologous elements in different teeth
(Paf of M1 and M3, Mefin M1 and M2 in subadults, Hif
of P4 and M3 in subadults and adults).

It is to be noted also that the overall correlation pat-
tern of dental crown elements is generally more evident
in the combined (subadults + adults) age group. This
finding seems to be of a certain relevance to the meth-
odology of the analyses of dental correlations in mam-
mals. It indicates that the correlation patterns in ques-
tion could be uncovered more definitely and profoundly
if the dentitions at several wear stages are jointly stud-
ied in this respect — of course, as long as the particular
crown elements remain clearly identifiable.

It would be more than premature to consider here in
detail any possible causes, either biological or “statisti-
cal”, of variation and correlation patterns of the “cle-
mentaristically” interpreted dental crowns in Castor fiber.
However, our findings presented in this article, together
with the earlier ones (referred to above), allow us to con-
clude positively that such an “elementaristic” approach
provides apparently a more thorough and informative
picture of these patterns. Therefore, I would suggest that
the further explorations of both the variation and integra-
tion patterns of mammalian dentition, including age-re-
lated effects in them, should adopt this approach applied
to different dental crown types (bunodont, solenodont,
lophodont, prismatic, etc.). This would provide a more
comprehensive knowledge of both specific and common
features in the regularities of the variation and correlation
patterns in dentition in various groups of mammals.
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CONCLUSIONS

The principal results of this study can be summa-
rized as follows.

1. The least individual variability is characteristic of
the teeth taking middle position in the cheek tooth row.
No clear-cut relation of the levels of individual variation
of crown elements is revealed with respect to either their
position in the tooth crown or their complexity.

2. The age differences in the shape of crown elements
may occasionally be very significant, with the juveniles
being the most specific in this respect. The least individ-
ually variable dental units (either total teeth or particular
elements) appear in general the most variable with age,
though this result may be of a pure “statistical” nature.

3. The correlation between dental crown elements is
generally not very high, with within-teeth correlations
being slightly stronger than between-teeth ones. The
correlations are generally stronger in the adults than in
other age groups.

4. The dental correlations vary with age, with crown
elements differing significantly in this regard. The gen-
eral trends of age differences in correlations are shown
to be opposite for within- and between-teeth compari-
sons. The general levels of correlations and the magni-
tudes of their age differences are inversely related in the
case of between-teeth comparisons.

5. The overall correlation pattern of dental crown el-
ements is more evident in the combined (subadults +
adults) age group.

6. The further explorations of both the variation and
integration patterns of mammalian dentition should be
based on an “elementaristic” description of dental crown.
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KOJMUYECTBEHHBIN AHAJIN3 UBMEHUMBOCTU U KOPPEJIALIUU
DJIEMEHTOB KOPOHKU BEPXHUX IIEYHBIX 3YBOB
OBbIKHOBEHHOTI'O BOBPA (CASTOR FIBER, RODENTIA,
CASTORIDAE) HA OCHOBE TEOMETPUYECKOI1 MOP®OMETPUU
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WuaauBuayanbHas U BO3pacTHASI I3MEHYMBOCTD 2JIEMEHTOB KOPOHKH BEPXHUX IIEYHBIX 3y00B U UX
KOppeJsSILUY U3YUYeHBI Y IPhI3yHOB pona Casfor Ha OCHOBE “2JIeMEHTapHUCTCKOTO” OMMCaHMsI 3yOHOM
KOPOHKM C IIOMOIIIBIO TEOMETPUUECKOU MOP(POMETPHUH M C UCTTIOIL30BaHUEM KOPPEISIIIMOHHOT0, KJia-
CTEpPHOTO U TUCIIEPCUOHHOT0 aHam30B. OTrcaH 6a30BEIM aJITOPUTM CpaBHEHUS 3JIEMEHTOB KOPOHKU
BHYTPHM KaxXJ0T0 3y0a 1 MexX Iy 3y0aMM 10 YKa3aHHBIM XapakTeprucTukaM. HanMeHbIIass ”HOIUBUIY-
aJibHasi U3MEHUYMBOCTb XapaKTepHa JJ1s1 3y00B, 3aHMMAIOIIMX CpelHee MOI0KEHNE B IIIeYHOM 3yOHOM
psny. He BBISIBIIEHO YeTKOM 3aBUCMMOCTH YPOBHEH MHANBUIYAIbHON BaprabeIbHOCTH 3JIEMEHTOB
KOPOHKHU HU OT MX TIOJIOKEHMS B 3yOHOI KOPOHKE, HU OT MX CIOKHOCTHU. Bo3pacTHBIC pa3snmmuaus
B pOopMe 3TUX BJIEMEHTOB MHOTIa MOTYT OBITh OYCHb 3HAUMTEIbHBIMU, IIPUUYEM MOJIOIBIE 0COOU HaU-
Oosiee crieliMUYHBI B 3TOM OTHOILIEHUU. HanuMeHee MHOIMBUAYaJbHO U3MEH STIOLIMECS 3YOHbIC €M~
HUILBI (JTUOO0 3yObl LEJTUKOM, JIUOO OTAEIbHBIE 3JIEMEHTHI), KaK IMpaBUJIO, OKa3blBalOTCsI HauboJiee
M3MEHUMBBIMH C BO3PACTOM, XOTSI 3TOT PE3yJIbTAaT MOXET HOCUTD UMCTO “CTaTUCTUICCKUIT” XapakTep.
Koppensiuuu Mexny ajieMeHTaM1 3yOHOUM KOPOHKU B 1I€JIOM HE OYeHb BBICOKHE, TIPUUYEM KOPPEIs-
LIMY BHYTPpU 3yOOB B CpelHEM HECKOJIbKO CUJIbHEE, YeM MexXay 3yoamu. Koppensiuu, Kak mpaBuJo,
CHJIBHEE Y B3POCJBIX, YeM B IPYTUX BO3PACTHBIX rpymmax. Koppersaunn Mexay sJieMeHTaMU 3yOHOM
KOPOHKH MEHSIIOTCS C BO3PACTOM M B 9TOM OTHOIICHWH CYIIECTBEHHO pa3nndatoTcs. I[TokaszaHo, 9To
0011IMe TeHACHIIMY BO3PACTHBIX PA3INUMIA B KOPPEISAIIUSIX TPOTUBOMOJIOXKHBI 111 BHYTPU- U MEXK3Y0-
HBIX cpaBHeHU . OOIIMe YPOBHM KOPPEASILIUI U 1Uara30Hbl UX BO3PACTHBIX pa3iudyuil HAXOISTCS
B 00paTHOi1 3aBrcuMOcTU. O01Iast 3aKOHOMEPHOCTb KOPPEJISIIIUU 3JIEMEHTOB 3yOHOI KOPpOHKHU OoJiee
OYeBUIHA B KOMOMHUPOBAHHOM BO3pAaCTHOM rpyIme (IIOJyB3pocCiabie + B3pocibie). JlaapHel e uc-
CJIemOBaHMsI KaK U3MEHUYMBOCTHU, TaK U KOPPEJISIITMOHHON CTPYKTYPhI 3yOHBIX PSIIOB MJIEKOTTUTAIOIIUX
cJIelyeT ITPOBOIMTH Ha OCHOBE “3JIEMEHTAapUMCTCKOIO” ONMKUCaHU s 3yOHOI KOPOHKM.

Karouesuie crosa: 3ydbHast cucteMa, 00ObIKHOBEHHBIN 000D, Castor fiber, "HIMBUAYalbHAsI UBMEHYUBOCTD,
BO3pacTHasl UBMEHYMBOCTD, KOPPEJISLIMS, TeoMeTpudecKasi MOphOoMETPHST
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