


VARIATION AND
SEXUAL DIMORPHISM IN
TYRANNOSAURUS REX

Peter Larson

The science of paleontology has often been accused of being more art than
science. This assessment stems from the problems encountered when deal-
ing with the paucity and incompleteness of the fossil record. Not the least
of the problems confronting paleontologists is the scarcity of specimens.
To date, 46 specimens (N. L. Larson this volume) consisting of more than
a few associated bones have been assigned to Tyrannosaurus rex Osborn
(1905, 1906). Although this is a robust representation for extinct theropods,
when compared with extant populations, this number seems extremely
inadequate. For example, Buss (1990) reported a 1973 count of 14,309 Af-
rican elephants (Loxodonta africana) in the 3840 km- (1483 mi?) Kabalega
Falls National Park in Uganda. On its face, 46 specimens scems a paltry
number from which to define a species, let alone attempt to identify males
and females. Yet that is exactly what this study attempts. The use of modern
taxonomic methods may be used to identify anomolous morphological
characters and to remove questionable specimens from a taxon to which
they have been unnaturally joined (more below). Taken even further, mor-
phometrics, physiology, and pathology can be used to help separate and
define sex morphotypes.

For this study, 34 specimens attributed to Tyrannosaurus rex, including
specimens listed as Tyrannosaurus “x” and Nanotyrannus (considered as
specimens of T. rex by Carr 1999), were examined. In addition, 2 specimens
assigned to Tarbosaurus bataar, one assigned to Gorgosaurus and another
to Albertosaurus, were examined as outgroups. These specimens are listed

in Table 8.1.

In any population, individual variation within a species will occur. This
variation is due to ontogeny, nutrition, genetic variance, pathology, and, of
course, sexual dimorphism. Thus, it is imperative that these factors be ex-
cluded when examining the question: “Have researchers included speci-
mens within the species T. rex, with variation bevond that expected within
a living population?” Fxtant phylogenetic bracketing techniques (Witmer
1995) were used to evaluate the characters used in this study for the pur-
pose of isolating those attributable to intraspecific variation.
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Figure 8.1. (Left) Tyran-
nosaurus “x” (AMNH
5027). (Right) Tyranno-
saurus rex (BH! 3033).

Figure 8.2. Medial view
of right dentary of the
type Tyrannosaurus rex
CM 9380. Note the incisi-
form first dentary tooth.

Figure 8.3. Left and right
first dentary teeth of
Tyrannosaurus rex BHI
3033. (A) Lateral view. (B)
Posterior view. Note that
both serrations are ex-
posed in the posterior
view, creating the typical
tyrannosaurid D-shaped
cross section.
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Table 8.1. Specimens
Used in the Study
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Tyrannosaurus rex Tyrannosaurus “x” Nanotyrannus Outgroups

CM 9380

CM 1400
LACM 23844
LACM 2345
MOR 009
MOR 1128
MOR 1125
MOR 555
MOR 980
FMNH PR2081
BHI 3033

BHI 4100

BH! 4182

BHI 6232

BHI 6231

BHI 6233

BHI 6230

BHI 6242
TCM2001.90.1
RTMP 81.12.1
RTMP 81.6.1
UCMP118742
BMNH R7994
NHM R8001
USNM V6183
LL.12823

AMNH 5027
MOR 008
SDSM 12047

Samson

BMR P2002.41
CMNH 7541
BHI 6235
LACM 28471

Tarbosaurus
BHI 6236
ZPAL-MgD-I/4

Gorgosaurus
TCM2001.89.1

Albertosaurus
BHI 6234

Ontogenetic variation may include aspects other than the obvious increase
in size. For example, it may also include an increase in the number of alveoli,
or tooth positions (e.g., Edmontosaurus annectens; personal observation). In
certain groups (i.e., mammals), growth to adulthood may also include modi-
fication of tooth morphology, along with an increase in the number of tooth
positions (Romer 1966). For many vertebrates, ontogeny also includes an in-
crease in body size at a faster rate than for the brain, eyes, and skull (Lockley
et al. this volume). Nutritional variation may manifest itself as smaller body
size and smaller body mass— differences that are not generally confused with
taxonomic characters. Genetic variation may be monitored by using extant
populations as examples (Darwin 1868). Pathologic specimens showing evi-
dence of disease or healed injury are relatively easily recognized, and are
generally not reproducible from specimen to specimen in a form that would
be noted as a taxonomic character. Finally, sexual dimorphism will be dis-
cussed in depth near the end of this chapter.
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More than 25 years ago, Robert Bakker (personal communication) made
the case for dividing the North American genus Tyrannosaurus into 2 spe-
cies, T. rex and what he refers to as Tyrannosaurus “x” (Fig. 8.1). Bakker’s
reasoning was based on a peculiar variation in the anterior dentition of the
dentary. The type of Tyrannosaurus rex (AMNH 973 = CM 9380) possesses
a single incisiform tooth occupying the anterior position in the dentary.
This tooth is morphologically reminiscent of the teeth of the premaxilla,
is D shaped in cross section, and is substantially smaller than those directly
posterior to it (Figs. 8.2 and 8.3). Bakker also noted that AMNH 5027 ap-
pears to possess 2 incisors in each dentary. For lack of specimens, his views
were never published. Paul (1988) and Molnar (1991) have both also con-
sidered the possibility of a second species of Tyrannosaurus.

A quarter of a century later, there now exist at least 15 reasonably com-
plete Tyrannosaurus skulls. Three of these specimens (MOR 008, SDSM
12047, and Samson) share certain characters, including the double lower in-
cisors, with AMNH 5027 (Figs. 8.4 and 8.5). Because these “incisors” are ei-
ther missing or were restored on all 4 specimens, without computed tomo-
graphic scans to look at unerupted teeth, the D-shaped morphology of these
“incisors” is in question. The apparent differences seem to be best expressed
by comparing the size of the second dentary tooth with that of the third, and
because the teeth themselves were not always available to measure, the
length of the second and third alveoli were measured and compared. The
results of these measurements are found in Table 8.2.

Although all 4 skulls seem short when compared with full-grown in-
dividuals (i.e., BHI 3033 and FMNH PR2081 = BHI 2033), ontogenetic
variation may be ruled out because other individuals of approximately the
same skull length do not share this character. One of the specimens, Sam-
son, has a femur (length, 129 cm) of comparable length to Stan (BHI 3033;
length, 131 cm), but whose skull is less than 80% as long (104 cm). A shorter
skull and variation in lower jaw dentition is unlikely to be caused by differ-
ences in nutrition. Pathology may be ruled out because of the lack of any
associated manifestation of healed injury. Genetic variance also seems
improbable because no modern correlates exist. A case could be made for
the differences in the dentition being attributable to sexual dimorphism.

Specimen DT2-L (mm) DT3-L(mm) Ratio of DT3 to DT2

T rex

CM 9380 55 54 1.0
MOR 555 52 56 1.1
MOR 980 51 51 1.0
BHI 3033 56 60 1.1
T "x"

BHI 4182 33 34 1.0
MOR 008 48 64 1.3
SDSM12047 35 55 1.6
Samson 33 54 1.6
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The Case for
Tyrannosaurus “x”

Table 8.2. Comparison of
Lengths of Second (DT2-
L) and Third Dentary

Tooth or Alveolus (DT3-L)

* From the holotype.
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Figure 8.4. Dorsal view of
the anterior portion of
the left dentary of Tyran-
nosaurus rex CM 9380
preserving small first
dentary tooth DT1 and
large second dentary
tooth DT2.
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Although there are modern examples of sexual dimorphism in the canines
of some primates (Martin et al. 1994) and in the canines or incisors of wal-
rus, elephants, bush pig, and hippopotamus (Lincoln 1994), sexual dimor-
phism expressed as differences in dentition in extant taxa seems to be re-
stricted to mammals. Any dental expression of sexual dimorphism remains
undocumented for crocodilians, extinct toothed birds (extant phylogenetic
bracketing), or other extant reptiles.

Can the difference in the teeth be attributable to speciation? Although
stratigraphic information for the 4 specimens is unavailable, there are good
records available for Tyrannosaurus rex. BHI 2033 was collected 16 m below
the K T boundary in the Hell Creek Formation (the Hell Creek in the area,
near Buffalo, SD, is approximately 150 m thick). A second indisputable speci-
men of Tyrannosaurus rex (BHI 4182) was collected nearby, from within 10
m of the base of the formation, and it represents perhaps the oldest known
record of Tyrannosaurus from North America (Kirk Johnson, personal com-
munication). Geographic distribution is also not a factor, because T. rex co-
occurs with T. “x.”
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Dentary and maxillary tooth (alvecli) counts also seem to vary between
the 2 “species.” This s particularly evident in the dentary, with 13 or 14 for
Tyrannosaurus rex and 14 or 15 for T. “x.” The distribution of all of these
characters, with Tarbosaurus bataar as an outgroup, are listed in Table 8.3.

Afourth character separating the 2 forms is the relative size of the lateral
pneumatic lachrymal foramen. Specimens referable to T. “x” have relatively
smaller lateral pneumatic lachrymal foramina than those of Tyrannosaurus
rex (Fig. 8.6). When measured and plotted as lachrymal foramina length vs.
lachrymal length (Fig. 8.7), Tyrannosaurus “x” clusters separately from T. rex
(as do Gorgosaurus and Nanotyrannus). However, it should be noted that the
size of the lachrymal foramina in Allosaurus is extremely variable, and this
ditference between T. rex and T. “x” may not be statistically significant, espe-
cially given the sample size (Kenneth Carpenter, personal communication).

Skull Character Tyrannosaurus Tyrannosaurus Tarbosaurus
rex g

Lateral lachrymal Small Very small Small

pneumatic foramina

Maxillary tooth count 11 or12 12 12 or 13

Dentary tooth count 130r14 14 or 15 15

Dentary incisor count 1 2 1

L3DT/L2DT DT3-L/DT2-L  1.0-1.1 1.3-1.6 1.2

Variation and Sexual Dimorphism

Figure 8.5. Dorsal view of
the anterior portion of
the left dentary of Tyran-
nosaurus “x” (Samson)
preserving small alveoli
for DT1 and DT2 and a
large alveolus for the
third dentary tooth DT3.

Table 8.3. Comparison of
Skull Characters
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Figure 8.6. Lateral view
of the left lachrymals of
(A) Tyrannosaurus “x”
AMNH 5027 and (B)
Tyrannosaurus rex BHI
3033. Note the larger
lateral pneumatic fora-
men on T. rex.

Is Nanotyrannus
lancensis a Juvenile
Tyrannosaurus rex?

Figure 8.7. Lachrymal
length vs. lachrymal
foramina length.
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Are these 4 cranial characters enough to erect a new species? (No sig-
nificant postcranial characters were noted.) Because we are dealing with an
extinct group, doing so at this time might be premature. Although it is likely
that a second North American Latest Cretaceous species of Tyrannosaurus
exists, all of the specimens in questions are in need of further preparation
that will permit a more thorough comparison with the type (AMNH 973 =
CM 9380) and other referred specimens. Fortunately, preparation of 2 of the
specimens (SDSM 12047 and Samson) is already underway. The ultimate
disposition of Tyrannosaurus “x” may soon be resolved.

The genus Nanotyrannus was erected by Bakker et al. (1988) for the type
specimen (CMNH 7541) of Gorgosaurus lancensis Gilmore (1946). This
specimen (I'ig. 8.8) consists of a relatively complete skull preserved with
the jaws in occlusion, with very little distortion and no associated postcra-

Lachrymal Length vs Lachrymal Foramina Length
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nial material. Bakker et al. (1988) argued that certain derived characters,
including the construction of the basicranium, the angle of the occipital
condyle, the maxillary tooth count, the overall tooth morphology, the rela-

tive narrowness of the snout, and the expansion of the temporal region of
the skull clearly separated this specimen from other tyrannosaur clades
(Gorgosaurus, Albertosaurus, Daspletosaurus, and Tyrannosaurus).
Although the characters discussed by Bakker et al. (1988) clearly sepa-
rated this specimen from its earlier assignment to Gorgosaurus, its distance
from the Tyrannosaurus clade seemed less defined. They both “achieved
the highest degree of potential stereoscopy known among large theropods,”
and they agree in characters, including the orientation of the occipital
condyle (Bakker et al. 1988, p. 25). They also address the question of the
skull being that of a juvenile: “The sutures between the lachrymal and
prefrontal have thoroughly coalesced in Nanotyrannus, as have the sutures
between frontals and prefrontals. . . . Without question, the type of Nano-
tyrannus was fully adult and had reached the maximum size the individual
would have attained if it had lived longer” (Bakker et al. 1988, p. 17).
Carpenter (1992, pp. 259, 260) disagreed with Bakker et al. (1988)
when he noted that “the coalescence of cranial bones is known to be vari-
able in dinosaurs” bringing under suspicion “its usability to ‘age’ dino-
saurs. Carpenter further noted that “the oval shape of the orbit” may well

Variation and Sexual Dimorphism

Figure 8.8. Type speci-
men of Nanotyrannus
lancensis CMNH 7541.

109



110

be a juvenile character. He concluded that Nanotyrannus lancensis could
be a juvenile T. rex.

Carr (1999) expanded this possibility. On the basis of 17 specimens
referred to Albertosaurus libratus, Carr erected an ontogenetic series of
growth stages (1-3). From bone texture, lack of fusion, shape of the orbit,
and overall skull morphology, Carr placed CMNH 7541 into his stage 1,
the youngest in his ontogenetic series. Carr then declared Nanotyrannus
lancensis to be a juvenile Tyrannosaurus rex. In later arguments (Carr and
Williamson 2004; Carr et al. 2005), this designation was used to establish
a growth series for T. rex, establishing a sequence of changes from the small
juvenile LACM 28471, followed by the juvenile CMNH 7541 (stage 1),
through subadults LACM 23845 and AMNH 5027, to the fully grown
adults LACM 23844 and FMNH PR2081 (BHI 2033).

Although Carr (1999) presented a compelling and thoughtful argu-
ment, not all paleontologists agree with his assessment. Currie (2003, p.
223) pointed out that “most of the characters used to demonstrate that
Nanotyrannus and Tyrannosaurus are synonymous are also characters of
Tarbosaurus and Daspletosaurus.” Bakker et al. (1988; personal communi-
cation) noted the discrepancy in tooth counts—15 maxillary teeth in Nano-
tyrannus and 11 or 12 in Tyrannosaurus rex—and the lack of tooth reduc-
tion ontogenetically in the maxilla of any extant species. The primitive
compressed nature of Nanotyrannus teeth (Bakker et al. 1988) as compared
with the derived inflated teeth seen in T. rex and evidence of feeding be-
havior differences also argue for the uniqueness of CMNH 7541 (Larson
1999). Because the growth series argument of Carr is rooted in the assump-
tion that Nanotyrannus is a juvenile T. rex, much of Carr’s concept of on-
togenetic change and ontogenetic stages in Tyrannosaurus rex is in ques-
tion (Jorn Hurum, personal communication). I agree with Carr and
Williamson's (2004) assessment of LACM 28471 (the so-called Jordan the-
ropod) with CMNH 7541 (the type of Nanotyrannus), and with the desig-
nation of the subadult LACM 23845 as Tyrannosaurus rex. However, 1 dis-
agree with the subadult designation of AMNH 5027, which groups as a full
adult with Tyrannosaurus “x” and with Nanotyrannus as a juvenile T. rex.

An isolated left lachrymal (BHI 6235) comparable in size and mor-
phology to CMNH 7541 was found associated with Sue (FMNH PR2081)
and erroneously identified as a juvenile T. rex (Larson 1997). It, too, should
be referred to Nanotyrannus. Finally, the recent discovery of a fourth speci-
men (BMR P2002 4.1) is clearly referable to Nanotyrannus. This specimen,
nicknamed Jane, in addition to many uncrushed and well-preserved skull
elements with a nearly complete dentition, also preserves much of the
postcranial skeleton.

Although this subject is discussed in detail elsewhere (Currie 2003;
Currie et al. 2003; Larson in press), a list of characters separating Nano-
tyrannus from Tyrannosaurus is presented in Table 8.4. For purposes of
comparison as outgroups, those characters are also listed for Tyrannosaurus
“x,” Tarbosaurus, Gorgosaurus, and Albertosaurus.
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Table 8.4. Comparison of Tyrannosaurid Skull Characters

Skull Character Tyrannosaurus Tyrannosaurus Tarbosaurus Tarbosaurus Nanotyrannus  Gorgosaurus sp. Albertosaurus
rex “x" bataar bataar Juvenile [lancensis sp.

Antorbital fossa Very deep Deep Deep Deep Very shallow Shallow Shallow

Ventral antorbital maxillary No No No No Yes Yes Yes

ridge meets jugal

Maxillary fenestra reaches Yes Yes Yes Yes No No No

rostral margin of antorbital

fossa (Carr et al. 2005)

Maxillary fenestra reaches Yes Approaches Yes Yes No No Approaches

ventral margin of antorbital

fossa (Carr et al. 2005)

Vomer expansion Lateral Lateral Lateral ? Dorsoventral Dorsoventral ?

Posterior dorsal Quadratojugal  No No No No Yes Yes No

notch

Central dorsal gquadratojugal No No No No Yes Yes No

notch

Anterior dorsal medial notch in  Yes ? No ? No No No

quadratojugal (Carr and

Williamson 2004)

Lachrymal horn (cornual Absent Absent Absent Absent Present Present Present

process)

Lachrymal shape Inverted L Inverted L Inverted L Inverted L T T T

Quadrate—squamosal Double Double ? ? Single Double Single

articulation

Cranial nerve V-2 bounded by:  Maxilla and Maxilla and Maxilla and Maxilla and Maxilla only Maxilla only ?
premaxitla premaxilla premaxilla premaxilla

Anterior maxilla fossa at cranial Maxilla and Maxilla and Marxilla and Maxilla and Maxilla only Maxilla only ?

nerve V-2 premaxilla premaxilla premaxilla premaxilla



Table 8.4 (continued).

Skull Character Tyrannosaurus  Tyrannosaurus Tarbosaurus Tarbosaurus Nanotyrannus  Gorgosaurus sp. Albertosaurus
rex “x" bataar bataar Juvenile /lancensis sp.

Tooth cross section at base of  Ovate Ovate Compressed Compressed Compressed Ovate Compressed

crown

Fourth maxiflary tooth L/W (at  1.76 1.23 1.68 ? 212 1.36 ?

base of crown)

Fourth dentary tooth L/W (at 1.38 1.34 1.39 ? 1.66 1.23 ?

base of crown)

First maxillary tooth small and  No No No No Yes Yes ?

incisoform

D-shaped first dentary tooth Yes ? ? ? No No ?

First dentary tooth reduced Yes Slightly Slightly ? Greatly No ?

Maxillary tooth count 11-12 12-13 12-13 13 15-16 13-15 13-15

Dentary tooth count 13-14 14-15 15 ? 17 15-17 13-15

Medial postorbital fossa No No No ? Yes Yes Yes

Foramina on lateral aspect Absent Absent Absent Absent Large pneumatic  Small Absent

(center) of quadratojugal

Anterior squamosal pneumatic ~ Very large Very large Present ? Absent Small Absent

foramina

Lateral lachrymal pneumatic Small Very small Small Small Multiple, large Large Large

foramina

Medial lachrymal pneumatic Present, large Present, large Present ? Absent Small Absent

foramina

Ectopterygoid pneumatic Yes Yes Yes ? No No No

foramina bounded by thick lip
(Carr et al. 2005)

Jugal pneumatic foramina

Anterolateral
facing

Anterolateral
facing

Anterolateral
facing

Anterolateral
facing

Dorsolateral
facing

Anterolateral
facing

?




Is it possible to recognize sexual dimorphism in Tyrannosaurus rex? The
subject of sexual dimorphism in nonavian theropods has been examined
by a number of authors over the years (e.g., Paul 1988; Colbert 1989, 1990;
Raath 1990; Chinsamy 1990; Gay 2005). The subject of sexual dimor-
phism in Tyrannosaurus rex has surfaced repeatedly since Carpenter first
broached the subject in 1990 (Molnar 1991; Larson and Frey 1992; Larson
1994, 1995, 2001; Horner and Lessem 1993; Carpenter and Smith 2001;
Larson and Donnan 2002; Brochu 2003; Molnar 2005). These authors
have also explored the possibilities of identifying, or at least separating, the
sexes of various theropod species on the basis of differences in cranial or-
namentation (Larson 1994; Molnar 2005), pelvic construction (Carpenter
1990; Larson 1994, 1995, 2001; Larson and Donnan 2002), erosion of the
femur to liberate calcium for egg production (Chinsamy 1990), preserva-
tion of medullary bone (Schweitzer et al. 2005), differences in hemal arch
(chevron) morphology (Larson and Frey 1992; Larson 1994, 1995; Erickson
et al. 2005), the presence of eggs within the pelvic arc (Sato et al. 2005),
and skeletal morph (i.e., gracile vs. robust morphs) (Paul 1988; Carpenter
1990; Raath 1990; Chinsamy 1990; Larson and Frey 1992; Larson 1994,
1995, 2001; Larson and Donnan 2002; Carpenter and Smith 2001).

Sexual dimorphism in extant animals is well documented. We recog-
nize this in mammals as the presence of antlers in male cervids; longer and
more massive tusks in male elephants, suids, and walrus; larger horns in
male bovids; the presence of canines in male equids; and a generally larger
male body size (e.g., Macdonald 1984). This sexual size dimorphism can
be quite impressive, reaching as much as a 7:1 {3500 kg : 500 kg) ratio of
male to female body mass in the southern elephant seal, Mirounga leonina
(Lindenfors et al. 2002). Interestingly, for many mammals, the only obvi-
ous sexual dimorphism, excluding genitalia, is expressed in adult size, with
males outweighing females (Macdonald 1984).

Many reptile groups (e.g., crocodilians; Bellairs 1970) seem to follow this
mammalian pattern of sexual size dimorphism. However, it is not always the
males who outweigh the females. In turtles and snakes (Fitch 1981), and even
in a few mammal groups like baleen whales (Minasian et al. 1984) and hye-
nas (Estes 1991), sexual size dimorphism is expressed by females being larger
than males. Species of invertebrates, to offer other examples, are often quite
sexually size dimorphic, with the female, almost without exception, being
the larger. In fact, the world record holder for the most sexually size-dimor-
phic animal is the blanket octopus, Tremoctopus violaceus, where females
may outweigh males by as much as 40,000 to 1 (Norman et al. 2002).

Birds, the closest living relatives to nonavian theropods, are often quite
sexually dimorphic. This dimorphism may be expressed as differences in
coloration (the ostrich, Struthio camelus), plumage (the common peafowl,
Pavo cristatus), keratinous structures (the rhinoceros hornbill, Buceros rhi-
noceros), fleshy head ornamentation (the common turkey, Meleagris gal-
lopavo), or even inflatable fleshy structures (the greater prairie chicken,
Tympanuchus cupido). Unfortunately, because none of these features is
likely to be preserved in the fossil record, thev are not much use in recog-
nizing sexual dimorphism in extinct theropods. Sexual size dimorphism,
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Sexual Dimorphism
in Tyrannosaurus
rex
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however, is effective in separating males from females in some bird species
(Brad Livezey, personal communication). Sexual size dimorphism may
also prove recognizable in nonavian theropods like Tyrannosaurus rex.

For many birds, sexual size dimorphism is measurable. It manifests itself
as males larger than females in gulls (Ingolfsson 1969; Schnell et al. 1985;
Bosch 1996), steamer ducks (Livezey and Humphrey 1984), sparrows (Mc-
Gillivray and Johnston 1987), and skimmers and terns (Coulter 1986; Quinn
1990), among others. Sexual size dimorphism also occurs with females larger
than males in spotted owls (Blakesley et al. 1990}, ospreys (Schaadt and Bird
1993), sandpipers (Sandercock 1998), emus (Maloney and Dawson 1993),
and so forth. Morphometric analysis, performed by skeletal measurements,
has proven effective in separating sex when the difference in mass is over 6%
(Schnell et al. 1985). It has even been possible to separate the sexes of mature
individuals through morphometric examination (by using bill, wing, and tail
measurements) when mass differences between the sexes was insignificant
or even indiscernible (Winker et al. 1994).

Although researchers have referred to the presence of robust and grac-
ile morphotypes, Molnar (2005) points out that to date, these morphotypes
have not been adequately quantified, but rather are generally based on vi-
sual assessments. Is it possible to recognize and quantify sexual size dimor-
phism, and clearly classify individual Tyrannosaurus specimens as robust
or gracile morphs? To answer this, | have taken measurements of select ele-
ments from 25 specimens of Tyrannosaurus rex. Measurements were also
taken for 2 outgroup specimens assigned by this study to Nanotyrannus
lancensis (CMNH 7541 and BMR P2002.4.1) and one to Gorgosaurus sp.
(TCM2001.89.1). Even though this study considers Tyrannosaurus “x” to
be the same genus as T. rex and hence should be separable in a consistent
manner, 3 of these specimens (AMNH 5027, Samson, and MOR 008) also
appear as outgroups. Measurements varied from element to element and
consisted of lengths, widths, heights, and/or circumference, as shown in
Figure 8.9; the values are found in Tables 8.5 and 8.6. Clustering on graphs
is assumed to separate sexual size dimorphs. The results were then com-
pared with a visual analysis that divided robust morphs from gracile. Some
elements failed to provided significant results (e.g., dentary length vs. tooth
row length). For other elements, there was simply not enough data to yield
meaningful results (e.g., metatarsal Il length vs. circumference, Fig. 8.11;
ilium length vs. height, Fig. 8.12; and humerus length vs. circumference,
Fig. 8.13), although visual examination was able to separate them, indicat-
ing that the human eye can see apparent differences (as in Fig. 8.10). Ele-
ments that provided too few data may vet prove useful for quantifiable
analysis when additional specimens are discovered. Flements that were
abundant, such as the femur (Fig. 8.14) and humerus (Fig. 8.13), yielded
clear results, which confirmed their separation by visual inspection: robust
plotted individuals look more robust.

From the results of the analysis, Z morphs of Tyrannosaurus are appar-
ent, a robust and a gracile morph. Neither geographic nor stratigraphic dis-
tribution can explain these differences. Therefore, because both crocodiles
and birds show sexual size dimorphism, extant phylogenetic bracketing tells
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Table 8.5. Measurements Used in Morphometric Analysis

Specimen Humerus Ulna Scapula I8

L C L C L C L

T rex
CM 9380 350 165
MOR 009 1160
MOR 1128
MOR 1125 200 99 180
MOR 555 375 162 198 106 980 185 1490
MOR 980 362 165 940 146 1397
FMNH PR 2081 390 185 220 121 1140 205 1480
BHI 3033 1550
BHI 4100 800 142
BHI 6232
BHI 6231 360 172
BHI 6233
BHI 6230 330 145 185 82 1470
BHI 6242
TCM 2001.90.1 176 96 940 196 1275
RTMP 81.12.1
RTMP 81.6.1 302 150
BMNH R7994
NHM R8001
USNM 6183
LL 12823
T
Samson
Nanotyrannus
BMR P2002.41 280 118 109 720
Gorgosaurus
TCM 2001.89.1 305 130 180 74 675 120 865

Abbreviations:—C, circumference; L, length; S, sacrals; II, IV, metatarsal ll, IV.



m Sacrum Metatarsal Femur
H L S-1 S-5 S-6 LIl cl LIV CIv L C
1200 545
400

1260 580
150 510
565 1010 219 202 170 585 295 605 253 1275 514
483 851 597 232 655 1232 483
590 980 285 210 240 1340 580
590 1060 595 280 600 247 1310 500
180 527
1110 515
600 272 625 238 1190 494
1180 512

490 895 240 185 204 550 267 565 263
535 980 220 200 210 1200 560
1210 470
490
490
990 425
1200 467
610 305 635 280 1295 560
220 500 85 64 63 510 149 513 136 720 250
305 490 195 500 184 825 270




Table 8.6. Measurements (mm) Used in Morphometric Analysis

Specimen Maxilla Dentary Lachrymal
H LA LB LA/B  LTR TP L HA H LTR TP H L LF H/LF
T rex
CM 9380 380 695 620 112 535 12 860 180 290 510 13
CM 1400 390 760 620 12
LACM 23844 920 175 260 545 13
MOR 1125 360 6830 590 1.15 520 12 760 140 230 485 14
MOR 555 395 798 620 12 990 170 310 630 13 365 325 26.5 13.8
MOR 980 340 770 560 1 900 175 280 545 13 310 310 27.3 1.4
FMNH PR2081 400 855 720 119 645 12 1010 200 320 620 13
BHI 3033 395 775 650 1.19 605 1 915 175 280 570 13 340 340 35.8 9.5
BHI 4100 730 770 160 530 13 290 290 22.7 12.8
BHI 4182 910 170 270 530 14
RTMP 81.6.1 318 540 770 143 248 530 280 260 26.1 10.7
UCMP 118742 390 810 690 117 625 12
AMNH 5027 360 710 710 1 530 12 850 135 190 520 14 360 340 15.8 22.8
MOR 008 350 720 580 12 880 180 280 560 13 340 300 17.4 19.5
T “x”
Samson 870 170 270 540
Nanotyrannus
BMR P2002.4.1 160 470 385 1.22 355 15 505 69 107 318 17 163 180 351 46
CMNH 7541 150 385 309 1.25 278 15 375
BHI 6235 120 18 6.7
Gorgosaurus
TCM 2001.89.1 230 568 420 1.35 405 14 580 95 197 360 15 235 200 56.4 4.2

Note.—See Figure 8.9.

Abbreviations:—A, B refer to points in Figure 8.9. F, foramen (=lacrymal foramen); H, height; L, length; LTP, number of tooth positions; TR, tooth row.
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us that the most parsimonious explanation for the presence of these 2 morphs
is sexual size dimorphism. The formula developed by Anderson et al. (1985)
was used to estimate the mass of the robust and gracile morphs from femur
diameter. The weight estimates (Table 8.7) show a maximum weight for the
gracile morphs of 4.0 metric tonnes, with a mean of 3.5 metric tonnes (6 in-
dividuals); and a maximum weight of 5.6 metric tonnes and a mean of 4.7
metric tonnes for robust morphotypes (9 individuals).

Given that the presence of 2 morphs has been established for Tyrannosau-
rus rex, can we determine the sex of the morphotypes? Carpenter (1990)
suggested that, on the basis of the greater divergence of ischium (Fig.
8.17), the robust form was female. Larson and Frey (1992) agreed with
Carpenter, and they further suggested that the location and morphology
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Figure 8.9. Examples of
measurement technigues
used in this study.
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Figure 8.10. Anterior
view of right metatarsal Il
of (A) gracile (BHI 3033)
and (B) robust (TCM
2001.90.1) morphotypes.
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of the first chevron might also be used to yield the same result. However,
this method has proven unreliable (Erickson et al. 2005). Elsewhere, I
(Larson 1994, 1995) have suggested that the wider pelvic arch and healed
injuries of the proximal caudal vertebrae (consistant with injuries poten-
tially inflicted by a mounting male during copulation) were restricted to
robust morphotypes. I (Larson 2001; Larson and Donnan 2002) supported
Carpenter’s (1990} conclusion that robust individuals were female. But
because of the tenuous nature of these conclusions, I have speculated that
one way to positively recognize a female is to locate medullary bone
within the skeleton (Larson and Donnan 2002). Medullary bone is only
deposited within the medullary cavity in the long bones of female birds
during ovulation, as an aid to the quick mobilization of calcium for egg
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Figure 8.12. flium length vs. height.
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Figure 8.13. Anterior view  production (Taylor 1970; Welty and Baptista 1988; Schweitzer et al. this
of (A) left humerus of volume). Although the absence of medullary bone is inconclusive (it is not
gracile (BHI 6230) and (B)
right humerus of robust
(FMINH PR2081)
morphotypes.

found in males and nonovulating females), its presence unequivocally
identifies a female.

Medullary bone has not been docuimented in ovulating female croco-
dilians. Although ovulating birds have medullary bone, there were no
guarantees that ancestral nonavian theropods shared this character. What
would be the chances of finding the fossil of an ovulating female Tyranno-
saurus rex, preserving the medullary bone, exposing the inside of the med-
ullary cavity, and recognizing and then verifying that the tissue is medul-
lary bone? Unbelievably, that is exactly what Schweitzer et al. (2005, this
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Figure 8.14. Anterior
view of (A) left femur of
gracile (BH! 3033) and (B)
right femur of robust
(TCM2001.90.1)
morphotypes.

B

volume) did. Schweitzer et al. have verified the presence of medullary bone
within the femur of a specimen of Tyrannosaurus rex by comparison with
medullary bone extracted from laying chickens (Gallus gallus) and os-
triches (Struthio camelus). By plotting information from the femur from
which the medullary bone was found (MOR 1125), it was found that the
specimen clusters with robust morphotypes (Fig. 8.18), thereby providing
independent supporting evidence that the robust morphotypes are most
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Table 8.7. Calculated Mass for Tyrannosaurus Specimens and Outgroups, Nanotyrannus and Gorgosaurus

Specimen Type Femur Femur Mass Mass Morph
Length Circumference (kg) (tonne)
(mm) (mm)
T rex
CM 9380 1200 545 4726 4.7 R
BMNH R7994 490 3535 3.5
MOR 1128 1260 580 5601 5.6 R
MOR 1125 B-rex 1150 510 3943 3.9 R
MOR 555 Wankel rex 1275 514 4028 4.0 G
MOR 980 Peck's Rex 1232 483 3399 34 G
FMNH PR2081 Sue 1340 580 5601 5.6 R
BHI 3033 Stan 1310 500 3735 3.7 G
BHI 6232 1180 527 4312 4.3 R
BHI 6233 1110 515 4049 41 R
BHI 6230 Wyrex 1190 494 3614 3.6 G
BHI 6242 Henry 1180 512 3985 4.0 R
RTMP 81.121 Huxley 1200 560 5090 5.1 R
RTMP 81.6.1 Back Beauty 1210 470 3155 3.2 G
USNM V6183 990 425 2397 2.4
LL 12823 1200 467 3100 EN G
T x"
Samson Z-rex 1295 560 5090 5.1 R
BMR P2002.4.1 Nanotyrannus 720 250 563 0.6
TCM2001.89.1 Gorgosaurus 825 270 695 0.7
Abbreviations.— certainly females. We may therefore assume that the gracile morphotypes
G, gracile; R, robust. are males.
* Mean, 4.1,
Conclusion This study examined 34 specimens that have been assigned by various au-

thors to Tyrannosaurus rex. This list also included specimens ascribed by
some authors to Nanotyrannus lancensis but synonymized by others with T,
rex. By use of shared and derived characters, these specimens (CMNH 7541,
LACM 28471, BMR P2002 4.1, and BHI 6235) may clearly be removed from
the clade, thus validating the work of Gilmore (1946) and Bakker et al. (1988).
Also of contention is a group of 4 specimens (AMNH 5027, MOR 008, SDSM
12047, and Samson) that have been referred to as Tyrannosaurus “x.” Again,
by use of taxonomic characters, there is ample evidence to remove them from
the species rex, but maintain them within the genus Tyrannosaurus.

By use of morphometric analysis, gracile and robust morphs are con-
firmed to be present within the clade Tyrannosaurus rex. Extant phyloge-
netic bracketing (comparison with living crocodiles and birds) leads us to
conclude that the existence of these 2 morphs most parsimoniously repre-
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Figure 8.16. Femur length vs. circumference.
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Figure 8.17. Overlay of
the ischia of (A) CM
9380; (B) RTMP 81.61;
and (C) AMNH 5027 (af-
ter Carpenter 1990).
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sents sexual dimorphism. The discovery of medullary bone within the
medullary cavity of a robust specimen of T. rex established MOR 1125 as
female (Schweitzer et al. 2005), and therefore all other robust T. rex speci-
mens are, in all probability, also female.
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