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Anomalous ">C enrichment in Mesozoic vertebrate enamel reflects
environmental conditions in a “vanished world” and not a unique
dietary physiology

Thomas M. Cullen*
David C. Evans

, Fred ]. Longstaffe ©®, Ulrich G. Wortmann, Li Huang, and

Abstract—Biogeochemical analyses of organisms’ tissues provide direct proxies for diets, behaviors, and
environmental interactions that have proven invaluable for studies of extant and extinct species. Applying
these to Cretaceous ecosystems has at times produced anomalous results, however, as dinosaurs preserve
unusually positive stable carbon isotope compositions relative to extant Cs-feeding vertebrates. This has
been hypothesized to be a unique property of dinosaur dietary physiology, with potential significance for
our interpretations of their paleobiology. We test that hypothesis through multi-taxic stable carbon isotope
analyses of a spatiotemporally constrained locality in the Late Cretaceous of Canada, and compare the
results to a modern near-analogue environment in Louisiana. The stable carbon isotope anomaly is present
in all sampled fossil vertebrates, dinosaur or not. This suggests another more widespread factor is respon-
sible. Examinations of diagenetic effects suggest that, where present, they are insufficient to explain the
isotope anomaly. The isotope anomaly is therefore not primarily the result of a unique dietary physiology
of dinosaurs, but rather a mix of factors impacting all taxa, such as environmental and/or source-diet
differences. Our study underscores the importance of multi-taxic samples from spatiotemporally
constrained localities in testing hypotheses of extinct organisms and ecosystems, and in the use of modern
data to “ground truth” when evaluating analogue versus non-analogue conditions in greenhouse
paleoecosystems.
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Introduction hampered by: (1) the potential for diagenetic

Stable isotopic analyses have been used to
test a wide range of ecological questions per-
taining to modern animal groups, and closely
related or ecologically similar fossil lineages
throughout the Cenozoic (Janis et al. 2002;
Koch 2007; Angst et al. 2014; Whiting et al.
2016). In recent years, these methods have
been more frequently applied to more ancient
ecosystems, such as those from the Mesozoic.
Applications of these methods are often

overprinting; (2) the lack of close living rela-
tives and resulting potential for unique dietary
physiologies and associated trophic enrich-
ment factors (TEFs; A, or A = 8ssue — Sdiet; also
referred to as a vital effect, trophic discrimin-
ation factor, tissue-diet fractionation, etc.)
(Stanton Thomas and Carlson 2004; Tiitken
2011; Montanari et al. 2013; Amiot et al. 2015).
In addition, coastal floodplains, a habitat type
closely associated with deposits rich in
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terrestrial and freshwater vertebrate fossils dur-
ing much of the Mesozoic, have considerable
terrestrial-aquatic resource intermixing that
may hamper attempts to reconstruct ecology
from isotopic data in the absence of additional
contextual data (Cullen et al. 2019).

Despite these challenges, numerous studies
have applied stable isotope methods to Meso-
zoic dinosaurs, analyzing bioapatite samples
from a relatively wide range of taxa (Straight
et al. 2004; Fricke et al. 2008; Tiitken 2011;
Amiot et al. 2015). Independent studies have
noted that stable carbon isotope compositions
of dinosaur bioapatite (613Cbioapaﬁte) are anom-
alously positive (~—8%o to —2%o.) when com-
pared with expected values for a large
terrestrial vertebrate (e.g., a large herbivorous
mammal; ~ —18%o to —8%o) feeding primarily
on terrestrial C; plants (Stanton Thomas and
Carlson 2004; Fricke et al. 2008). These compo-
sitions have been found in material from mul-
tiple dinosaur clades from sites on multiple
continents and time periods (Fricke et al.
2008; Amiot et al. 2015). This inevitably leads
to the question of whether this positive “carbon
isotope anomaly,” hereafter abbreviated as
CIA, is the result of: (1) inherent differences in
dinosaur dietary physiology relative to extant
vertebrates; (2) diagenetic overprinting in the
5"C measured from these fossils; (3) differ-
ences in the mean and range of §"°C compos-
ition of coastal floodplain plants in the
Mesozoic relative to modern coastal floodplain
systems; (4) other nonanalogous features of the
broader environment in the Mesozoic relative
to modern systems; or (4) a mixture of some
or all of these factors.

With respect to the first of those hypotheses,
one must consider the relationship between
dietary physiology and TEFs. In modern sys-
tems, the TEF between 6'°C 4;o; and & 13Cbioapaﬁte
will vary depending on the dietary physiology
of the organism (influenced by its phylogenetic
history, source diet, and trophic level) and can
be experimentally determined via controlled
feeding experiments and comparisons from
multi-tissue sampling in extant taxa (Passey
et al. 2005, Koch 2007; Fig. 1A). For extinct
organisms, one option for reconstructing
5%Cyet from measured 613Cbioapaﬁte is the
application of TEFs from extant relatives.
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Ficure 1. Summary of stable isotopic ranges from environ-
mental and dietary sources and associated trophic enrich-
ment factors (TEFs) in consumers. A, 513Cbioapame_diet
TEFs from extant herbivores (mammal, Odocoileus; bird,
Struthio; reptile, Chelonia) and carnivores (mammal, Canis;
bird, “raptor”; reptile, Alligator) reported in per mil (%o).
B, Comparison of ambient organic §"*C (AOC) ranges of
modern and ancient systems. Late Cretaceous examples
are subdivided into ranges of AOC measured from the
“Rainy Day Site” (RDS) in the Oldman Formation of
Alberta (site examined in this study) and those from mul-
tiple localities in the Judith River Formation (JRF) and
Two Medicine Formation (TMF) of Montana (as reported
in Fricke et al. 2008). Also noted are AOC ranges recorded
throughout the Proterozoic and Archean (before the evolu-
tion of plants; as reported in Garcia et al. 2021). C, Approxi-
mate 5°C ranges of C; and C4 plants. D, Previously
hypothesized high-magnitude TEF of dinosaurs, calculated
as the difference between measured dinosaur 513Cbioapame
and 6"°Cxoc (assumed to be a proxy for 813C of terrestrial
plants consumed by these animals). TEF sources, AOC
values, and other data provided in Supplementary
Table S2.
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Alternatively, one can identify another meas-
ure to use as a proxy for 513Cier, and then use
the difference between that proxy and mea-
sured 513Cbioapaﬁte compositions to estimate a
TEF for the extinct species, independent of
data from their extant relatives. To estimate a
TEF for dinosaurs, previous authors (e.g.,
Stanton Thomas and Carlson 2004; Fricke
et al. 2008) have used the average value of
ambient organic §"°C (AOC) measured from
Cretaceous sediments (~—26%0 to —25%o)
(Fig. 1B) as a proxy for terrestrial C; plants
(Fig. 1C) forming herbivore 8Cyiet, and the
difference between this value and measured
dinosaur 613Cbioapaﬁte to calculate a TEF of
~18%o. This estimated dinosaur TEF value repre-
sents a substantially higher offset between
assumed diet and 613Cbioapaﬁte than experimen-
tally determined TEFs for most extant verte-
brates, including those from the closest living
relatives of dinosaurs (birds or crocodilians)
(Stanton Thomas and Carlson 2004; Fricke et al.
2008; Montanari et al. 2013; Amiot et al. 2015;
Fig. 1A,D), with previous authors (Stanton Tho-
mas and Carlson 2004; Fricke et al. 2008)
hypothesizing that a unique dinosaurian dietary
physiology is responsible for such high-
magnitude TEF values and, by association, the
positive CIA present in dinosaur & 13Cbioapatite.
Alternate hypotheses for the CIA include a
combination of non-analogue environmental
factors influencing the §'°C of dietary plants,
alongside potential differences in plant com-
munity composition (with resulting differences
in average 53Q), resulting in 613Cbioapaﬁte com-
positions of dinosaur tooth enamel that are
anomalously positive relative to extant terrestrial
herbivores feeding on C; plants (Stanton Thomas
and Carlson 2004). Isotopic resetting due to
diagenetic alteration has also been suggested
to explain the CIA in dinosaur 513Cbioapaﬁte,
especially in bone and dentine, although mul-
tiple stable isotope studies of dinosaurs (and
other fossil taxa) have concluded that primary
isotopic signals can be preserved, along with
ecological/environmental proxy data (Stanton
Thomas and Carlson 2004; Fricke et al. 2008).
Understanding the source of the CIA is
paramount for in-depth and meaningful stable
isotope investigations of Mesozoic paleocommu-
nity ecology. A priori or experimentally obtained
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TEFs do not exist for extinct non-avian dinosaurs.
Therefore, we test the competing hypotheses for
the CIA through analysis of an assemblage of
dinosaurs and co-occurring non-dinosaur verte-
brate taxa (including those with close living rela-
tives with known TEFs), all collected from the
same site, and compare them with similar data
from a modern near-analogue ecosystem. Verte-
brate microfossil bonebed sites are ideal for this
study, because they represent spatially con-
strained wetland/river deposits with minimal
time averaging, have shared fossilization and dia-
genetic processes, and contain abundant and
diverse fossil samples representative of a local
paleocommunity (Cullen and Evans 2016). We
analyzed 513Cbioapaﬁte compositions of a range of
vertebrate taxa, while also measuring local AOC
and performing multiple tests to assess for poten-
tial diagenetic alteration, in order to test the previ-
ously proposed hypothesis that the CIA in
613Cbioapaﬁte corresponds to a distinct TEF and
physiology in non-avian dinosaurs. We find that
the CIA is not unique to non-avian dinosaurs,
but is present in the 513Cbioapaﬁte compositions of
aphylogenetically diverse suite of taxa with living
and physiologically similar representatives (such
asmammials, fish, and crocodilians) (Stanton Tho-
mas and Carlson 2004; Chinsamy and Hurum
2006; Amiot et al. 2007; Kohler et al. 2012; Brito
etal. 2017). Wealso find that the CIA isnot present
in any vertebrate taxa in the near-analogue mod-
ern ecosystem, and our preservational tests of the
fossil samples determine that diagenetic over-
printing, if present, is not the primary driver
of the CIA. Thus, we find that the CIA does not
result from a unique dietary physiology of dino-
saurs, as previously hypothesized. It may instead
represent a combination of changes in the carbon
isotope baseline of this system, as well as related
differences in dietary sources relative to extant
systems, reflecting non-analogue conditions that
existed in greenhouse conditions but that are not
seen in modern icehouse systems.

Material and Methods

Geological ~ Setting and Paleoenvironmental
Conditions.—Fossil material analyzed in this
study was sampled from the “Rainy Day Site”
(or RDS), a vertebrate microfossil bonebed in
the Campanian-aged (78-75.5 Ma) uppermost
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Oldman Formation, a part of the Belly River
Group, and geographically located in the Milk
River/Manyberries region of southeastern
Alberta, adjacent to the border with Montana
(Peng et al. 2001; Brinkman et al. 2004; Eberth
2005; Arbour and Evans 2017). The Oldman
Formation is subdivided into three informal
units, with the lower and upper preserving
wetter, more coastally influenced environ-
ments, and the middle (“Comrey sandstone”)
preserving a more inland and seasonally drier
environment (Brinkman et al. 2004; Cullen
and Evans 2016). The geology of the sampled
RDS locality (including a stratigraphic section)
is provided in a prior study of the paleoecology
of the site by Cullen et al. (2020). In brief, the
sedimentology of RDS consists of a mix of
sand, silt, and dark mudstone; abundant
bivalve mollusk shells; and a series of sublayers
spanning approximately 160 cm. It is situated
stratigraphically about 1 m above the top of a
set of twin bentonite layers and approximately
44 m above the top of the Comrey sandstone
(denoting the contact between the informal
upper and middle units of the Oldman Forma-
tion). This distance is based on the measured
distance between the lower twin bentonite
and the Canal Creek bentonite as exposed
beneath RDS (see measured stratigraphic
section in Cullen et al. 2020: fig. 1D) and the
distance between the Canal Creek bentonite
and the top of the Comrey sandstone as
exposed at the nearby McPheeter’s Bonebed
site (Chiba et al. 2015). The interval containing
the RDS locality is consistent with the more
organic-rich, warm subtropical, relatively
humid and wet, seasonally flooded coastal
plain deposits of the uppermost Oldman For-
mation (Eberth and Hamblin 1993; Eberth
2005, 2015; Chiba et al. 2015; Arbour and
Evans 2017; Cullen et al. 2020), and lacks the
caliche nodules (among other features) that
characterize the more inland and seasonally
arid environments of the middle Oldman For-
mation (Mack and Jerzykiewicz 1989; Chiba
et al. 2015; Zelenitsky et al. 2016). The upper
Oldman Formation preserved in the Milk
River/Manyberries region is equivalent to the
middle Coal Ridge Member of the Judith
River Formation in northern Montana (Freed-
man Fowler and Horner 2015; Arbour and
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Evans 2017), while also being time-equivalent
to the lower Dinosaur Park Formation as
exposed further north in Dinosaur Provincial
Park (Eberth and Hamblin 1993; Cullen and
Evans 2016).

The site was originally sampled in 1993 and
1996, and the assemblage first described by
Peng et al. (2001), with further depositional,
taphonomic, and paleoecological research per-
formed on RDS and associated microfossil
bonebed sites in the Belly River Group by
Brinkman et al. (2004), Cullen and Evans
(2016), and Cullen et al. (2020, 2022). For a dis-
cussion of the formational processes of verte-
brate microfossil bonebeds, see Rogers and
Brady (2010) and Rogers et al. (2017). The
material sampled for isotopic analysis was pri-
marily collected from the lowest sublayers of
the bonebed in 2013, consistent with the earlier
sampling of RDS (D. Brinkman personal
communication). The sampled material was
screen-washed with water at the Royal Tyrrell
Museum of Palaeontology (RTMP) in Drum-
heller, Alberta, Canada, and sent to the Royal
Ontario Museum (ROM) for sorting and identi-
fication by the authors.

Sample Selection from Cretaceous and Modern
Localities—Fossil specimens from RDS for
stable carbon isotope analysis were selected
from both the 2013 sampling (N =28) and the
original 1993/1996 sampling (N =18). A taxo-
nomically broad sample was used to test the
hypotheses relating to the CIA, consisting of
hadrosaurid tooth enamel (dinosaur, N=7),
tyrannosaurid tooth enamel (dinosaur, N=7),
Saurornitholestes tooth enamel (dinosaur,
N =6), multituberculate tooth enamel
(mammal, N=3), Leidyosuchus tooth enamel
(crocodilian, N=6), low and bulbous non-
Leidyosuchus alligatoroid tooth enamel (croco-
dilian, N =6), lepisosteid scale ganoine (fish,
N=9), and bivalve shell carbonate (bivalve,
N =2). Specimens used in this study from the
1993/1996 sampling were identified in Peng
et al. (2001), with those identifications, as well
as later identifications from the 2013 sampling
confirmed by the lead author of this study
(TM.C.), as well as by D. Brinkman and
D. Larson (for a subset of the specimens),
based on preserved diagnostic characters (for
details on individual taxon ID characters, see
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Peng et al. 2001; Brinkman et al. 2004; Cullen
et al. 2016). The distinction between Leidyosu-
chus and “alligatoroid” taxon categories are
kept here to maintain consistency with other
studies of these assemblages. Representative
examples of specimens from each of the fossil
taxa included in these analyses are provided
in Supplementary Figure S1.

These fossil samples were compared with a
multi-taxic sample collected from a modern
coastal floodplain in Louisiana: the Atchafalaya
River Basin. This extant sample is ecologically,
physiologically, and phylogenetically diverse,
and includes representatives of taxa that
are functionally/ecologically analogous (and
phylogenetically related) to members of the
fossil RDS assemblage (e.g., crocodilians, lepi-
sosteid fish, small mammals). Originally
sampled and analyzed in Cullen et al. (2019),
the taxa used for modern comparison include
terrestrial herbivorous mammals (Odocoileus),
aquatic herbivorous mammals (Myocastor),
omnivorous terrestrial metatherian and
placental mammals (Didelphis and Procyon,
respectively), faunivorous terrestrial mammals
(Canis), semi-aquatic faunivorous crocodilians
(Alligator), and aquatic faunivorous lepisosteid
fish (Lepisosteus and Atractosteus).

Geochemical Analyses.—All isotopic analyses
were performed in the Laboratory for Stable
Isotope Science (LSIS) at the University of West-
ern Ontario. The primary analysis dataset was
prepared and analyzed using laser-ablation
gas chromatography—isotope ratio mass spec-
trometry, following the methods outlined in
Cullen et al. (2019), itself based on the methods
of Cerling and Sharp (1996) and Larson and
Longstaffe (2007). Analytical method details,
including pretreatment specifics, calibration
data, and notational information, are reported
in Supplementary Methods S1, with primary
isotopic data reported in Supplementary
Tables S1 and S5.

A secondary subset of bioapatite structural
carbonate carbon and oxygen isotope composi-
tions were determined at LSIS to test for poten-
tial diagenetic overprinting by secondary
carbonates. This involved powdering of previ-
ously analyzed teeth to perform comparisons
of pretreated versus untreated samples, with
parallel comparisons to Fourier transform
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infrared (FTIR) spectroscopy of each sample,
following the approach of Webb et al. (2014).
Stable carbon isotope compositions, crystallin-
ity indices (Cls), and carbonate/phosphate
ratios (CO3/PO,, shortened as C/P hereafter)
of this subset were compared to assess the
impact of diagenetic alteration, recrystallization,
and/or secondary carbonate deposition in pre-
treated and untreated samples. See Supplemen-
tary Methods S1 for a detailed description of
analytical procedures, and Supplementary
Table S3 for tabulated results for each specimen.

In addition to these measurements, AOC was
also determined from the RDS locality, based
on samples from sediments collected alongside
the RDS vertebrate fossil materials. These data
are recorded in Supplementary Table S3, and
presented in Figure 1B, alongside literature
values of global modern preindustrial AOC
(Stanton Thomas and Carlson 2004; Garcia
et al. 2021), AOC ranges from the Atchafalaya
River in Louisiana (Rosenheim et al. 2013),
AOC ranges from other nearby Late Cretaceous
sites (Fricke et al. 2008), and mean AOC ranges
from the Proterozoic and Archean (Garcia et al.
2021). See Supplementary Methods S1 for fur-
ther details of this procedure.

In addition, a further subset analysis was
performed at LSIS comparing the §°C and
8'%0 of enamel versus dentine in hadrosaur
tooth bioapatite from this site. This material
was pretreated and analyzed via the same
laser-ablation approach used for the primary
analyses. If enamel and dentine isotopic com-
positions are substantially different (and par-
ticularly in a consistent manner, e.g., higher
6°C and lower §'®0 in dentine vs. enamel),
this difference could indicate relatively greater
alteration in the more porous dentine tissues
relative to the more alteration-resistant enamel
(Owocki et al. 2020). Relatedly, detection of het-
erogeneities across the tooth tissues when
sampled via laser ablation can provide an add-
itional indicator of the preservation of primary
isotopic signals, whereas consistent intra-tooth
homogenization can be indicative of diagenetic
overprinting (Sharp and Cerling 1998). Thus, if
differences are relatively minor and heterogen-
eity remains, comparison of dentine versus
enamel signals via repeated laser ablation mea-
surements provides an additional potential


https://doi.org/10.1017/pab.2022.43

568 THOMAS M. CULLEN ET AL.

indicator that diagenetic alteration is compara-
tively minor (or at least insufficient to remove
primary signals). See Supplementary Figure S2
and Supplementary Table S4 for data from
these tests.

Finally, X-ray diffraction (XRD) and cathodo-
luminescence (CL) were performed on bivalve
shell fragments at RDS to assess for potential
impacts of diagenesis by testing for the pres-
ence of shell aragonite and for evidence of
elements consistent with recrystallization (or
conversely, the absence of luminescence, indi-
cating the likely preservation of primary micro-
structure). Given the susceptibility of shell
aragonite to alteration (and particularly its
greater susceptibility when compared with
bioapatite tissues generally and enamel specif-
ically), detecting a lack of alteration via CL or
XRD is useful not only for interpreting their
preservation but also as a proxy for the preserva-
tion of the more alteration-resistant enamel and
bioapatite materials (Dettman and Lohmann
2000; Fricke et al. 2008). See Supplementary
Methods S1 for further details and Supplemen-
tary Figure S2 for results of these tests.

TEFs.—Values for §'Cg;; Were calculated
using TEFs (4, with A = dpipapatite — Sdiet) gath-
ered from the literature (Krueger and Sullivan
1984; Lee-Thorp and Van der Merwe 1987;
Lee-Thorp et al. 1989; Johnson et al. 1998;
Koch 1998; Cerling and Harris 1999; Biasatti
2004; Passey et al. 2005; Sare et al. 2005; Koch
2007; Angst et al. 2014; O’Connell and Hedges
2017; Cullen 2023) and are compiled as taxon—
diet means in Supplementary Table S2 and
Figure 1. Extant TEFs represent mean values
of species-specific, experimentally derived
TEFs and are applied to non-dinosaur
613Cbioapatite compositions to calculate 5BC et
based on the TEFs of extant taxa that are phylo-
genetically, ecologically, and physiologically
most similar to those in the RDS sample. The
previously hypothesized dinosaur-unique
TEF, which was derived from the offset
between dinosaur 513Cbioapatite and 8Caoc
and hypothesized to account for the high CIA
(Stanton Thomas and Carlson 2004; Fricke
et al. 2008), is applied to stable carbon compo-
sitions of dinosaurs only and presented along-
side the bird, mammal, and reptile TEF
scenarios for §'°C ;¢ in dinosaurs.
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Results

Positive CIA Present in All Sampled Fossil Taxa,
Including Non-dinosaurs.—Stable carbon iso-
tope analyses of 46 fossil specimens from 7 ver-
tebrate taxa from the upper Oldman Formation
RDS vertebrate microfossil bonebed reveal the
positive CIA is present in 6"’ Cpioapatite Of all
specimens, both dinosaur and non-dinosaur
(Fig. 2A,B), consistent in magnitude with the
previously reported positive CIA of Cretaceous
dinosaur bioapatite (Stanton Thomas and
Carlson 2004; Fricke et al. 2008; Amiot et al.
2015). No 513Cbioapaﬁte compositions from any
vertebrate sampled from the modern subtrop-
ical coastal floodplain preserve a similar CIA,
regardless of trophic position, dietary physi-
ology, habitat/environmental preference, or
taxonomy (Fig. 2C). AOC from RDS is similar
in mean composition to other nearby Cret-
aceous sites (Fricke et al. 2008), AOC from the
Atchafalaya River of Louisiana (Rosenheim
et al. 2013) (i.e., the region of our modern near-
analogue comparison), as well as modern mean
AOC and mean AOC from throughout Earth
history (Garcia et al. 2021). See Supplementary
Table S1 for 513Cbioapaﬁte for each specimen
and Supplementary Table S5 for the mean
613Cbioapaﬁte for each taxon.

Isotopic Signals in Material from This Site Are
Not Owverprinted by Diagenetic Alteration.—Iso-
topic analyses and FTIR spectroscopy of
enamel bioapatite from RDS show similar iso-
topic compositions in pretreated and untreated
samples, while also remaining largely consist-
ent in both CI and C/P (Supplementary
Table S3). As well, these samples exhibit a
range of ClIs (~2.5-3.0) similar to unaltered
bones and enamel, well below the threshold
(>4.3) considered indicative of extensive recrys-
tallization (Webb et al. 2014). The C/P of these
samples ranges from 0.43 to 0.68 and has a
mean of ~0.52, broadly consistent with
unaltered bone and enamel (with potential for
the presence of some secondary carbonate)
(Webb et al. 2014). It should be noted that
much higher CI values have also been reported
as representing unaltered bioapatite (and
enamel specifically) in mammals (Roche et al.
2010), although reptile enamel CI ranges in
that same study were consistent with the CI
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FiGure 2. Range and mean of 5t Cb,oapat,te of sampled fossil and extant taxa, along with hypothesized & 13C giet reconstruc-
tions. A, Isotopic distribution of Cretaceous “Rainy Day Site” (RDS) system when 6'°Cye. is calculated using hypothesized
high-magnitude trophic enrichment factors (TEFs) for dmosaurs and mean TEFs from extant relatives for non-dinosaur
taxa. B, Isotopic distribution of Cretaceous RDS system when 513C 410t is calculated using mean TEFs from extant organisms
for all taxa. In B, dinosaurs are reconstructed under three extant TEF scenarios: as mammals (triangles), as birds (squares),

and as reptiles (hexagons). Ranges of these extant TEFs are listed in Fig. 1, and exact values are listed in Supplementary
Tables S2 and S5. C, Isotopic d1str1but10n of a modern subtropical coastal floodplain ecosystem sampled from the Atcha-
falaya River Basin of Louisiana, with 5'3C et calculated from mean TEFs from extant taxa. Extant mean TEFs are also
described in Fig. 1 and Supplementary Table S2 and further discussed in Cullen et al. (2019). Thick horizontal lines extend-
ing from mean values represent standard error, with thin horizontal lines representing standard deviation. Stable isotope
compositions also provided in Supplementary Table S1 (individual samples) and Supplementary Table S5 (taxon mean
values).
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ranges recorded for reptile taxa at RDS. As a
result, although FTIR results are broadly con-
sistent with unaltered bioapatite, the prospect
of RDS samples having some degree of alter-
ation cannot be fully ruled out (and/or may
reflect the inclusion of dentine alongside
enamel in the RDS powders analyzed for
FTIR and pretreatment tests). Similarly, com-
parisons of dentine and enamel samples
obtained from laser ablation analyses of a sub-
set of hadrosaur teeth preserve a combination
of results broadly consistent with the preserva-
tion of original isotopic compositions, includ-
ing: (1) relatively minor differences between
measured enamel and dentine §"°C and 6'%0
(Supplementary Fig. S2); (2) preservation of
heterogeneity in isotopic signals across the
tooth surface (Supplementary Table S4); and
(3) where minor differences are present, they
represent directional differences in mean com-
position consistent with unaltered enamel and
minor to moderate alteration to dentine (e.g.,
the latter possessing higher 6'°C, —7.0%o vs.
—6.8%, and lower 6'°0, 17.2%. vs. 15.4%o,
respectively) (Sharp and Cerling 1998; Owocki
et al. 2020). Taken together, the consistency
between pretreated and untreated isotopic
compositions, the CI and the C/P from FTIR,
and the dentine to enamel comparisons, are
all indicative of the general preservation of
original isotopic compositions in the sampled
specimens, alongside related ecological/envir-
onmental proxy signals, with these signals not
substantially impacted by diagenetic overprint-
ing where it may be present. In addition, XRD
and CL microscopy confirms the aragonitic min-
eralogy and general lack of alteration of mollusk
shell material found co-occurring with the verte-
brate fossils at RDS, providing additional indir-
ect support for the more limited overall impact
of diagenetic overprinting on sampled RDS
materials (Supplementary Fig. S2). While not
the focus of this study, the oxygen isotope ranges
in bioapatite from taxa sampled from this site
(Cullen et al. 2020) are also consistent with
ranges expected from bioapatite of related spe-
cies living in similar modern environments (Cul-
len et al. 2019) and distinct from what would be
expected if these samples were actively equili-
brating with oxygen isotopes from precipitation
or groundwater from SE Alberta (Longstaffe
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1984) before excavation. Additional relative indi-
cators of the preservation of original isotopic sig-
nal at this locality include: (1) the like-with-like
groupings of samples with their particular taxa
(rather than being relatively homogenized as
one would expect after complete diagenetic over-
printing) and (2) preservation of expected preda-
tor—prey offsets in 513Cbioapaﬁte among relevant
taxa in the RDS dataset (e.g., tyrannosaurs and
hadrosaurs) (Bocherens 2000; Fricke et al. 2008;
Cullen et al. 2020; Supplementary Table S1).

CIA and Isotopic Distributions of Vertebrates
under Hypothesized TEF Scenarios.—Under TEF
scenario 1 (Fig. 2A), applying the previously
proposed higher-magnitude TEF (~18%.;
derived from the previously observed offset
between dinosaur 613Cbioapaﬁte and 6Caoc)
to dinosaurs at RDS shifts their estimated
513C 450t Into @ range consistent with extant C;
feeders, but leaves the &°Cgiet ranges of
co-occurring vertebrates (based on application
of TEFs from their closest extant relatives)
anomalously positive. Under TEF scenario 2
(Fig. 2B), dinosaur 513C giet is instead estimated
by applying bird, mammal, or reptile TEFs
(each plotted separately in Fig. 2B), resulting
in the relative positions of all taxa in isotope-
space forming a gradient of resource use and
exhibiting a reduced (though still present) posi-
tive CIA. In a near-analogue modern environ-
ment (subtropical coastal plain of Louisiana),
the 6"°Cgiet of sampled vertebrates (both terres-
trial and aquatic) all fall within C; ranges
(Fig. 2C), with no sampled extant taxon pre-
serving a CIA in its 613Cbioapaﬁte comparable
to those observed in every vertebrate in the
Cretaceous dataset.

Isotopic Community Ranges of Both Systems
Are of Similar Magnitude but Shifted—The
extant TEF-inferred 6'°Cg;e; Of taxa analyzed
from the Cretaceous coastal plain of the RDS
(Fig. 2B) shows a similar range (~10%o to
13%o, depending on the TEF applied for dino-
saurs) to data for the extant coastal plain envir-
onment of the Atchafalaya River Basin of
Louisiana (Cullen et al. 2019; Fig. 2C). Despite
being of similar magnitude, the mean 53Cgiet
is shifted upward by ~10%. in the RDS (~
—17.5%o0 to —16.5%o, depending on the dinosaur
TEF scenario) compared with the Atchafalaya
community (~ —27%o), reflecting the CIA.
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Discussion

Dinosaur Dietary Physiology as a Cause of the
Positive Stable CIA.—The positive CIA has
been hypothesized to be the result of either
dinosaurs possessing a unique dietary physi-
ology and consequently a higher-magnitude
TEF than present in extant vertebrates, or as
the result of external factor(s) influencing the
513Cbi(,apaﬁte composition (i.e., diagenetic over-
printing, substantial dietary source differences,
non-analogue environmental features, or a
mixture of some or all of these). The primary
argument for the former hypothesis is based
on the offset observed between AOC and
513Cbi(,apaﬁte of dinosaurs and relies on the fol-
lowing assumptions to be correct: (1) mean
AOC is a meaningful proxy for the plant §'°C
consumed by dinosaurs, and therefore the dif-
ference between 6°Cpoc and 513Cbioapaﬁte
should reflect an accurate TEF estimate for
dinosaur diets; and (2) the 613Cbioapame compo-
sitions of co-occurring vertebrates with extant
relatives of known dietary physiology are not
also anomalously positive in the Cretaceous
system relative to their ranges in the modern
system.

The first assumption, is, on its face, a reason-
able one. The terrestrial plant community in the
Late Cretaceous of North America (and Cam-
panian of Alberta/Montana in particular) was
predominantly Cz-based (Koch 1998; Stanton
Thomas and Carlson 2004), and while individ-
ual C;3 plants cover a very wide range of §°C
(Fig. 1C), their mean composition was (and
remains) similar to that of AOC (Fig. 1B). How-
ever, it is worth considering that ambient/bulk
organic carbon is just that, a bulk sample
related to the total organic carbon in the terres-
trial and aquatic systems, and may not accur-
ately reflect the 6'°C of the specific terrestrial
plant community of a given location or the indi-
vidual plant tissues or plant species that form
the diet of a particular organism (Grocke
2002; Hong and Lee 2013; Garcia et al. 2021).
Indeed, while AOC excursions are useful prox-
ies for examining major environmental changes
in deep time as part of chemostratigraphic
studies, the measured mean composition of
AOC has a relatively consistent baseline value
(~ —26%0 to —25%) throughout the last
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3.5 billion years of Earth history, despite
major changes in both plant and animal ecol-
ogy and evolution occurring over this time
(not the least of which includes the initial evolu-
tion of plants themselves) (Hong and Lee 2013;
Nordt et al. 2016). This would suggest that for
finer-scale measurements of trophic habits at
ecologically relevant timescales, background
AOCs should not be used uncritically, particu-
larly when considering the diet of individual
species and/or when other data exist that are
in conflict with the assumptions necessitated
by using background AOCs, as is the case in
this present study. Indeed, the modern near-
analogue dataset provides an example of this
issue. In the modern system, an unusually low-
magnitude TEF (relative to the known experi-
mentally determined mammalian herbivore
TEFs) would be required to estimate a 5BC giet
composition of Odocoileus (white-tailed deer)
that is in line with the difference between
mean 6°Cpoc and Odocoileus 513Cbioapame.
The 6"3Cgier for Odocoileus estimated from the
application of a mean of known mammalian
herbivore TEFs plots in the C; range but is sev-
eral per mil more negative than mean AOC.
Consequently, the first assumption necessary
for the hypothesis of unique dinosaur dietary
physiology and related higher-magnitude
TEFs is rendered uncertain at best.

The second assumption can be considered
through examination of the multi-taxic §'°C
data measured from both the Cretaceous and
modern systems. Although applying the AOC-
derived TEF to dinosaurs in the RDS locality
does shift their estimated §"°Cyjet range to be
consistent with extant C; feeders (Fig. 2A), all
other vertebrates in the system, with their
6"Cgiet estimated by applying TEFs from
their closest living relatives, remain in §"°C
ranges that are more positive than extant Cs
feeders generally and their own close
relatives/ecological ~analogues specifically
(Fig. 2A,C). As a consequence, the isotopic
niche distributions within this ecosystem are
reconstructed as dichotomous, with dinosaurs
completely distinct in resource use from all
other vertebrates and a zone of unused carbon
isotope resources existing between the dino-
saur and non-dinosaur §'°C ranges. While
this is not problematic per se, given the
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potential dietary carbon inputs for the mam-
mals, reptiles, and fish in this Cretaceous sys-
tem that could result in them not plotting in
C; ranges, it does become an issue when con-
sidered in the context of modern near-analogue
data, and particularly with respect to the
sampled taxa with close relatives (and eco-
logical analogues) in both systems (e.g., lepisos-
teid fish, crocodilians, and mammals). This is
because while these taxa all exhibit the same
positive shift in their Cretaceous 513Cbioapaﬁte
samples as is observed in the dinosaurs, they
do not exhibit the same pattern in their
613Cbioapaﬁte in the modern subtropical coastal
plain, where the 513C 4iet Of all of these modern
taxa falls within C; ranges (Fig. 2C). These taxa
are also not exclusively aquatic or faunivorous,
as small Late Cretaceous terrestrial mammals
are reconstructed as having a range of omnivor-
ous to herbivorous diets (Grossnickle et al.
2019), relatively similar to the small omnivor-
ous mammals sampled from the modern
system.

If the CIA in dinosaurs is indeed explained
by a unique dietary physiology (and associated
higher-magnitude TEF), then the CIA also
being present in Cretaceous fish, mammals,
and crocodilians (but not in their living
relatives in similar environments with similar
ecologies) would require the implausible
assumption that all of these distantly related
groups of taxa either completely shifted their
dietary carbon intakes (despite filling similar
ecological niches in both systems) or independ-
ently evolved similar dietary physiologies to
dinosaurs in the Cretaceous only to completely
diverge to their disparate extant dietary phy-
siologies (and TEFs) at a later point. Given
how comparatively unlikely this is, and how
applying the hypothesized high-magnitude
TEF to herbivorous dinosaurs alone does not
explain similar differences in non-dinosaurs
or the resulting differences in relative isotopic
distributions in the ancient and modern coastal
plain systems, the alternative hypothesis that
these phenomena are the result of one or mul-
tiple broader external factors impacting all
taxa in the system emerges as the most parsi-
monious explanation.

Diagenetic Overprinting as a Cause of the Posi-
tive Stable CIA.—If a unique dinosaur dietary

https://doi.org/10.1017/pab.2022.43 Published online by Cambridge University Press

physiology is unlikely to be responsible for
the CIA, and it is present in all sampled Cret-
aceous fossil vertebrate taxa despite not being
present in any of the sampled extant vertebrate
taxa, then diagenetic alteration and a shift in
preserved isotopic compositions (at least in an
absolute sense) would appear a plausible
explanation. However, our suite of tests indi-
cate that diagenetic alteration, if/where pre-
sent, is insufficient to fully explain the CIA.
This is consistent with the result of other
studies considering diagenetic impacts on the
preservation of original isotopic signals in ver-
tebrate bioapatite from the Belly River Group of
Alberta and lateral equivalents in Montana
(Fricke et al. 2008; Cullen et al. 2020, 2022), as
well as with studies more broadly describing
the preservation of fossils with minimal tapho-
nomic alteration from these strata (Choi et al.
2022). To be clear, however, it does not fully
rule out the potential that diagenetic alteration
exists and may be contributing to some extent
to the CIA. Indeed, some studies that have
reported anomalously positive §'°C composi-
tions in other taxa and concluded they were
the result of diagenetic alteration, such as
from a multi-taxic sample from the Eocene
Messel Pit (Tiitken 2014), where enamel
53Cenamel compositions of a mammal taxon
were broadly in the range of modern
Cs-feeding  herbivorous mammals, but
5Chentine and  6Chone compositions from
multiple other taxa were very positive and
appeared to be the result of diagenetic over-
printing. Unlike in the RDS example, however,
the anomalous §'°C compositions in the Messel
Pit were ~15%0—20%0 more positive than
expected, a substantially greater magnitude of
difference than observed here at RDS (whether
via the difference between “expected” values
and the CIA itself, or in our dentine-enamel
comparisons), potentially indicating a greater
degree of diagenetic impacts in samples from
Messel Pit compared with RDS. Similarly,
diagenetic tests and leachate comparisons per-
formed during ®Sr/®Sr analyses of enamel
bioapatite from a multi-taxic sample from
RDS suggest relatively limited impacts of dia-
genetic exchange (Cullen et al. 2022), as well
as general consistency with expected regional
values of substrates these animals would likely
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have lived upon (Armstrong et al. 1998; Terrill
et al. 2020). This appears further unlike the
Messel Pit dataset, where evidence of diagen-
etic Sr exchange is more substantial and further
distinguishes their enamel versus bone/den-
tine samples. It is also possible that the positive
6"°C ranges measured at Messel Pit were the
result of multiple factors, as here, but with dia-
genetic alteration being the greatest relative
contributor when compared with environmen-
tal or source diet differences, with the RDS
representing an inverse situation wherein dia-
genetic alteration is present but its impact is
relatively small when compared with the pro-
portional impacts of environmental factors
and source diet differences. As those Messel
Pit materials derive from an oil shale formed
in the anoxic bottom waters of a meromictic
lake, it is also conceivable that they experienced
substantially different depositional and dia-
genetic histories when compared with the
mixed fluvial and wetland settings of Cret-
aceous vertebrate microfossil bonebeds, with
that partially responsible for the apparent dif-
ferences in relative diagenetic impact.

Potential Isotopic Baseline Shifts Driving the
Stable Carbon Isotope Anomaly—If the CIA is
unlikely to be primarily the result of dinosaur
dietary physiology or diagenetic overprinting,
then it is plausible that a combination of envir-
onmental and other factors may instead be
responsible. In this Cretaceous system, multiple
possible factors exist that may have positively
shifted the 6'°C of dietary plant materials
from comparative averages in a modern system
so as to result in the observed CIA. For
example, studies of fossil plant resins from the
Late Cretaceous of Alberta have reported §'°C
compositions enriched by ~2%0—3%. relative to
modern resin and, given the close link between
8"3C of resin and bulk plant matter, suggested
that many of the plants in this system also likely
exhibited less negative §'°C compositions (Tap-
pert et al. 2013). This enrichment was found to
be unrelated to diagenetic or other preserva-
tional issues and was hypothesized to be a
result of °C fractionation differences in resin-
producing plants stemming from lower pO,
during this time (Tappert et al. 2013). Addition-
ally, recent work has demonstrated that lacus-
trine aquatic C3 plants can have more positive
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6"C compositions depending on whether
they use bicarbonate or dissolved atmospheric
CO, (Plint et al. 2019). Given this, and the evi-
dence of numerous aquatic plant taxa in this
region/time (Braman et al. 2005), consumption
of aquatic plants offers an additional potential
input of more positive §'°C in the diets of her-
bivores (and consequently other taxa at higher
trophic levels) in this system. Other factors
that may have influenced the §'°C composi-
tions of plants (and the tissues of herbivorous
dinosaurs consuming those plants) include
higher 6'°C,¢, (relating to higher atmospheric
CO,, higher by +1.5%0—2%o), more enriched
dietary plant 6°C (relating to feeding primarily
on particular gymnosperm taxa, +1%o—2%o),
and most or some of these plants being osmot-
ically stressed (+2%0—3%o) (Fry and Sherr 1989;
Arens et al. 2000; Onstad et al. 2000; Stanton
Thomas and Carlson 2004).

When these various factors are taken into
consideration, the dietary plant composition
shifts into a range that is consistent with the
stable carbon range of sampled hadrosaurs
when applying any of the three TEF scenarios
based on extant data from herbivorous reptiles,
birds, or mammals (Fig. 2B). This baseline shift
allows the majority of the anomalously posi-
tive 8"°C compositions of the sampled taxa
to be explained, with diagenetic alteration
effects potentially responsible for the remain-
der of the difference (with the amount of unex-
plained variation somewhat contingent on the
actual TEF of herbivorous dinosaurs). This
approach also produces a gradient of §'°C
compositions in the Cretaceous community
(Fig. 2B) that is similar in relative pattern to
that of the modern ecosystem (Fig. 2C), unlike
the dichotomous isotopic distribution pro-
duced when applying the high-magnitude
dinosaur TEF (Fig. 2A).

Conclusions

We demonstrate that the CIA, previously
hypothesized as reflecting unique dinosaur
dietary physiology, is in fact present in all ver-
tebrate taxa sampled from the Cretaceous
coastal plain and is not present in any related
taxa in near-analogue modern coastal plains.
This refutes the original hypothesis that the
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positive stable carbon compositions are chiefly
the result of a unique dietary physiology and
associated high-magnitude TEF. What is caus-
ing the CIA remains at least partially uncertain,
but is evidently related to broader external fac-
tors impacting the stable carbon compositions
of all vertebrates in this system, rather than
the unique physiology of a single group. Our
diagenetic tests indicate original stable isotope
compositions are likely preserved and diagen-
etic overprinting, where present, is of second-
ary impact. As a result, the CIA is likely the
result of a suite of factors, primarily related to
environmental differences and differences in
dietary plant sources, and potentially impacted
to a more minor extent by diagenetic signals,
with all of these factors operating in concert
to positively shift the isotopic baseline in this
greenhouse ecosystem relative to expectations
from similar modern systems. Given the
importance of potential unique physiologies
to our understanding of the paleobiology of
dinosaurs, refuting that hypothesis represents
a significant step in our ongoing attempts to
understand Cretaceous ecosystems and envir-
onments, one that would not be possible with-
out this sort of spatiotemporally constrained
multi-taxic analysis. This does not fully rule
out the possibility of dinosaur groups posses-
sing higher-magnitude TEFs, but does sug-
gest that if they are present, they are more
modest than previously proposed and a dir-
ect measure of the offset from bioapatite
6"°C to local bulk organic §"°C cannot be
assumed to produce an accurate estimate of
the specific TEFs for those taxa. Our work
underscores the need for additional research
on these ancient greenhouse systems, both to
facilitate more accurate reconstructions of the
species, ecosystems, and environments in
these deep-time contexts and, more broadly,
to allow us to understand and predict long-
term trends in these partially non-analogous
systems. As the climate of the Earth continues
to change, potentially shifting from current
icehouse into greenhouse conditions, compre-
hensive data from the Cretaceous and other
similar periods will be invaluable for under-
standing and managing changes and threats
to species, ecosystems, and environments in
the future.
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