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Comparison of Miocene to early Pleistocene-aged
Castor californicus (Rodentia: Castoridae) to extant beavers
and implications for the evolution of Castor in North America

Kelly E. Lubbers and Joshua X. Samuels

ABSTRACT

The beaver, genus Castor, is represented in North America today by Castor
canadensis and in Eurasia by C. fiber. Historically, the fossil Miocene to early Pleisto-
cene-aged North American beaver C. californicus has been considered a distinct spe-
cies from C. canadensis due to its larger size. In this study, we test the hypothesis that
the morphology of Miocene to early Pleistocene-aged fossils of C. californicus differs
from that of the extant C. canadensis. Specimens of fossil and extant Castor were com-
pared using 2D geometric morphometrics of skull and dentary material and linear mea-
surements of postcranial material to analyze morphological differences between
species and determine whether C. californicus fits within the range of intraspecific vari-
ation seen in C. canadensis. Results show that C. canadensis is highly variable in both
skull and postcranial morphology, and C. californicus falls largely within the range of
variation seen within the extant species. The morphological similarities between the
two species suggest that they can be treated as ecological analogs and may represent
change in a single species through time, although a rigorous evaluation of whether
they are conspecific will require more data.
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INTRODUCTION

Beavers (family Castoridae) first appeared in
North America during the late Eocene and from
there dispersed into Eurasia (Korth, 1994; Flynn
and Jacobs, 2008). The fossil record of beavers
includes approximately 30 genera, with diverse lin-
eages adapted to fossorial, terrestrial, and semi-
aquatic lifestyles (Martin and Bennett, 1977;
Martin, 1989; Korth, 1994; Rybczynski, 2007; Sam-
uels and Van Valkenburgh, 2008; Samuels and
Van Valkenburgh, 2009; Calede, 2022). The semi-
aquatic lineage of beavers likely arose in the late
Oligocene (Korth and Samuels, 2015; Calede,
2022), and members of both Castorinae and Cas-
toroidinae diversified greatly in the Miocene (Ryb-
czynski, 2007; Rybczynski et al., 2010). The genus
Castor likely appeared in the late Miocene, as rep-
resented by Castor neglectus from Germany
(Hugueney, 1999; Flynn and Jacobs, 2008). Little
is known about the dispersals of Castor between
North America and Eurasia, though it is likely those
migrations were facilitated by the Bering land
bridge throughout the Cenozoic (Rybczynski,
2007; Flynn and Jacobs, 2008; Samuels and Zan-
canella, 2011).

Castor has been present in North America
since the late Miocene, with the earliest records of
Castor californicus dating to around 7 m.y.a. (Sam-
uels and Zancanella, 2011). Castor californicus

was first discovered in the Kettleman Hills in Cali-
fornia (Kellogg, 1911). Kellogg (1911) designated it
as a separate species from C. canadensis based
on features of the upper third molar. Other speci-
mens of C. californicus, including skull, postcranial,
and dental material, have been discovered and
described in Miocene, Pliocene, and early Pleisto-
cene-aged localities across the United States (Fig-
ure 1) (Zakrzewski, 1969; Shotwell, 1970; Kurtén
and Anderson, 1980; Samuels and Zancanella,
2011). A second species of fossil beaver in North
America, Castor accessor, was initially described
by Hay (1927) and designated as a separate spe-
cies based on differences in tooth striae lengths
compared to C. californicus and C. canadensis
(Hay, 1927; Kurtén and Anderson, 1980). However,
due to similarities in size and temporal distribution,
C. accessor is generally considered a junior syn-
onym of C. californicus (Stirton, 1935; Flynn and
Jacobs, 2008).

Castor canadensis is one of two extant mem-
bers of the genus Castor, the other being C. fiber.
Although the two species are similar in morphol-
ogy, they are genetically and chromosomally differ-
ent (C. canadensis 2n=40, C. fiber 2n=48) (Jenkins
and Buscher, 1979; Rosell et al., 2005; Brazier et
al., 2020). Castor canadensis has a distribution
extending throughout North America, whereas the
distribution of C. fiber extends through Eurasia
(Jenkins and Buscher, 1979; Halley et al., 2020).
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FIGURE 1. Late Miocene through Late Pleistocene fossil localities of Castor across North America. Locality points

obtained from NOW database of Fossil Mammals.
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Since Stirton (1935), Castor specimens from
the Miocene to early Pleistocene of North America
have been referred to as Castor californicus (due
to shift of the Plio-Pleistocene boundary from 1.8
Ma to 2.5 Ma (Gibbard and Head, 2010), many C.
californicus specimens originally considered Plio-
cene are now considered early Pleistocene),
whereas those from the late Pleistocene to recent
are referred to the living species C. canadensis
(Kurtén and Anderson, 1980; Flynn and Jacobs,
2008). Although no rigorous analysis has yet been
undertaken of this pattern, multiple studies have
noted a decrease in size within Castor from the
Miocene through the Pleistocene of North America
(Stirton, 1935; Shotwell, 1970), but otherwise there
has been little other morphological change in the
taxon (Martin, 1989; Samuels and Zancanella,
2011). This raises the question of whether C.
canadensis and C. californicus are distinct species
or represent anagenetic change in a single species
over time. The primary purpose of this study is to
evaluate whether the Miocene to early Pleistocene-
aged C. californicus and the late Pleistocene-aged
and extant C. canadensis are distinct in skull and
postcranial morphology. This will improve under-
standing of the evolution of Castor in North Amer-
ica over time and help resolve whether the two
species can be treated as conspecific and/or eco-
logical analogs. Based on the age of studied speci-
mens (Pliocene and early Pleistocene), we expect
C. californicus to either show 1) intermediate mor-
phological features between C. fiber and C.
canadensis, possibly reflecting retention of ances-
tral Castor morphology or evolutionary divergence
of Eurasian beavers and North American beavers
that increases over time, 2) distinct morphological
features that differentiate C. californicus from both
C. canadensis and C. fiber, reflecting its status as a
distinct species, or 3) strong morphological similar-
ity to C. canadensis, reflecting their shared lineage
and potential status as chronomorphs of a single
synonymous species.

MATERIALS AND METHODS
Cranial Analyses

A total of 67 specimens were used in the anal-
ysis of cranial material (Appendix 1). Fifty-nine
specimens of Castor canadensis, and four of C.
fiber accounted for the modern sample. For the
fossil specimens, three Pliocene and early Pleisto-
cene-aged specimens of C. californicus (HAFO
2243, UF 225200, USNM 26154), and one Pleisto-
cene C. fiber (FMNH 1537) were used. Castor fiber
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had limited modern sampling in this analysis due to
lack of available specimens in collections visited.
While specimens of fossil C. californicus are com-
mon in North America, limited material was used in
this analysis due to fragmentary nature of available
fossil specimens.

Forty dentaries of both fossil and modern spe-
cies were also used for this study (Appendix 2).
Modern specimens included 35 Castor canaden-
sis, which came from all over North America, and
two C. fiber. Fossil specimens included two speci-
mens of C. californicus (UF 225200, USNM 26154)
and one C. accessor (UOMNCH 16338), which has
been considered synonymous with C. californicus,
with specimens ranging from Pliocene to early
Pleistocene in age.

To minimize the effects of allometry, only adult
specimens (approximately 5 years old or greater)
were used in the analysis. Adults were selected
based on the fusion of the suture between the
basioccipital and basisphenoid following Roberson
and Shadle (1954). Most dentaries included in the
analysis were associated with craniums, however,
four isolated dentaries were included from previous
identification of specimens being classified as
adult. Fossil specimens were selected based on
assumptions of age groupings sharing similar char-
acteristics to those of extant beavers; however, an
extensive evaluation of age classifications in fossil
Castor californicus compared to extant C.
canadensis are outside the scope of this study.

Cranial material was photographed in dorsal,
lateral, and ventral views, whereas dentaries were
photographed in both lateral and medial views. In
dorsal and ventral view specimens were photo-
graphed with the palate parallel to the photo-
graphic plane, and in lateral view the midline of the
palate was aligned perpendicular to the photo-
graphic plane. The dentary was photographed with
the occlusal surface of the cheek teeth aligned per-
pendicular to the photographic plane. Scale bars
were used with all photos to calibrate known scale
when setting landmarks. Specimens were photo-
graphed using either a Nikon D810 DSLR camera
with an AF-S Micro Nikkor 60 mm lens at a resolu-
tion of 7360 x 4912 pixels or a Mercury CyberPix
E5205 digital camera at a resolution of 2560 x
1920 pixels. Photographs were taken at a distance
using a camera stand to minimize the effects of
parallax. Regardless of the camera used, imaged
specimens were over 1000 pixels wide, and the lin-
earity of photographs was tested at all magnifica-
tion levels used. Thin-plate spline (TPS) files were
created from JPEG files for all image views using
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FIGURE 2. Landmark placement for craniums in dorsal (A), lateral (B), and ventral (C) views and dentaries (D) in lat-
eral view on Castor canadensis MVZ 80744. Definitions of landmarks are outlined in Table 1 for the cranium and Table

2 for the dentary.

the program tpsULtil32 (v.1.61), in preparation for
landmark digitization (Rohlf, 2015). The program
tpsDig2 (v. 2.31) was used for digital placement of
landmarks on specimen images (Rohlf, 2021).
Landmark placement for cranial material (Figure 2;
Table 1) followed those previously used in Samuels
and Van Valkenburgh (2009) and Rybczynski et al.
(2010), and dentary landmarks (Figure 2; Table 2)
followed those previously used in Monteiro et al.
(2005). To minimize the potential effects of asym-
metry, only one side was used for the dorsal and
ventral cranial views.

Data Analysis

Landmark data were first analyzed via Rela-
tive Warp Analysis (RWA) performed in the tpsR-
elW program (v 1.70) (Rohlf, 2015). The RWA used
generalized least square Procrustes analysis to
scale, rotate, and align coordinate sets for each
view of the skull and dentary. Two stepwise canon-
ical variates analyses (CVA) were run using partial
warp scores and uniform components from all
RWA, the first CVA used both Castor canadensis

and C. fiber as a priori categories with C. californi-
cus treated as unknown for the classification phase
of the analysis, and the second CVA categorized
all three species individually into a priori catego-
ries. The classification stage of the CVA was used
to determine the accuracy for individual specimens
to be assigned into species by the models. Classifi-
cation occurred in two steps: group classifications
and cross-validation, where specimens were
excluded from the model and reevaluated using
the remaining specimens in the analysis. CVA
were run in IBM SPSS Statistics 26.0 and shapes
associated with CV scores visualized with tpsRegr
(Rohlf, 2011).

The hierarchical cluster analysis was run to
examine the phenetic similarity between speci-
mens based on their morphology, without the need
for a priori grouping of species. The cluster analy-
sis was run in IBM SPSS Statistics 26.0 using an
unweighted paired group means analysis method
(UPGMA) and average algorithm with partial warp
scores and uniform component scores as vari-
ables.
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TABLE 1. Landmarks used for geometric morphometric analyses of the skull, following Samuels and Van Valkenburgh,
2009 and Rybczynski et al., 2010.

Landmark # Placement Description

Skull Dorsal View
Meeting point between nasal and frontal along midsagittal plane
Anterior tip of nasal along mid sagittal plane
Anterior tip of suture between nasal and premaxilla
Anterior tip of suture between premaxilla and maxilla
Posterior tip of suture between frontal and jugal
Postorbital constriction
Most posterior point of temporal fossa along squamosal process of the zygomatic arch

Most posterior meeting point between jugal and squamosal process of zygomatic arch

© 0O N o a b~ W0 N =

Y shaped suture at meeting point of squamosal, parietal, and occipital

-
o

Most posterior meeting point of sagittal and nuchal crests
Skull Lateral View

Anterior tip of suture between nasal and premaxilla

Anterior tip of nasal

Meeting point of nasal and frontal along the midsagittal plane

Most posterior meeting point of sagittal and nuchal crests

Most posterior point of occipital condyle

Posterior end of cheek tooth row at the end of the alveolus

Anterior end of cheek tooth row at the end of the alveolus

Most posterior point of incisor alveolus

© 00 N OO g~ W N =

Posterior edge of upper incisor blade

Anterior edge of upper incisor blade

a A
- o

Most anterior point of upper incisor alveolus
Skull Ventral View
Lateral edge of upper incisor blade
Medial edge of upper incisor blade
Anterior end of cheek tooth row
Posterior end of cheek tooth row
Posterior tip of palate along midsagittal plane
Most lateral point of suture between tympanic and squamosal
Suture where tympanic and occipital meet

Most posterior point of occipital condyle

© 00 N O g B~ W N =

Midsagittal border of foramen magnum

Postcranial Analyses dimensions, and muscle attachments (Table 3).
Measurements were collected in millimeters (to
0.01 mm) using Mitutoyo digital calipers.
Measurement data were input to IBM SPSS
Statistics 26.0 where descriptive statistics were run
for each species. The analysis computed mean,
standard deviation, and minimum and maximum
values for the measurements of each species.
From those data, coefficients of variation were also
calculated for each measurement across species.
Coefficients of variation compare the range of vari-

The analysis of postcranial material used a
total of 59 individuals (Appendix 3). Modern speci-
mens included 30 Castor canadensis and two C.
fiber. Fossils included 26 Pliocene-aged speci-
mens identified as C. californicus and one Pleisto-
cene-aged Castor  sp. 64 postcranial
characteristics were recorded where possible,
measured features (following Samuels and Van
Valkenburgh, 2008) included total lengths of
bones, midshaft diameters, prominent articular



LUBBERS & SAMUELS: FOSSIL BEAVER MORPHOLOGY

TABLE 2. Landmarks used for geometric morphometric
analysis of the dentary, following Monteiro et al., 2005.

Dentary Landmarks

Antero-dorsal boarder of incisive alveolus
Extreme of diastema invagination

Anterior edge of molar tooth row

AW N =

Posterior intersection of molar tooth row with coronoid
process

Tip of coronoid process

(2206,

Maximum curvature between the coronoid and
condylar processes

Anterior edge of articular surface of condyle
Tip of condylar process
Posterior most edge of articular surface of condyle

10  Maximum curvature on the curve between the
condylar and angular processes

11 Tip of the angular process
12 Anterior margin of the angular process
13  Posterior extremity of the mandibular symphysis

14  Antero-ventral border of the incisive alveolus

ation seen within groups (Sokal and Braumann,
1980; Cope and Lacy, 1995; Emery-Wetherell and
Davis, 2018), in this case species were compared
for various postcranial measurements to determine
if the level of variation in Castor calfornicus fits
within the level of intraspecific variation for C.
canadensis. Only species measurements with
more than three specimens were used to calculate
coefficients of variation, as fewer than three would
represent insufficient sampling. Coefficients of vari-
ation were corrected for small sample size bias
using the equation previously used in Sokal and
Braumann (1980). In addition to the descriptive
statistics, an analysis of variance (ANOVA) was run
for each of the measurements allowing assess-
ment of differences in mean values between spe-
cies groups.

Institutional Abbreviations

ETMNHV, East Tennessee State University
Museum of Natural History, Zoology Collection
(Johnson City, TN, USA); FMNH, Field Museum of
Natural History (Chicago, IL, USA); HAFO, Hager-
man Fossil Beds National Monument (Hagerman,
Idaho, USA); IMNH, Idaho Museum of Natural His-
tory (Pocatello, Idaho, USA); LACM, Natural His-
tory Museum of Los Angeles County (Los Angeles,
California, USA); MVZ, University of California
Berkley Museum of Vertebrate Zoology (Berkley,
California, USA); UCLA, University of California
Los Angeles, Donald R. Dickey Collection (Los

Angeles, California, USA); UF, Florida Museum of
Natural History (Gainesville, Florida, USA); UOM-
NCH, University of Oregon Museum of Natural and
Cultural History (Eugene, Oregon, USA); USNM,
Smithsonian Institution National Museum of Natu-
ral History (Washington D.C., USA); UWBM, Uni-
versity of Washington Burke Museum (Seattle,
Washington, USA).

RESULTS
Cranial Analyses

Relative warp analysis. Relative warp analyses
were run for each view of the cranium and dentary.
The relative warp scores for the dorsal view pro-
duced seven significant warps (Eigenvalue >1),
explaining 81.5% of the observed shape variation.
Dorsal relative warps 1 and 2 showed separation of
Castor fiber from overlapping C. canadensis and
C. californicus (Figure 3). Dorsal relative warp 1
(DRW1) explained 27.64% of the variation, with C.
fiber clustered with negative scores whereas C.
californicus clustered with positive scores. Castor
canadensis clustered near zero, spanning both
positive and negative values. Positive DRW1
scores are associated with shorter nasals, wider
occiput, and posteriorly positioned orbit. Negative
DRW1 scores are associated with elongated
nasals, narrow occiput, and anteriorly positioned
orbit. DRW2 explained 17.03% of the variation.
Both C. fiber and C. californicus had positive
scores (except for one C. fiber), whereas C.
canadensis displayed a wide range of both positive
and negative scores. Positive DRW2 scores are
associated with shorter rostrum, narrow posterior
cranium, and wider zygomatic arches. Negative
DRW?2 scores are associated with elongated ros-
trum, wider occiput, and narrow zygomatic arches.

Relative warp scores for the lateral view pro-
duced eight significant warps, explaining 92.73% of
the observed shape variation. Relative warps 1
and 3 showed (good?) separation of Castor fiber
and C. canadensis (Figure 4). Lateral relative warp
1 (LRW1) explained 45.97% of the variation, with
C. fiber having negative scores, C. californicus
near zero, and C. canadensis displaying both posi-
tive and negative scores. Negative LRW1 scores
are associated with elongated nasals and dorso-
ventrally shorter occiput. Positive LRW1 scores are
associated with shorter nasals and dorsoventrally
deeper occiput. LRW3 explained 16.57% of the
variation, with C. fiber having exclusively negative
scores whereas C. canadensis and C. californicus
showed widespread distribution across positive
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TABLE 3. Measurements of postcranial elements, following Samuels and Van Valkenburgh, 2008.

Measurement Definition Measurement Definition
Scal Length of scapula TL Length of tibia
ScaW Width of scapula TAPD Anteroposterior diameter of tibia
ScaAL Length of acromion process of the TMLD Mediolateral diameter of tibia
scapula TPEAPD Anteroposterior diameter of tibia proximal
HL Length of humerus epiphysis
HAPD Anteroposterior diameter of humerus TPEMLD Mediolateral diameter of tibia proximal
HMLD Mediolateral diameter of humerus epiphysis
. TDEAPD Anteroposterior diameter of tibia distal
HHD Diameter of humeral head epiphysis
HDAW Articular width of humeral distal end TDEMLD Mediolateral diameter of tibia distal
RL Length of radius epiphysis
RAPD Anteroposterior diameter of radius TLOF Tibia length of fusion to fibula
RMLD Mediolateral diameter of radius FibL Length of fibula
UL Length of ulna FibAPD Anteroposterior diameter of fibula
UAPD Anteroposterior diameter of ulna FibMLD Mediolateral diameter of fibula
UMLD Mediolateral diameter of ulna Calel Length of calcaneus
uLoOL Length of olecranon process of the ulna CalcTL Length of calcaneus tuberosity
MCAL Length of 1st metacarpal MT1L Length of 1st metatarsal
MC2L Length of 2nd metacarpal MT1APD Anteroposterior diameter of 1st Metatarsal
MC3L Length of 3¢ metacarpal MT1MLD Mediolateral diameter of 1st metatarsal
MC3APD Anteroposterior diameter of 3rd metacarpal MT2L Length of 2nd metatarsal
MC3MLD Mediolateral diameter of 3rd metacarpal MT2APD Anteroposterior diameter of 2
metatarsal
MC4L Length of 4th metacarpal
9 P MT2MLD Mediolateral diameter of 2nd metatarsal
MC5L Length of 5th metacarpal
9 P MT3L Length of 3rd metatarsal
Mph3p Length of 3rd manus proximal phalanx o
MT3APD Anteroposterior diameter of 3rd metatarsal
Mph3m Length of 3d manus medial phalanx
P 9 P MT3MLD Mediolateral diameter 3rd metatarsal
Mph3t Length of 3rd manus terminal phalanx
P 9 P MT4L Length of 4th metatarsal
InnomL Length of innominate (ilium to ischium) o
MT4APD Anteroposterior diameter of 4th metatarsal
N Length of ilium
MT4MLD Mediolateral diameter of 4th metatarsal
FelL Length of femur
MT5L Length of 5th metatarsal
FeAPD Anteroposterior diameter of femur o
MT5APD Anteroposterior diameter of 5th metatarsal
FeMLD Mediolateral diameter of femur
MT5MLD Mediolateral diameter of 5th metatarsal
FeGT Height of greater trochanter of the femur )
Pph3p Length of 3rd pes proximal phalanx
FeHD Diameter of femoral head
Pph3m Length of 3rd pes medial phalanx
FeEB Femoral epicondylar breadth )
Pph3t Length of 3rd pes terminal phalanx

and negative scores. Negative LRW3 scores are
associated with the anteroventral extension of the
nasals and dorsoventrally shallower occiput. Posi-
tive LRW3 scores are associated with shorter
nasals and dorsoventrally deeper occiput.

The relative warp scores for the ventral view
produced six significant warps, explaining 83.52%

of the observed shape variation (Table 4). None of
the six relative warps showed clear separation of
species in morphospace and are therefore not
described further here.

The relative warp scores for the dentary pro-
duced eleven significant warps, explaining 92.87%
of the observed shape variation. Relative warps 1
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FIGURE 3. Relative warp plot for the dorsal view of the cranium. Axes depict shape variation, associated with land-
mark deformations, indicated by thin plate splines deformation grids.
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FIGURE 4. Relative warp plot for the lateral view of the cranium. Axes depict shape variation, associated with land-
mark deformations, indicated by thin plate splines deformation grids.



TABLE 4. Significant relative warps (Eigenvalues>1) and
variance percentage attributed to shape deformation for
ventral relative warps.

Variance
29.03%
20.25%
11.08%
9.36%

7.58%
6.21%

Relative Warp

D a b~ WN =

and 2 showed clear separation of groups within
morphospace (Figure 5). Dentary relative warp 1
(DenRW1) explained 27.71% of the variation, with
Castor fiber clustering in positive scores, C. califor-
nicus in negative and low positive scores, and C.
canadensis spanning both positive and negative
scores. Negative DenRW1 scores are associated
with a posterior placement of the anterior margin of
the pterygoid insertion as well as larger coronoid

PALAEO-ELECTRONICA.ORG

and angular processes. Positive DenRW1 scores
are associated with the anterior placement of the
anterior margin of the pterygoid insertion as well as
smaller coronoid and angular processes. DenRW2
explained 14.62% of the variation, with C. fiber dis-
playing negative scores, C. californicus positive
scores, and C. canadensis both negative and posi-
tive scores clustering around zero. Positive Den-
RW2 scores are associated with a widened area
between the mandibular condyle and angular pro-
cess, a posterior widening of the ascending ramus
(from the coronoid process to the angular process),
and an elevated anteroventral border of the incisor
alveolus. Negative DenRW2 scores are associated
with a narrowed area between the mandibular con-
dyle and angular process, a posterior constriction
of the ascending ramus (between the coronoid pro-
cess to the angular process), and a ventrally
depressed anteroventral border of the incisor alve-
olus.
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FIGURE 5. Relative warp plot for the dentary. Axes depict shape variation, associated with landmark deformations

indicated by thin plate splines deformation grids.
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TABLE 5. Summary statistics for cranial Canonical Vari-
ate Analysis with Castor californicus uncategorized.

cv1
Eigenvalue 4.766
% Variance Explained 100
Wilk’s Lambda 0.173
Chi Squared (X2) 86.724
Canonical Correlation 0.909

Overall, Castor fiber and C. canadensis
showed minimal overlap within the relative warp
analyses. Castor californicus plotted either within
or near the range of C. canadensis and consis-
tently fell outside of the plotted range for C. fiber in
morphospace.

Taxon

M Castor canadensis
M Castor fiber
M Castor califomicus

250

Frequency

Stepwise canonical variate analyses. The first
cranial stepwise model, with Castor californicus
categorized as unknown, included nine of the 21
partial warps and showed good separation of
groups (Wilk's lambda = 0.173, F (1 56) = 24.360, p
< 0.001). The analysis yielded one canonical vari-
ate which accounted for 100% of the variance in
the dataset (Table 5). Canonical variate 1 (CV1)
showed separation of C. fiber with high negative
scores and C. canadensis with both positive and
negative scores distributed around 0, whereas C.
californicus had lower negative scores (Figure 6).
Positive CV1 scores are associated with shorter
nasals, posteromedial position of the orbit, and
wider occiput.

The second cranial stepwise model, with all
specimens categorized a priori, included 11 of the

-

===—====2

FIGURE 6. Histogram of canonical variate scores for analysis of cranial data with Castor californicus treated as an
unknown. The x axis depicts shape variation, associated with landmark deformations, indicated by thin plate splines
deformation grids. The y axis indicates the frequency of canonical variate scores among studied taxa.
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TABLE 6. Summary statistics for cranial Canonical Vari-
ate Analysis with all species categorized a priori.

cv1 Ccv2
Eigenvalue 4.221 2.421
% Variance Explained 63.5 36.5
Wilk's Lambda 0.056 0.292
Chi Squared (X2) 144.131 61.501
Canonical Correlation 0.899 0.841

21 partial warps and showed significant separation
of groups (Wilk’s lambda 0.056, F 4 56) = 13.198, p
< 0.001). This analysis yielded two canonical vari-
ates, which accounted for 100% of the variance in
the dataset (Table 6). CV1 accounted for 63.5% of
the variance and showed good separation of taxa
(Figure 7); Castor fiber and C. californicus both had
positive CV1 scores, whereas C. canadensis clus-
tered around 0, with both positive and negative

< ] 8 Taxon

M Castor fiber

&
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scores. Negative CV1 scores are associated with
shorter nasals, wider occiput, and wider premaxil-
lae. CV2 accounted for 36.5% of the variance and
additionally showed good separation of species;
Castor fiber had negative scores, C. californicus
had high positive scores, and C. canadensis had
scores close to 0, with some in both positive and
negative scores. Positive CV2 scores associated
are with shorter nasals and wider occiput.

The dentary stepwise model, which initially
had Castor californicus categorized as unknowns,
included six of the 11 partial warps and showed
some separation of groups (Wilk’s lambda = 0.351,
F (1, 40) = 9.246, p < 0.00). The analysis yielded
one canonical variate, which accounted for 100%
of the variance in the dataset (Table 7). CV1
showed good separation of groups (Figure 8); Cas-
tor fiber had high positive scores, C. californicus
overlapped with C. canadensis, but only as nega-
tive and near 0 scores, and C. canadensis cen-

@ Castor canadensis

@ Castor californicus 3 r'S
B Group Centroid
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=
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FIGURE 7. Canonical variate plot for analysis of cranial data with Castor californicus treated as a distinct taxon a pri-
ori. Axes depict shape variation, associated with landmark deformations, indicated by thin plate splines deformation

grids.
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TABLE 7. Summary statistics for dentary Canonical Vari-
ate Analysis with Castor californicus uncategorized

cv1
Eigenvalue 1.849
% Variance Explained 100
Wilk’'s Lambda 0.351
Chi Squared (X2) 33.504
Canonical Correlation 0.806

tered just negative of zero and contained positive
and negative scores. Negative CV1 scores are
associated with anterior positioned anterior margin
more obtuse curvature

of angular process,

200

15.0

Frequency
S
o

S0

00

between coronoid and condylar processes, and
anteriorly oriented coronoid process.

The second dentary stepwise model, with all
species categorized a priori, included three of the
11 partial warps and showed significant separation
of groups (Wilk’s lambda = 0.329, F, 49, = 8.658, p
< 0.00). This analysis yielded two canonical vari-
ates, which accounted for 100% of the variance in
the dataset (Table 8). CV1 accounted for 80.5% of
the variance and showed separation of Castor cali-
fornicus with negative scores from C. fiber with
positive scores, and C. canadensis with scores
centered around 0, with some spread into positive
and negative scores (Figure 9). Positive CV1
scores are associated with posterior positioning of
coronoid process, shorter condylar process, dorsal

Taxon

M Castor canadensis
M Castor fiber
M Castor californicus

5.0 75

FIGURE 8. Histogram of canonical variate scores for analysis of dentary data with Castor californicus treated as an
unknown. The x axis depicts shape variation, associated with landmark deformations, indicated by thin plate splines
deformation grids. The y axis indicates the frequency of canonical variate scores among studied taxa.
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TABLE 8. Summary statistics for dentary Canonical Vari-
ate Analysis with all species categorized a priori

cv1 Cv2
Eigenvalue 1.307 0.316
% Variance Explained 80.5 19.5
Wilk’'s Lambda 0.329 0.760
Chi Squared (X2) 39.968 9.876
Canonical Correlation 0.753 0.490

positioning of angular process, and anteriorly
extended ascending ramus. CV2 accounted for
19.5% of the variance and showed some separa-
tion of groups, C. californicus had positive scores
and near 0 values, C. fiber had highly positive val-
ues, and C. canadensis clustered near 0 in both
positive and negative scores. Positive CV2 scores
associated with posterior positioning of the ascend-
ing ramus, ventral expansion of the angular pro-
cess, and anteriorly oriented coronoid process.

PALAEO-ELECTRONICA.ORG

The first cranial CVA classification resulted in
100% correct classification of individuals with
98.3% correct classification when cross-validated
(Table 9). One specimen of Castor canadensis
(MVZ 183809) was misclassified as C. fiber in
cross-validation. Castor californicus, which was
assigned as unknown for this cranial CVA, included
specimens classified as both C. fiber and C. califor-
nicus. Those classifications had low conditional
probabilities, which suggests low likelihood of
those fossil specimens belonging to those species
(Table 10).

The second cranial CVA classification, in
which all species were assigned a priori, resulted in
100% correct classification of individuals with
98.3% correct classification when cross validated
(Table 11). One specimen of Castor californicus
(UF 225200) was classified as C. canadensis in
cross-validation. The classification of that speci-
men had a low conditional probability, which sug-
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FIGURE 9. Canonical variate plot for analysis of dentary data with Castor californicus treated as a distinct taxon a pri-
ori. Axes depict shape variation, associated with landmark deformations, indicated by thin plate splines deformation

grids.
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TABLE 9. Cranial CVA classification matrix with Castor californicus uncategorized

Taxon Castor canadensis Castor fiber Total
Original C. canadensis 53 0 53
C. fiber 0 5
C. californicus 1 1
Cross-validated  C. canadensis 52 1 53
C. fiber 0 5 5

TABLE 10. Cranial CVA classifications with Castor californicus uncategorized. P(D/G) represents the conditional prob-
ability of the canonical score given most likely group membership. P(G/D) represents the posterior probability that a
specimen belongs to the predicted group, based on the original group assignment.

Most Likely 2nd Most Likely
Specimen Group P(D/G) P(G/D) Group
C. californicus (UF225200) C. canadensis 0.060 1.000 C. fiber
C. californicus (USNM26154)  C. fiber 0.005 0.994 C. canadensis

TABLE 11. Cranial CVA classification matrix with all species categorized a priori.

Castor Castor Castor
Taxon canadensis fiber californicus Total

Original C. canadensis 51 0 0 51

C. fiber 5 0

C. californicus 0 2
Cross-validated  C. canadensis 51 0 0 51

C. fiber 0 5 0

C. californicus 1 0 1 2

TABLE 12. Cranial CVA classification with all species categorized a priori. P(D/G) represents the conditional probabil-
ity of the canonical score given most likely group membership. P(G/D) represents the posterior probability that a spec-
imen belongs to the predicted group, based on the original group assignment.

Most Likely 2nd Most
Specimen Group P(D/G) P(G/D) Likely Group
C. californicus (UF225200)  C. canadensis 0.000 1.000 C. fiber

TABLE 13. Dentary CVA classification matrix with Castor californicus uncategorized.

Castor Castor
Taxon canadensis fiber Total
Original C. canadensis 35 0 35
C. fiber 0 2 2
C. californicus 0
Cross-validated C. canadensis 35 0 35
C. fiber 1 1 2

gests low likelihood of belonging to C. canadensis  (Table 13). Castor californicus specimens were
(Table 12). classified as C. canadensis and one specimen of

Dentary CVA classification, where Castor cali-  C. fiber (USNM 174938) was misclassified as C.
fornicus was assigned as unknown, resulted in canadensis in cross-validation. Conditional proba-
100% correct classification of individuals with bilities for C. californicus indicate those specimens
97.3% correct classification when cross-validation

14
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TABLE 14. Dentary CVA classification with Castor californicus uncategorized. P(D/G) represents the conditional prob-
ability of the canonical score given most likely group membership. P(G/D) represents the posterior probability that a
specimen belongs to the predicted group, based on the original group assignment.

Most Likely 2nd Most
Specimen Group P(D/G) P(G/D) Likely Group
C. californicus (USNM26154) C. canadensis 0.015 1.000 C. fiber
C. californicus (UF225200) C. canadensis 0.820 1.000 C. fiber
C. californicus (UOMNCH16338)  C. canadensis 0.322 1.000 C. fiber

TABLE 15. Dentary CVA classification matrix with all species categorized a priori.

Castor Castor Castor
Taxon canadensis fiber californicus Total

Original C. canadensis 34 1 0 35

C. fiber 0 2 0

C. californicus 1 0 2
Cross-validated  C. canadensis 34 1 0 35

C. fiber 1 1 0 2

C. californicus 1 0 2 3

TABLE 16. Dentary CVA classification with all species categorized a priori. P(D/G) represents the conditional probabil-
ity of the canonical score given most likely group membership. P(G/D) represents the posterior probability that a speci-
men belongs to the predicted group, based on the original group assignment.

Most Likely 2nd Most Likely
Specimen Group P(D/G) P(G/D) Group
C. californicus (USNM26154)  C. canadensis 0.363 0.982 C. californicus

fall within the range of variation for C. canadensis  could be attributed to MVZ 19229 having distinct
(Table 14). morphological differences compared to the other
Dentary CVA classification in which all spe- C. fiber specimens included in the analysis, includ-
cies were assigned a priori resulted in 95% correct ing an elongated rostrum, narrow zygomatic
classification of individuals with 92.5% correct clas- arches, and widened posterior cranium.
sification when cross-validated (Table 15). In this Nearly all North American Castor specimens
analysis, some specimens were misclassified grouped together, with C. californicus nested within
between groups. One specimen of Castor the C. canadensis cluster (Figure 10). Castor fiber
canadensis (LACM 93330) was classified as C. specimens clustered together, except for MVZ
fiber in both the original classification and cross 19229, which grouped apart from other specimens
validation. One specimen of C. fiber (USNM of the species in other analyses. An outgroup,
174938) was misclassified as C. canadensis in  formed by three specimens, formed outside of the
cross validation and one specimen of C. californi- C. canadensis and C. fiber clusters. Those speci-
cus (USNM 26154) was classified as C. canaden-  mens included two C. canadensis (MVZ 80744 and
sis. Conditional probabilities indicate those UCLA 9517) and one C. californicus (USNM
specimens fall within the range of variation for the = 26154). Uniform components and partial warp
assigned species (Table 16). scores of those three outlier specimens showed no
Cluster analysis. The cluster analysis of cranial clear indication of similarities or extreme variation
data resulted in some separation between species in scores which might separate those specimens
(Figure 10). All Castor fiber specimens grouped from the other C. canadensis group.
together, except for one specimen (MVZ 19229), The cluster analysis of dentary data resulted
which clustered with C. canadensis. This specimen in two prominent groupings (Figure 11). All Castor
consistently clustered separately from the other C. canadensis grouped together, with C. fiber speci-
fiber specimens, as shown in the relative warp mens (USNM 174938 and USNM 248154) grouped
graphs produced from the RWA. This separation within C. canadensis specimens. An early Pleisto-
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FIGURE 10. Dendrogram of cranial hierarchical cluster
analysis. Specimens used in analysis are labeled by
species and catalog number.

cene aged C. californicus (and a specimen previ-
ously referred to C. accessor) clustered together,
forming the outgroup from the extant species.

Postcranial Analysis

Descriptive statistics and ANOVA. Castor califor-
nicus had significantly larger mean values than C.
canadensis for most variables in this analysis
(Table 17). Maximum and minimum range values
show C. californicus has substantial overlap in size
when compared to C. canadensis. Comparisons to
C. fiber were limited due to inadequate sampling.
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FIGURE 11. Dendrogram of dentary hierarchical cluster
analysis. Specimens used in analysis are labeled by spe-
cies and catalog number.

Postcranial elements with little overlap in
range values include FeAPD and TDEMLD (Figure
12). Castor californicus had a broad femur antero-
posterior diameter (FeAPD) compared to C.
canadensis. Castor californicus also has a wider
mediolateral diameter on the distal end of the tibia
(TDEMLD) than C. canadensis.

Castor californicus and C. canadensis do not
overlap in several measurements (Figure 13). Cas-
tor californicus has a wider humeral distal articular
width (HDAW), greater anteroposterior diameter of
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TABLE 17. Descriptive statistics, coefficients of variation with sample size correction (CV*) (following Sokal and Brau-
mann, 1980), and ANOVA results for species postcranial measurements (N < 3). Statistically significant p-values
bolded for clarity. (Continued on next page.)

Measurement  Taxon N Mean (p) St. Dev (o) Min Max CV*(%) F (df) p
HMLD C. can 22 10.75 0.76 955  12.00 7.18 14199 0.000
C. fib 1 7.49 ; 7.49 7.49 ; )

C. cal 3 12.31 1.06 127 13.38 9.29

HDAW C. can 21 19.85 0.80 1818  21.22 4.08 26.849  0.000
C. fib ; ; - ) ; (1)
C. cal 4 22.01 0.44 2164 2262 2.12

uL C. can 20 119.66 4.01 112.99  130.28 3.39 29586  0.000
C. fib 1 85.07 ; 8507  85.07 ; )
C. cal 3 124.47 8.32 11501  130.64 7.24

uLoL C. can 20 25.23 1.68 2228 2857 6.74 14801 0.00
C. fib 1 16.29 ; 1629  16.29 ; 2
C. cal 3 23.91 0.98 2330  25.04 4.44

Fel C. can 24 99.75 5.59 89.44  110.81 5.66 20802  0.000
C. fib 77.93 12.52 69.08  86.78 ; )
C. cal 109.82 6.45 98.70  117.27 6.12

FeAPD C. can 24 11.78 1.03 9.93  13.40 8.82 12.334  0.000
C. fib 10.60 2.49 884  12.36 - @)
C. cal 14.08 0.86 1321 15.60 6.28

FeMLD C. can 24 24.94 1.52 2118 27.94 6.14 2694  0.063
C. fib 21.78 7.75 16.30  27.26 ; @)
C. cal 9 26.56 2.55 2313 31.05 9.88

FeGT C. can 23 13.17 1.99 1027  18.07 15.24 4071 0.054
C. fib - ; - ; - Q)
C. cal 15.29 3.31 11.98  19.36 22.56

FeHD C. can 21 17.16 0.65 1610  19.22 3.86 64.657  0.000
C. fib ; ; ; ; ; Q)
C. cal 20.20 1.27 1815  21.55 6.53

FeEB C. can 22 34.13 1.81 30.44  37.10 5.38 58.219  0.000
C. fib ; ; ; ; ; Q)
C. cal 4172 2.81 39.79  46.57 7.08

L C. can 19 131.29 5.23 119.75  142.91 4.04 12.805  0.002
C. fib - ) ; ; - 1)
C. cal 145.75 13.28 131.08  156.97 9.87

TAPD C. can 19 14.64 1.62 11.02  17.03 11.05 0.76 0.39
C. fib ; ; ; ) ; (1)
C. cal 13.89 1.19 1240  15.24 8.59

TMLD C. can 19 12.97 1.20 1074 15.67 9.41 8379  0.009
C. fib ; ; - ) ; Q)
C. cal 15.12 2.00 1328 17.41 14.04

TPEMLD C. can 18 32.61 1.24 30.94  35.50 3.86 12.258  0.002
C. fib ; ; ; ) ; (1)
C. cal 36.23 3.61 3214 38.99 10.80
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TABLE 17 (continued from previous page).

Measurement  Taxon N Mean () St. Dev (o) Min Max CV*(%) F (df) p
TDEAPD C. can 18 16.34 0.75 1517 17.78 4.65 27.859  0.000
C. fib 0 ) ; ; ; ) ™M

C. cal 4 18.38 0.23 1820  18.69 1.33

TDEMLD C. can 18 19.08 1.03 16.92  20.67 5.45 21194  0.000
C. fib 0 ) - ; ; ) ™M
C. cal 5 21.88 1.78 2017 2453 8.52

TLOF C. can 18 39.98 3.56 33.94 4548 9.02 1092  0.309
C. fib 0 ) ; ; ; ) M
C. cal 3 37.56 4.81 3318 42.71 13.87

MT3L C. can 16 49.04 3.46 4535  59.76 7.16 3584  0.075
C. fib 0 ; ; ; ; ; (1)
C. cal 3 53.22 3.88 4903 56.70 7.90

MT3APD C. can 8 6.20 0.34 566  6.71 5.65 25608  0.000
C. fib 0 ; ; ; ; ; (1)
C. cal 5 7.90 0.87 709 935 11.56

MT3MLD C. can 8 7.58 0.53 665  8.16 7.20 10312 0.008
C. fib 0 ) - ; ; ) (1)
C. cal 5 9.06 115 725 995 13.29

MT4L C. can 13 56.73 2.23 5276  60.78 4.01 12030  0.003
C. fib 0 ) - ; ; ; (1)
C. cal 4 61.22 2.39 58.08  63.52 415

MT4APD C. can 6 7.5 0.18 733 7.85 2.46 0134  0.721
C. fib 0 ; - - ; ; (1)
C. cal 8 7.72 0.85 677  9.00 11.29

MT4MLD C. can 6 8.64 0.25 838  9.05 2.99 63.129  0.000
C. fib 0 ; ; ; ; ; (1)
C. cal 8 10.57 0.55 9.87  11.40 5.36

MT5L C. can 14 4123 2.93 33.81  46.28 7.22 5137 0.039
C. fib 0 ; - ; ; ; (1)
C. cal 3 45.33 2.21 4304  47.45 5.28

MT5APD C. can 7 5.76 0.28 554  6.26 5.0 9642  0.015
C. fib 0 ; - ; ) ; (1)
C. cal 3 6.61 0.62 596  7.19 10.13

MT5MLD C. can 7 5.53 0.43 483  6.07 8.12 5407  0.049
C. fib 0 ) ; ; ; ; ™M
C. cal 3 6.25 0.49 560  6.60 8.46

the third metatarsal (MT3APD), and greater medio-
lateral diameter of the fourth metatarsal (MT4MLD)
than C. canadensis. Castor californicus also has
an anteroposteriorly broader distal end of the tibia
(TDEAPD) and greater femoral epicondylar
breadth (FeEB) than C. canadensis.

18

Coefficients of variation. Coefficients of variation
were calculated for measurements with more than
three samples per species, which were sample
size corrected included with descriptive statistics
and ANOVA results (Table 17). Species overall
showed high levels of variation within postcranial
elements (Figure 14).
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FIGURE 12. Boxplots for (A) anteroposterior diameter of femur (FeAPD) and (B) mediolateral diameter of tibia distal
epiphysis (TDEMLD) of Castor canadensis and C. californicus, which exhibit differences in mean values and minimal
overlap in range values. See Table 17 for descriptive statistics, coefficients of variation, and ANOVA results.

DISCUSSION AND CONCLUSIONS

The earliest occurrence of the genus Castor in
North America is from the late Miocene, as repre-
sented by Castor californicus (Samuels and Zan-
canella, 2011). Although previously described as a
different species from the extant North American
beaver C. canadensis, morphological similarities
between Miocene to early Pleistocene-aged fossil

and extant North American beavers warrant a re-
evaluation of the fossil taxa to determine if C. cali-
fornicus is distinct from C. canadensis. Here we
present a morphological evaluation between the
Miocene to early Pleistocene-aged C. californicus
and the late Pleistocene-aged and extant C.
canadensis.
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FIGURE 13. Boxplots for (A) articular width of humeral distal end (HDAW), (B) femoral epicondylar breadth (FeEB),
(C) anteroposterior diameter of tibia distal epiphysis (TDEAPD), (D) anteroposterior diameter of third metatarsal
(MT3APD), and (E) mediolateral diameter of fourth metatarsal (MT4MLD) of Castor canadensis and C. californicus,
which exhibit differences in mean values and no overlap in range values. See Table 17 for descriptive statistics, coef-
ficients of variation, and ANOVA results.
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FIGURE 14. Variation line graph calculated by coeffi-
cients of variation with sample size correction for Castor
canadensis and C. californicus postcranial measure-
ments. Note that C. fiber is excluded due to limited sam-
pling. Castor canadensis and C. californicus both
contains high levels of variation in postcranial elements.
See Table 17 for descriptive statistics, coefficients of
variation, and ANOVA results.

Morphological Similarities

Castor canadensis shows high levels of varia-
tion in skull morphology. The geometric morpho-
metric analysis all resulted in widespread
distribution of the species within morphospace. It
has been noted in previous literature that C.
canadensis is highly variable (Stefen, 2009), as at
one time it was separated into subspecies based
on phenotypic characteristics and regional distribu-
tion across North America (Rhoads, 1898; Jenkins
and Buscher, 1979; Long, 2000). Specimens of C.
canadensis used in this study here were collected
from across North America (Appendices 1 and 2);
therefore, the resulting variation seen within the
species is a good representation of the variation
seen across the continent in the recent past and
present. Some of the variation seen in C. canaden-
sis may also be partially attributed to ontogenetic
changes in skull shape within older adults (greater
than 5 years old) after reaching sexual maturity
(Segura et al., 2023), as has been previously noted
with the sagittal crest of extant beavers (Hinze,
1950). Castor fiber may also have similarly high
morphological variability in the skull, suggested by
the wide separation of MVZ 19229 from other
specimens across analyses, but limited sampling
here precludes rigorous evaluation of that possibil-
ity. Prior work has also documented high intraspe-
cific variability in the dentition of both C.
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canadensis and C. fiber (Stefen, 2009), with much
of the variation attributable to ontogenetic changes.

Castor californicus consistently plots within
the observed range of variation of C. canadensis
across both relative warp and canonical variate
analyses of the cranium (Figures 3 — 9). Within the
classification stage of both the cranial and dentary
CVA, C. californicus primarily categorized with C.
canadensis (Tables 10 — 16). Castor californicus
clustered within C. canadensis in the cranial hierar-
chical cluster analysis (Figure 10), indicating
strong, shared morphological similarities between
the two species.

This suggests cranial morphological features
are more similar in Castor canadensis and C. cali-
fornicus than either is with C. fiber. Across relative
warp analyses, C. fiber consistently plots separate
from C. canadensis and C. californicus, highlight-
ing the distinct morphological differences between
extant beaver species (Troszynski, 1975; Flynn
and Jacobs, 2008; Danilov et al., 2011; Kauhala
and Timonen, 2016). Previous studies on the mito-
chondrial DNA of C. canadensis and C. fiber show
that the two species last shared a common ances-
tor as early as 7.5 m.y.a. (Horn et al., 2011). This
timing corresponds with the oldest known record of
C. californicus in North America from the Rattle-
snake Formation in Oregon (Samuels and Zan-
canella, 2011).

Cranial morphological similarities between
Castor canadensis and C. californicus broadly
include shorter nasals, wider occiput, and posteri-
orly positioned orbits when compared to C. fiber
(Figure 15). Dentaries of C. canadensis and C. cal-
ifornicus both display anterior placement of the
anterior margin of the pterygoid insertion and
greater spread of the posterior processes (coro-
noid, condylar, angular) (Figure 15). These findings
suggest both North American species have higher
mechanical advantage and potentially larger ptery-
goid muscles than C. fiber, and a broader nuchal
region which represents the insertion area of the
head-stabilizing neck muscles.

Studied specimens of Castor californicus fit
largely within the wide range of morphological vari-
ation seen in C. canadensis postcrania (Table 17).
The postcranial analysis of C. fiber is limited due to
inadequate sampling, precluding detailed compari-
sons to either North American species. The post-
cranial elements, which were measured, did
document differences from those of C. canadensis,
though not enough data were collected to confi-
dently evaluate morphological differences between
these species.
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Castor canadensis

Short
nasals

= Wide

/ ﬁ cciput

Anteriorly
positioned
pterygoid
insertion

Castor californicus

Castor fiber

Elongate

nasals Narrow

Wide occiput

occiput

Anteriorly positioned
pterygoid insertion

Posteriorly
positioned
pterygoid
insertion

FIGURE 15. Comparison of the skull and dentary of extant Castor canadensis (MVZ 80744) and C. fiber (USNM
248154) to fossil C. californicus (USNM 26154). Note that the North American species C. canadensis and C. californi-
cus share shorter nasals, wider occiput, and more posteriorly positioned orbits than Eurasian C. fiber; both also dis-
play more anterior placement of the anterior margin of the pterygoid insertion and greater spread of the posterior

processes (coronoid, condylar, angular) than C. fiber.

Castor canadensis and C. californicus show
high levels of variation in postcranial morphology,
as evidenced by coefficients of variation, which
were also highly variable for both species even
with sample size corrections. Previous studies of
C. californicus described it as closely resembling
the extant C. canadensis but larger in size (Stirton,
1935; Shotwell, 1970). High intraspecific variability
in both taxa and substantial overlap in measure-
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ments suggests that differentiating these species
based on size is not reliable. Other studies have
found size is not generally a reliable metric for
identifying and distinguishing species (Koch, 1986;
Stefen, 2010; Emery-Wetherell and Davis, 2018;
Martin et al., 2018). Given the degree of morpho-
logical variation observed in extant C. canadensis
(data presented here and for dentition by Stefen,
2009), size alone should not be used to distinguish



C. californicus from C. canadensis. Although cer-
tain postcranial features showed differences in
range between C. californicus and C. canadensis,
most C. californicus elements measured in the
study fit within the observed range of variation for
C. canadensis.

Morphological Distinctions

Castor canadensis and C. californicus show
some morphological distinctions within the dentary
and postcrania. Most specimens of C. californicus
fell outside of the range of C. canadensis, in the
relative warp analysis of the dentary (Figure 5).
The hierarchical cluster analysis of the dentary
showed greater separation between species, with
most specimens of C. californicus forming the out-
group from C. canadensis and C. fiber (Figure 11),
reflecting morphological differences from the extant
species.

Semi-aquatic rodents exhibit a wide range of
osteological specializations for their lifestyles
(Howell, 1930; Gingerich, 2003; Samuels and Van
Valkenburgh, 2008; Calede, 2022). Postcranial
characteristics include shortening of the femur,
robust limb elements, enlarged muscle attachment
sites for the hind limb, and elongated hindfoot to
aid in movement through the water (Samuels and
Van Valkenburgh, 2008). These characteristics
hold true for Castor canadensis and C. californicus
(Table 17, Appendix 3, Figures 12 and 13).

The femur anteroposterior diameter (FeAPD)
in Castor canadensis is low, exhibiting an extreme
flattening of the femur while C. californicus exhibits
a more robust anteroposterior diameter than C.
canadensis. The femoral epicondylar breadth
(FeEB) is wider in C. californicus than in C.
canadensis. A wider FeEB would allow for greater
muscle attachments to help with swimming (Samu-
els and Van Valkenburgh, 2008) and would be
expected in an animal of larger body mass. The
anteroposterior and mediolateral diameters at the
distal end of the tibia (TDEAPD and TDEMLD) are
slightly wider in C. californicus than in C. canaden-
sis, suggesting that C. californicus had more robust
articular distal ends on the hindlimbs than C.
canadensis. In the pes, the anteroposterior diame-
ter of the third metatarsal (MT3APD) and mediolat-
eral diameter of the fourth metatarsal (MT4MLD)
are both more robust in C. californicus than C.
canadensis. Increasing the size of the pes can aid
in enlarging the surface area of the hindfoot for
amplified propulsion through the water (Samuels
and Van Valkenburgh, 2008), which would also be
expected at larger body mass. The articular width
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at the distal end of the humerus (HDAW) is wider in
C. californicus than C. canadensis, suggesting that
C. californicus had more robust articular distal
ends on the forelimbs than C. canadensis, which
would accommodate larger size and may have
allowed a wider range of motions used in both
swimming and digging.

Ecological Role and Taxonomic Validity of
Castor californicus

Overall, analyses employed here have docu-
mented strong morphological similarity between
the late Miocene to early Pleistocene-aged beaver
Castor californicus and the extant North American
beaver C. canadensis. Both taxa show high
degrees of variability in size, and substantial over-
lap in both skull (cranium and dentary) and post-
cranial size and shape. Subtle, but notable
morphological differences in the skull of C. califor-
nicus include a wider occiput and posteriorly posi-
tioned orbit (Figure 15). Dentary morphology in C.
californicus displays distinctly wider separation
between condylar and angular processes and
anteroventrally depressed incisor alveolus (Figure
15). Postcranial morphology of C. californicus is
distinguished from extant species of beaver by less
dorsoventrally flattened the femur, greater robust-
ness of hindlimb elements, and greater metatarsal
widths. These differences may be attributable to
body size and allometry, but do not likely represent
substantial differences in function of either the cra-
nial or postcranial skeleton.

Further comparisons between beaver spe-
cies are necessary for a rigorous evaluation of the
taxonomic validity of Castor californicus. Detailed
examination of dental dimensions, occlusal pat-
terns, and how teeth change ontogenetically would
supplement the findings of this study. Additionally,
including more C. californicus, modern C. fiber, and
Pleistocene-aged C. canadensis and C. fiber spec-
imens will help provide a better representative
sample for future analyses. When combined, that
would allow more confidence in assessing the
validity of species. Our findings are consistent with
Castor californicus and C. canadensis representing
chronospecies, with subtle differences in morphol-
ogy because of anagenetic changes in beavers
over the last 7 million years. That time interval
includes dramatic changes in climate, floras, and
faunas in North America and the rest of the world
(e.g., Webb, 1977; Graham, 1999; Jacobs et al.,
1999; Janis et al., 2002; Retallack, 2007; Edwards
et al., 2010; Stromberg, 2011; Samuels and Hop-
kins, 2017; Westerhold et al., 2020), and thus
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some evolutionary changes within persisting lin-
eages should not be surprising. Other well-studied
rodents of North America have been interpreted
similarly (anagenetic changes in a lineage, some-
times with recognizable chronospecies or subspe-
cies). For example, muskrats (Ondatra zibethicus)
are common in the fossil record and what were for-
merly considered distinct species are now treated
as chrono-subspecies in a lineage that evolved
greatly over the Pliocene and Pleistocene (Martin
et al., 1996; Martin, 2019).

Regardless of taxonomic assignments of
specimens, the strong morphological similarity of
these two beaver species indicates they can be
considered ecological analogs, having similar
dietary and locomotor ecology. This is also what
had been noted in prior ecomorphological studies
of rodents, which inferred the ecology of Castor
californicus to have been a semi-aquatic herbivore
specialized for feeding on fibrous plant matter
(Samuels and Van Valkenburgh, 2008; Samuels,

2009). Consequently, we can confidently infer the
impacts of beavers on ecosystems in North Amer-
ica (i.e., tree-felling, dam building, watershed alter-
ing) to have been occurring since the late Miocene,
at least 7 m.y.a. (Rybczynski, 2008; Samuels and
Zancanella, 2011). Ongoing studies of beaver evo-
lution and distribution will improve understanding of
how both beavers and the ecosystems they inhabit
have changed through time.
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APPENDIX 1.

Cranial specimens used in geometric morphometric analysis. Available for download at https://palaeo-elec-
tronica.org/content/2023/394 3-fossil-beaver-morphology.

APPENDIX 2.

Dentary specimens used in geometric morphometric analysis. Available for download at https://palaeo-elec-
tronica.org/content/2023/3943-fossil-beaver-morphology.

APPENDIX 3.

Postcranial specimens and measurements. Available for download at https://palaeo-electronica.org/con-
tent/2023/394 3-fossil-beaver-morphology.
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