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Grouping behavior in a Triassic marine apex predator
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SUMMARY

Marine tetrapods occupy important roles in modern marine ecosystems and often gather in large aggrega-
tions driven by patchy prey distribution,'? social or reproductive behaviors,>* or oceanographic factors.®
Here, we show that similar grouping behaviors evolved in an early marine tetrapod lineage, documented
by dozens of specimens of the giant ichthyosaur Shonisaurus in the Luning Formation in West Union Canyon,
Nevada, USA.®” A concentration of at least seven skeletons closely preserved on a single bedding plane
received the bulk of previous attention. However, many more specimens are preserved across ~10°8 square
meters and ~200 stratigraphic meters of outcrop representing an estimated >10°° years. Unlike other
marine-tetrapod-rich deposits, this assemblage is essentially monotaxic; other vertebrate fossils are excep-
tionally scarce. Large individuals are disproportionately abundant, with the exception of multiple neonatal or
embryonic specimens, indicating an unusual demographic composition apparently lacking intermediate-
sized juveniles or subadults. Combined with geological evidence, our data suggest that dense aggregations
of Shonisaurus inhabited this moderately deep, low-diversity, tropical marine environment for millennia dur-
ing the latest Carnian Stage of the Late Triassic Period (237-227 Ma). Thus, philopatric grouping behavior in
marine tetrapods, potentially linked to reproductive activity, has an antiquity of at least 230 million years.

RESULTS AND DISCUSSION

Marine tetrapods are ecologically important members of ocean
ecosystems, directly influencing nutrient cycling and ecosystem
structure, in part because of their relatively large body sizes and
high mobility.®° Top marine predators today frequently coordi-
nate seasonal migrations, forming transient aggregations or
persistent social groups, with effects that further modulate their
impacts on marine ecosystems. Understanding the significance
of these ecological dynamics over geologic timescales requires
fossil data.'®"" Fossil sites with exceptional abundance and/or
preservation can provide critical ecological snapshots that are
otherwise unavailable. However, investigations into the genesis
of exceptional marine tetrapod-bearing deposits have often
focused on the physical and environmental controls on fossil
accumulation and preservation.'®'® In contrast, the insights
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into behavioral and ecological dynamics provided by marine
tetrapod fossil assemblages have received much less attention.

The Luning Formation at Berlin-Ichthyosaur State Park (BISP)
in West Union Canyon (WUC), central Nevada, USA, contains an
unusual marine tetrapod assemblage preserving dozens of
associated skeletons and fragmentary specimens of the Late
Triassic giant ichthyosaur Shonisaurus popularis.®” Although in-
dividuals of Shonisaurus have been discovered at multiple sites
across ~2 km? in WUC (Figures 1 and S2), most attention since
the mid 20" century has focused on a high concentration of ar-
ticulated skeletons left in situ on a single bedding plane, called
Quarry 2 (Figures 1, 2, and S1). Hypotheses ranging from strand-
ing to mass mortality have been proposed for the skeletal con-
centration at Quarry 2, but none of them are well supported by
geologic or taphonomic evidence.®’'* Beyond Quarry 2, the
broader significance of the abundance of Shonisaurus and the
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Figure 1. Geographic, geologic, and stratigraphic context of ichthyosaur occurrences at WUC

(A) Paleogeography of the Late Triassic Period adapted from Martindale et al.'® indicating the distribution of Shonisaurus and other marine reptiles. Pie charts
denote major assemblages, and squares mark isolated occurrences; (B) geologic map of West Union Canyon (WUC) adapted from,'* dotted areas denote where
Shonisaurus fossils have been found in WUC; (C) summarized stratigraphy of WUC based on Balini et al.'* and Silberling,'® indicating the occurrence of Sho-
nisaurus and other vertebrate fossils, and stratigraphic position of Quarry 2 (Q2) and Quarry 5 (Q5) is approximate. ms, mudstone; ss, sandstone; Is, limestone; cg,
conglomerate; and (D) and (E) stratigraphy and geochemistry of key sites within WUC Quarry 2 (mass mortality) and Quarry 5 (type locality), and blue bars indicate

ichthyosaur-bearing horizons.
See also Figures S2-54, Tables 1 and S2, and Methods S1.

dearth of other marine vertebrate taxa across multiple horizons
within the Luning Formation at WUC remains poorly understood.

Geology, geochemistry, and taphonomy

We investigated the geology and taphonomy of previously known
localities including Quarry 2 and the Shonisaurus type locality
(Quarry 5) and surveyed the distribution of vertebrate fossils
across WUC (Figure 1B). We identified and georeferenced 112
vertebrate specimens from 50 distinct localities including the in
situ specimens in Quarry 2 (Table 1, global positioning system
[GPS] coordinates of all localities on file with UMNH). Shonisaurus
occurs at multiple horizons within two members of the Luning
Formation, spanning three ammonoid zones.'® Although speci-
mens referable to Shonisaurus are present in three ammonoid
zones (Figure 1C), the majority are from the latest Carnian Klama-
thites macrolobatus zone, including Quarry 5 and the bonebed at
Quarry 2, clarifying a discrepancy among previous descrip-
tions.®”"'* Except for a few non-diagnostic bone fragments, we
identify all tetrapod occurrences as ichthyosaurian based on
porous bone texture lacking an outer cortical layer.'” Moreover,
all diagnostic elements invariably showed additional features
typical of Shonisaurus, including massive ribs with a round

cross-section, very large amphicoelous vertebral centra with a
high width-to-length ratio and lacking attached neural arches,
massive and distinctive limb and girdle elements, including
sub-rectangular humeri and proximally expanded coracoids,
and deep jaw fragments bearing large teeth with highly infolded
roots set in distinct sockets (Figures 3A-3E).%'® Non-ichthyosaur
macrovertebrate specimens are exceedingly scarce, comprising
an elasmobranch fin spine, small osteichthyan bones, and inde-
terminate bone fragments (Table 1), consistent with what has
been previously reported for the site.®

Fossil-bearing strata at BISP comprise organic mudstones
interspersed with thinner carbonate horizons; the latter units
are predominantly wackestones and packstones with abundant
disarticulated bivalves, echinoids, and other invertebrates. This
sedimentology is consistent across ichthyosaur-bearing hori-
zons and suggests deposition below fair-weather wave base
but above maximum storm wave base (Figure S4; Methods
S1). Shonisaurus fossils are present in both mudstone and car-
bonate facies (Figure 1C). This moderately deep distal ramp
setting (cf. Hogler’) excludes an earlier hypothesis of stranding
for the ichthyosaur assemblage,® unless stranded carcasses
were transported to deeper water en masse, an unlikely
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Figure 2. Taphonomic interpretation of Quarry 2

Current Biology

(A) Orthographic view of mass mortality layer (Quarry 2) generated by photogrammetry and laser scanning; (B) taphonomic state of quarry 2 skeletons by skeletal
region, half-filled boxes <50% complete, filled boxes >50% complete, sk, skull; pec, pectoral girdle; fl, forelimb; tr, trunk; hl, hindlimb; ta, tail; (C) rose diagram
indicating directional orientation of skeletal units; (D) interpretation of mass mortality layer; Roman numerals designate discrete skeletons; and (E) sequence
showing successive stages of disarticulation of vertebral columns, and white rectangles on panel a indicate position of each view.

See also Figures S1 and S2 and Table S3.

hypothesis that is difficult to test. There is no direct geological
evidence for a major environmental perturbation (e.g., ocean
anoxia, carbon cycle changes, or volcanic eruptions) either
coeval with or immediately prior/following deposition of the
Quarry 2 bonebed that might provide a repeated kill mechanism.
The latest Carnian macrolobatus zone post-dates the Carnian
Pluvial Episode (CPE) by at least 2-3 million years'® but is within
known uncertainties for the eruption of the Wrangellia flood ba-
salts (~234-225 Ma).2° Although there is some variability above
and below the bonebed in Quarry 2, the Shonisaurus-rich layer
itself shows no evidence of a clear mercury (Hg) peak or
increased enrichment with respect to total organic carbon
(TOC) (i.e., increased Hg/TOC) that would imply a large subaerial
eruptive event as a driver of increased ichthyosaur mortality and
would result in the preserved fossil assemblage at that site (Fig-
ure S3; Methods S1). This absence of a clear peak contrasts with
the more coherent signals attributed to the Wrangellia eruptions
observed in more distal western Tethys successions associated
with the CPE itself.?" Similarly, Shonisaurus-bearing horizons in
quarries 2 and 5 do not stratigraphically correlate with any
observed excursions in the organic carbon isotope (61300,9)

5400 Current Biology 32, 5398-5405, December 19, 2022

record. Although negative 61300,9 excursions can record disrup-
tion of primary productivity or a flux of isotopically light carbon to
the ocean-atmosphere system,?? the most negative values in
WUC are not associated with ichthyosaur-rich horizons and
nor are large-scale carbon cycle perturbations thought to have
occurred during the late Carnian. Instead, the high TOC content
of samples with lower 81300,9 values suggests that they likely
reflect locally increased carbon burial (Figures 1D and 1E; Fig-
ure S3; Methods S1) or a change in the aggregate composition
of organic matter. Thus, we find no clear evidence for a persis-
tent environmental mechanism biased toward killing or preser-
ving Shonisaurus.

Although most occurrences of Shonisaurus within WUC are
isolated individuals, in at least three localities (Figure S2;
Table S3), multiple individuals occur in proximity sometimes on
the same stratigraphic level. This is most striking at Quarry 2
where we identified twelve distinct clusters of associated or arti-
culated bones (Figures 2A and S1; Tables 1 and S3). Some of
these likely represent multiple portions of the same animal frag-
mented by taphonomic processes. Four partial skulls with asso-
ciated pectoral girdles provide a conservative minimum number
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Table 1. West Union Canyon vertebrate fossil specimens by
ammonoid zone and taphonomic state

Taphonomic state

Ammonoid Isolated Associated Semi-
Taxon zone articulated
Shonisaurus sp. S. kerri 1 1 -

K. macrolobatus 8 59 9

K. schucherti 2
K. macrolobatus 19

1 -

[&)]
I

Ichthyosauria
indet. (cf.
Shonisaurus sp.)

K. schucherti 3 - =

Other vertebrates

Chondrichthyes K. macrolobatus 1 = =

Actinopterygii S. kerri 1 - -
Vertebrata indet. S. kerri 2 - -
(or above)

See also Table S3 and Methods S1.

of individuals. Based on position and arrangement of clusters,
we estimate that at least seven individuals are preserved in the
quarry (Figure 2D), although previous estimates of nine individ-
uals’ cannot be conclusively rejected. Original excavations re-
vealed as many as six additional partial skeletons near Quarry
25 (Figure S2); these could represent an extension of the bone
bed, but the fate of most of this material is unknown, and the
limited available information renders this hypothesis equivocal.
Although the Quarry 2 specimens are all associated, their taph-
onomic condition ranges widely (Figure 2B). Most clusters within
Quarry 2 exhibit a parallel alignment (Figure 2C) and are lacking
smaller elements including distal limbs and tail, suggesting var-
iably moderate-to-high degrees of decay, disarticulation, and
hydraulic modification prior to burial. Petrographic analysis of
the bone-bearing carbonate layer in Quarry 2 shows a dense
concentration of broken invertebrate shell fragments with prefer-
ential alignment subparallel to bedding in a fine-grained carbon-
ate mud matrix (Figure S4; Methods S1), consistent with tran-
sient elevated energy levels below fair-weather wave base and
similar to the sedimentology observed at quarries 5 and 6. Differ-
ential degrees of articulation and completeness reflect varying
degrees of decay prior to burial and suggest that some car-
casses were either floating in the water column or sitting on
the seabed for some time prior to burial.?®

In contrast, at other WUC Shonisaurus sites, specimens show
a wider range of taphonomic conditions. Apart from quarry 2, at
least four other localities are known to preserve partially articu-
lated skeletons including the original type locality and a newly
discovered site (Figure S2; Table S3). However, isolated bones
found in situ at multiple locations in WUC demonstrate that
some skeletons were fully disarticulated prior to burial. Articu-
lated remains appear to be more common in the macrolobatus
zone (Table 1), which coincides with an overall maximum abun-
dance of Shonisaurus occurrences, including isolated and disar-
ticulated remains (Figure 1C). Original excavations documented
fragmentary but associated or partially articulated remains in the
underlying schucherti zone®; however, Shonisaurus fossils are

¢ CellP’ress

more sparsely distributed in these lower horizons, and we did
not discover additional articulated remains within this interval
(Figure 1C; Table 1).

Age structure
The majority of Shonisaurus specimens from WUC represent
very large individuals spanning a narrow size class, both in
Quarry 2 and at other WUC localities, based on comparisons
of humerus length (a frequently used proxy for body size in ich-
thyosaurs®°) and other skeletal proportions (Figures 3F and
3G; Table S1). Humeri within Quarry 2 range from 31 to 45 cm
in length and all others known from WUC fall within this range.
Based on previously published correlations between ichthyosaur
humerus length and total body length, this corresponds to total
estimated body lengths of WUC Shonisaurus ranging from 11
to 16 m, consistent with earlier estimates.®'®?” The restricted
size distribution across WUC Shonisaurus specimens, limited
to very large individuals, contrasts with other marine reptile
lagerstatten which preserve a more complete postnatal ontoge-
netic sample including juveniles, subadults, and adults.?°
Although the vast majority of Shonisaurus occurrences in WUC
represent large, skeletally mature individuals, we identified three
discrete occurrences representing embryonic or neonatal individ-
uals. One specimen (NSMLV VM-2014-057-FS-001) consists of a
mass of small bones from the pelvic region of the type Shonisau-
rus specimen (Figure 3H; supplemental information); it was previ-
ously noted in the original description of the taxon® but never
figured or described in detail. Another small isolated centrum
associated with the type material was identified in collections
(NSMLV VM-2014-057-FS-007, Figure S5B). Our uCT analyses
confirm the identification of these elements as extremely small
Shonisaurus vertebrae, based on their high diameter to length
ratio and overall similarity in shape and proportion to adult
Shonisaurus centra (supplemental information). A very small sur-
face-collected, isolated vertebral centrum (UMNH VP 32547, Fig-
ure S5C) found in a different area of WUC is a close match with
those found in situ within the type specimen (supplemental infor-
mation). Finally, a surface-collected fragmentary jaw (UCMP
290269) exhibits teeth with heavily plicated roots set in discrete
sockets separated by thin bony partitions consistent with the
distinctive dentition observed in adult Shonisaurus popularis
(Figures 3A-3E and S5A). Thus, the size distribution of the WUC
Shonisaurus assemblage is markedly bimodal, with large individ-
uals and embryos/neonates, but no observed intermediately sized
juveniles (Figures 3F and 3G).

Paleoecological implications

The large size of Shonisaurus, together with new specimens pre-
serving robust sectorial teeth throughout the jaws (Figures 3A, 3C,
3D, and 3E), indicate a trophic role as a macrophagous raptorial
predator that likely fed at least in part on large-bodied prey, i.e.,
the so-called “cut guild,®'” as opposed to previous suggestions
of specialized filter feeding®” or suction feeding.>* However, there
are very few potential large prey items preserved within the Luning
Formation at WUC. This scarcity does not appear to be due to
preservation bias as large Shonisaurus and small invertebrate fos-
sils, including ammonoids and bivalves, are very abundant at the
site. We therefore propose that Shonisaurus likely fed elsewhere,
consistent with wide ranging foraging activities of most large
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Figure 3. Select ichthyosaur fossils from WUC illustrating overall size distribution and anatomy

(A) Lower jaw (dentary) from adult Shonisaurus (UMNH VP 32539); (B) above: embryo or neonate jaw (UCMP 290269), below: unCT scan of same showing five

alveoli and two in situ infolded tooth-roots; (C) uCT of adult Shonisaurus jaw (BISP 10); (D) complete tooth from UMNH VP 32539 showing characteristic features

including deep, infolded root and carinae; (E) partial jaw (UMNH VP 32535) with in situ tooth missing distal tip of crown; (F) dimensions of largest vertebral centra,
(legend continued on next page)
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extant marine tetrapods.8 Indeed, Shonisaurus fossils are also
abundant in other Luning Formation exposures about 60 km
southwest of WUC in the Pilot Mountains of Nevada,®*°® suggest-
ing a broader regional distribution within the partially restricted
seaway in which these marine sediments were deposited. Outside
of the Luning Formation, specimens referred to Shonisaurus occur
in other Late Triassic marine deposits associated with accreted
arc terranes preserved in Sonora, Mexico,*®” southeastern
Alaska,®® and possibly northern California.®” Despite lower
sample sizes, outside of the Luning Formation, Shonisaurus
occurs in association with other marine reptile taxa and other
vertebrates and likely occupied a top-predator role in multi-tiered
marine food webs (Figure 1A). The large size of Shonisaurus is also
consistent with long distance travel, as the co-evolution of migra-
tion and body size, modulated by dynamics such as climate and
patchy prey distribution, has been suggested for other marine
tetrapod clades.*®

Abundant Shonisaurus fossil occurrences in WUC span
approximately 200 m of section and more than a complete
ammonoid biozone representing >10%° years®® (Figure 1C;
supplemental information). The preponderance of large individ-
uals, the scarcity of other large marine vertebrate fossils, the
presence of both in situ and isolated embryonic or neonatal
specimens, and records of Shonisaurus from other approxi-
mately coeval localities spanning ~30° of paleolatitude and a
range of paleoenvironments (Figure 1A) are all consistent lines
of evidence with a scenario tied to reproductive aggregation
and/or seasonal migration. This scenario involves sexually
mature, in some cases gravid, individuals aggregating together
in groups in the absence of potential predators that would
target newborns. These dense aggregations would have been
vulnerable to mortality events and subsequent burial penecon-
temporaneously, as observed at Quarry 2, although many
WUC Shonisaurus occurrences, which range from isolated and
disarticulated to nearly complete specimens at multiple
stratigraphic levels, likely represent attritional mortality. Thus,
although Quarry 2 is notable in preserving a large number of
associated skeletons, it is representative of the larger-scale
pattern of an essentially monotypic marine tetrapod assemblage
of Shonisaurus throughout WUC.

Although the WUC assemblage is far from unique in preserving
ichthyosaur embryos,”'™° it does contrast with most other
ichthyosaur-bearing lagerstatten by the absence other marine
reptile taxa, even other species of ichthyosaurs, and scarcity of
intermediate-sized juveniles or subadults. However, it is possible
that grouping behavior linked to seasonal reproductive cycles
played a role in the genesis of other ichthyosaur-rich fossil as-
semblages. Notably, group migratory behavior is a common
feature of many extant marine tetrapods and other large marine
vertebrates. For example, baleen whales seek out lower produc-
tivity water to give birth, either to avoid potential predators®* or
for energetic reasons.*’

¢ CellP’ress

Conclusions
The Mesozoic Era marks a pivotal interval in the modernization of
marine and terrestrial ecosystems across all trophic levels.*%*”
This transition was initiated during the Triassic, in the wake of
the end-Permian mass extinction. By the Middle Triassic, 5
million years later, ichthyosaurs evolved the large body sizes
typical of dominant predators at the top of marine food
webs.*®“° This role has been occupied by successive lineages
of marine tetrapod predators ever since, punctuated by
turnovers driven by extinctions and radiations of new marine
clades.®® Triassic ichthyosaurs were among the first marine tet-
rapods to acquire key innovations, such as high-performance
swimming,®' deep diving,**"*® and aquatic birth,*’ many of which
evolved convergently among other Mesozoic marine reptiles and
over 130 million years later in seabirds and marine mammals.
The results presented here underscore an additional behavioral
trait that emerged early in ichthyosaur evolution: grouping behavior
of adults. The ichthyosaur aggregations recorded in the Luning For-
mation at WUC seem to have occurred in the absence of an abun-
dant prey source, suggesting that Shonisaurus might have regularly
traveled between birthing and feeding grounds. Similar mass move-
ments are observed in the life history of many marine tetrapods
today, including whales,>* pinnipeds,® and penguins.” Grouping
behaviors of large marine predators amplify their impacts on eco-
systems and their long-distance movements link spatio-temporally
distinct habitats. Our results suggest that marine tetrapods have
participated in these dynamics for more than 230 million years.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Museum abbreviations
O Information about the specimens
e METHOD DETAILS
O Capturing, processing and rendering 3D digital data-
sets
O Taphonomy and size distribution
O Field investigation and geological methods
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2022.11.005.

and colored specimens indicate Quarry 2 specimens (vertebrae shown is from BISP Quarry 2 specimen lll) starred specimens embryo or neonatal material (NSM-
LV VM-2014-057-FS-001 shown); (G) comparison of humerus and coracoid lengths, and colored specimens are Quarry 2 specimens following colors of Figure 2;
(H) above: in situ embryo vertebrae within posterior rib block of Shonisaurus holotype (NSM-LV VM-2014-057-FS-001), below: interpretive line drawing of in situ
embryo remains, yellow bones were removed for pCT scanning (shown in F and supplemental information), gray bones have not yet been prepared or scanned,

and brown stippled regions shows area partially covered by matrix.
See also Figure S4, Table S1, and Methods S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Quarry 2 3D surface model This Paper EZID: http://n2t.net/ark:/65665/33cale041-
4ae9-4b74-bfab-fd9885f2dffa3D.si.edu:
https://3d.si.edu/object/3d/
25748134-a3ec-4a4a-868b-8192ec73f6a6

microCT scans of Shonisaurus This Paper MorphoSource.org: ark:/87602/m4/476920

embryo/neonate material ark:/87602/m4/477288

RESOURCE AVAILABILITY

Lead contact
Correspondence and requests for materials should be addressed to Neil Kelley, neil.p.kelley@vanderbilt.edu.

Materials availability
This study did not generate new unique reagents.

Data and code availability
Fossil locality data are not publicly available, but kept on file at UMNH along with geologic samples and thin sections. Fossils included
in this manuscript are identified by specimen number and available for study with permission from their home institution (see below).

The pCT datasets generated by the current study are available at Morphosource: https://www.morphosource.org/projects/
000476372 and 3D surface data at: https://3d.si.edu/object/3d/25748134-a3ec-4a4a-868b-8192ec73f6a6. The 3D model is also
catalogued in the collections of the Smithsonian National Museum of Natural History: http://n2t.net/ark:/65665/33ca0e041-
4ae9-4b74-bfab-fd9885f2dffa.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Museum abbreviations
BISP - Berlin-Ichthyosaur State Park; NSMLV — Nevada State Museum, Las Vegas; UMNH — Natural History Museum of Utah;
UCMP - University of California Museum of Paleontology

Information about the specimens

Fossils in Quarry 2 were digitized but otherwise left undisturbed in-situ. Newly collected fossil material is reposited at UMNH under
permit agreement with the United States Forest Service. Additional data was acquired from previously collected material reposited at
NSMLV, UCMP and BISP as well as from additional published and unpublished sources see details below and in supplemental
materials.

METHOD DETAILS

Capturing, processing and rendering 3D digital datasets

We documented in situ skeletal remains of Shonisaurus in Quarry 2 using three-dimensional digitization techniques. Photogrammetry
datasets were captured using a prime 35mm Canon L series lens on a Canon 5D Mark Il camera body. Scale was set for the photo-
grammetry data using scale bars designed by the Bureau of Land Management and produced and calibrated by Cultural Heritage
Imaging. We also used a FARO Focus 3D X 330 medium range spherical laser scanner to supplement the photogrammetry data
sets and to verify the scale, topography, and alignment of the 3D model derived from the photogrammetry data sets. We used
X-Rite ColorChecker targets for color calibration of the photogrammetry image sets and produced color corrected images using
the X-Rite ColorChecker software and Adobe Camera Raw. Agisoft PhotoScan 1.2 was used for photogrammetry model creation;
Geomagic Studio 2012 for model cleanup and noise reduction along with alignment and comparison of the photogrammetry and
laser data; Zbrush v. 4R3 for further model cleanup and noise reduction.
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Embryo remains were uCT scanned using the North Star Imaging nCT scanner of the Department of Earth and Environmental Sci-
ences at Vanderbilt University (TN, USA). Voxel size ranged from 20.8 to 32.5 um, beam voltage ranged from 77 to 121 kV. Volume
was reconstructed using EFX-CT (North Star Imaging, Minnesota, USA). Scans were segmented using Object Research Systems
application Dragonfly. We used R 4.0.5, Adobe Photoshop and Adobe lllustrator for data analysis and visualization.

Taphonomy and size distribution

Standard measurements (e.g. humerus proximodistal length, vertebra anteroposterior length and average diameter) were measured
using measuring tapes or calipers, recorded to the nearest millimeter. Skeleton orientations in Quarry 2 were measured using a Brun-
ton compass to determine the declination of the main body axis of each skeleton. When a skeleton was bent, or partially disarticu-
lated, separate declinations were recorded for each segment. Photographs and 3D models were used to verify and build upon direct
observations in the field. Additional data were compiled from published and unpublished sources including Camp® and original field
notes and drawings archived at UCMP.

The taphonomic state (completeness and articulation, following Mazaheri-Johari et al.”") of each specimen within Quarry 2 was
assessed directly over the course of multiple visits to the site between 2014 and 2019. Additionally, a high-resolution digital model
of the quarry was generated using laser scanning with a Faro Focus 3D and photogrammetry using digital SLR cameras (supple-
mental materials). This model was used to generate a high-resolution orthographic photomosaic of the quarry (Figures 2 and S1A)
which in turn was used to create a detailed quarry map (Figures S1B and S1C). The digital model, orthographic photo and quarry
map provided a complementary source of data for scoring the completeness and articulation state of each specimen within the
quarry. Finally, these observations were compared with previous assessments.®"'827

In addition to scoring the seven specimens preserved in situ within Quarry 2, we calculated approximate completeness and
articulation scores for eleven additional specimens from six additional localities within the Luning Formation at West Union Canyon
(Table S3). Ten of these specimens were specimens reported by Camp in his description of Shonisaurus® or his field notes, quarry
maps and photographs obtained from the archives of the University of California Museum of Paleontology. The published and un-
published descriptions, diagrams and photographs were used to estimate completeness and articulation scores for these specimens
(Figure S2). Five of these specimens are in collections at the Nevada State Museum, Las Vegas and one specimen is still visible in the
park although it is exposed to the environment and its condition has likely deteriorated since its initial discovery. The current status of
the other five specimens is unknown and they may have been lost or reburied. One additional new specimen (UMNH VP 32545)
discovered during the course of our investigations in 2015 was excavated and collected in 2016-2017. Although this specimen awaits
complete preparation and study, its articulation and completeness were scored from photographs, field notes and quarry maps and
included in this analysis.

Field investigation and geological methods

In addition to examination of in situ fossils in Quarry 2, we relocated three additional quarries (3, 5 and 6) and determined the approx-
imate location of other original localities. We systematically searched all three members of the Luning Formation exposed in WUC for
additional vertebrate fossils and recorded their location with handheld GPS receivers. We used existing geologic maps and strati-
graphic sections as well as associated invertebrate fossils to determine the stratigraphic positions of these localities.

In the field, hand tools were used to expose (between ~30-150 cm below the surface) a continuous vertical profile of fresh, un-
weathered strata at quarries 2, 5, and 6. The strike and dip of beds was measured using a Brunton Pocket Transit, and these values
used to correct stratigraphic unit thickness measurements taken with a Precision Jacob’s Staff (ASC Scientific). Each unit was
described in fresh hand sample and characterized using a Munsell Rock Color Chart.*® Carbonate layers were also described in
thin section using a binocular petrographic microscope in both plane and cross-polarized light. Carbonate classification follows
Folk®” and Dunham,*® and the densities of clasts and fossils were estimated using charts from Baccelle and Bosellini.*® Unweathered
samples were collected at 10-50 cm intervals from every unit for geochemical analysis.

Fresh surfaces on each sample were cleaned with deionized water, air-dried, and then powdered using a shatter box. To acidify the
samples prior to analysis of total organic carbon content (TOC) and bulk 51300,9 values, 10-15 ml was placed in a clean 100 ml beaker
to which 60 ml of 1M HCI was added. Theses beakers were then placed in a 50°C water bath for 24 hours, after which the samples
were filtered with deionized water using a vacuum pump and oven dried. Approximately 25 mg of each sample was weighed for
51300,9 and TOC measurements made using a Thermo Finnigan Delta Plus XL IRMS connected to a Carlo Erba Elemental Analyzer
(EA, model 1010) via a Thermo Finnigan Conflo lll at the Stable Isotope Ratio Facility for Environmental Research (SIRFER), University
of Utah. These analyses did not use He dilution, and raw data were normalized using three sets of internal lab reference materials
(PLRM-1, PLRM-2, and SLRM) that are calibrated against USGS40 and USGS41.

A subset of untreated bulk powdered samples was also analyzed to determine TOC without acidification and characterize kerogen
type and maturity, using a Rock-Eval VI at the University of Oxford.>® TOC values were very low for all measured samples, with only
one sample exceeding 0.2 wt%, with the low quantity of kerogen hindering robust interpretation of the other measured Rock-Eval
parameters. The mercury concentrations of untreated bulk powdered samples were determined on a RA-915 Portable Mercury
Analyzer with PYRO-915 Pyrolyzer (Lumex) at the University of Oxford, following the procedure outlined in Percival et al.®® Two
aliquots of 50 + 2 mg were measured to check reproducibility, which was better than +10%, with NIST/UOE/FM/001 - Inorganic
Elements in Peat (169 ppb Hg) utilized as a reference material to ensure machine accuracy. Hg concentrations show considerable
variations throughout the stratigraphy at Quarry 2, ranging 2.6 to 139.5 ppb. The lithology is not suggestive of a strongly
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oxygen-depleted environment, nor do the Hg peaks show a clear correlation with lithological variations, suggesting that deposited
mercury was not influenced by redox or lithology changes, and was primarily deposited with organic matter. However, interpretation
of the Hg/TOC values is hindered by most samples featuring a TOC content below that recommended for mercury normalization.®’
Geochemical data are shown on Figures 1 and S3 and reported in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data presented in Figures 1, 3, and S3 and Tables 1 and S1-S3 were compiled and calculated in Microsoft Excel and R
version 4.0.3. following the methods detailed above.
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