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a b s t r a c t

Ceratopsids represent one of the most iconic groups of non-avian dinosaurs. These large quadrupedal
ornithischians are well-known for their bizarre cranial ornamentations, which are distinctive among
different ceratopsids. However, only very little data exist on ceratopsid osteohistology and growth rates.
Here, we present a detailed osteohistological analysis on Triceratops horridus preserved in a relatively
large bonebed from the Lance Formation (eastern Wyoming, USA) as well as additional Triceratops cf.
prorsus specimens from Canada. Deciphering the bone microstructure of this iconic dinosaur allows to
better understand the growth and development of ceratopsids. The Triceratops limb elements show a
distinct pattern of slower growing parallel-fibred and faster growing woven-parallel bone tissue that
serves as basis for the definition of histologic ontogenetic stages (HOS). Lower (i.e., younger) HOS
correspond to woven-parallel tissue while higher (i.e., older) HOS correspond to parallel-fibred tissue.
The intraskeletal variation in histology is best explained through the Three-Front Model, indicating
significant differences in cortical thickness between different limb bones. The Triceratops primary growth
record is poorly expressed, and the few growth marks preserved show irregular spacing inconsistent
with expected growth patterns. The HOS scheme provides seven stages that correspond to biological age
classes and that show a correlation with body size. Our analysis suggests that the taxonomic ambiguity
between Torosaurus and Triceratops cannot be solved based purely on histological data, but requires
additional taphonomic, taxonomic and histological analyses. This study expands the current ceratopsian
histological database and helps to better understand ceratopsid growth patterns.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Bone histology informs about dinosaur growth patterns, age,
longevity, (sexual) maturity, and metabolism (Horner et al., 1999;
Sander, 2000; Chinsamy et al., 2012; Erickson, 2014; Waskow and
Sander, 2014; Woodward et al., 2020). Almost all major dinosaur
groups have received considerable attention in osteohistological
analyses, including various species of sauropods (Sander, 2000;
cht University, Princetonlaan
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Klein and Sander, 2008; Sander et al., 2011; Waskow, 2019), the-
ropods (Horner and Padian, 2004; Cullen et al., 2020), hadrosaurs
(Horner et al., 2000; Słowiak et al., 2020) and thyreophorans such
as stegosaurs (Redelstorff and Sander, 2009; Redelstorff et al., 2013;
Waskow and Mateus, 2017) and ankylosaurs (Stein et al., 2013).
However, to date horned dinosaurs have received little attention in
osteohistological studies. Especially the osteohistology of more
derived quadrupedal ceratopsids from North America remains
vastly understudied, despite these comprising one of the most
species-rich and well-sampled dinosaur groups.

The few histological analyses conducted on ceratopsians are
restricted to more basal taxa such as Psittacosaurus (Erickson and
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Tumanova, 2000; Zhao et al., 2019; Skutschas et al., 2021), Proto-
ceratops (Fostowicz-Frelik and Słowiak, 2018) and Koreaceratops
(Baag and Lee, 2022). Ceratopsid histology has mostly been inves-
tigated in unpublished thesis projects and/or conference abstracts
(including Centrosaurus (Lee, 2007), Einiosaurus (Reizner, 2010),
Kosmoceratops (Levitt, 2013), Pachyrhinosaurus (Goldsmith, 2018;
Vice, 2020), Utahceratops (Levitt, 2013), and Triceratops (Rooij,
2018)). These works hinted at differences in growth rate between
more basal and more derived ceratopsids, mostly through histo-
logical markers such as remodelling patterns and cyclical growth
marks. The limited body of published ceratopsid histology covers
Pachyrhinosaurus (Erickson and Druckenmiller, 2011), Avaceratops
(Hedrick et al., 2020), Yehuecauhceratops (Hedrick et al., 2020), as
well as brief histological descriptions of Medusaceratops (Chiba et
al., 2018) and Spiclypeus (Mallon et al., 2016). In addition, Horner
and Lamm (2011) explored the histology of the Triceratops parie-
tal frill, while Mallon et al. (2022) described femoral histology of
Torosaurus. However, the results in these projects provided limited
data on ceratopsian growth patterns and were often based on
single e and fragmentary e elements. In fact, chasmosaurine and
centrosaurine species are almost exclusively identified based on
their cranial ornamentation, and limb elements suitable for histo-
logical sectioning have been describedmuch less often (Chiba et al.,
2018; Chinnery, 2004; Holmes and Ryan, 2013; Maidment and
Barrett, 2011; Mallon et al., 2016; Mallon and Holmes, 2010; Scott
et al., 2023). As a result, the ceratopsian histological record re-
mains relatively unexplored, and our understanding of ceratopsid
growth strategies is still limited.

Here we provide an in-depth osteohistological description of
Triceratops, an iconic horned dinosaur from the Late Cretaceous of
North America (Goodwin et al., 2006; Horner and Goodwin, 2006,
2008). The histological analysis is based on a multi-element
approach across multiple individuals to visualize and understand
their bone microstructure in as much detail as possible. Compari-
sons with other dinosaur taxa for which detailed histological data
are available allow to better comprehend ceratopsid growth stra-
tegies and potential life history parameters.

2. Material and methods

2.1. Institutional abbreviations

CMN, Canadian Museum of Nature, Ottawa, Canada; RSM, Royal
Saskatchewan Museum, Regina, Canada; RGM, Rijksmuseum voor
Geologie en Mineralogie (now NBC, Naturalis Biodiversity Center,
Leiden, the Netherlands).

2.2. Geological background

The majority of the material used in this study is part of a
relatively large monodominant mass death assemblage preserving
the remains of at least five individuals belonging to the genus
Triceratops (see Rooij et al., 2022 for more details). The bonebed,
named the ‘Darnell Triceratops Bonebed’ (DTB), occurs in eastern
Wyoming, USA on the south-eastern flank of the Powder River
Basin. It is situated in the upper Maastrichtian Lance Formation
(Bartos et al., 2021) and e based on its closer proximity to the
underlying Fox Hills Formation e dates back to c. 67 Mya. Its
stratigraphic position as well as preliminary surveys on preserved
cranial elements suggest that the preserved species pertains to
Triceratops horridus (Bastiaans et al., 2016; Forster, 1996b; Scannella
et al., 2014). A low-energy depositional environment combined
with rapid burial resulted in overall excellent preservation of the
fossil material (Kaskes et al., 2019; Rooij et al., 2022). However,
subsequent crevasse splay events as evidenced by increase in
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lithogenic grain size resulted in reburial of the fossil elements and
caused high degrees of disarticulation (Rooij et al., 2022). The DTB is
characterized by a relatively large proportion of post-cranial ele-
ments including limb and girdle bones, ribs and vertebrae. For the
limb bones in particular, it is clear that the material represents only
larger individuals close to known maximum body size for Tricera-
tops. Morphological distortion is limited, and the majority of the
skeletal elements retain their original bone surface, providing for
the first time excellent opportunities for histological sectioning of a
relatively large group of Triceratops.

2.3. Specimen selection

Limb bones are the most suitable candidates in histological
analyses based on their relatively simple (i.e., symmetrical)
morphology and growth pattern, providing a representative image
of the developmental history in studied sections (Sander, 2000).
Additionally, limb bones provide the best suitable data source for
body size reconstructions (Sander, 2000; Klein and Sander, 2008;
Sander et al., 2011; Waskow and Sander, 2014). The femur and
humerus are frequently studied in dinosaur histological research, as
they possess the thickest cortex at midshaft preserving the most
complete growth record (Sander, 2000). However, to explore the
preservation of the histological record in different limb elements as
thoroughly as possible, we selected all three autopodial and zeu-
gopodial forelimb (radius, ulna, humerus) and hindlimb (fibula,
tibia, femur) elements to study the Triceratops histology.

In addition to the bonebed material, we sampled an additional
six Triceratops limb elements housed in various Canadian institutes
in order to expand the coverage of ontogenetic ranges in our
sampling strategy as much as possible. These include material
housed in the collections of CMN and RSM. The Canadian speci-
mens were not identified to the species level, but as they were all
preserved in the Frenchman Formation, they most likely pertain to
Triceratops prorsus (Tokaryk, 1986). As such, the complete dataset
consists of both Triceratops species which could potentially intro-
duce some degree of uncertainty when discussing the histological
data. However, considering that the majority of the samples are
from a single species and the ontogenetic range is relatively large,
we do not expect appreciable offsets in histology as a result of
taxonomic differences. Moreover, ceratopsids show a relatively
conserved post-cranial skeleton (Chinnery, 2004) which is not ex-
pected to translate to significant differences in histology, especially
for the two closely related Triceratops species which are distin-
guished based on mostly cranial characteristics (Forster, 1996a,b).
Nevertheless, we incorporated both taxa in our histological analysis
to provide additional context on potential histological and onto-
genetic offsets related to taxonomic differences (see Section 4.7).
The dataset is represented by a total of two radii, three ulnae, six
humeri, four fibulae, six tibiae and four femora. Table 1 provides a
complete list of all the sampled material and their details, and
Fig. S2e5 shows photographs of all limb bones sampled for this
study.

Additionally, it has been shown that sauropod dinosaurs may
preserve a near-complete growth record in their ribs (Waskow and
Sander, 2014; Waskow, 2019), but previous work on centrosaurine
rib histology returned poorly preserved primary growth records
(Hedrick et al., 2020). Thus, to further explore the preservation of
the histological record in different skeletal elements, we sampled
the axial skeleton of Triceratops, including three ribs and neural and
transverse vertebral processes. Ribs and vertebrae were selected to
cover a wide range of the Triceratops anatomy, and include a cer-
vical vertebra, thoracic vertebra, an anteriorly positioned rib and
posteriorly positioned rib (position reconstructed based on prox-
imal bend in capitulum).



Table 1
List of specimens sampled and discussed in this study. Where applicable, these include details of the dimensions of the skeletal elements as well as assigned histologic
ontogenetic stage (HOS). Percentage maximum lengths are calculated by comparing bone lengths to calculated bone proportions for each limb bone type, based on an
associated specimen of Triceratops horridus (see Section 2.5 and Table S1 for details on calculation). Relative cortical thickness in the samples are calculated by dividing the
measured cortical thickness by the length of the core sample. Cortical thickness equals the radius of the bone and was measured from the innermost medullary cavity to the
bone surface using the CT scans in Supplements Fig. 1. Measurements with an asterisk (*) indicate reconstructed lengths of incomplete limb bones based on scaling and
extrapolation from other well-preserved bones.

Collection ID Species Element Side Length
(mm)

%
Maximum
length

Circumference
at plane of
sampling (mm)

Cortical
thickness at
sample site (mm)

Length of
core sample
(mm)

Portion
cortical thickness
in core sample

HOS

RGM.1394097 Triceratops horridus Rib e e e e e e e e

RGM.1394098 Triceratops horridus Rib e e e e e e e e

RGM.1394100 Triceratops horridus Dorsal vertebra e e e e e e e e

RGM.1394101 Triceratops horridus Cervical vertebra e e e e e e e e

RGM.1394102 Triceratops horridus Humerus Left 761 99 382 23 24 1.04 6
RGM.1394103 Triceratops horridus Humerus Right 651* 85 313 22 24 1.09 4
RSM P.2691 Triceratops cf. prorsus Humerus Left 205 27 89 4 18 >1.00 2
RSM P.3324.6.1 Triceratops cf. prorsus Humerus Left 550 72 e e 8 <1.00 3
CMN 9533 Triceratops cf. prorsus Humerus Right e e 445 e 31 >1.00 6
RSM P.1163.9 Triceratops cf. prorsus Humerus Left 803 105 472 e 22 >1.00 7
RGM.1394104 Triceratops horridus Radius Left 482 110 219 17 24 1.41 6
RGM.1394105 Triceratops horridus Radius Right 462 106 212 13 13 1.00 7
RGM.1394106 Triceratops horridus Ulna Right 680 99 288 29 20 0.69 7
RGM.1394107 Triceratops horridus Ulna Right 649* 95 265 24 20 0.83 5
RSM P.2095 Triceratops sp. Ulna Left 613 90 290 e 19 <1.00 7
RGM.1394108 Triceratops horridus Femur Right 1125* 10 479 43 44 1.02 6
RGM.1394109 Triceratops horridus Femur Right 1039 93 469 38 38 1.00 4e5
RGM.1394110 Triceratops horridus Femur Left 1120 100 408 34 24 0.71 6
RGM.1394111 Triceratops horridus Femur Right 1004 90 429 37 37 1.00 4
RGM.1394112 Triceratops horridus Tibia Right e e e e 24 <1.00 5
RGM.1394113 Triceratops horridus Tibia Left 785 102 368 e 18 <1.00 6
RGM.1394114 Triceratops horridus Tibia Left 781 101 355 41 37 0.90 6
RGM.1394115 Triceratops horridus Tibia Right 783* 101 367 34 32 0.94 6
RGM.1394116 Triceratops horridus Tibia Right 740 96 331 38 23 0.61 5
RGM.1394117 Triceratops horridus Tibia Left 704 91 324 35 36 1.03 5
RGM.1394118 Triceratops horridus Fibula Left 645 86 163 15 21 1.40 5
RGM.1394119 Triceratops horridus Fibula Left 616 85 157 12 11 0.92 7
RGM.1394120 Triceratops horridus Fibula Right 637 88 157 10 10 1.00 6
CMN.57065 Triceratops cf. prorsus Fibula e e e 206 e 21 >1.00 7
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2.4. Histological sampling strategy

Traditional histological sampling and thin-sectioning requires a
complete cross-section of limb bones (Chinsamy and Raath, 1992;
Stein and Sander, 2009). This approach severely compromises the
original morphology of fossils and curators are thus understand-
ably more reluctant to grant access, especially when considering
unique and well-preserved material suitable for museum exhibi-
tions. However, well-preserved fossils generally have equally well-
preserved internal microstructure suitable for histology, and
knowing more about the histology provides additional information
to enrich museum exhibitions as well. To minimize the impact on
the material, we opted for a different approach. The sampling
strategy applied here combines the histological coring method
(HCM, Sander, 2000; Stein and Sander, 2009) with medical CT scans
(Fig. 1). CT imaging prior to sampling as best practice complements
the HCM by revealing the ideal sampling location on each element.
Identification of the most suitable sampling area on a specific bone
is based on overall preservation such as fractures/cracks and
diagenetic infill surrounding the mid-diaphysis (see Supplements
for details on CT scans). Additionally, each sampling area was only
considered if it was available in all bones of the same type.
Following these two criteria helped determining standardized
sampling locations for each limb bone type. CT cross-sections and
sampling locations for each available (limb) bone are found in
Fig. S1. Accordingly, this approach enables homologous sampling
important for inter-bone comparisons (Sander, 2000; Woodward
3

et al., 2014; Prondvai et al., 2018; Cullen et al., 2021) and provides
access to the internal bone microstructure of unique material with
minimal impact on its morphology.

The two ribs and vertebral processes were sampled without
using CT scans as visual inspection yielded sufficient confidence on
preservation and ideal sampling location. The axial skeletal ele-
ments were sampled following a transect from proximal to distal
end (Fig. 1), yielding five samples for rib RGM.1394097, three
samples for rib RGM.1394098, four samples for dorsal vertebra
RGM.1394100 and three samples for cervical vertebra
RGM.1394101. The rib sections did not cover the entire length of the
rib, and the most distal sample reached approximately just over
halfway of the total shaft length due to relatively poor preservation
of rib elements (e.g., RGM.1394097, Fig. 1). Core samples were
retrieved centrally between the medial and lateral area of the shaft,
intersecting both the anterior and posterior cortical surface. In
addition, wemade a complete thin-section of rib RGM.1394121 just
distally from the tuberculumecapitulum junction to compare the
medial- and lateral-most areas with samples from the HCM (Fig. 1).

Thin-sections were prepared following standard methods (cf.
Chinsamy and Raath, 1992; Lamm, 2013), where each sample was
ground by hand until the desired thickness was reached. Sections
were studied under normal transmitted and polarized transmitted
light using a Leica DMR light microscope housed at Naturalis
Biodiversity Center, the national natural history museum of the
Netherlands. Photographs were taken using a Nikon DS-Ri2 digital
microscope camera mounted on a Nikon Eclipse E600POL



Fig. 1. Overview of the applied methodology for limb and axial bones. Scale bar in the CT image is 1 cm.
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polarizing light microscope housed in the Dutch Gemmology Lab-
oratory at Naturalis. Terminology for histological markers follows
Buffr�enil and Quilhac (2021).

2.5. Osteohistological analysis

In an effort to analyse the Triceratops histology beyond the
description of basic histological markers, we focussed on additional
methods to better constrain the growth patterns and age classes of
the DTB Triceratops. First of all, we identified (annual) growth cycles
in specific limb elements to evaluate the preservation of the pri-
mary growth record and potential for a skeletochronological anal-
ysis. Additionally, we applied the three-front model (Mitchell and
Sander, 2014) to describe and better understand the observed
histovariability between different types of limb elements. Although
originally developed for sauropod dinosaurs, the three-front model
can be applied to any histological description of the periosteal
territory in amniotes (e.g., in plesiosaurs; Sander and Wintrich,
2021). The three-front model conceptualizes the observed pat-
terns of cortical histology as the result of the interplay of three
fronts. These simultaneously migrate from the centre of the bone
outwards but differ in speed. Bone tissue is initially laid down by
the apposition front (AF) which is followed by the Haversian sub-
stitution front (HSF), turning the primary tissue to secondary tissue.
The HSF then is followed by the resorption front (RF) which turns
compact tissue to cancellous tissue or an open medullary space
(Mitchell and Sander, 2014).
4

The speed of the AF can be determined from histological in-
dicators (e.g., parallel-fibred vs. woven bone, density and direction
of vascular canals) but that of the HSF is considered constant, at
least within a single low-level clade (Mitchell and Sander, 2014).
For want of a method of speed determination of the HSF, constant
speed is the most parsimonious assumption. The fact that the
three-front model approach produced internally consistent results
with its assumption of constant speed of the HSF (Mitchell and
Sander, 2014) suggests that this assumption is reasonable. The
speed of the RF is determined relative to the other two fronts. Note
that the RF can overtake the HSF, resulting in a lack of remodelling,
and that the HSF will overtake the AF when skeletal maturity is
reached, resulting in a completely remodelled cortex (Mitchell and
Sander, 2014).

Complementing the three-front model, we focussed on erecting
histological ontogenetic stages (HOS, see Klein and Sander, 2008;
Mitchell et al., 2017; Sander and Wintrich 2021) to establish a
histological growth series for Triceratops. HOS were formulated
based on the prevalence of different tissue types in any given sec-
tion. Tissue types of use in defining HOS were described based
mostly on characteristics of the bone matrix organisation, vascu-
larity (primary osteons and simple vascular canals) and bone
remodelling patterns.

In order tomore accurately constrain thehistological results of the
skeletochronological analysis, the application of the three-front
model and HOS, we calculated the percentage total lengths
compared to estimated maximum lengths for each long bone



Fig. 2. Overview of Triceratops humerus histology. Bone surfaces are towards the upper right corner for all images. All images are in cross-polarized light, and Fig. 2E is with lambda-
filter. A. Juvenile humerus RSM P.2691 (205 mm) showing a well-vascularized woven-parallel bone complex. The lower and upper parts of the cortex contain circumferential
primary osteons while the mid-cortex represents a more conspicuous zone of longitudinal primary osteons. Overall, the lamellar centripetal infill of primary osteons is relatively
weak. B. Humerus of early/late juvenile RSM P.3324.6.1 (550 mm) containing large zones of parallel-fibred bone tissue near the bone surface. There is a layer of sediment adhering to
the bone surface. The primary osteons are relatively small and inconspicuous but are embedded in the parallel-fibred primary bone. C. Sub-adult humerus RGM.1394103 (651 mm)
showing better defined zones of parallel-fibred and woven bone. Secondary osteons appear already closer to the bone surface. D. Adult humerus RGM.1394102 (761 mm) with larger
zones of parallel-fibred bone and more advanced remodelling front. There are still randomly distributed areas of woven bone containing small longitudinal primary osteons. E. Same
element as in D, but the upper mid-cortex showing a zone of radial woven-parallel bone tissue. F. Adult humerus CMN 9533 with increasing amounts of secondary osteons. All scale
bars are 500 mm. cpo, circumferential primary osteon; lpo, longitudinal primary osteon; mc, medullary cavity; pfb, parallel-fibred bone; rpo, radial primary osteons; so, secondary
osteon; wb, woven bone.
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(Table S1). First,wecalculatedother limbbone to femurratios foreach
limb bone based on the associated Triceratops horridus skeleton
RGM.1332500 housed at Naturalis Biodiversity Center, the
Netherlands. While a detailed taphonomic description is outside the
5

scopeof this contribution and currently inpreparation, RGM.1332500
preserves associated stylopodia and zeugopodia as suggested by the
uniform preservation and relative association of the fossilised bones
(see Fig. S1 for the bonemap). Moreover, the lack of any duplicate



Fig. 3. Overview of Triceratops radius histology. Bone surfaces are towards the top of the images. A. Sub-adult radius RGM.1394104 (482 mm) showing woven primary bone in
plane-polarized light. Primary osteons are small and inconspicuous, but the bone surface contains numerous simple vascular canals that open up at the bone surface. Bone
remodelling is advanced, and only the periosteum remains devoid of secondary osteons. B. Close-up of the same element in cross-polarized light. Sharpey's fibres become more
visible. C. Adult radius RGM.1394105 (462 mm) showing woven bone with increased amounts of remodelling in plane-polarized light. This radius does not contain simple vascular
canals near the bone surface. D. Close-up of the same element in cross-polarized light. The small longitudinal primary osteons become better visible between the larger secondary
osteons. All scale bars are 500 mm. sf, Sharpey's fibres; svc, simple vascular canals; so, secondary osteon; wb, woven bone.
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elements as well as the presence of a narrow intraskeletal size range
suggests that RGM.1332500 allows for accurate cross scaling of the
studied bones, at least for the want of published measurements of
associated skeletons. We acquired limb-to-femur ratios for all limb
elements basedonRGM.1332500, andapplied this value to the largest
femur available in this study, RGM.1394110 (Fig. S4). This allowed us
to obtain a reliable estimate of Triceratops limb bones of potentially
maximum size. Measurements of the studied bones were then
divided by the corresponding calculated maximum size to obtain
percentage maximum size estimates of each long bone (Table 1).

To compare the results of the histologic ontogenetic stages be-
tween T. horridus, T. prorsus and Torosaurus (see section 4.7), we
calculated values for bone circumference normalized to associated
femur circumference. We opted for this approach as the Torosaurus
specimen was too fragmentary for length measurements leaving
circumference as the most ideal proxy for body size (Mallon et al.,
2022). We first calculated other limb bone to femur ratios for
circumference measurements using RGM.1332500, and then applied
the acquired ratios to calculate normalized circumference values for
each sampled humerus, tibia and femur. This allowed us to visualize
the relationship between body size and histologic ontogenetic stages
for all three taxa (Fig. 19).
6

3. Results

3.1. Humeri

The Triceratops humeri are represented by an ontogenetic series
of small, medium-sized and large individuals (Table 1). Overall,
histology of Triceratops humeri show large areas of parallel-fibred
bone tissue, where it substitutes the woven bone in a mostly lon-
gitudinal woven-parallel complex (Fig. 2B, D). They show cyclical
patterns of parallel-fibred bone and woven bone, in which the
parallel-fibred bone becomes increasingly more dominant towards
the bone surface (Fig. 2C). This cyclicity is more prominent in larger
humeri (Fig. 2). The smallest humerus (RSM P.2691) shows woven-
parallel bone tissue containing a mixture of predominantly
circumferential and longitudinal canals (Fig. 2A), while the second
smallest humerus (RSM P.3324.6.1) already has shifted to clear
parallel-fibred bone tissue near the bone surface (Fig. 2B). Among
the larger humeri, the deeper cortex shows larger areas of woven-
parallel bone tissue, but this quickly grades inwards into Haversian
bone, and the primary tissue towards the bone surface shows an
increase in bone tissue organisation (Fig. 2C). Nevertheless,
the periosteal surface still contains patches of organized and



Fig. 4. Overview of Triceratops ulna histology. Bone surfaces are towards the upper right corner in all images. All images are in cross-polarized light. A. Sub-adult ulna RGM.1394107
(649 mm) showing primarily woven bone with a bone surface of slightly more parallel-fibred bone tissue. The periosteum contains simple vascular canals that occasionally open up
to the bone surface. Primary osteons are exclusively longitudinal. Bone remodelling is advancing towards the bone surface. B. Mid-cortex of the same element showing dense
Haversian tissue. C. Adult ulna RGM.1394106 (680 mm) with only little preserved primary bone due to overprinting of secondary osteons. The primary tissue shows a mix of woven
and more organized patches of bone. D. Adult ulna P.2095 (613 mm) with the highest rates of bone remodelling containing multiple generations of secondary osteons near the bone
surface. The bone surface seems more organized than woven bone. All scale bars are 500 mm. lpo, longitudinal primary osteon; pfb, parallel-fibred bone; so, secondary osteon; svc,
simple vascular canals; wb, woven bone.
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unorganized bone matrix. The predominant vascularity is charac-
terized by longitudinal primary osteons accompanied by small
amounts of randomly distributed circumferential osteons (with
poorly defined laminae). However, the longitudinal osteons are
relatively small, and are almost always positioned in circular rows
parallel to the bone surface. These highly organized closely spaced
longitudinal canals may resemble circumferential canals at lower
magnification, thus the primary bone sometimes appears lami-
nated (Fig. 2C).

Vascularity follows the alternating patterns in bone tissue orga-
nisation, with parallel-fibred bone containing relatively fewer pri-
mary osteons thanwoven bone. The smallest humerus is significantly
more vascularized than largerhumeri (Fig. 2D). However, the primary
bone still shows occasional alternating cycles of longitudinal and
circumferential vascularisation, as well as slight changes in bone
tissue organisation, similar as in larger humeri. One humerus
(RGM.1394103) has simple reticular vascular canals embedded in
woven-parallel bone tissue thatopenat thebonesurface,whereas the
periosteal surface of larger humeri is underlain by a thin layer of
poorly vascularized parallel-fibred bone tissue (Fig. 2F). This most
likely represents an incipient external fundamental system (EFS), and
one humerus preserves inconspicuous lines of arrested growth
7

(LAGs) (RGM.1394102). Otherwise, LAGs are not visible in plane- and
cross-polarized light in the other humeri. Approximately halfway
through the bone cortex, humerus RGM.1394102 shows an area of
radial vascularisation with thin vascular canals that runs along the
complete width of the thin-section, which is not observed in other
humeri (Fig. 2E).

Bone remodelling is evident in all but the two smallest humeri.
In all but the largest humeri that show bone remodelling, there is
still primary bone tissue preserved towards the bone surface, and
dense Haversian bone is limited to only the deepest half of the
cortex closer to the medullary cavity. The secondary osteons closer
to the bone surface are less randomly distributed, but occasionally
are aligned in circular rows parallel to the bone surface. More
extensive remodelling in the form of resorption cavities is limited
to the lower half of the bone cortex in larger humeri (Fig. 2F).
Osteocyte density is uniform across the primary bone, but flattened
osteocytes occur near the bone surface as well as in zones of
parallel-fibred bone, especially in larger humeri. Besides the
random occurrences of alternating cycles containing parallel-fibred
and woven bone, and corresponding cyclical shifts in vascular
patterns, growth lines occur sporadically and inconspicuously in all
studied humeri leaving a poor skeletochronological growth record.



Fig. 5. Overview of Triceratops femur histology. Bone surfaces are towards the upper right corner for all images. All images are in cross-polarized light with lambda filter. A. Sub-
adult femur RGM.1394109 (1070 mm) showing distinct zones of parallel-fibred and woven bone towards the bone surface. The parallel-fibred zones are represented by the thin blue
birefringent lines. Vascular organisation is variable in each zone of woven bone, containing a mix of longitudinal, circumferential, radial and reticular primary osteons. The bone
surface contains simple vascular canals. B. Sub-adult femur RGM.1394111 (1020 mm) with woven primary tissue that grades into parallel-fibred bone towards the bone surface.
Vascularity is predominantly circumferential, and the lamellar infill of the primary osteons are very clear. C. Adult femur RGM.1394108 with relatively high portions of parallel-
fibred bone and overall lower vascular density. Primary osteons are predominantly circumferential and longitudinal in circular rows. Secondary osteons are advancing towards
the bone surface. D. Adult femur RGM.1394110 (1120 mm) showing large areas of parallel-fibred bone close to the bone surface and high rates of bone remodelling. All scale bars are
500 mm. pfb, parallel-fibred bone; so, secondary osteon; svc, simple vascular canals; wb, woven bone.
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3.2. Radii

The two radii sampled (RGM.1394104, 482 mm and
RGM.1394105, 462mm) havemostlymatching histological patterns
and are approximately the same size, but show some differences in
age-related histological markers. The radii mostly show longitudi-
nal woven-parallel bone tissue based on their isotropic primary
bone tissue. Vascularity is characterized by relatively small simple
vascular canals as well as longitudinal primary osteons. Both radii
lack primary osteons at the outer bone surface, but radius
RGM.1394104 shows sporadic vascular canals lacking lamellar bone
opening up to the bone surface (Fig. 3B). Radius RGM.1394105
shows nearly avascular bone tissue near the periosteum, but this is
a relatively thin layer (Fig. 3D). Secondary remodelling is extensive
in both radii, but markedly higher in radius RGM.1394105 (Fig. 3C,
D). Nevertheless, secondary osteons do not reach the outermost
part of the cortex but stay just below the bone surface. Primary
bone tissue can still be observed between the secondary osteons all
the way to the deepest cortex, where the onset of dense Haversian
bone was just beginning. Larger resorption cavities lined with
lamellar bone are limited to the deep cortex. Both radii show
relatively high amounts of larger plump/rounded osteocytes
uniformly distributed throughout the primary bone tissue,
8

corroborating the presence of a predominantly woven-fibred bone
matrix. Cyclical growth marks are absent throughout the cortex of
both radii.

3.3. Ulnae

Similar to the radii, the three studied ulnae are fairly close in
length and show the same histological characters, but differ in their
age-related markers. Almost all of the primary bone is overprinted
by secondary osteons that quickly grade into dense Haversian tis-
sue towards the deeper cortex, even in the smallest ulna (Fig. 4B).
The interstitial primary bone tissue is predominantly woven-
parallel with longitudinally oriented primary osteons, similar to
the radii. The primary osteons as well as the simple vascular canals
are relatively small and in low abundance. Simple canals are mainly
limited to the bone surface, but may occur randomly dispersed
throughout the primary bone. The bone tissue near the periosteal
surface changes to more parallel-fibred bone tissue, but still retains
abundant primary osteons. In ulna RGM.1394107, this parallel-
fibred bone tissue is also characterised by numerous simple
vascular canals that occasionally open to the bone surface, as well
as small numbers of primary osteons (Fig. 4A). These canals are
longitudinal but may show anastomosing canals connecting to



Fig. 6. Overview of cyclical patterns in Triceratops femora. Bone surface is towards the top and upper right corner. A. Arrow indicating lines/zones of parallel-fibred bone in the mid-
cortex of sub-adult femur RGM.1394109 (1070 mm) in cross-polarized light. These zones were counted for age estimations. Note the overlapping secondary osteons overprinting the
primary tissue. B. Alternating zones of parallel-fibred and woven bone in adult femur RGM.1394108 as indicated by the marked changes in birefringence in cross-polarized light. C.
Arrows indicating two closely spaced growth lines (LAGS) near the bone surface of the same femur in plane-polarized light. D. Arrows indicating seven closely spaced growth lines
in the bone surface of adult femur RGM.1394110 (1120 mm). Scale bar for A and B is 500 mm and for C and D is 100 mm.
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neighbouring canals. Ulna RGM.1394106 shows avascular parallel-
fibred bone just beneath the bone surface which is overprinted
with secondary osteons. This indicates a distinctive decrease in the
bone apposition front (AF) which is about to be overtaken by the
Haversian substitution front (HSF) (Fig. 4C). Ulna P.2095 shows a
more advanced degree of remodelling with multiple generations of
overlapping secondary osteons close to the bone surface (Fig. 4D),
i.e., the Haversian substitution front has progressed further than in
RGM.1394106. Nevertheless, even the most heavily remodelled
ulnae still preserve areas of primary (and active) bone. Osteocyte
shape and abundance are uniform across the entire primary bone
cortex for all three ulnae, with only minor local differences in shape
and size. None of the sections show clear resorption cavities, even
in the dense Haversian bone of the deep cortex. However, we do
note that the ulnae preserve the least amount of primary bone as
determined from the CT images, and that the deep cortical bone is
not represented here (Table 1.). The ulnae do not show any growth
marks.

3.4. Femora

The four studied Triceratops femora represent relatively large
individuals, but differ in their onset and pattern of specific histo-
logical markers. The majority of the primary bone tissue of all
femora shows variations of parallel-fibred and woven tissue in a
laminar woven-parallel complex, in which the vascularity is mainly
9

characterized by small longitudinal primary osteons in circular
rows mixed in with fewer amounts of circumferential canals. These
variations in bone tissue type are sequential, and all femora show
alternating layers of parallel-fibred and woven bone e a recurring
phenomenon in the larger Triceratops limb elements studied here
(Fig. 5A). However, these cycles are mainly restricted to the outer
cortex, and these growth cycles quickly disappear towards the
medullary cavity. Nevertheless, the most pronounced differences
between the femora are observed in the primary bone near the
bone surface, in the extent of these alternating layers. Two femora
(RGM.1394109 and RGM.1394111) contain significantly more areas
of highly vascularized woven bone separated by thick layers of
poorly vascularized parallel-fibred bone (Fig. 5A, B). Other femora
(RGM.1394108 and RGM.1394110) show contrasting patterns, with
markedly thicker layers of parallel-fibred bone tissue separated by
thinner layers of more vascularized woven bone (Fig. 5C, D). Two
femora (RGM.1394109 and RGM.1394110) also deposited radial
primary osteons, but show otherwise contrasting primary tissue
(Fig. 5A, D).

Osteocyte shape and density correlate with bone tissue orga-
nisation. Parallel-fibred bone contains lower densities of mostly
flattened osteocytes, while woven bone shows higher densities of
mainly plumb and rounded osteocytes with clear canaliculi. Bone
remodelling is extensive in all femora, but even the most remod-
elled elements still preserve large portions of primary bone
(Fig. 5D). Themid- to deep cortex of all femora is almost completely



Fig. 7. Overview of Triceratops tibia histology. Bone surfaces are towards the upper right corner for all images. All images are in cross-polarized light. AeD are taken with lambda
filter. A. Sub-adult tibia RGM.1394117 (704 mm) showing large areas of woven bone and inconspicuous layers of parallel-fibred tissue. The predominant vascularity is circum-
ferential, but there are longitudinal primary osteons mixed in (highly birefringent). Close to the bone surface is an area of reticular and oblique primary osteons and simple vascular
canals. B. Sub-adult tibia RGM.1394116 (740 mm) with large area of circumferential woven-parallel bone tissue. Some of the laminar organisation is due to the longitudinal canals
oriented in circular rows (compare with A). There are some vascular canals that open up at the bone surface. C. Adult tibia RGM.1394114 (781 mm) showing woven bone and a
parallel-fibred bone surface. Overall, vascular density is lower and secondary osteons become more pronounced closer to the bone surface. The arrows indicate two LAGs. D. Adult
tibia RGM.1394113 (785 mm) with advanced bone remodelling and few visible longitudinal primary osteons in the primary bone. E. The mid-cortex of sub-adult tibia RGM.1394117
showing continuous zones of parallel-fibred bone matrix. There is some inconspicuous layering, but overall zones are poorly defined. F. The mid-cortex of adult tibia RGM.1394115
showing better defined layers of parallel-fibred and woven bone matrix. All scale bars are 500 mm. cpo, circumferential primary osteon; pfb, parallel-fibred bone; rpo, reticular
primary osteon; so, secondary osteon; svc, simple vascular canal; wb, woven bone.
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remodelled into Haversian tissue. Based on CT images, all femur
cores were sampled up to the medullary border, except for
RGM.1394110. However, larger resorption cavities are limited to the
deeper cortex, and do not occur in all of the studied femora. In
10
addition to the cyclical alternations in bone tissue type (Fig. 6A, B),
two of the studied femora also show growth lines close to the
periosteum. Femur RGM.1394108 has two to three closely spaced
growth lines (Fig. 6C) and the outermost cortex is poorly



Fig. 8. The mid to deep cortex of adult tibia RGM.1394114 (781 mm) showing distinct layers of parallel-fibred and woven bone. The bone surface is towards the upper left corner.
The lower left half is in plane-polarized light and the upper right half is in cross-polarized light with lambda filter. The zones are of parallel-fibred bone are dark/black in plane-
polarized light and orange in birefringent cross-polarized light. Despite the numerous secondary osteons, this tibia preserves a clear primary growth record. Scale bar is 500 mm.
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vascularized. We interpret this feature as an incipient external
fundamental system (EFS). Femur RGM.1394110, on the other hand
shows a better defined EFS, consisting of up to seven growth lines
which become increasingly more closely spaced towards the bone
surface (Fig. 6D). Curiously, the bone matrix deposited with the
LAGs does not show a typical lamellar organisation but still con-
tains a mixture of woven and parallel-fibred bone.

3.5. Tibiae

The six Triceratops tibiae studied here are all relatively close in
size and represent large individuals, but they show distinct dif-
ferences in histology (Fig. 7). All tibiae have primary bone tissue
displaying a mix of parallel-fibred and woven bone, in which the
two bone matrix types occur in alternating layers. The increase in
parallel-fibred bone follows a simultaneous decrease of woven
bone towards the bone surface, but the timing and preservation of
this change in bone tissue ratio differs between tibiae. Vascular
organisation of the primary tissue is almost exclusively charac-
terized by small longitudinal primary osteons aligned in circular
rows parallel to the bone surface, with occasional anastomosing
canals (Fig. 7C). However, one tibia (RGM.1394116) contains pre-
dominantly circumferential primary osteons except near the
periosteal surface (Fig. 7A). Tibia RGM.1394117 shows a mostly
laminar organisation but has some reticular and oblique primary
osteons near the bone surface (Fig. 7B). The degree of vascularity
follows the same alternating pattern as the bone matrix organi-
sation, resulting in layers of either poorly vascularized parallel-
11
fibred bone or well-vascularized woven bone (Figs. 7A and 8).
Based on Fig. 8, these are interpreted as cyclical growth marks.
However, these cyclical growth marks are not observed as clearly
in all tibiae, and only RGM.1394114 preserves a considerable
growth record (Figs. 7E, F; 8).

Similarly, osteocyte abundance and morphology show sequen-
tial differences in these alternating layers of parallel-fibred and
woven bone. Osteocytes in parallel-fibred bone aremostly flattened
and occur at a lower density, while the woven-fibred bone matrix
has denser groupings of plump osteocytes. Other forms of cyclicity
such as growth lines are observed only in the three largest tibiae in
which up to two growth lines have been deposited just beneath the
periosteal surface (Fig. 7C). These growth lines are preceded by
small areas of parallel-fibred bone tissue.

Bone remodelling is evident in all studied tibiae, but the overall
density of secondary osteons differs significantly among all ele-
ments. In smaller tibiae, the HSF is less advanced and the cortex
shows lesser degrees of bone remodelling and preserves consid-
erable amounts of original primary bone near the bone surface,
while larger tibiae already form secondary osteons near the
periosteal surface and contain dense Haversian tissue in the
deeper cortex (Fig. 7D). However, overall the remodelling pattern
is diffuse, and primary bone may still be observed in deeper areas.
Larger resorption cavities are extremely limited in all tibiae. While
not all tibiae were sampled up to the medullary border as indi-
cated by the CT images, the available cores that do represent a
transect of the complete cortex also developed limited amounts of
resorption cavities.



Fig. 9. Overview of Triceratops fibula histology. All images are in cross-polarized light with lambda filter. Bone surface are towards the upper right corner of all images. A. Sub-adult
fibula RGM.1394118 (645 mm) showing woven bone with random patches of parallel-fibred bone. Vascular density is high with mainly laminar woven-parallel bone deposited with
circumferential primary osteons as well as circular oriented longitudinal ones. Bone surface contains simple vascular canals. B. Sub-adult fibula RGM.1394120 (637 mm) with woven
bone and small patches of parallel-fibred bone. Vascular density is relatively lower than RGM.1394118, and bone remodelling is more advanced. C. Adult fibula RGM.1394119
(616 mm) with high degree of bone remodelling and low vascular density in the primary tissue. Nevertheless, the primary bone is primarily woven, and the bone surface still
contains numerous simple vascular canals. D. Adult fibula CMN.57065 in which the primary bone is almost entirely overprinted by secondary osteons. The preserved primary tissue
is woven. All scale bars are 500 mm. pfb, parallel-fibred bone; so, secondary osteon; svc, simple vascular canal; wb, woven bone.
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3.6. Fibulae

The four studied fibulae all represent relatively large individuals.
Overall, the HSF has advanced close to the outer bone surface in all
fibulae. Accordingly, bone remodelling is extremely high and they
only preserve a relatively small amount of primary bone. This pri-
mary bone tissue is described as a woven-parallel complex with
woven-fibred bone and small areas of parallel-fibred bone matrices
(Fig. 9). In general, the vascular organisation of the primary bone is
limited to small longitudinal primary osteons (Fig. 9A, B). In all
fibulae, the vascular canals are relatively well-organized parallel to
the bone surface. As with other studied Triceratops limb bones, the
layers of parallel-fibred bone become thicker towards the bone
surface. All fibulae show weakly expressed alternating zones of
parallel-fibred tissue in their outer bone surface, but there is no
clear pattern.

Fibula RGM.1394118 and RGM.1394119 still show simple
vascular canals that occasionally open to the bone surface (Fig. 9A,
C), but the two other fibulae possess a near avascular periosteal
surface. There is a marked difference in the advancement of
remodelling, where two fibulae (RGM.1394118 and RGM.1394120)
have significantly fewer secondary osteons. Nevertheless, all
fibulae have a diffuse remodelling pattern towards the bone surface
and possess dense Haversian bone in the deep cortex, especially the
12
largest fibula CMNFV 57065 (Fig. 9D). Resorption cavities in the
deep cortex are limited across all studied fibulae, but fibula
RGM.1394118 has numerous large immature secondary osteons.

3.7. Vertebrae

The Triceratops vertebrae show a high degree of secondary bone
remodelling and the presence of growth lines (Fig. 10). The most
proximal area of the neural spine of the dorsal vertebra
RGM.1394100 still shows some amount of primary bone (Fig. 10A).
The bone tissue is relatively well organized and contains numerous
closely spaced growth lines that are overprinted by extensive
remodelling. The vascularity consists of longitudinal primary
osteons, but they occur in relatively low abundance throughout the
primary bone. The amount of primary bone in the neural spine
diminished greatly more distally as secondary osteons become
more dominant and the medullary cavity covers relatively more
area (Fig. 10A). The transverse processes of dorsal vertebrae show
even stronger degrees of bone remodelling and contain a high
number of large overlapping secondary osteons (Fig. 10B). The
neural spine of the cervical vertebra produces a similar sequence in
histological patterns but shows more extensive remodelling than
the dorsal vertebra (Fig. 10C). The transverse process, on the other
hand, preserves relatively more primary bone than seen for dorsal



Fig. 10. Overview of Triceratops vertebrae histology. All images are in plane-polarized light as this provides the most ideal visualisation of histological markers due to section
thickness. Bone surfaces are towards the top for all images. A. Histology of the neural spine of dorsal vertebra RGM.1394100. Bone remodelling is advanced, but the primary bone is
relatively avascular and contains inconspicuous growth marks. B. Transverse process of the same element, with higher rates of bone remodelling. C. Histology of the neural spine of
cervical vertebrate RGM.1394101. Remodelling is less pronounced than in dorsal vertebrae, but the primary bone also contains inconspicuous growth marks. D. Highly remodelled
transverse process of the same element. All scale bars are 500 mm.
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vertebrae (Fig. 10D). The small areas of preserved primary bone of
cervical vertebrae are well-organised with only very few primary
osteons. Bone remodelling is very extensive and large areas are
remodelled into dense Haversian tissue.

3.8. Ribs

Rib sections from Triceratops are characterized by extensive bone
remodelling (Fig. 11). Where primary bone is still preserved, there is
predominantly woven bone in awoven-parallel complexmade up of
dense longitudinalprimaryosteons.Theseosteonsaregenerallymore
abundant larger indiameter than those in limbelements. Theprimary
bone of rib RGM.1394098 shows well-defined growth lines (Fig. 11A,
C), but their occurrence does not follow a regular pattern. The most
proximal and most distal sample (Fig. 1, sample #1 and #3) preserve
clear growth lines, while the middle sample shows dense Haversian
tissue (Fig. 1). However, the relative amount of preserved primary
bone diminishes towards the distal end, probably because the HSF is
relatively more advanced than in the more proximal parts (Fig. 11B).
Wedonote thatour sampling strategy forRGM.1394098didnot cover
the complete length of the rib. Rib RGM.1394097 did not show any
significant variation in histological markers across the sampling
transect. All five samples (Fig. 1) showed very high degrees of
remodelling with one or two inconspicuous growth marks. The
relative abundance of secondary osteons was higher in more distal
13
samples.Overall, theanterior regionsofbothribs tendto showa lesser
developed HSF and preserve more primary bone, including growth
lines. The complete cross-section taken proximally reveals the same
histologicalpatterns (Fig.12). The thicker lateralmargins (Fig.12A,B,C)
show high numbers of secondary osteons and woven-parallel pri-
mary tissuewith one or two growth lines consisting ofmore parallel-
fibred bone tissue. More proximally, the capitulum shows a
completely remodelled bone cortex of multiple generations of sec-
ondary osteons (Fig. 11D). All ribs show dense Sharpey's fibres in the
preserved primary bone, reflecting the insertion of the intercostal
musculature.

3.9. Skeletochronology

Triceratops deposits mostly layers (annuli) of parallel-fibred
tissue instead of well-defined LAGs. However, out of all the 25
sampled limb bones (16 when only including humeri, femora and
tibiae), only four preserve considerable numbers of cyclical growth
marks in their primary growth record (Fig. 13). These include hu-
meri RGM.1394102 and RGM.1394103, femur RGM.139414111 and
tibia RGM.1394114. Thus, the majority of the larger limb elements
(including humeri, femora, tibiae) as well as all smaller limb bones
(including radii, ulnae, fibulae) do not preserve a cyclical growth
record. The tibia sample preserves the highest number of growth
cycles (16 combined zones and annuli), while the two humeri



Fig. 11. Overview of Triceratops rib histology. All images are in plane-polarized light as this provides the most ideal visualisation of histological markers due to section thickness.
Bone surfaces of the anterior side are towards the top for all images. A. Histology of most proximal area of the main shaft of rib RGM.1394098 showing strong vascularity as well as
bone remodelling and resorption in the lower half of the section. The arrows indicate possible growth lines. B. More distal area of rib RGM.1394098 showing dense Haversian bone.
C. Most distal sample of rib RGM.1394098 showing only minor degrees of secondary remodelling. The arrows indicate three well-defined growth lines. Vascularity is relatively high.
D. Capitulum of rib RGM.1394097 showing extremely dense Haversian bone turning into cancellous bone inwards. All scale bars are 500 mm.
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preserve very few growth marks (3 and 4 combined zones and
annuli). The femur sample shows a total of 9 growth cycles. How-
ever, the preserved annuli of parallel-fibred bone are still poorly
delineated from the surrounding faster-growing bone tissue.
Moreover, the spacing of the recorded growth marks is irregular
and does not follow the expected pattern of decreasing growth
rates with ontogeny. Thus, the DTB Triceratops does not permit a
detailed skeletochronological analysis given the limited preserva-
tion of a primary cyclical growth record in only a small number of
elements as well as the inconsistent spacing of growth marks (see
section 4.3).

3.10. Application of the three-front model to limb bones

Fig. 14 shows the three-front model applied to the histologi-
cally youngest and oldest Triceratops limb bones from the DTB.
Note that these results are relative to each other and therefore can
only be compared within the discussed framework of Triceratops
histology. Nevertheless, these models provide a comprehensive
14
overview of the observed histological patterns. The inter-
elemental differences are most clearly expressed in the speed of
the apposition front (AF) and resorption front (RF), because the
relative cortical thickness seems the most defining characteristic
for the observed histological patterns. The tibiae possess the
thickest cortex, suggesting that the speed of the RF is relatively
low compared to other limb bones. This explains the better
preservation of primary bone in the deeper cortex of the tibiae,
especially under the assumption of a constant speed of the Ha-
versian substitution front (HSF, Mitchell and Sander, 2014) com-
bined with a diffuse remodelling pattern seen in all limb bones. On
the other hand, the humeri possess the thinnest cortex of all limb
bone types, explaining our observation that the humeri show
more advanced bone remodelling. In other words, constant
remodelling rates across a thinner (i.e., resorbed) cortex will al-
ways result in relatively higher portions of secondary bone.
Femora show the highest measured circumferences but have in-
termediate cortical thickness compared to the humeri and tibiae.
The smaller limb elements such as the radii, ulnae and fibulae



Fig. 12. Histology of RGM.1394121, the complete rib section. Generally, most of the cortical bone is heavily remodelled. A. Overview of the section with insets for each image. B.
Histology of the posterolateral side showing many secondary osteons and longitudinal woven-parallel bone. There are two growth marks of parallel-fibred bone in the primary
cortex being overprinted by secondary osteons. C. Most lateral section showing one zone of parallel-fibred bone and heavy bone remodelling. D. Histology of the anterolateral side
showing relatively less bone remodelling. The primary woven tissue does not preserve any growth marks. E. Anterior portion showing dense Haversian tissue with multiple
generations of secondary osteons. F. The most medial portion showing medullary expansion and bone remodelling. Scale bar for A is 1 cm and scale bar for B to F is 500 mm.
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show the fastest AF as indicated by the mostly woven bone at the
periosteal surface. The greatest differences in the three-front
models of the older limb bones are mostly expressed in the AF.
Especially the larger limb bones such as the humeri, tibiae and
femora show significant decreases in bone apposition rates. This
agrees with the observed larger zones of parallel-fibred bone that
15
occur at the periosteal surface of larger (and presumably older)
limb bones. Moreover, some bones (e.g., femur RGM.1394110) also
deposit inconspicuous LAGs (Figs. 6 and 7), suggesting an even
slower AF (Fig. 14). Curiously, the ulnae, radii and fibulae that were
interpreted as being older do not show this decrease in AF speed
and retain the same primary bone tissue at the periosteal surface



Fig. 13. Schematic representation of the skeletochronological markers in the core samples of the elements that preserved the most complete growth records. Tibia RGM.1394113
shows the highest number of preserved growth cycles. Note that a large portion of the growth record is obliterated by the HSF and RF, and that growth cycle spacing is irregular. The
medullary centre is to the bottom and the bone surface is to the top for each of the four core drawings. Black dashed lines represent the boundary between zones indicated in the
legend.
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Fig. 14. Three-front models of the histologically youngest and oldest limb bones of the DTB Triceratops. The upper row represents the youngest elements of each limb bone type, and
the lower row represents the oldest elements. The arrows indicate the (relative) speed of each of the fronts. The larger elements such as the femora and tibiae show the strongest
shifts in the three fronts with ontogeny, especially in the apposition front, which is also indicated by the larger variety of primary bone tissue types seen in the histology. Smaller
elements only show minor changes in the three fronts, and the radii and fibulae even show older histology in smaller elements. AF, apposition front; HSF, Haversian substitution
front; RF, resorption front.
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as their ontogenetically younger counterparts (Fig. 14). This sug-
gests some allometry between the different limb bones in
Triceratops.

3.11. Histologic ontogenetic stages

The difficulties in quantifying the primary growth record in
Triceratops limb bones via skeletochronology call for the use of
‘histologic ontogenetic stages’ (HOS) to better capture ontogenetic
changes in Triceratops histology (Klein and Sander, 2008; Mitchell
et al., 2017; Sander and Wintrich, 2021). Triceratops shows a wide
range of different bone tissue types within any given section, but
the majority of the observed primary tissue types are defined by a
combination of circumferential and longitudinal primary osteons as
well as a combination of woven and parallel-fibred bone matrix.
Accordingly, we were able to differentiate between five major bone
tissue types (Fig.15): circumferential woven-parallel bone (Type A),
longitudinal woven-parallel bone (Type B), circumferential PFLC
17
(Type C), longitudinal PFLC (Type D) and Haversian tissue (Type E).
However, unlike in previous HOS studies (Klein and Sander, 2008;
Sander andWintrich, 2021), these tissues are not strictly laid down
in an ontogenetic sequence except for Type E but are interspersed
and repeat themselves. In other words, the proportions of multiple
tissue types in a given element serve in defining the HOS. As both
parallel-fibred and woven bone are observed in all elements and
were already present in the smallest humerus RSM P.2691 (Fig. 2A),
we assume that this histology is typical for Triceratops and that
ontogenetic series will show these bone tissues. We do note that
our current histological dataset does not cover the full ontogenetic
range known for this taxon from skeletal material, and the DTB
Triceratops mostly encompass relatively old individuals such as
subadults and adults. However, we had extended the size and
presumably age range by adding the smaller humeri RSM P.2691
and RSM P.3324.6.1 from Canada to our histological sample.
Nevertheless, the lowest stage (HOS 1) in our scheme remains
hypothetical.



Fig. 15. Representative photographs of each of the five tissue types used in the HOS definitions for Triceratops. All photographs are in cross-polarized light. A. Tissue type A consists
of laminar woven-parallel bone tissue. B. Tissue type B consists of longitudinal woven-parallel bone tissue. C. Tissue type C consists of laminar parallel-fibred bone tissue (i.e.,
laminar PFLC). D. Tissue type D defined as longitudinal parallel-fibred bone tissue (i.e., longitudinal PFLC). E. Tissue type E consists of Haversian bone tissue, albeit with some
primary bone remaining. Scale bar for A and D is 200 mm, and scale bar for B, C and E is 100 mm.
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Using the five tissue types, we described seven HOS corre-
sponding to different biological ontogenetic stages (BOS) (Table 2).
Each HOS is defined as a combination and sequence of each of the
five tissue types (Table 2), and representative diagrams are found in
Fig. 16. While these stages describe the most dominant histological
patterns, some bones preserve a unique combination of tissue types
that fall outside the HOS scheme. For example, fibula RGM.1394119
is placed in HOS 7 based on the presence of dense Type E bone
tissue, but still shows simple vascular canals with woven bone at
the periosteal surface typical of lower HOS. As these tissue types do
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not represent true HOS 7, they could be considered as transitional
stages (i.e., HOS 6.5). In addition, we sporadically observed areas of
radial and reticular woven-parallel bone tissue substituting for
either circumferential or longitudinal woven-parallel bone. How-
ever, the current histological dataset is too limited to allow for a
more detailed HOS scheme.

HOS and body size are highly correlated. Fig. 17 shows relative
percentage maximum size (proxy for body size) plotted against
their corresponding HOS for the humeri, femora and tibiae. The
data shows the expected trend, where larger bones show higher



Table 2
Description of the histologic ontogenetic stages (HOS) for Triceratops. A total of seven stages were developed based on the occurrence of dominant tissue types (Fig. 16). HOS 1
was not available in the sample analysis but was extrapolated on the assumption that new-born animals have porous bone in general. HOS 3 was most likely available in
humerus RSM P.3324.6.1, but the preservation is too poor to tell. Thus the description for HOS 3was partially based on extrapolation fromHOS 2 to 4. For each HOSwe assigned
a biological ontogenetic stage (BOS). The HOS assigned to the studied material can be found in Table 1.

HOS Tissue types BOS

1 The bone tissue consists of woven bone with a high number of laminar simple vascular canals. Hatchling
2 Cortex consists of Type A with small zones/patches of Type B. The primary osteons are relatively

large and have a thin lining of lamellar bone. They often resemble simple vascular canals. No
bone remodelling. Vascularity is relatively high and consistent.

Early juvenile

3 Mostly Type A with conspicuous layers of Type B. Inconspicuous zones of Type C that
are mostly restricted to the periosteal surface. Lamellar bone of the primary osteons are well-defined,
and primary osteons have become relatively small.

Late Juvenile

4 Type A with clear patches of Type B in the outer half of the cortex. Type C becomes more
apparent as annuli throughout the primary bone, as well as occurring randomly within the zones
of Type A and B. Bone remodelling in the form of secondary osteons is restricted to deeper parts
of the cortex. Vascularity is high, but is generally lower close to the areas of Type C.

Early subadult

5 The majority of the cortex shows thin zones of Type A and B, separated by thicker conspicuous
areas of Type C. Bone remodelling is over halfway of the cortical bone, and the tissue close to the
periosteal surface now shows immature secondary osteons. Type E is restricted to the very deep cortex.
Vascularity remains constantly high, but slightly decreases in zones of Type C close to the bone surface.
Type A and B may also sporadically show reticular or radial primary canals. Simple vascular canals may
still be present and are restricted to the outermost periosteal surface, sometimes opening at the bone surface.

Late subadult

6 The preserved primary tissue shows higher numbers of layers of Type C and D of various thickness, and the
primary cortex becomes more organized. Type A and Type B only occur as poorly vascularized layers, mostly
near the periosteal surface, but even here the tissue is relatively more organized as parallel-fibred tissue is mixed in.
When unorganized bone is present, Type B is than more dominant. There are no simple vascular canals. High numbers
of secondary osteons appear close to the bone surface, but overall show a diffuse pattern. Type E progresses closer to the
bone surface and covers more than half of the cortical thickness. Inconspicuous LAGs may form just beneath the
periosteal surface indicating skeletal maturity.

Adult

7 Type E overtakes large portions of the cortical bone, and LAGs become more numerous, and may form an EFS.
Primary tissue is limited to close to the periosteal surface, but may still show any tissue type depending on the element.

Mature
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HOS, and thus are considered ontogenetically older. However, it
should be noted that elements that have the same HOS stage may
still differ in number of secondary osteons, growth lines, simple
vascular canals, as well as local vascular organisation. Thus, while a
general ontogenetic pattern exists, the proposed tissue types and
HOS stages should not be considered definitive, and their inter-
pretationwarrants some degree of flexibility. A refined HOS scheme
with more HOS will require a substantial increase in sample size
and body size range.
4. Discussion

4.1. Dominant primary histology and growth patterns

Like many non-avian dinosaurs and other fast-growing verte-
brates (Margerie et al., 2004; Margerie et al., 2002), Triceratops
shows typical woven-parallel bone tissue with a mixture of longi-
tudinal and circumferential primary osteons. However, the bone
matrix organization within the observed bone tissue type is not
strictly fibrous/woven. Instead, thematrix surrounding the vascular
network of primary osteons in cortical bone is often characterized
by parallel-fibred bone tissue (e.g., Fig. 8). Especially the larger limb
elements such as humeri, tibiae and femora show this specific
histological feature increasingly more towards the bone surface
(e.g., Fig. 5D). As a result, Triceratops long bones possess a distinct
type of parallel-fibred ‘fibrolamellar’ bone tissue. A similar type of
tissue has previously been described in limb bones of certain
sauropod dinosaurs including Ampelosaurus and Magyarosaurus, in
which the initially deposited scaffold of the primary bone is
parallel-fibred instead of woven (Stein et al., 2010; Klein et al.,
2012). Klein et al. (2012) proposed the term ‘modified laminar
bone’ (MLB) to describe this unique histology of relatively slower
bone apposition rates. However, the studied Triceratops primary
bone is not characterized by a predominantly laminar organisation,
but instead shows dense longitudinal vascularity. Therefore, we
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propose the more generalized term ‘parallel-fibred lamellar com-
plex’ (PFLC) to discuss the dominant primary histological patterns
observed here for Triceratops. The longitudinal primary osteons are
almost always positioned in circumferentially oriented rows par-
allel to the bone surface, creating bone laminae similarly to those
seen in true laminar woven-parallel bone (e.g., compare Fig. 7A and
7B). Sowhile the term ‘modified laminar bone’might not accurately
describe the tissue in Triceratops, there is a strong resemblance of
PFLC with MLB. In addition to the longitudinal canals, the humeri
and femora sporadically show zones of radial woven-parallel bone
(Figs. 2E and 5A, D).

Many large-bodied non-avian dinosaurs such as sauropods,
theropods, and ornithopods predominantly showwell-vascularized
woven-parallel bone with limited growth marks throughout the
primary cortex, indicating rapid uninterrupted growth (Buffr�enil
et al., 2021; Cullen et al., 2020; D'Emic et al., 2023; Horner et al.,
2000; Sander et al., 2011). However, the ontogenetically increasing
amount of parallel-fibred bone associated with flat osteocytes and
lower vascularity suggests an overall slower growth rate for Tricer-
atops (Margerie et al., 2004; Margerie et al., 2002). While this
dataset only partially covers ontogenetically young Triceratops ma-
terial, the presence of parallel-fibred ‘fibrolamellar’ bone in a
medium-sized humerus (RSM P.3324.6.1 of 550 mm) suggests that
the onset of these bone tissue changes already occurred at an early
(ontogenetic) stage.
4.2. Patterns of bone remodelling explained by the three-front
model

All of the studied limb elements except for the two smallest
humeri show extensive bone remodelling. The ulnae and radii
preserve only very little amounts of primary bone close to the bone
surface. This primary tissue mainly consists of longitudinal woven-
parallel bone but is quickly overprinted by the advancing HSF, i.e.,
secondary osteons that grade into Haversian bone towards the



Fig. 16. Diagrams showing the combination of bone tissue types defining HOS 2 to 7. Note that HOS 1 is currently hypothetical. The increase in column length from left to right is to
visualize ontogenetic increase in cortical thickness. The increase is not to scale.

Fig. 17. Relationship between size and HOS for the humeri, femora and tibiae. Element
size is relative percentage to calculated maximum size (Table S1). Each bone type
shows a predictable pattern, where increased bone lengths correspond to higher HOS,
and presumably older individuals. This pattern is best developed in the humeri
because of the wide size range sampled. The close correlation between HOS and size is
consistent with the sampled bones representing a single biological genus, i.e.,
Triceratops.
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medullary cavity, which apparently advances with a constant rate
in all bones regardless of their size (Mitchell and Sander, 2014).
Thus, the overall high degree of bone remodelling reflects the small
size of elements including the radii and ulnae, as thinner bone
cortices are more rapidly overtaken by the HSF. The larger limb
elements conform to this same pattern of the size-independent
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advance of the HSF, and preserve more primary bone due to hav-
ing thicker cortices. Fibulae preserve little primary bone but also
lack dense Haversian tissue. Almost all humeri show larger areas of
primary bone, except the largest e and presumably oldest e hu-
merus P.1163.9, where remodelling has advanced to the bone sur-
face (Fig. 2F). The tibiae and femora also show lower amounts of
secondary remodelling and have relatively high portions of pre-
served primary bone tissue. For all limb elements, extremely dense
Haversian tissue is very limited, and large parts of cortical bone
preserve interstitial primary tissue. In other words, Triceratops and
presumably other ceratopsians differ from some other dinosaurs in
that the HSF is diffuse and overlapping secondary osteons are often
limited to two generations, even in the deepest cortical bone of
complete core-samples. Taxon-specific differences in the HSF were
already noted for sauropods by Sander (2000).

The observed inter-elemental differences in bone remodelling
patterns can also be conceptualized by the three-front model. Hu-
meri and tibiae that have overlapping bone dimensions (e.g., bone
length and circumference at sampling location, Table 1) show an
equally advanced HSF close to the periosteal surface. For example,
the larger elements such as humerus RGM.1394102 (length 761mm
and circumference 382mm) and tibia RGM.1394114 (length 781mm
and circumference 355 mm) from the DTB both show an HSF
advanced close to the periosteal surface. These observations fall in
line with the constant rate of bone remodelling, and thus constant
speed of the HSF assumed by Mitchell and Sander (2014). However,
tibiae (and femora) in general still preserve significantly thicker
cortical bone than humeri (Table 1, Fig. S1). This is also reflected in
the three-front models, showing that the RF in humeri is signifi-
cantly faster than in tibiae and femora (Figs. 14 and 15). As a result,
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the humeri will always have higher portions of secondary bone and
a largermedullary cavity compared to the tibiae and femora, despite
a constant rate of the HSF. This pattern is even observed within the
same individual. Thus, the observed bone remodelling patterns and
distribution of histological markers are best explained by the anal-
ysis of the three-front model.

The proportionally large Triceratops cranium represents a rela-
tively high volumetric percentage of the entire skeleton, especially
in later ontogenetic stages, and must have exerted great biome-
chanical loading. Estimates of the centre of body mass and axial
mass distributions in the chasmosaurine Chasmosaurus hinted at an
anteriorly inclined loading direction (Henderson, 2014). A similar
loading regime in Triceratops should translate to relatively higher
rates of remodelling in the forelimbs compared to the hindlimbs.
This hypothesized pattern is observed in the Triceratops histological
dataset presented here. The forelimbs show an overall more
advanced remodelling front as evidenced by the multiple genera-
tions of secondary osteons as well as near-complete overprinting of
the primary cortex in the radii and ulnae. We do note that possible
size differences between different types of elements could also
contribute to the observed remodelling patterns in fore- and hin-
dlimbs as mentioned above. However, the lesser degree of
remodelling in the cortex of the fibulae compared to the pro-
nounced remodelling in radii with equally thick cortices (Table 1)
suggests that additional factors such as biomechanical loading may
play a role in Triceratops bone remodelling.

4.3. The absence of a primary growth record in appendicular and
axial bones

Despite the extensive histological analysis performed on a large
selection of Triceratops postcranial material, we were able to
retrieve only very limited skeletochronological data. Growth cycles
were exclusively expressed as layers of parallel-fibred bone tissue
and did not follow a predictable growth pattern with ontogeny
(Fig. 13). The elements that preserved the most complete primary
growth record (e.g., tibia RGM.1394114) provided insufficient data
for the calculation of realistic ages-at-death and annual bone
apposition rates. The lack of a visible growth record in Triceratops is
most likely not related to overprinting by secondary osteons. On
the contrary, the bone remodelling patterns are relatively diffuse in
many of the studied limb bones, and primary cortical bone often
remains visible even in deeper areas of the cortex. Thus, it seems
that Triceratops does not preserve a primary growth record in the
first place, or at least complete enough for skeletochronological
analyses. These same findings were obtained for large-bodied
sauropods (Sander, 2000; Klein and Sander, 2008; Sander et al.,
2011) where it is argued that cyclical growth marks were not
deposited due to the high growth rates of the especially large limb
bones. However, Triceratops shows relatively slower bone apposi-
tion rates as indicated by the large portions of parallel-fibred bone,
but still does not preserve a clear primary growth record. More
ontogenetically extensive datasets on Triceratops bone histology as
well as other derived ceratopsians may reveal whether a lack of
primary growth records is characteristic for the whole group.

In sauropods, the ribs show a significantly more complete pri-
mary growth record and make up for the poor record in limb bones
(Waskow and Sander, 2014; Waskow, 2019). It is argued that the
absolute smaller sizes of ribs elicit lower growth rates and more
periodical growth cessations. Considering the histological similar-
ities between sauropods and Triceratops, it is expected that Tricer-
atops may reveal similar discrepancies between limb and rib
histology. However, the axial elements of Triceratops studied here
show ambiguous results regarding the preservation of a primary
growth record. The ribs that were sectioned proximal to distal
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reveal inconsistent patterns, where distal samples show a more
advanced HSF compared to proximal samples, despite the fact that
distal rib regions represent younger bone tissue. The complete rib
section from RGM.1394121 preserves a high number of secondary
osteons that overprint the majority of the primary tissue. The pri-
mary cortex is limited to the periosteal surface and contains only a
small number of inconspicuous growth lines. This observation is
contrasting to the sauropod rib sections that show little remodel-
ling and a high number of growth lines in the primary tissue
(Waskow and Sander, 2014). Samples of the vertebrae show equally
ambiguous trends in sequential histological patterns along the
proximaledistal transect. The primary tissue contains inconspic-
uous growthmarks, but the Haversian bone overprints themajority
of these markers, and does not enable accurate growth record
reconstructions.

Thus, the remodelling front is more extensive in Triceratops
ribs than in previously recorded non-avian dinosaurs (Waskow
and Sander, 2014; Waskow and Mateus, 2017). Hedrick et al.
(2020) reported similarly strong remodelling patterns in the
ribs of the centrosaurine dinosaur Pachyrhinosaurus perotorum.
The authors argued that changes in rib shape as well as strong
environmental influences resulted in increased remodelling rates
of Pachyrhinosaurus ribs. The same lines of reasoning can be
applied to the Triceratops ribs and vertebrae studied here, but it
does not explain the differences seen between sauropods and
ceratopsians. Overall, the current data on ceratopsian histology
shows that ribs have equally inconsistent preservation of the
primary growth record as limb elements, suggesting that the
axial elements are poor candidates to study the growth and
development of this group of dinosaurs. However, additional
research on ceratopsian histology is needed to confirm if this
pattern of rib growth also extends to a larger majority of the
group.

4.4. Ontogenetic signal in Triceratops limb bone histology

Both the three-front models and the HOS follow an expected
pattern consistent with an ontogenetic growth series of a single
species. All limb bone samples lie on the same growth trajectory.
For almost every element type (Fig. 14), the three-front models
show a decrease in the AF consistent with lower growth rates ex-
pected for older individuals. Along the same lines, the elements
that showa faster AF were also assigned a lower (i.e., younger) HOS.
However, the two methods show minor offsets in histological
identification. The three-front model indicates that there is a dif-
ference between the tibiae, femur and humerus e albeit small e
specifically in the AF and RF. This would indicate that some ele-
ments may show a lower or higher growth rate. However, all four of
the associated elements are assigned to the same HOS 6, suggesting
that these elements have similar growth patterns.

The offset in growth pattern identification between both
methods is most likely a result of the specific parameters used to
describe the three-front models and HOS. In our three-front
models, we only distinguished between bone matrix organisation
to define the AF and did not consider the different types of vascu-
larity observed in the sections (cf. Mitchell and Sander, 2014). In the
HOS scheme, on the other hand, vascularity plays a major role in
defining the histological position of the studied limb bones, but
does not describe relative intra-bone variations seen in multiple
fronts. For example, humerus RGM.1394102 shows a relatively
poorly vascularized periosteal surface, but also possesses larger
portions of woven-parallel bone tissue compared to the corre-
sponding femur and tibia, giving it a relatively faster AF. However,
the portions of woven-parallel bone show mostly longitudinal
vascularisation, which would suggest a lower growth rate than
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laminar woven-parallel bone tissue when compared in the HOS
scheme. Moreover, RGM.1394102 shows high densities of second-
ary osteons which is not considered by the three-frontmodel, but is
a determining factor in the HOS scheme. Thus, while the three-
front models mostly describe specific relative histological differ-
ences within a set of samples, the HOS provide an alternativeway of
visualizing more general ontogenetic changes. Taken altogether,
the ontogenetic placement of the Triceratops elements is most ac-
curate when the three-front models and HOS are combined, and
their analysis allow to better constrain the changes in Triceratops
growth and ontogeny. While there are some minor deviations in
age-size distributions, the overall pattern shows an expected rela-
tion between size and histology (Fig. 17), indicating that individuals
with larger body size represent ontogenetically older Triceratops.

4.5. Phylogenetic patterns of ceratopsian growth

The histology of non-ceratopsid ceratopsians has been studied
more extensively than that of ceratopsids, andmay provide insights
on the evolution of ceratopsian growth patterns when combined
with insights gained on Triceratops in this study (Fig. 18). Psittaco-
saurus represents one of themost basal members of Ceratopsia, and
a total of three Psittacosaurus species have been studied for their
bone histology including (from most basal to most derived)
P. mongoliensis (Erickson and Tumanova, 2000), P. lujiatunensis
(Zhao et al., 2019) and P. sibiricus (Skutschas et al., 2021). While
Fig. 18. Phylogenetic tree of all major groups within Ceratopsia. Highlighted in black and by
here. Phylogenetic relationships and age ranges for each group are based on literature data (W
Lee et al., 2011; Zheng et al., 2015; Mallon et al., 2016), and are broadly used to indicate the
Silhouette are from phylopic.com. Psittacosaurus silhouette by Skye McDavid; Koreacerato
silhouette by Andrew A. Farke; Triceratops silhouette by Raven Amos.

22
there are some marked differences in vascularisation and bone
remodelling, many of the studied Psittacosaurus species show
recurring histological patterns. All three Psittacosaurus species
show predominantly reticular vascular organisation and much
woven bone in earlier ontogenetic stages, while the Triceratops
juvenile humeri consisted of a mix of longitudinal and circumfer-
ential vascular canals. However, P. lujiatunensis and P. sibiricus de-
posit parallel-fibred bone and longitudinal canals only at the oldest
observed ontogenetic stage e markers that can already be seen in
earlier stages in Triceratops. P. mongoliensis retains reticular woven-
parallel bone tissue even in larger/older individuals. Bone remod-
elling is only evident in very late ontogeny in P. lujiatunensis and
P. sibiricus but is not seen in P. mongoliensis, while Triceratops starts
bone remodelling at an earlier ontogenetic stage. All Psittacosaurus
species show LAGs starting from the juvenile stage suggesting that
they expressed periodic growth stops already early in ontogeny.
This contrasts with ceratopsids such as Triceratops that show
continuous growth with LAGs only appearing very late in ontogeny.
A similar trend is seen between more basal sauropodomorphs and
derived sauropods (Sander et al., 2011; Botha et al., 2022).

Koreaceratops hwaseongensis e as a non-coronosaur neo-
ceratopsian e is more derived than Psittacosaurus and shows
markedly different bone histological patterns (Baag and Lee, 2022).
The Koreaceratops tibiae show a mix of longitudinal and circum-
ferential vascular canals throughout the entirety of the primary
cortex. Triceratops shows the same two dominant vascular
silhouette are the taxa for which extensive histological data is available and compared
olfe et al., 2007; Sues and Averianov, 2009; Sampson and Loewen, 2010; Sereno, 2010;

relationship between the highlighted taxa. Time periods are based on stratigraphy.org.
ps silhouette based on work from Park Jin-Young and Son Minyoung; Protoceratops

http://stratigraphy.org
http://phylopic.com
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organisations in all of the studied limb elements, butmay also show
variable vascular patterns such as radial and reticular canals. The
vascular density in Koreaceratops alternates between presumable
zones and annuli (Baag and Lee, 2022). Unfortunately, the preser-
vation of the studied Koreaceratops material did not allow for ac-
curate estimates of bone tissue organisations, but the colour offsets
and spacing of the different zones strongly suggest that the changes
in vascular density coincide with shifts in bone tissue organisation
(Baag and Lee, 2022). These cyclical patterns inwoven and parallel-
fibred bone tissue are also observed in Triceratops limb bones and
are especially well-preserved in one tibia (Fig. 8). Moreover, the
degree of bone remodelling in the Koreaceratops tibiae was signif-
icantly lower than in the fibulae.

The similarity in histology between basal ceratopsians and
ceratopsids becomes clearer when comparing Protoceratops to the
Triceratops data here. Protoceratops is a member of the Corono-
sauria, falling just outside the more derived group of ceratopsoids,
and shows clearer alternating zones of parallel-fibred and woven
bone (Fostowicz-Frelik and Słowiak, 2018). These cyclical patterns
are patchy in juvenile specimens, but become pronounced in the
sub-adult stage. This sequence is also observed in Triceratops,
where parallel-fibred bone is deposited in early ontogeny and be-
comes more abundant in later stages. However, there is no clear
cyclicity observed in the Triceratops primary growth record.
Nevertheless, as in Triceratops, the cyclical zones are most
numerous and best preserved in the tibiae of Protoceratops and
rarely culminate in a growth line. It is not stated whether the
parallel-fibred bone matrix of Protoceratops is deposited in
conjunction with primary osteons (similar to the PFLC) or remains
purely avascular, but the illustrations in the paper showing
centripetally infilled primary osteons suggests the former
(Fostowicz-Frelik and Słowiak, 2018).

The histological characteristics in Triceratops can be traced back
to more basal non-ceratopsid ceratopsians. Curiously, Triceratops e
as one of the most derived ceratopsian e seems to preserve a
relatively basal aspects regarding their growth regime, as the
appearance of parallel-fibred growth zones is already evident in
Koreaceratops (~103 Ma) and becomes more pronounced in Proto-
ceratops (~73 Ma) and ultimately dominant in Triceratops (~67 Ma).
We do note that the current taxonomic coveragemay be too limited
to extrapolate these findings. However, the currently available data
suggests that e throughout the evolution of ceratopsian dinosaurs
e species developed a more continuous growth pattern as indi-
cated by the increasing absence of growth lines and ambiguity of a
primary growth record in more derived taxa.
4.6. Comparison with other ceratopsids

Little has been published in the peer-reviewed literature on the
histology of ceratopsids which makes it difficult to accurately
compare the Triceratops histology to other closely related taxa. It
has been suggested that centrosaurines and chasmosaurines
mainly differ in skeletochronological preservation and degree of
bone remodelling, with the latter preserving overall fewer growth
marks and higher remodelling rates (Reizner, 2010; Levitt, 2013;
Hedrick et al., 2020). Within the centrosaurine data of Hedrick et al.
(2020), the Avaceratops humerus preserved a single LAG in themid-
cortex of the humerus, while Yehuecauhceratops showed up to five
LAGs near the periosteal surface of the femur, corroborating their
estimated ontogenetic status. However, the Triceratops adult femur
RGM.1394111 preserves up to seven LAGs near the periosteal sur-
face. Moreover, the described bone remodelling for Yehue-
cauhceratops is equivalent to that of late sub-adult Triceratops, and
the current published data suggest that centrosaurines and
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chasmosaurines have more overlapping bone histological patterns
than previously thought.

However, these previously published assumptions on ceratopsid
histology are based on the study of fragmentary material which
have not allowed for in-depth comparisons of ceratopsian histology
along the lines of phylogeny and ontogeny. On the other hand,
unpublished work on the centrosaurine Einiosaurus procurvicornis
has provided novel insights into its growth regime (Reizner, 2010),
but the sample set only comprises juveniles and sub-adults not
older than six years (based on LAG count). Therefore, it is difficult to
predict whether the lack of bone remodelling in this species is an
effect of taxonomic differences or simply because these specimens
represent ontogenetically young individuals that yet need to
remodel. Likewise, an unpublished thesis on the chasmosaurines
Utahceratops gettyi and Kosmoceratops richardsoni provided some of
the first datasets on chasmosaurine limb bone histology (Levitt,
2013), but the sampled material was mainly from presumed juve-
nile or sub-adult individuals. Considering the very late appearances
of growth lines in Triceratops, the absence of LAGs in the young
adult Utahceratops femur could have been an ontogenetic signal
and not necessarily a marked difference between centrosaurines
and chasmosaurines. Additional ontogenetically well-constrained
ceratopsid limb material is needed to better understand the taxo-
nomic implications of the observed histological offsets. Especially
the first large-bodied ceratopsians, such as the ceratopsoids (e.g.,
Zuniceratops and Turanoceratops), may yield valuable insights into
the evolution of ceratopsid growth strategies.

4.7. Triceratops species and Torosaurus

The Triceratops sections presented here can be compared be-
tween the two different species as well as with the available Tor-
osaurus histology in the literature to provide additional context for
potential species differences and for the taxonomic ambiguity be-
tween Triceratops and Torosaurus. Offsets between HOS and body
size have previously been associated with potential taxonomic
differences and/or sexual dimorphism (Klein and Sander, 2008;
Redelstorff and Sander, 2009). For over a decade, there has been
debate on whether Torosaurus is a valid genus or rather synony-
mous with Triceratops as its final ontogenetic stage (Scannella and
Horner, 2011, 2010; Longrich and Field, 2012; Maiorino et al., 2013;
Mallon et al., 2022). Previous hypotheses were mostly based on
cranial characteristics including skull morphometrics, suture clos-
ing, transitional fossils and osteohistology of cranial elements.
However, recently Mallon et al. (2022) provided the first images of
Torosaurus limb bone histology. Their femur sections allowed to
determine the relative age of a Torosaurus specimen more accu-
rately. Based on the lack of an EFS, widely spaced secondary osteons
at the bone surface and overall woven-fibred bone tissue, Mallon
et al. (2022) concluded that their Torosaurus specimen did not
reach skeletal maturity, and most likely represents a sub-adult in-
dividual. Fig. 19 shows the relationship between HOS and bone
circumference normalized to femur circumference for the two
Triceratops species as well as the Torosaurus femur section. The
Torosaurus specimen can be assigned to HOS 5 transitioning into
HOS 6 based on the published histological description, while our
oldest Triceratops femur shows advanced HOS 6. However, the
Torosaurus femur does not strongly deviate from the observed
correlation between age and size for Triceratops, implying that both
taxa are indistinguishable based on histology alone (Fig. 19).

Similarly, our results do not find a clear difference in HOS and
body size correlation between T. horridus and T. prorsus. We do
observe that the T. prorsus specimens are larger than the T. horridus
specimens, but they also show the highest HOS in the dataset
(Table 1, Fig. 19). Thus, it is still reasonable to assume that the



Fig. 19. Relationship between body size and HOS for T. horridus, T. prorsus and Tor-
osaurus. Bone size is represented by limb bone circumference normalized to femur
circumference based on ratios of the associated Triceratops specimen RGM.1332500.
Both T. prorsus and Torosaurus do not significantly deviate from the overall correlation
for T. horridus.
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T. horridus individuals in our dataset would have grown slightly
larger, reaching HOS 7 and skeletal maturity at approximately the
same body size as T. prorsus. Overall, the presented Triceratops and
Torosaurus histological database is currently too small to observe
unequivocal taxonomic differences in ontogenetic growth patterns
at the genus and species level. Future research focussing on the
skeletal unity (i.e., potential for associated individuals (Wiersma-
Weyand et al., 2021)) of the DTB Triceratops should provide in-
sights into the developmental timing of cranial and postcranial
skeletal maturity and will help in clarifying the taxonomic ambi-
guity between Triceratops and Torosaurus specifically.
5. Conclusions

Histological analyses of Triceratops limb bones plus auxiliary
specimens revealed for the first time the growth pattern of this
iconic ornithischian dinosaur. All limb bones of the stylopodium
and zeugopodium show a consistent histology, with variations
mainly due to cortical thickness as explained by the three-front
model, and there is a clear relationship between body size and
histologic ontogenetic stage. Ontogenetically young individuals e

as represented by the small humerus RSM P.2691 e show a well-
vascularized woven-parallel complex typical for actively growing
endothermic juvenile animals and contains amix of circumferential
and longitudinal primary osteons. However, the dominant bone
tissue type shifts into cycles of parallel-fibred bone and woven-
fibred complex throughout ontogeny allowing to define the histo-
logical development through histologic ontogenetic stages. Sub-
adult Triceratops limb bones are characterized by irregular alter-
nating zones of thicker layers of woven and thinner layers of
parallel-fibred bone tissue. Bone remodelling is only moderate, and
simple vascular canals in the periosteal surface indicate active
growth. As the animal approached skeletal maturity, the primary
bone of adult Triceratops shows higher proportions of parallel-
fibred bone tissue and increased bone remodelling. Skeletal
maturity is indicated by an EFS near the periosteal surface.

Apart from the EFS in mature specimens, regular growth cycles
are rare in the studied elements. A small number of elements
preserve higher numbers of zones and annuli, but the majority of
the sections show a poorly developed skeletochronological record,
which we now consider typical for ceratopsid histology. Ribs and
24
vertebrae preserve small numbers of LAGs, but the heavy remod-
elling combined with the significant influence of bone morpho-
genesis on growth mark spacing in ribs does not allow for accurate
analysis of the primary growth record. Contrary to sauropod rib
histology, Triceratops (and most likely other ceratopsids) show
faster growing woven-parallel bone tissue in their ribs possibly
hampering LAG deposition.

While the zones of parallel-fibred tissue in the limb bones are
less vascularized than the zones of woven-parallel complex, they all
contain primary osteons and form ‘fibrolamellar’ parallel-fibred
bone (PFLC) similar to the modified laminar bone described for
some sauropod taxa. In fact, Triceratops showed overall high
vascularization throughout ontogeny across multiple different limb
elements. The prevalence of parallel-fibred bone tissue relatively
early in ontogeny combined with consistently high vascularisation
suggests that Triceratops had a relatively fast and continuous
growth rate, but not as rapid as is seen in many other groups of
non-avian dinosaurs.

The zonation of parallel-fibred bone tissue is also observed in
more basal ceratopsians but becomes more pronounced in Tricer-
atops. Comparisons with other ceratopsids provide equivocal re-
sults due to lack of ontogenetically well-constrained material and
warrants additional data on ceratopsid histology. Our work adds to
the rather limited ceratopsian histological database, being based on
the most extensive dataset for any large-bodied neoceratopsian,
and is beginning to unravel the evolution of ceratopsian growth
strategies.

Data availability

All data is in the original manuscript and supplementary files.
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