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Growing up Tyrannosaurus rex: Osteohistology refutes 
the pygmy “Nanotyrannus” and supports ontogenetic 
niche partitioning in juvenile Tyrannosaurus
Holly N. Woodward1*, Katie Tremaine2,3, Scott A. Williams3, Lindsay E. Zanno4,5,  
John R. Horner6, Nathan Myhrvold7

Despite its iconic status as the king of dinosaurs, Tyrannosaurus rex biology is incompletely understood. Here, we 
examine femur and tibia bone microstructure from two half-grown T. rex specimens, permitting the assessments 
of age, growth rate, and maturity necessary for investigating the early life history of this giant theropod. Osteo-
histology reveals these were immature individuals 13 to 15 years of age, exhibiting growth rates similar to extant 
birds and mammals, and that annual growth was dependent on resource abundance. Together, our results sup-
port the synonomization of “Nanotyrannus” into Tyrannosaurus and fail to support the hypothesized presence 
of a sympatric tyrannosaurid species of markedly smaller adult body size. Our independent data contribute 
to mounting evidence for a rapid shift in body size associated with ontogenetic niche partitioning late in T. rex 
ontogeny and suggest that this species singularly exploited mid- to large-sized theropod niches at the end of 
the Cretaceous.

INTRODUCTION
After the publication of its discovery from the famous Hell Creek 
Formation (HCF) in 1905, the carnivorous dinosaur Tyrannosaurus rex 
(1) was met with intense scientific interest and public popularity, which 
persists to the present day (2). Numerous hypotheses concerning T. rex 
biology and behavior result from decades of research primarily fo-
cused on skeletal morphology and biomechanics [e.g., (3) and refer-
ences therein]. Only within the past 15 years has bone histology been 
applied to investigate the aspects of T. rex life history inaccessible 
from gross examinations, addressing questions concerning ontogenetic 
age, growth rate, skeletal maturity, and sexual maturity. In 2004, two 
teams independently assessed the growth dynamics of T. rex using 
osteohistology. Their results suggest that T. rex had an accelerated 
growth rate compared with other tyrannosaurids and achieved adult 
size in approximately two decades (4, 5). The teams focused on growth 
curves, rather than on detailed analyses or interpretations of bone 
tissue microstructures. However, osteohistology is critical for estab-
lishing a baseline against which skeletal maturity and growth changes 
in cortical morphology related to life events in this taxon can be 
tested. Identifying the timing of growth acceleration and empirically 
quantifying juvenile T. rex growth rates are of special importance 
because the juvenile growth record is lost in older individuals be-
cause of bone remodeling and resorption (4, 5).

Here, we examine the femur and tibia bone microstructure of two 
tyrannosaur skeletons of controversial taxonomic status recovered 
from the HCF: BMRP (Burpee Museum of Natural History) 2002.4.1, 

a largely complete specimen composed of nearly the entire skull and 
substantial postcranial material, and BMRP 2006.4.4, a more frag-
mentary specimen. Respectively, we estimate these specimens to be 
54 and 59% the body length of FMNH (Field Museum of Natural 
History) PR 2081 (“Sue”) (6, 7), one of the largest known T. rex. 
The ontogenetic age of BMRP 2002.4.1 was previously reported by 
Erickson (8) as 11 years based on fibula osteohistology. However, be-
cause the fibula grows more slowly than the weight-bearing femur 
and tibia, it does not reflect annual increases in body size or relative 
skeletal maturity as accurately [e.g., (9)]. We use femur and tibia data 
to (i) provide detailed comparative intra- and interskeletal histological 
descriptions, (ii) quantify the ontogenetic age and relative skeletal 
maturity of these specimens, and (iii) allow empirical observation of 
annual growth rate, with emphasis on variability during the life his-
tory of tyrannosaurs (10).

Moreover, by histologically quantifying the ontogenetic age of 
BMRP 2002.4.1 and BMRP 2006.4.4 and inferring skeletal maturity, 
we present new data that can be used to evaluate competing taxo-
nomic hypotheses regarding these and other mid-sized tyrannosaur 
specimens discovered in the HCF, specifically whether BMRP 2002.4.1 
(and by proxy other specimens) represents an adult “pygmy” genus 
of tyrannosaurid, “Nanotyrannus.”

RESULTS
For detailed, orientation-specific histology descriptions, refer to the 
Supplementary Materials. In general, the femur and tibia cortical bones 
of BMRP 2002.4.1 and BMRP 2006.4.4 can be classified as a woven- 
parallel complex. Vascularity and osteocyte lacuna density are uni-
formly high throughout (Figs. 1 and 2). In the femora, the primary 
and secondary osteons surrounding vascular canals are frequently 
isotropic in the transverse section (Fig. 1, A and B) and anisotropic 
in the longitudinal section (Fig. 1C). Also in the transverse section, 
femur primary tissue exhibits moderate anisotropy regionally and 
weak anisotropy locally, corresponding to a loose arrangement of min-
eralized fibers in parallel (e.g., Fig. 1, A and B, and fig. S3B).
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In the tibia transverse section of BMRP 2002.4.1 (Fig. 2A and fig. 
S4), longitudinal primary osteons are isotropic in circularly polar-
ized light (CPL), but fibers of primary osteons encircling laminar, 
circular, and plexiform vascular canals are anisotropic. In contrast, 
primary osteons in the tibia of BMRP 2006.4.4 are frequently iso-
tropic regardless of vascular canal orientation. Because of its proxi-
mal sampling location, the cortical shape of the tibia from BMRP 
2006.4.4 in transverse section differs from that of BMRP 2002.4.1 and 
incorporates the fibular crest on the lateral side (figs. S2D and S8, A 
and F). Highly vascularized reticular woven tissue is present on the 
anterior and anterolateral periosteal surfaces (Fig. 2C). In both in-
dividuals, the thickest tibial cortex is located anteriorly.

Of special note, within the medullary cavity of the femur and tibia 
of BMRP 2006.4.4, isotropic, vascularized, primary tissue is separated 

from the cortex by a lamellar endosteal layer. These features are mor-
phologically consistent with medullary bone (11); however, addi-
tional studies on the systemic nature of this tissue throughout BMRP 
2006.4.4 and biochemical tests on this tissue are necessary to test this 
hypothesis.

Cyclical growth marks (CGMs), resembling tree rings in trans-
verse thin section, were observed in the femora and tibiae of both 
BMRP specimens. Studies on extant vertebrates demonstrate that 
CGMs result from brief interruptions in osteogenesis, occurring with 
annual periodicity and typically coinciding with the nadir (12). The 
annual pauses in bone apposition are recorded as CGMs in cortical 
microstructure as either pronounced lines of arrested growth (LAGs) 
or diffuse annulus rings. On the basis of counting CGMs, BMRP 
2002.4.1 was at least 13 years old at death (13 CGMs in the femur 

Fig. 1. Femur histology of tyrannosaurid specimens BMRP 2002.4.1 and BMRP 2006.4.4. (A) Mid-cortex of the transverse thin section of BMRP 2002.4.1. Plane-polarized 
light (PPL) emphasizes osteocyte lacuna density and variability in shape within the laminae, as well as longitudinal primary osteons. In CPL, there is a weak preferred fiber 
arrangement parallel to the transverse plane of section reflected by regional birefringence. Many primary osteons (POs) have uniformly isotropic fibers with rounded 
osteocyte lacunae. (B) Mid-cortex of the transverse thin section of BMRP 2006.4.4. Osteocyte lacuna density and variability in shape within the laminae are evident in 
PPL. CPL reveals varying birefringence associated with bone fiber orientation, but there is a weak preferred fiber arrangement parallel to the transverse plane of section 
reflected by regional birefringence. Many POs are composed of uniformly isotropic fibers with rounded osteocyte lacunae. (C) Longitudinal section of the mid-cortex of 
BMRP 2006.4.4. Vascular canals appear as near-vertical, thin, dark columns. As in the transverse section, the primary laminae between POs contain variably arranged os-
teocyte lacunae. In CPL, the laminae are weakly isotropic (I), corresponding to the poorly organized parallel orientation of fibers in the transverse plane. The laterally 
compressed osteocyte lacunae in POs are embedded within a uniformly birefringent [anisotropic (AN)] matrix in CPL, indicating that the PO lamellae are longitudinally 
oriented parallel-fibered bone (LP). (D) On the posteromedial side of the transverse section of BMRP 2006.4.4, there is a parallel-fibered annulus located at the periosteal 
surface (thickness indicated with blue line). Photographed in CPL. (E) In the transverse section on the posterolateral side, the annulus shown in (D) (blue lines) is overlain 
by highly isotropic woven-fibered laminae.
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and 10 CGMs in the tibia), and BMRP 2006.4.4 was at least 15 years 
old at death (15 CGMs in the femur and 13 to 18 CGMs in the tibia). 
Typically, vertebrate long bone cortices will exhibit widely spaced 
CGMs within the cortex when young, corresponding to high annu-
al osteogenesis. In subadults, CGMs become more closely spaced as 
osteogenesis decreases approaching adult size [e.g., (10)]. In contrast 
to these frequently observed patterns, the spacing of CGMs was un-
expectedly variable throughout the femur and tibia cortices of both 
BMRP specimens.

In the femur of BMRP 2006.4.4, there is an annulus at the peri-
osteal surface on the medial side (Fig. 1D), but when followed pos-
teriorly, the annulus is within the outer cortex, while fibrolamellar 
tissue makes up the cortex of the periosteal surface (Fig. 1E). Within 
the innermost cortex on the anterolateral side, six LAGs are closely 
spaced (Fig. 2D). Because of resorption from the medullary drift, 
these LAGs are absent within the innermost cortex of the posterior 
and lateral sides.

Prondvai et al. (13) demonstrated that inaccurate bone micro-
structure interpretations are possible if the mineralized tissue is ob-
served in only a single plane; specifically, the more slowly formed 
parallel-fibered mineral arrangement could be mistaken for the rapidly 
deposited woven-fibered mineral arrangement, which has direct bear-
ing on growth rate interpretations. Therefore, the femur of BMRP 
2006.4.4 was longitudinally sectioned in an anterolateral-posteromedial 
plane, and the tibia of BMRP 2002.4.1 was sectioned in a medial-lateral 
plane to accurately assess tissue organization and associated relative 
growth rates (Figs. 1C and 2B, and figs. S2, B and C, S5, and S7). In 
the femur of BMRP 2006.4.4, vascular canals are arranged parallel 

to the plane of section and to the shaft of the long bone. Adjacent to 
the vascular canals, bone fibers are highly anisotropic in CPL and 
contain osteocyte lacunae with long axes arranged parallel to the 
vascular canals and plane of section. Tissue of the laminae between 
primary osteons varies locally in degree of isotropy, with correspond-
ing variable shape in osteocyte lacunae. On the medial side of the 
longitudinal section through the tibia of BMRP 2002.4.1, vascular 
canals are arranged obliquely with numerous communications (fig. S5B). 
From the mid- to the outer cortex, vascular canals are more uniformly 
parallel to the bone shaft, with fewer transverse Volkmann’s canals 
(fig. S5C). Adjacent to vascular canals, fibers of the primary osteons 
are anisotropic in CPL with longitudinally flattened osteocyte lacu-
nae. Fibers within the primary laminae vary locally in isotropy and 
osteocyte lacuna orientation (Fig. 2B). The lateral cortex is thinner 
than the medial cortex, and vascular canals are more closely spaced 
with fewer communicating canals (fig. S5D).

DISCUSSION
Limb bones exhibit moderate growth rates and  
tension loading
Comparison of BMRP 2002.4.1 and BMRP 2006.4.4 bone fiber or-
ganization in the transverse and longitudinal sections using CPL con-
firms that primary tissue is generally poorly organized parallel fibered 
to weakly woven. Dense osteocyte lacunae and poor bone fiber or-
ganization, in combination with a rich vascular network of reticular, 
laminar, and plexiform primary osteons, are characteristics that 
empirically correspond to elevated osteogenesis ranging from 5 to 

Fig. 2. Tibia histology of tyrannosaurid specimens BMRP 2002.4.1 and BMRP 2006.4.4. (A) Transverse mid-cortex thin section of BMRP 2002.4.1. Longitudinal POs 
are evident, and PPL emphasizes osteocyte lacuna density and variability in shape within laminae. CPL reveals varying birefringence associated with bone fiber orienta-
tion, but with a weak arrangement of fibers parallel to the transverse plane of section. Many POs are composed of highly isotropic fibers with rounded osteocyte lacunae. 
(B) Longitudinal thin section of the mid-cortex of BMRP 2002.4.1. Vascular canals appear as near-vertical, dark columns. Adjacent to the vascular canals, the POs contain 
laterally compressed osteocyte lacunae. CPL demonstrates that the laterally compressed osteocyte lacunae of POs are embedded within a uniformly birefringent matrix 
(anisotropic), indicating that the lamellae of POs are LP. Osteocyte lacunae orientation varies in the thin laminae between POs. In CPL, the laminae are weakly isotropic, 
corresponding to the weak arrangement of parallel fibers in transverse section. (C) In transverse thin section, the periosteal surface of BMRP 2006.4.4 on the anterior side 
consists of reticular POs within laminae of highly isotropic, woven tissue. (D) Within the anterior and anteromedial innermost cortex of BMRP 2006.4.4, in transverse thin 
section, six closely spaced LAGs are visible interstitially. Blue lines highlight the LAG trajectories.

http://advances.sciencemag.org/


Woodward et al., Sci. Adv. 2020; 6 : eaax6250     1 January 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 8

90 m/day (10). Nonetheless, the frequency of longitudinal vascu-
larity, as well as regionally prevalent poorly organized parallel fiber 
bundles within the transverse sections, suggests that annual growth 
rates were nearer the lower bound (10). The BMRP individuals did, 
however, experience occasional periods of faster growth indicated by 
bands of regionally isotropic woven laminae with reticular vascular-
ity (e.g., Figs. 1E and 2C, and figs. S6D and S8, C and D) (10).

In both BMRP specimens, the majority of primary osteons as well 
as some secondary osteons were isotropic in the transverse section. 
Corresponding anisotropy in longitudinal examination confirms that 
the fiber bundles within osteons are longitudinally arranged (Figs. 
1C and 2B, and fig. S5, B to D). Studies on long bone response to 
loading show that longitudinal collagen fiber orientation within 
secondary osteons is commonly found in habitually tension-loaded 
regions (14), which may also apply to primary osteon collagen fiber 
orientation. As such, future studies on tyrannosaurid locomotion bio-
mechanics may benefit from incorporation of osteohistology.

Relative skeletal maturity
Rather than exhibiting an external fundamental system (EFS) (Fig. 3), 
a woven-parallel complex extends to the periosteal surface in both 
tyrannosaurid specimens. Thus, histology supports morphological 
observations that BMRP 2002.4.1 and BMRP 2006.4.4 were skeletally 
immature individuals at death (10). In lieu of epiphyseal fusion, which 
most reptile taxa lack, an EFS is the only way to conclusively con-
firm attainment of asymptotic adult body length from the long bones 
of a vertebrate. When present, the EFS occupies the periosteal surface 
as either closely spaced LAGs (separated by micrometers) (Fig. 3A) 
or as a thick, primarily avascular annulus (Fig. 3B) (10). CGMs close 
to the periosteal surface can sometimes be mistaken for an EFS. In 
the case of BMRP 2006.4.4, an annulus is present at the periosteal 
surface of both the femur (Fig. 1D) and tibia (fig. S8E), but when the 
annulus is followed around the cortex, in both cases it becomes em-
bedded within the outer cortex and superseded by woven primary 
tissue (Figs. 1E and 2C). The proximity of the annulus to the periosteal 
surface instead suggests that BMRP 2006.4.4 died soon after growth 
resumed following the annual hiatus and that cortical osteogenesis 
was directional.

Ontogenetic age
On the basis of femur CGM count, BMRP 2002.4.1 was >13 years old 
at death, which is 2 years older than the original estimate by Erickson 
(8) based on fibula CGM count. The slightly larger BMRP 2006.4.4 
was >15 years old. The number of CGMs missing due to medullary 
expansion is unknown, precluding an exact age at death for BMRP 
2002.4.1 and BMRP 2006.4.4. Although the number of missing CGMs 
could be predicted on the basis of innermost zonal thicknesses and 
a process of retrocalculation [e.g., (5, 10)], the variable spacing be-
tween CGMs observed in BMRP 2002.4.1 and BMRP 2006.4.4 and 
other tyrannosaurs (15) renders the technique unreliable in this case, 
and it was not attempted.

Within the innermost cortex of BMRP 2006.4.4, there is a tight 
stacking of six CGMs (Fig. 2D). Because the CGMs remain parallel 
about the cortex and do not merge, they either represent a single hiatus 
in which growth repeatedly ceased and resumed (totaling 13 years 
of growth) or up to 6 years where relatively little growth occurred 
annually (totaling up to 18 years of growth) (9, 16). This tight stack-
ing of six CGMs is not observed in the femur of BMRP 2006.4.4, 
which preserves 15 CGMs. The CGM count from the partial tibia of 

BMRP 2006.4.4 is questionable because the proximal sampling loca-
tion away from midshaft incorporates the fibular crest, introducing 
associated regions of remodeling and directional growth affecting 
apposition interpretations. Because of this and their absence in the 
femur, the observed grouping of six CGMs is conservatively inter-
preted as a single hiatus event. Similar instances of a single hiatus 
represented by narrowly spaced LAGs are reported in other tyranno-
sauroids (15). If this grouping of CGMs instead represents 6 years of 
protracted growth, then BMRP 2006.4.4 demonstrates the extent to 
which these individuals could adjust growth rate based on resource 
availability, in this case prolonging the ontogenetic duration of BMRP 
2006.4.4 as a mid-sized carnivore.

Bone tissue organization was similar across femora and tibiae, sug-
gesting that both bones record annual increases in body size equally 
well. If the stacked CGMs of BMRP 2006.4.4 reflect a single hiatus, 
then each femur preserved more CGMs than the associated tibia. 
Previous studies demonstrated that intraskeletal inconsistencies in 

Fig. 3. The presence of an EFS at the periosteal surface of a long bone indi-
cates skeletal maturity, while the absence of an EFS indicates that the bone is 
still growing at the time of death. (A) An EFS composed of tightly stacked bire-
fringent LAGs (between blue arrowheads) at the periosteal surface of an Alligator 
mississippiensis. (B) The EFS (between blue arrowheads) in an ostrich (Struthio 
camelus) is made of nearly avascular, birefringent parallel-fibered to lamellar pri-
mary tissue. (C) No EFS is present at the periosteal surface of the femur of BMRP 
2002.4.1, (D) the tibia of BMRP 2002.4.1, (E) the femur of BMRP 2006.4.4, or (F) the 
tibia of BMRP 2006.4.4. All panels are shown in transverse thin section, with CPL.
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CGM counts are due to variable rates of medullary cavity expan-
sion or cortical drift across elements (9, 17, 18) when sampled at 
midshaft. Therefore, our preliminary assessment of T. rex intraskel-
etal histology suggests that the femur is more informative than the 
tibia, despite regions of cortical remodeling from tendinous entheses 
about the cortex. Additional intraskeletal histoanalyses of tyranno-
saurid specimens are necessary to test whether the femur is the pre-
ferred weight-bearing bone for simultaneous assessments of annual 
growth rates and skeletochronology.

In addition to ontogenetic zonal thickness variability within the 
cortex, zonal thickness also changed with respect to cortical orienta-
tion. That is, zones were often much thinner relative to one another 
on one side of the transverse section and much thicker on another 
side (e.g., fig. S4, G and H). This pattern is particularly noticeable in 
the tibia of BMRP 2002.4.1 (medial cortical zones are thickest) and the 
femur of BMRP 2006.4.4 (posteromedial cortical zones are thickest). 
This observation implies that directional cortical growth occurred 
over ontogeny and stresses the necessity of complete transverse 
sections for histological analysis: Obtaining a fragment or core for 
study from one orientation may result in erroneous interpretations 
of growth rate and skeletal maturity.

Variability in annual growth as a response to  
resource abundance
Interpretations of relative maturity in nonavian dinosaurs often rely 
on reported trends in the thickness of cortical zones between CGMs 
from the inner to the outer cortex (10). Zone thickness is typically 
greatest within the innermost cortex, corresponding to rapid annual 
growth early in life. Zones become progressively thinner in the mid- 
to the outer cortex of older individuals, as annual growth rate de-
creases approaching asymptotic body length. These general trends 
provide the interpretive foundation for the two previous histology- 
based ontogenetic studies on Tyrannosaurus growth (4, 5). The 
spacing of CGMs within the outer cortices of BMRP 2002.4.1 and 
BMRP 2006.4.4 (Fig. 4) is narrower than between some CGMs 
deeper within the cortices, which suggests that, although not adults, 
the specimens were approaching a body length asymptote at about 
one-half the body length of FMNH PR 2081. However, annual zonal 
thicknesses between CGMs deeper within the cortices of BMRP 
2002.4.1 (Fig. 4A) and BMRP 2006.4.4 (Fig. 4B) are variable, and 
zones do not consistently progress from widely spaced within the 
inner cortex to more closely spaced in the outer cortex. Because 
of unpredictable spacing within the cortex, reduced zonal thickness 
near the periosteal surface is likely an unreliable indicator of skeletal 
maturity in BMRP 2002.4.1 and BMRP 2006.4.4. Variable zonal 
thicknesses are, thus, likely to be observed in ontogenetically older 
T. rex individuals. To test this hypothesis, we examined femur and 
tibia thin sections from T. rex specimens USNM PAL (National 
Museum of Natural History) 555000, MOR (Museum of the Rockies) 
1125, MOR 1128, MOR 1198, and CCM (Carter County Museum) 
V33.1.15. In all individuals, variability in annual zonal thicknesses 
was observed. In particular, compared to zone spacing within the 
mid-cortex, noticeably thinner zones are present within the inner-
most cortex of USNM PAL 555000 (Fig. 4C) and MOR 1128 (Fig. 4D). 
These results contradict the mathematically predictable zonal spacing 
in T. rex long bones reported by Horner and Padian (5), which used 
some of the same specimens reassessed in the present study. Results 
further suggest not only that BMRP 2002.4.1 and BMRP 2006.4.4 
had not yet entered the accelerated growth period proposed for this 

taxon (4, 5) but also that the accuracy of the generalized T. rex body 
mass curve from Erickson et al. (4) would be affected by undetected 
individual variation in annual growth.

Fig. 4. Examples of variable CGM (blue lines) spacing in tyrannosaurids exam-
ined for this study. (A) The variability of CGM spacing in the femur of BMRP 
2002.4.1 and (B) the tibia of BMRP 2006.4.4 may imply that these individuals were 
approaching asymptotic body length. However, CGMs within the innermost cortices 
of much larger T. rex specimens (C) USNM PAL 555000 and (D) MOR 1128 demon-
strate that the CGM spacing is not a reliable indicator of relative maturity status. All 
panels are shown in transverse thin section.
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Variable LAG spacing is reported in ornithomimids, ornithopods 
[(19) and references therein], and other tyrannosauroids (15) and may 
correlate with annual resource abundance (12, 19). Our data suggest 
that this trait also characterizes T. rex: Because the level of bone tissue 
organization within zones remained the same from the innermost 
cortex to the periosteal surface in the BMRP specimens, growth rates 
were within a similar range from year to year. To produce these ex-
tremes in annual bone apposition, the duration of the growth hiatus 
must have varied annually. On the basis of the larger T. rex specimens 
examined here for comparison, the adjustment of annual growth 
hiatus duration in response to resource abundance is a physiological 
characteristic observed throughout T. rex ontogeny. Regardless of cause, 
unpredictable CGM spacing observed here and in previous studies 
stresses caution when inferring relative maturity based on cortical 
LAG spacing (19). The observation of closely spaced CGMs within 
the innermost cortices of larger T. rex validates our interpretation 
that the thin zonal spacing observed in the outermost cortices of 
BMRP 2002.4.1 and BMRP 2006.4.4 are not reliable indicators of rela-
tive maturity when an EFS is absent.

Implications for the Nanotyrannus hypothesis
The bone microstructural interpretations discussed here not only provide 
insight into T. rex ontogeny but also have bearing on discussions con-
cerning CMNH (Cleveland Museum of Natural History) 7541 and 
Nanotyrannus. CMNH 7541 consists of a small isolated skull 572 mm 
in length (20). Inferred to be sympatric with T. rex, it was originally 
named Gorgosaurus lancensis (21). In 1988, Bakker et al. (22) redescribed 
CMNH 7541 as an adult specimen of a new genus, Nanotyrannus. 
Using an extensive empirical dataset, Carr and Williamson (23) formally 
synonymized Nanotyrannus into Tyrannosaurus in 2004, supporting 
the interpretation of CMNH 7541 as a juvenile T. rex proposed by 
Rozhdestvensky in 1965 (24). Presently, most tyrannosaurid specialists 
consider CMNH 7541 and possible referred specimens to be juvenile 
T. rex based on morphological skull features shared with those 
found in undisputed juvenile individuals of other tyrannosaurid taxa 
[e.g., (2, 20, 23, 25–28)]. Nonetheless, several publications have since 
argued for the validity of Nanotyrannus based not only on morpho-
logical characters of the CMNH 7541 type skull but also on characters 
from the somewhat larger skull of BMRP 2002.4.1 (720 mm in length) 
[e.g., (29–33)], which some researchers have assigned to Nanotyrannus 
based on shared morphological characters they consider adult auta-
pomorphies of the taxon [e.g., (29–33)]. Currently, BMRP 2002.4.1 
is the only accessioned specimen with postcranial skeletal elements 
preserved that is specifically argued by proponents of Nanotyrannus 
as belonging to that genus [e.g., (29–32)]. Because CMNH 7541 lacks 
the postcranial skeleton and proponents of Nanotyrannus refer BMRP 
2002.4.1 to that taxon, the limb bone histology of BMRP 2002.4.1 (and 
additionally BMRP 2006.4.4; see the Supplementary Materials for taxo-
nomic discussion) reveals the life history of CMNH 7541 by proxy.

Here, we provide histological data that can be used to reject the 
hypothesis that Nanotyrannus was erected on the basis of a skeletally 
mature “pygmy” individual, resulting in two remaining alternative 
hypotheses: (i) Nanotyrannus is a valid taxon, but the holotype and 
all currently referred specimens including BMRP 2002.4.1 and BMRP 
2006.4.4 are immature, with no skeletally mature individuals yet 
known; and (ii) CMNH 7541, BMRP 2002.4.1, BMRP 2006.4.4, and 
other mid-sized tyrannosaurid specimens collected from the HCF 
represent juvenile ontogenetic stages of T. rex. Thus far, the femur 
and tibia of BMRP 2002.4.1 and BMRP 2006.4.4 are the only weight- 

bearing bones of Upper Cretaceous HCF tyrannosaurids described 
histologically from complete transverse sections, and these univer-
sally demonstrate features characteristic of actively growing juvenile 
dinosaurs that had not yet entered an exponential phase of growth 
(as demonstrated by our new data identifying noticeably thinner zones 
within the innermost cortex of large-bodied T. rex specimens such 
as USNM PAL 55500). On the basis of these data, the latter hypothesis 
is most parsimonious and is congruent with the morphology-based 
conclusions of Carr (20) and Carr and Williamson (23). Incorpo-
rating additional mid-sized HCF tyrannosaurid specimens into this 
histology-based relative maturity assessment is necessary to further 
support or refute the parsimonious hypothesis.

Paleoecological implications
Synonymization of Nanotyrannus with T. rex means that rather than 
two sympatric tyrannosaurid taxa within faunal assemblages of the 
HCF, only one valid tyrannosaur species—T. rex—is currently rec-
ognized. As an adult, T. rex occupied the large-sized carnivore niche 
in the latest Cretaceous HCF ecosystem (2, 34), achieving an aver-
age adult body mass of ~9502 kg (6) by 20 years of age (4). BMRP 
2002.4.1 and BMRP 2006.4.4, at >13 and >15 years of age, respectively, 
were only half the length of an adult T. rex (6, 7). Hutchinson et al. 
(6) obtained an averaged body mass estimate of 954 kg for BMRP 
2002.4.1, which falls within the mid-sized dinosaur body mass range 
defined by Holtz (35) as 50 to 1000 kg. Our histological confirmation 
of BMRP 2002.4.1 and BMRP 2006.4.4 as mid-sized juveniles is there-
fore congruent with a hypothesized delayed onset of exponential growth 
in T. rex relative to the ontogenetic timing of exponential growth in 
other tyrannosaurids (4). Because T. rex attained its great size late in 
ontogeny (4), many aspects of its biology likely differed between juvenile 
and adult individuals, leading to hypotheses that it used ontogenetic 
niche partitioning (2, 36, 37), where prey size is a function of body size 
(2, 36, 38). This feeding strategy is observed today in the extant archo-
saur Alligator, because it occupies different carnivore niches before 
and after achieving skeletal maturity (39). Most recently, Peterson and 
Daus (40) demonstrated that although able to puncture bone, late-
stage juvenile T. rex could not yet crush bone or engage in osteophagy, 
and therefore engaged in a feeding strategy distinct from adults.

Our histological assessment of BMRP 2002.4.1 and BMRP 
2006.4.4 provides data critical to understanding juvenile T. rex biol-
ogy and ecology, and additional evidence that there were no sym-
patric tyrannosaurids in the HCF. Furthermore, we hypothesize that 
ontogenetic niche partitioning, coupled with an ability to adjust an-
nual growth hiatus duration to track resource abundance, made T. rex 
one of the most successful nonavian theropods.

MATERIALS AND METHODS
BMRP 2002.4.1 and BMRP 2006.4.4 were collected from the HCF of 
Carter County, Montana. The specimen BMRP 2002.4.1 consists of 
a nearly complete skull with associated postcrania, including a par-
tial femur [estimated length, 68.8 cm; (7)] and complete tibiae. BMRP 
2006.4.4 is far less complete and lacks cranial material, but with a 
femur length of 77.4 cm, it is slightly larger (and presumably onto-
genetically older) than BMRP 2002.4.1.

Histological analysis
The partial femur of BMRP 2002.4.1 and the partial tibia of BMRP 
2006.4.4 were histologically processed by the MOR for an earlier 
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project, and the resulting thin section slides were made available on 
loan to the senior author. Additional thin sections were produced 
for the current study to directly compare histological features across 
bones of BMRP 2002.4.1 and BMRP 2006.4.4: Full transverse thin 
sections from the femur of BMRP 2006.4.4 and the tibia of BMRP 
2002.4.1 were produced following the methodology of Padian and 
Lamm (10) with the permission of BMRP and the Bureau of Land 
Management.

Fibula thin section slides of BMRP 2002.4.1 and BMRP 2006.4.4 
were earlier produced for separate projects. An ontogenetic age of 
11 for BMRP 2002.4.1 was published by Erickson (8) based on fibula 
histology, and an ontogenetic age of BMRP 2006.4.4 was not published. 
Access to the aforementioned fibula thin sections for comparative 
histology and skeletochronology in this study was denied.

As summarized by Prondvai et al. (13), modern bone is composed 
of integrated hydroxyapatite crystals and collagen fibrils, with long 
axes arranged in parallel. Thus, the orientation of inorganic hydroxy-
apatite minerals implies collagen fiber arrangement in fossil bone, 
and this orientation can be inferred visually by the intensity of bire-
fringence associated with anisotropy in polarized light: If the fiber 
bundles are cut across their longitudinal axis, they will appear bright 
(anisotropic), whereas if cut transversely, they will remain dark 
(isotropic). Bone fiber orientation is typically diagnosed from a thin 
section of bone cut transverse to the long axis of a diaphysis. Bone 
tissue was classified as parallel fibered or lamellar if uniformly aniso-
tropic with flattened osteocyte lacunae (i.e., lacuna long axis parallel 
to fiber orientation) and woven if uniformly isotropic with rounded 
lacunae. Without examining bone tissue in the longitudinal as well 
as transverse planes, it is impossible to distinguish woven tissue, which 
should remain isotropic in both orientations, from longitudinally ori-
ented parallel-fibered or lamellar tissue, which is isotropic in the trans-
verse section and can therefore be mistaken for woven tissue. This 
distinction is critical, because ranges of daily apposition rates are fre-
quently assigned on the basis of fiber orientation [see (13) for dis-
cussion]. For this reason, when thin sections were produced for this 
study, each specimen was sectioned both longitudinally and trans-
versely to more accurately assess bone fiber orientation.

Full transverse sections from the femoral and tibial diaphyses of 
BMRP 2002.4.1 and BMRP 2006.4.4 were removed from the bones 
using a circular saw with a continuous rim diamond blade. The sam-
ples removed were molded and cast, and the cast replicas were re-
stored to the fossil bones. The samples removed were then embedded 
in Silmar polyester resin, and transverse wafers were cut (~3 to 4 mm 
thick) to either side of the line of minimum circumference with a 
circular saw and continuous rim diamond blade. These wafers were 
glued to frosted glass slides and polished on a variable speed grinder 
to mirror finish using a series of 60, 120, 180, 320, 600, 800, and 
1200 silicon carbide grit papers and 5- and 1-m hand-polish slurries. 
Final slide thicknesses were between 97 and 177 m. Longitudinal 
sections were made from the embedded diaphysis samples, along a 
lateral-medial plane in the tibia of BMRP 2002.4.1 and an anterolateral- 
posteromedial plane in the femur of BMRP 2006.4.4, capturing the 
thickest regions of cortex.

Thin sections were analyzed using a Nikon Eclipse Ni-U polariz-
ing microscope and plane-polarized light (i.e., only the polarizer in 
position), CPL, and cross-polarized light with 540-nm lambda filter. 
Photomicrographs were taken using a Nikon Fi2 microscope camera. 
Composite images of each full thin section at ×20 total magnifica-
tion were obtained through the use of an automated Applied Scien-

tific Instrumentation microscope stage and Nikon Elements: Docu-
mentation software. Annually formed CGMs, including LAGs and 
annuli, were identified and digitally traced using Adobe Photoshop 
CC. Comparisons of annual zonal thicknesses between CGMs were 
made along a transect, and measurements were taken in Adobe Pho-
toshop CC. Histological descriptions were made from observations 
using CPL and follow the terminology of Padian and Lamm (10) and 
Prondvai et al. (13). A CGM was identified as an annulus if it con-
sisted of a diffuse band of parallel-fibered bone and interpreted as a 
period of considerably decreased osteogenesis. A LAG was identi-
fied as a thin hypermineralized ring, indicating a period when os-
teogenesis ceased altogether.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/1/eaax6250/DC1
Supplementary Materials and Methods
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Fig. S2. Femur and tibia histology overview of tyrannosaurid specimens BMRP 2002.4.1 and 
BMRP 2006.4.4.
Fig. S3. Fragmentary femur transverse thin section of BMRP 2002.4.1.
Fig. S4. Transverse thin section histology of the right tibia of BMRP 2002.4.1.
Fig. S5. Longitudinal thin section of BMRP 2002.4.1 tibia.
Fig. S6. Transverse and longitudinal thin sections were produced from the left femur of BMRP 
2006.4.4.
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