and principal component 3 for 11.548%. Principal components 1 through 9 accounted for
79.727% of variance. Most separation at this angle occurs along PC2.
PCA, Lateral View — Fig. 2¢c

The principal components analysis of the lateral view of black and brown bear skulls also
displayed a significant degree of separation. Principal component 1 of the ventral PCA accounted
for 27.992% of all variation and PC2 and PC3 for 15.743% and 14.086% respectively. The first
eight principal components represent 84.310% of all variance in the population. Almost all

separation of crania at this camera angle occurs along PCL1.

PC2
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Figure 2e. Principal components analysis of ventral (E) camera view. In morphospace,

blue diamonds represent Ursus americanus while represent U. arctos.
PCA, Posterior View — Fig. 2d

The principal components analysis of the posterior view of black and brown bear skulls

also displayed a significant degree of separation. Principal component 1 of the ventral PCA
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accounted for 27.789% of all variation and PC2 and PC3 for 18.160% and 14.160% respectively.
PC1 through PC6 contributed 81.460% of variance in the population. The separation that does
occur at this camera angle occurs primarily along PC3 and to a lesser extent PC2.
PCA, Ventral View — Fig. 2e

The principal components analysis of the ventral view of black and brown bear skulls
also displayed a significant degree of separation between the two species. Principal component 1
of the ventral PCA accounted for 22.501% of all variation, PC2 for 18.180%, and PC3 for
11.050%. PC1 through PC7 represented 78.244% of all variance. Crania at this camera angle
separate primarily along PC1.

Discriminant Analysis

The step-wise discriminant analysis of each view of each black and brown bear skull
determines which landmark variables, or combination of variables, used in the study are most
diagnostic of either U. americanus or U. arctos. Each step-wise DA returns not only a list of
variables, but also the programs attempt to identify each skull in the analysis using only variables
found to be statistically significant. The results of the DA of each skull view will outline the
statistically significant variables, the degree of separation between the two bears, and any other

noticeable trends.
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Figure 3a-b. Discriminant analysis of anterior (A) and dorsal (B) camera views. In
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morphospace, blue represents Ursus americanus while represents U. arctos.
DA, Anterior View — Fig. 3a

The DA for the anterior view of each skull determined X2, Y4, Y5, X6, X10, X11 and
Y11 to be the statistically significant variables in the sample. Respectively these variables
represent the point of maximum curvature along the superior margin of the nasal opening, the
point of maximum curvature along the inferior margin of the nasal opening, the superior and
inferior margins of the premaxillary suture, the midpoint along the lateral margin of the orbit,
and the ventral side of the post-orbital process. Fifty-three out of 54 crania (98.1%) were
correctly identified. Wilk’s lambda for the anterior view was 0.180.
DA, Dorsal View — Fig. 3b

The DA for the dorsal view of each skull determined Y3, Y4, Y5, Y7, Y11, Y12 and Y15
to be the statistically significant variables in the sample. Respectively these variables represent

the anteriormost point of lateral suture of nasal; the anteriormost point of midline between
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nasals, the medial point on suture between frontal and premaxilla; lateral margin of suture
between jugal and maxilla; point of maximum curvature on lateral margin formed by frontal
process at the zygomatic arch; medial margin of suture between jugal and squamosal; and the
intersection of sutures between frontals, parietals, and midline. Separation was achieved at this
camera angle. Fifty-five out of 58 crania (94.8%) were correctly identified. Wilk’s lambda for

the dorsal view was 0.263.
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Figure 3c-d. Discriminant analysis of lateral (C) and posterior (D) camera views. In
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morphospace, blue represents Ursus americanus while represents U. arctos.
DA, Lateral View — Fig. 3c

The DA for the lateral view of each skull determined Y3, X5, X7, X11, Y14 and X16 to
be the statistically significant variables in the sample. Respectively these variables represent the
posterior margin of the canine alveolis, the posterior margin of the P4 alveolis, the inferior
margin of the zygomatic-maxillary suture, point of maximum curvature on posteriormost point
of sagittal crest, dorsal margin of cranium directly superior to the anterior margin of M2, and the

ventral side of the post-orbital process. The DA for the lateral view achieved complete separation
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between the two species and 49 out of 51 crania (96.1%) were correctly identified. Wilk’s

lambda for the lateral view was 0.152.

15.0

10.0

Frequency

5.0

00—
-4.00000 -2.00000 00000 2.00000 4.00000 6.00000
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Figure 3e. Discriminant analysis of ventral (E) camera view. In morphospace, blue

represents Ursus americanus while represents U. arctos.
DA, Posterior View — Fig. 3d

The DA for the posterior view of each skull determined Y5, X9, and Y9 to be the
statistically significant variables in the sample. These variables represent the point of maximum
curvature on the superior margin of the foramen magnum and the point of maximum curvature
along the superior margin of the lateralmost portion of the lambdoidal crest. In the step-wise DA
for the posterior camera angle, the analysis achieved a small degree of separation, but the
accuracy with which the position of the significant landmarks predicted the species of a given
skull was the lowest of any camera angle. Forty-five out of 48 crania (93.8%) were correctly

identified. Wilk’s lambda for the posterior view was 0.416.
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DA, Ventral View — Fig. 3e

The DA for the ventral view of each skull determined Y2, X3, Y5, Y7, and X10 to be the
statistically significant variables in the sample. Respectively these variables represent the
intersection of the maxilla, premaxilla, and cranial midline; the intersection of maxilla,
premaxilla, and medial margin of the canine alveolis; the intersection of maxilla, palatine, and
cranial midline; anteriormost point on margin of P4 alveolis; and the lateral margin on suture
between palatine and pterygoid. Forty out of 41 crania (97.6%) were correctly identified. Wilk’s
lambda for the ventral view was 0.142,

Thin Plate Splines

The results of the thin plate splines of each bear skull view depicts the degree of change
between two “maximum” cranium for each bear species. The resulting transformation grids
indicate which parts of the skull would undergo the greatest shape change in order to transform
into the skull of the opposite species.
TPS, Anterior View — Fig. 4a

TPS results for the anterior camera aspect showed deformation in areas surrounding the
anterior view of the orbits and along the inferior margin of the nasal opening. In U. arctos, the
deformation grid expanded along its lower (inferior) portion while the grid expanded around the
upper (superior) areas in U. americanus. The specific variables associated with these shape
changes were Y4, Y5, Y10, and Y11. Vectors of these landmarks showed that Y4 moved more
ventrally relative to Y5 in U. americanus compared to U. arctos and that Y10 and Y11 moved

more dorsally from the non-significant V8 and V9 in U. arctos compared to U. americanus.
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Figure 4a. Thin plate splines show amount and direction of warp caused by shifts in landmarks
on deformation grid. Present for anterior, dorsal, and lateral views are the consensus cranium as
well as the crania representing shape changes of Ursus arctos and U. americanus.
TPS, Dorsal View — Fig. 4a

The transformation grid for the thin plate spline of the dorsal camera angle shows the grid
distorting along the X-axis, in this case the skull width. The “maximum” U. americanus cranium
shows deformation around the anteriormost point of the frontal (V5). The landmark moves
anteriorly in U. arctos and posteriorly in U. americanus. In addition, Y15 (the intersection
between frontal-parietal suture and midline) moves anteriorly in U. americanus and posteriorly
in U. arctos. Several significant variables exist along the zygomatic arches. Y7 moves in the
same direction between species as Y15 while Y11 and Y12 mirror this movement.
TPS, Lateral View — Fig. 4a

The TPS results for the lateral camera aspect showed deformation primarily along the

margin of the forehead. In this case, variable Y14 (the dorsal outline directly superior to the
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anterior M2 aveolar margin) appears to contribute to the majority shape change in the grid
deformation. The landmark moves dorsal-posteriorly in U. americanus and ventral-anteriorly in
U. arctos along the margin of the forehead. In addition, Y3 and X7 move towards one another in
U. americanus and away from each other U. arctos, indicating a lengthening and shortening of
the rostrum in brown bears and black bears, respectively. Finally, X16 moves anteriorly in U.

americanus and posteriorly in U. arctos.
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Figure 4b. Thin plate splines show amount and direction of warp caused by shifts in landmarks
on deformation grid. Present for posterior and ventral views are the consensus cranium as well as

the crania representing shape changes of Ursus arctos and U. americanus.
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TPS, Posterior View — Fig. 4b

TPS results for the posterior camera aspect showed deformation in areas surrounding the
sagittal crest and the width of the cranium. In U. arctos, the landmarks associated with the
sagittal crest expand superiorly while those that associated with the width of the cranium move
slightly medially compared to U. americanus. Only the landmarks associated with the width of
the cranium (X5, X9, and Y9) are statistically significant.
TPS, Ventral View — Fig. 4b

The TPS for the ventral camera aspect of each species’ “maximum” skull depicted
widening of the zygomatic arches in U. arctos relative to U. americanus. In addition, a distinct
shift is present in landmarks on the palate, with landmarks V2, V3, V4, and V7 shifting

posteriorly in U. arctos and anteriorly in U. americanus.



CHAPTER 4
DISCUSSION AND CONCLUSIONS

The principal component analysis, step-wise discriminant analysis, and thin plate spline
all suggest that adequate difference exists between the skulls of black bears and brown bears that
they can be distinguished on the basis of cranial morphology alone. The general trend in the thin
plate splines across camera angles seems to be that U. arctos possesses a skull in which the
rostrum is much longer relative to U. americanus. In addition, the identification of bears based
on whether they have a concave forehead (U. arctos) or a convex forehead (U. americanus) is
supported by both the thin plate spline and the discriminant analysis. The convex-concave
dichotomy appears to be related to the shape (in lateral view) of the rostrum, with the rostrum
being shorter and more centered along the orbit in black bears and being longer and somewhat
disjointed from the cranium in brown bears.

Ecologically, the differences in brown and black bear skull shape may be related to the
black bear’s preference for forested habitats and consumption of the more marginal resources
that exist there. While both bears’ diet constitutes generalist omnivory, brown bears tend towards
greater carnivory than black bears. Those studies which focus on niche partitioning between
modern bears seem to suggest that brown bears avoid competition from black bears due to their
greater size and black bears by avoiding brown bears (Belant 2009). In these instances, black
bears are forced to consume more marginal resources and achieve lesser body mass. During the
Pleistocene, however, some U. americanus would have been approximately the same size as
modern U. arctos (Graham 1991), making size-based niche partitioning less likely. This
difference in skull shape may have played a role in making one bear or the other more suited to

one part of the bears’ ecology over the other.
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Alternatively, the bears’ skull shape differences may be related to their current ecological
roles. American black bears appear to be more adapted to forested environments evidenced by
the consistency with which they choose forested environments over open areas while brown
bears tend to exploit open environments. Bear skull shape differences may also be related to a
phylogenetic distance. The American black bear consistently groups with the Asiatic black bear
in cluster and phylogenetic analyses (McLellan 1994; Krause et al. 2008).

Despite the accuracy with which some point variables predicted the identity of the bear
skulls, the results of the principal components and discriminant analyses suggest that not all
variables or camera angles are equal. The PCA’s and DA’s of the anterior, ventral, and lateral
camera aspects all separated and categorized the bears with a highest degree of confidence of all
the camera aspects (Wilk’s lambda < 2.0). The dorsal and posterior camera angles, however,
suggest that less difference exists between the bears (Wilk’s lambda > 2.0).

There are several potential reasons why the dorsal and posterior camera aspects were less
informative on differences between the species. The first is that of the camera aspects included in
the study, the posterior aspect was one of the more difficult to ensure consistency of angle.
Minor variation in camera angle across photographs may have obscured what differences do
exist, particularly if they were minute. Second, fewer Type | landmarks exist on the posterior
camera angle of the crania and, as a result, fewer consistent and informative variables were
collected. Lastly, the shape of the posterior aspect of the cranium may be either more
morphologically constrained or morphologically generalized so that little detectable difference
occurs between bears at this camera aspect. While the discriminant analysis did record
statistically significant landmarks and did predict the identity of skulls based on those variables

with a relatively high degree of accuracy, the higher Wilk’s lambda score suggests that it would
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be wise to avoid relying too heavily on the landmarks prescribed by these camera aspects for
identifications of fossil specimens if other landmarks are available.

The separation of black bears and brown bears for all camera aspects in the PCA is a
testament to the value of reducing the number of potential clusters in a principal components
analysis. Those studies in which PCA’s clustered U. arctos and U. americanus closely together
(Fuchs et al. 2015) likely show the result of including bears that are morphological outliers
compared to the brown and black bear (such as the panda). This phenomenon was even recreated
in the present study when certain individuals which were temporarily outliers (they were mirror
images of the skulls that had not yet been “flipped”) forced the rest of the population into close
proximity to each other. This occurred even at those camera angles (dorsal, ventral, and lateral
view) which later achieved a great deal of separation.

The principal components analysis verified, at least from some camera aspects,
differences in bear skulls represent a biological reality; however, the extent to which variance is
spread out over multiple principal components in most of the analyses suggests that the figures
featured here only account for part of the story. Potentially, this variance is a result of the bears
themselves being morphologically variable, a concept supported by previous work on dental
variability within U. americanus (e.g., Miller et al. 2009). Alternatively, the variance may be
reflective of the degree to which the bears are morphologically similar while still being distinct.
The small but statistically significant Procrustes distance between the skulls of the two bears
from Fuchs (2015) supports this hypothesis. Interestingly, the sides in which variance was most
concentrated in the upper principal components (PC1, PC2, etc.) were the sides which also

showed the greatest amount of morphospace overlap (anterior and posterior views).
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One method to differentiate the cranium of U. arctos and U. americanus has been the
shape of the forehead (Stirling 1993). If the forehead was convex, the bear in question was an
American black bear. If it was concave, it was a brown bear. The significance of the discriminant
analysis for the lateral skull view seems to confirm this previously unquantified observation.
Variable Y14 is significantly greater in specimens of U. americanus than in those of U. arctos.
This represents that the point directly above the anterior margin of the M2 sits higher on the
profile of the skull in black bears than brown bears, giving black bears a somewhat more convex
appearance and brown bears a slightly more concave one. This feature is represented by U.
americanus having a more sloped lateral profile while the profile of U. arctos has a more shelf-
like appearance.

The usefulness of a given series of landmarks in an identification metric varies based on
the accuracy with which those landmarks can correctly predict the identity of a specimen. In the
case of the current study, the different camera angles proved to be variably useful in identifying
the species to which a cranium belonged. The anterior, lateral, and ventral landmarks predicted
bear species identity with a high degree of accuracy (>95%) and were the most morphologically
distinct with the lowest Wilk’s lambda values. Another advantage the landmarks at these camera
angles have is that the shifts in landmarks results in easily identifiable characters.

The present study recommends focusing on characters associated with landmark shifts on
the anterior, lateral, and ventral camera aspects as these appear to result in the most consistent
and identifiable cranial shape changes between U. americanus and U. arctos. First, on the
anterior cranial aspect, the nasal opening appears more “heart-like”, with landmark V5 more
ventrally located than V4 and V2 more dorsally positioned than V1. Also on the anterior cranial

aspect, the orbits of U. arctos are wider and open than those of U. americanus. On the lateral
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cranial view, the character of greatest interest is the slope of the forehead which appears convex
in U. americanus and concave in U. arctos. In addition to this character, a shortened rostrum can
be used to distinguish a black bear from a brown bear. Finally, on the ventral view, the location
of landmark V5 appears to be the most useful in distinguishing between species. A palatine bone
which extends far anteriorly is the character in U. arctos while a palatine that shares a greater of
the palatine with the maxilla is the character in U. americanus.

Conclusions

e Results of the principal components analysis contrast with the results of Fuchs (2015) by
showing clearer morphological separation between the crania of U. americanus and U.
arctos as the result of conducting the principal components analysis with fewer and less
morphologically variable bear species.

e The lateral, anterior, and ventral cranial views are better predictors of cranium identity
than dorsal and posterior view.

e The convex-concave forehead dichotomy is supported. Ursus americanus possesses a
sloped forehead while the forehead in U. arctos is shelf-like. The rostrum is also
somewhat shorter in U. americanus than in U. arctos.

e Ursus arctos appears to possess wider zygomatic arches relative to the width of their
rostrum than that of U. americanus. The palatine also extends further anteriorly in U.
arctos than in U. americanus.

e Ursus americanus possesses a nasal opening that is “heart-shaped” while the opening in
U. arctos has a ventral margin that is smoother. In addition, the orbits are larger from the

anterior view in U. arctos than in U. americanus.
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APPENDIX

Supplemental Tables

Table 1a. Specifications of each bear used in present study

Location Sex Museum ID Species
Minnesota Unknown JFBM11847 U. americanus
Minnesota Unknown JFBM11848 U. americanus
Minnesota Unknown JFBM1322 U. americanus
Minnesota Unknown JFBM1323 U. americanus

Michigan Unknown JFBM15632 U. americanus

Michigan Unknown JFBM15633 U. americanus

Michigan Unknown JFBM15634 U. americanus

Michigan Unknown JFBM15635 U. americanus

Michigan Unknown JFBM15637 U. americanus

Michigan Unknown JFBM15638 U. americanus
Minnesota Unknown JFBM3107 U. americanus

Alaska Unknown JFBM4968 U. arctos

British Columbia Unknown JFBM5020 U. arctos
Minnesota Unknown JFBM5026 U. americanus

Wyoming Unknown JFBM5612 U. arctos

Alaska Unknown JFBM5880 U. arctos

Alaska Unknown JFBM7032 U. arctos

Zoo Specimen Unknown JFBM7441 U. arctos
Minnesota Unknown JFBM7600 U. americanus

Quebec Unknown USNM081198 U. americanus
Chihuahua Female USNM098320 U. arctos
Chihuahua Male USNM098324 U. arctos

Colorado Unknown USNM113410 U. arctos
Louisiana Male USNM135141 U. americanus
Louisiana Male USNM159368 U. americanus
New York Unknown USNM187876 U. americanus

North Dakota Male USNM203524 U. arctos

California Male USNM205950 U. americanus

Alaska Unknown USNM206132 U. americanus
Montana Female USNM211240 U. arctos

Idaho Male USNM216420 U. americanus
Montana Female USNM221420 U. arctos
Alberta Male USNM222107 U. arctos
Utah Male USNM223034 U. arctos
British Columbia Male USNM223689 U. arctos

Florida Male USNM223943 U. americanus
British Columbia Male USNM223945 U. arctos
Montana Male USNM225621 U. arctos
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Table 1b. Specifications of each bear used in present study (continued).

Location Sex Museum ID Species
Idaho Male USNM227660 . americanus
Wyoming Male USNM227926 . americanus
Wyoming Male USNM227928 . americanus
Yukon Territory Unknown USNM227977 U. arctos
California Male USNM228226 U. arctos
Yukon Territory Male USNM228228 U. arctos
New Mexico Male USNM228262 . americanus
Alaska Male USNM228333 . americanus
New Mexico Male USNM230651 U. arctos
New Mexico Female USNM231359 . americanus
Idaho Male USNM233241 U. arctos
Florida Female USNM234242 . americanus
Wyoming Male USNM235445 U. arctos
Colorado Male USNM236227 . americanus
Arizona Male USNM242652 U. arctos
Washington Male USNM243726 U. arctos
Washington Male USNM248531 . americanus
New Mexico Male USNM262374 U. arctos
New York Unknown USNMAO03061 . americanus
Idaho Male USNMA31276 U. arctos

Table 2a. Anterior camera aspect landmark locations

Landmarks Description

V1
V2
V3
V4
V5
V6
V7
V8

V9

V10
V11
V12

Intersection between nasal suture and superior margin of nasal opening

Point of maximum curvature on superior margin of nasal opening

Midpoint along lateral margin of nasal opening

Point of maximum curvature on inferior margin of nasal opening

Intersection between premaxillary suture and inferior margin of nasal opening
Inferior margin of premaxillary suture

Lateral margin of canine alveolis

Tip of the post-orbital process
Point of maximum curvature formed by post-orbital process and zygomatic
arch

Point of maximum along lateral margin of the orbit
Ventral point of frontal process
Intersection between dorsal margin of cranium and suture between frontals




Table 2b. Dorsal camera aspect landmark locations

Landmarks Description

V1
V2
V3
V4
V5
V6
V7
V8
V9
V10

V11
V12
V13
V14
V15
V16
V17

V18
V19

Anteriormost point along the midline

Point of maximum curvature on anterior margin of premaxilla
Anteriormost point of lateral suture of nasal

Anteriormost point of midline between nasals

Anteriormost point of frontal

Posteriormost point of premaxilla

Intersection between suture between maxilla and jugal and lateral margin
Posteriormost point of midline between nasals

Point of the lacrimal bone where it meets the frontal bone and the maxilla
Tip of the post-orbital process

Point of maximum curvature on lateral margin formed by frontal process at
the zygomatic arch

Medial margin of suture between temporal process and zygomatic process
Point of maximum curvature at posterior end of zygomatic arch

Lateral margin of suture between frontal and parietal

Intersection between sutures between frontals and parietals and midline
Point of maximum curvature immediately posterior to the zygomatic arch
Point of maximum curvature on lateral outline between temporal and parietal

Point of maximum curvature on lateral outline formed by cranial outline and
sagittal crest

Posteriormost point along the midline
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Table 2c. Lateral camera aspect landmark locations

Landmarks Description

V1
V2
V3
V4
V5
V6
V7

V8
V9
V10
V11

V12
V13
V14
V15
V16
V17
V18

Anteriormost margin of third incisor alveolis

Anteriormost margin of canine alveolis

Posteriormost margin of carnine alveolis

Anteriormost margin of fourth premolar alveolis

Anteriormost margin of first molar alveolis

Posteriormost margin of second molar alveolis

Inferior margin of the zygomatic-maxillary suture

Dorsal outline directly superior to the anteriormost margin of first molar
alveolis

Point of maximum curvature directly posterior to the zygomatic arch
Point of maximum curvature along posterior margin of cranium

Point of maximum curvature on posteriormost point of sagittal crest
Dorsal outline directly superior to the point of maximum curvature directly
posterior to the zygomatic arch

Dorsal outline directly superior to post-orbital process

Dorsal outline directly superior to the anterior margin of second molar
Anteriormost tip of nasals

Ventral tip of the post-orbital process

Dorsal tip of the frontal process of the zygomatic arch

Orbit midheight

Table 2d. Posterior camera aspect landmark locations

Landmarks Description

V1
V2
V3
V4

V5

V6
V7
V8
V9
V10

Point of maximum curvature on anterior margin of lambdoidal crest

Point of maximum curvature on superior concave of lambdoidal crest

Point of maximum curvature on superior convex of lambdoidal

Point of maximum curvature on inferior concave

Point of maximum curvature along the superior margin of the lateralmost
portion of the lambdoidal crest

Point of maximum curvature along the inferior margin of the lateralmost
portion of the lambdoidal crest

Superior tip of occipital condyle

Inferior tip of occipital condyle

Point of maximum curvature on the superior margin of the foramen magnum
Point of maximum curvature on the inferior margin of the foramen magnum
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Table 2e. Ventral camera aspect landmark locations

Landmarks Description

V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12
V13

Anteriormost point along the midline

Intersection of the maxilla, premaxilla, and cranial midline

Intersection of maxilla, premaxilla, and medial margin of the canine alveolis
Lateralmost point of canine alveolis

Intersection of maxilla, palatine, and cranial midline

Anteriormost margin of fourth premolar alveolis

Anteriormost point on margin of P4 alveolis

Posteriormost margin of first molar alveolis

Posteriormost margin of second molar alveolis

Lateral margin on suture between palatine and pterygoid

Point of maximum curvature on lateral margin of masseteric fossa
Point of maximum curvature on lateral side of basisphenoid

Point of maximum curvature of the ventral side of the foramen magnum

Table 3. Statistics from discriminant analyses for each camera aspect

Camera Wilk's Chi- Canonical % of
Angle Lambda square Eigenvalue Correlation df Variance
Anterior 0.18 83.084 4.546 0.905 7 100
Dorsal 0.263 70.192 2.808 0.859 7 100
Lateral 0.152 86.6 5.571 0.921 6 100
Posterior 0.416 39.035 1.404 0.764 3 100
Ventral 0.142 71.162 6.026 0.926 5 100
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