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Abstract:

It has long been debated whether non-avian dinosaurs went extinct abruptly or gradually at
the end-Cretaceous (66 million years ago), because their fossil record at this time is mostly
limited to northern North America. We constrain a dinosaur-rich unit to the south, the
Naashoibito Member in New Mexico, to the very latest Cretaceous (~66.4—66.0 myr)
preserving some of the last-known non-avian dinosaurs. Ecological modeling shows that
North American terrestrial vertebrates maintained high diversity and endemism in the latest
Cretaceous and early Paleogene, with bioprovinces shaped by temperature and geography.
This counters the notion of a low-diversity cross-continental fauna and suggests dinosaurs
were diverse and partitioned into regionally distinct assemblages during the final few hundred
thousand years before the end-Cretaceous asteroid impact.
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Main Text:
Introduction

The most iconic mass extinction in Earth history occurred at the Cretaceous—
Paleogene (K—Pg) boundary, 66.052 + 0.008 Million years ago (Ma) (/), as rapid
environmental destruction led to the death of around 75% of species, most famously the non-
avian dinosaurs, and subsequently restructured terrestrial ecosystems (e.g., 2—5). An asteroid
impacted Earth at the end of the Cretaceous (6, 7), synchronous with the Cretaceous—
Paleogene boundary and the main pulse of extinction (&). The most voluminous episode of
Deccan trap volcanism also occurred within a small time window just before and after the
boundary (e.g., 9-11). Ecological and climate models suggest the asteroid impact, and not
volcanism, was the main driver of extinction in the marine realm (e.g., /2), although the
tempo and mode of extinction in terrestrial ecosystems are less clear. Debate centers on
whether dinosaurs, in particular, vanished abruptly while diverse and flourishing (e.g., 73—
16), or were in long-term decline before the end-Cretaceous (17, 18).

This uncertainty stems from a bias in the geological record: the only well-sampled
and temporally constrained terrestrial faunas straddling the K—Pg boundary come from the
northern Great Plains of North America (e.g., /9). There, the Hell Creek and Fort Union
Formations (and equivalents) document a seemingly abrupt extinction of non-avian dinosaurs
and rapid establishment of mammalian faunas within a few tens of thousands of years (/, /3,
20-24). It is uncertain, however, whether this is a local, regional, or global pattern. These
terminal Cretaceous records are part of a larger sequence of faunas across the ancient
continent of Laramidia—now western North America— spanning the final ~15 million years
of the Cretaceous (Campanian and Maastrichtian ages). Dinosaurs from these faunas have
been well studied for over a century and include canonical species like carnivorous
tyrannosaurids, horned ceratopsians, and duck-billed hadrosaurs.

There is a notion that the Campanian (83.6—72.1 Ma) was a time of high regional
diversity and endemism in Laramidia, underlain by a general division into northern and
southern bioprovinces (25-29). In contrast, the Maastrichtian (72.1-66.0 Ma) is held to have
been more uniform, with a cosmopolitan dinosaur assemblage spanning the continent (30,
31). Ecological restructuring, from Campanian provinciality to Maastrichtian homogeneity, is
associated with a hypothesized prolonged decline of non-avian dinosaurs, increasing their
susceptibility to extinction (3/). How to best test the existence of provinciality, and its
causes, remains contentious and requires integrating fossil and climatic records (32),
understanding sampling biases (33, 34), and well-constrained fossil localities from the latest
Cretaceous (35). Especially troublesome is the lack of well-sampled terminal Cretaceous
dinosaur assemblages from southern Laramidia. In their absence, it is difficult to understand
the distribution and structure of the last dinosaur-dominated ecosystems before the K—Pg
boundary (36).

The San Juan Basin of New Mexico, ~1,500 kilometers south of classic sites in the
northern Great Plains, has yielded a wealth of fossils collected since the mid-late 1800s (Fig.
1A-B) (see 37). These include dinosaur assemblages from the Campanian Fruitland and
Kirtland Formations (ca. 75.17-73.50 Ma; (38)), and mammals in the Nacimiento Formation,
one of the world’s best records of early Paleocene evolution after the extinction (ca. 65.7 to
62.3 Ma) (39, 40). What the San Juan Basin seemed to lack, however, are fossils from the
terminal Cretaceous. The “Alamo Wash local fauna” from the Naashoibito Member of the
Kirtland Formation (47) documents the last known non-avian dinosaurs in New Mexico (Fig.
1), but its age has been controversial. It has typically been considered early to middle
Maastrichtian based on faunal comparisons to other, better constrained Laramidian
assemblages (42), with the most recent geochronological revisions placing it at ca. 70 Ma
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(35). However, the lack of independent depositional age constraints has led to uncertainty
about its numerical age (47).

We provide a new look at the last-surviving dinosaur-dominated ecosystems, by
presenting a revised geochronology of the Naashoibito Member—demonstrating it is latest
Maastrichtian and preserves dinosaurs from the very end-Cretaceous—and ecological
analyses to test whether there were changes in faunal provinciality during the latest
Cretaceous and into the Paleogene.

Age of uppermost Cretaceous deposits within the San Juan Basin

The Naashoibito Member of the Kirtland Formation (= Naashoibito Member of the
Ojo Alamo Formation in (43)) is exposed in the western San Juan Basin and consists of ~30
m of fluvial deposits (44, 45). The Naashoibito unconformably overlies the upper Campanian
De-Na-Zin Member of the Kirtland and Fruitland Formations (75.166 + 0.014 to 73.496 +
0.039 Ma (38)) and unconformably underlies the earliest Paleocene Ojo Alamo Sandstone
(~66.0 — 65.7 Ma (40, 46)). The age of the Naashoibito—and its latest Cretaceous
dinosaurs—is contentious, with previous work suggesting a middle Maastrichtian age (~70-
69 Ma) based on the presence of the sauropod Alamosaurus and lambeosaurine hadrosaurs,
both absent in the latest Maastrichtian of the northern Great Plains (35, 36, 47, 48), while
other workers have argued that the dinosaurs and mammals are more characteristic of a latest
Maastrichtian age (~67-66 Ma) (41, 49-51). Finally, Fassett et al. (52, 53) proposed that the
Naashoibito is Paleocene based on reinterpretations of previously published palynology and
U-Pb dating of a dinosaur bone, but this has been consistently refuted (47, 54, 55). We
combined detrital-sanidine geochronology and magnetostratigraphy to constrain the age of
the Naashoibito and its fossil assemblages.

Five lithostratigraphic sections were measured, and correlated to generate a composite
litho- and magnetostratigraphic section (Figs. 1B-C, S1), and then combined with previous
work from the overlying Paleocene Ojo Alamo Sandstone and lower Nacimiento Formation
to generate an uppermost Cretaceous through lower Paleocene chronology (Fig. 1C). We
conducted detrital sanidine *°Ar/*?Ar geochronology on grains from two dinosaur bone-
bearing Naashoibito localities (n = 1046) (Tables S7 — S11), with 491 crystals yielding dates
less than 75 Ma (Fig. 1D; see supplement for full details). Samples H08-Sand-08 and SJ-SS-
bone were collected ~20.0 m below the Naashoibito-Ojo Alamo contact and ~5 m above the
base of the Naashoibito (Fig. 1C). H08-Sand-08 yields a maximum depositional age (MDA)
of 66.87 + 0.04 Ma derived from a normal distribution (mean squared weight deviation
(MSWD) = 1.54) of eight crystals (Fig. 1D) while sample SJ-SS-Bone did not yield grains
less than 70 Ma (MDA = 72.61 = 0.21 Ma). Sample H13-SJ-14 is directly from the dinosaur-
bearing “34-Bone Site” approximately 3.5 m above the base of the Naashoibito Member (56),
which contains the partial skeleton of a lambeosaurine hadrosaur. The MDA of the H13-SJ-
13 sample, based on the two youngest grains, is 66.38 + 0.08 Ma (Fig, 1D; Tables S7-S11).
Thus, we have identified two dinosaur fossil-bearing samples that are late Maastrichtian, with
H13-SJ-13 isotopically dated to be less than 400 Kyr from the K-Pg boundary.

The magnetostratigraphic analyses from this study identified two local polarity zones
within our section: 1) A+ at the base of the Naashoibito Member and 2) B- which
incorporates the upper Naashoibito Member, entire Ojo Alamo Sandstone, and basal
Nacimiento Formation (Fig. 1C, Table S2). The MDAs of samples H13-SJ-14 (66.38 + 0.08
Ma) and HO8-Sand-08 (66.87 + 0.04 Ma) constrain local polarity zones A+ and B- to
magnetochrons C30n and C209r, respectively, of the Geomagnetic Polarity Timescale (GPTS)
(cf., 57). Thus, the major Naashoibito Member dinosaur bearing horizons are constrained to
within 340 Kyr of the K-Pg boundary (Fig. 1C), contemporaneous with the Hell Creek fauna
further north, and the Naashoibito fauna is separated from the earliest Paleocene Nacimiento
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fauna by ~700 Kyr (Fig. 1C-D). Lastly, we identified an interval of normal polarity (from
~10-20 m; Fig. 1C) that previous work had erroneously correlated with a Cretaceous normal
polarity chron (58) but our new analyses indicate that this is a zone of significant
diagenetically overprinted reversed polarity (see Supplement for full discussion; Fig. S4).

Latest Cretaceous and early Paleocene faunal provinciality

It has long been debated whether North American Campanian-Maastrichtian
vertebrates had provincial or more uniform distributions (25-29), if the degree of
provinciality decreased towards the end of the Cretaceous (30-31, 59-61), and which
geographic or climatic factors were most responsible for such patterns (62). Much previous
work was qualitative, and depended on interpretation of a biased fossil record or observed
distribution of a few species (e.g., Tyrannosaurus, Alamosaurus) rather than entire faunas.

We applied multivariate and resemblance-based methods from metacommunity
ecology and biogeography (e.g., 63—66) on a dataset of terrestrial and fluvio-lacustrine
vertebrates to assess whether there was faunal provinciality during the latest Cretaceous and
earliest Paleocene, and if so, what underpinned it. We identified two optimal bioprovinces in
each interval (Campanian, Maastrichtian, Danian) using k-means clustering (Figs. 2-3, S8;
Table S12), which held after controlling for finer biozone-level binning strategies (Tables
S13-S14), and bootstrap resampling to account for fossil record and dataset biases (Fig. S9).
When analyzed individually, dinosaurs were separated into two bioprovinces across all latest
Cretaceous time intervals, whereas mammals formed two bioprovinces in the Campanian, a
single cosmopolitan fauna in the Maastrichtian, and separated again after the extinction (Figs.
3, S8; Tables S12-13, S15). Overall, these findings indicate large-scale faunal provinciality
during the Campanian and Maastrichtian that was maintained across the K—Pg boundary into
the Danian (Figs. 2-3).

Bioprovinces were significantly different in mean assemblage composition in the Late
Cretaceous and early Paleogene (Figs. 2-3; Tables S16-S19), although they did not differ in
their amount of internal variation (spatial beta diversity within each province: 67-69) across
this interval (Tables S20-S23). Different taxa (Figs. 2-3) characterized the different provinces
over time (Tables S24-S28). Discriminant analysis of principal components on environmental
and paleogeographic factors (elevation, latitude, longitude, temperature, mean and seasonal
precipitation: 70-73) indicate that provinciality was largely controlled by temperature in the
Cretaceous, with spatial location having a notable role after the extinction (Fig. S12). Thus,
thermal constraints were most instrumental in explaining the bioprovinces, not strictly north-
south geographic separation, although geography played a secondary role.

Discussion

Our geochronology for the Naashoibito Member shows that its dinosaurs and other
fossils are latest Maastrichtian and contemporaneous with the Hell Creek faunas to the north
(e.g., 23, 35). The last-sampled dinosaurs of the Naashoibito persisted into C29r, the final
subdivision of the Cretaceous polarity timescale (54), and lived within ~340,000 years of the
K—Pg boundary and likely endured until the boundary, as in the Hell Creek area. The
Naashoibito dinosaurs include a variety of species spanning major groups, sizes, and dietary
categories, and do not appear abnormal or depauperate compared to earlier faunas (/6),
suggesting dinosaurs were thriving in New Mexico until the end of the Cretaceous.

Our ecological analyses (74, 75) show that the distribution of terrestrial and fluvio-
lacustrine vertebrates on Laramidia was characterized by elevated provinciality in the
Campanian, as long recognized (e.g., 25-29, 31) and that provinciality continued into the
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Maastrichtian, which was acknowledged in earlier studies (e.g., 26, 27), but called into
question by recent work (30, 31, 36). This counters the prevailing idea that Laramidian
Maastrichtian faunas were largely uniform, with low spatial beta diversity (30, 37),
implicated as a factor to the dinosaur extinction, because a low-diversity, cosmopolitan fauna
is potentially more susceptible to collapse than one with a greater variety of species
subdividing habitats (37). Instead, we recognize the final ca. one million years of dinosaur
evolution as a time of biogeographic diversity and partitioning among terrestrial faunas in
western North America.

Our analyses further suggest that temperature was instrumental to these faunal
separations. While traditional views attributed faunal differences to strict north-south
geographic boundaries (29), recent advances have suggested that abiotic factors, particularly
temperature, also played a role (76—80). Among herbivores, warmer regions may have been
more tolerable for sauropods (southwestern North America (76)), while the cooler, more
temperate regions (modern Great Plains) may have been more suitable for hadrosaurines (87—
83). Our results challenge the notion of straightforward geographic boundaries as the primary
driver of faunal differences and highlight the significance of abiotic factors in fostering
heterogeny of dinosaur-dominated ecosystems prior to the K—Pg extinction.

This picture is still a North American one. Fossils of well-dated terminal Cretaceous
vertebrates are rare elsewhere, and have yet to be confidently dated with radioisotopic
methods, but there is an emerging signal that dinosaur ecosystems were robust during the
end-Cretaceous. Although not as accurately dated as the Hell Creek and Naashoibito—and
not able to be studied with our quantitative ecology techniques yet—growing evidence
indicates dinosaurs also survived into C29r (last ~340 Kyr of the Cretaceous) in Europe and
South America (84—86). These are all diverse faunas, with an array of herbivores and
carnivores, occupying a range of body sizes, belonging to major groups such as theropods,
sauropods, and ornithischians. Thus, we argue that the sum of evidence suggests that non-
avian dinosaurs were abruptly struck down at the end of the Cretaceous (4, /4, 16) and were
not in long-term decline (/8)

Mammals rapidly diversified after the end-Cretaceous extinction in northern and
southern Laramidia (8, 37). The early mammalian ‘recovery’ faunas of the Puercan 2 (Pu2)
biozone first appear in the San Juan Basin within ~300 kyr of the K—Pg boundary (39).
Compared with the preceding latest Cretaceous, these faunas were more taxonomically
diverse, exhibiting a much greater range of diets and body size, and include many placental
mammals, some on the evolutionary line to modern groups (37). Turnover was high, as Pu2
lasted less than 425 kyr before giving way to the Puercan 3 (Pu3) assemblage (40).
Meanwhile, regional faunal differences between north and south, and the temperature
gradient that characterized the Cretaceous, persisted into the Paleogene (32, 46),
demonstrating the extinction did not homogenize faunas in its aftermath. The rapid pace of
mammalian recovery and diversification contrasts with languid recovery after the end-
Permian extinction, when it took several million years for new terrestrial vertebrates (such as
proto-dinosaurs) to seize niches and ecosystems to stabilize (87, 89, 90). The end-Cretaceous
extinction of dinosaurs was sudden, but then swiftly afterward mammals began their rise.
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753  medium sand, CS — coarse sand. (D) Detrital sanidine age data from samples H13-SJ-14 and
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755  whereas the dashed line is the full distribution of the data shown in the upper panel.
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MATERIALS AND METHODS
Lithostratigraphy

Lithostratigraphic sections were measured through the Naashoibito Member of the
Fruitland Formation and the Ojo Alamo Sandstone in the Bist/De-Na-Zin Wilderness area from
five locations (magnetostratigraphy measured section names in parathenses) — (1) Barnum
Brown Amphitheater (P11NB), (2) Hunter Wash (P13HW), (3) mammal site L4005 in Alamo
Wash (L4005), (4) Log Jam Locality (P14LJ), and 5) the “34-Bone” Site of Hunt and Lucas
(1991) (Fig. S1). Lithostratigraphic sections were measured at all locations where paleomagnetic
samples were collected. All sections were measured to the nearest decimeter using a Jacob’s
staff and an Abney hand level (Fig. S1). The lithology, grain size, stratigraphic thickness,
sedimentary structures, and any biological features (i.e., roots, fossil leaves, and vertebrate
fossils) were documented for each stratigraphic unit. Lithostratigraphic units of the Western
Interior Basin were plotted in Figure 2 using the R package rmacrostrat (97)
Magnetostratigraphy

Paleomagnetic samples were collected in the Bisti/De-Na-Zin Wilderness area from four
stratigraphic sections in the Naashoibito Member (sections: Log Jam Locality, Hunter Wash,
L4005 mammal site, and Barnum Brown Amphitheater) (Figure 1; Table S1) by D. Peppe, A.
Flynn, A. Davis, and T. Williamson. The Barnum Brown Amphitheater section was also
sampled, at a lower sampling resolution by (56, 92, 93). The Barnum Brown Amphitheater
section was collected through the entire thickness of the Naashoibito Member. The Log Jam
Locality section was measured and sampled through the top of the Naashoibito, the complete
thickness of the Ojo Alamo Sandstone, and the base of the Nacimiento. Two sections were
collected through a partial section of the Naashoibito Member, one at Alamo Wash (section:
L4005) and another at nearby Hunter Wash (section: Hunter Wash) (Fig. 1).

Oriented paleomagnetic block samples were collected from 27 sampling horizons
spanning the Naashoibito Member of the Kirkland Formation (n = 23), Ojo Alamo Sandstone (»
= 2), and lowermost Kutz Member of the Nacimiento Formation (n = 2) at approximately 2.5 m
intervals (minimum: 0.25 m; maximum: 9.25 m). At each sampling horizon, a trench was dug to
remove any weathered material and four separately oriented block samples were collected. A
flat face was shaved on the in sifu sample using a hand rasp and the strike and dip of that face
was measured using a Brunton pocket transit compass. Samples were collected from a range of
lithologies and grain sizes from mudstone to fine grained sandstone. At Baylor University, the
block samples were dry cut into ~1 ¢cm? cubes using a lapidary saw.

Samples were measured at Baylor University using an automated three-axis DC-SQUID
magnetometer housed inside a two-layer magnetostatic shield with a background field typically
less than 300 nT. The samples were demagnetized using a combined alternating-field (AF) and
thermal demagnetization strategy following the methods of (94). All samples were first given a
low-AF (2.5-10.0 mT in 2.5 mT increments) pre-treatment using a 3-axis automated static
alternating field device to remove and low-coercivity viscous or isothermal remanence. Ten to
fifteen thermal demagnetization steps were then performed from 75-100 °C to the maximum
unblocking temperature (typically 250-400 °C) in a controlled nitrogen atmosphere to minimize
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oxidation reactions. Progressive thermal demagnetization was carried out until the magnetic
intensity of the samples fell below noise level or the measured directions became erratic and
unstable.

The characteristic remanence for samples with quasi-linear trajectories was isolated using
principal-component analyses (PCA) (95). Best-fit lines were calculated when a minimum of
three demagnetization steps that has a maximum angle of deviation (MAD) less than 20° and
trended toward the origin (Table S5). Samples that were analyzed by great circles were used if
the MAD was less than 20° (Table S7). Samples with an erratic demagnetization behavior were
excluded from analyses. Site mean directions were calculated from sampling localities with 3
reliable line-fit samples with an ags < 35° (Table S6) (96). Sites with an alpha 95 (0ws) value
greater than 35°, which exceeds the cut-off value based on the randomness criteria of (97), were
excluded. All raw paleomagnetic data is archived at the Texas Data Repository:
https://dataverse.tdl.org/privateurl. xhtml?token=6544d576-d3fa-4€90-a340-e43a9a75afal

Reversal boundaries were placed at the stratigraphic midpoint between samples of
opposing polarities. The stratigraphic position of each reversal was calculated relative to the Ojo
Alamo-Nacimiento formational contact. The resulting local polarity stratigraphy was then
correlated to the Geomagnetic Polarity Time Scale (GPTS) (57). The data presented in this paper
was correlated with Flynn et al., 2020 to estimate the total thickness of C29r.

Many specimens’ demagnetization trajectories turned toward the origin after a few steps
and were fully demagnetized by 200 to 400 °C (Figure S1). Eighty-one samples from 27
sampling horizons were analyzed as part of this study. Reliable paleomagnetic directions using
best-fit lines were generated for 40 samples (49.4%) from 19 sampling horizons (70.4%) (Fig.
S2A; Table S5). Great circles were calculated from 3 samples (3.7%) from 3 sampling horizons
(11.1%) (Table S7). Four of the sampling horizons (14.8%) passed our site-mean selection
criteria (i.e., three or more samples that could be used to calculate a site mean with an 095 <
35°). The mean normal and reversed directions calculated using Fisher (1953) statistics are also
shown. The mean normal declination and inclination for lines are 355.6° and 43.1° (n =3, a95 =
21.1°) and for sites are 355.6° and 43.1° (n = 1). The reversed declination and inclination for
lines are 180.4° and -47.4° (n =37, a95 = 9.0°) and for sites is 186.9° and -51.8° (n =3, a95 =
17.5°). The dual polarity mean direction (i.e., all declinations and inclinations converted to
normal polarity) for lines is 359.9° and 47.1° (n = 40, a95 = 8.3°) and for site is 003.5° and 50.1°
(n=4, a95 =19.5°). Using the mean normal and reversed directions for lines, the reversed and
normal groups do not share a common distribution with >95% confidence, but the hypothesis
that they share a common mean at >95% confidence cannot be rejected (i.e., negative reversals
test) (98). This result is likely due to the very small sample size of normal directions. Due to the
small number of samples, it was not possible to conduct a reversals test on the site mean
directions. Using the dual-polarity mean direction, we calculated a paleomagnetic pole from the
Naashoibito, Ojo Alamo, and Nacimiento from 40 line-fit samples and 4 site means at 84.0 °N
and 065.5 ° (n =40, K=6.5, A95=9.6°) and 77.8 °N and 003.1° (n =4, K =2.7, A95 =70.1°),
respectively.

As expanded on in the Rock Magnetism section, we identified a portion of normal
polarity from ~10-20 m (Fig. 1C) that we interpreted to represent overprinted directions and not
the characteristic remanent direction. This is an interval that previously was correlated with a
normal polarity chron (58). We interpret this interval as normal polarity because 1) this normal
interval is underlain by our detrital Ar/Ar date of 66.38 = 0.08 Ma and the only Cretaceous
magnetic polarity chron younger than 66.38 Ma is C29r, 2) this overprinted interval is bounded
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on both sides by significant line-fit and site mean reversed polarity samples, and 3) of the 6
sampling horizons with significant normal polarity overprint, three horizons also produce
significant line-fit reversed polarity directions. Taken together, we interpret this entire interval as
indicating a part of our section with diagenetic overprint and these normal polarity directions are
not Cretaceous directions.

Rock magnetism

Triaxial isothermal remanent magnetization (IRM) Lowrie Test (99) was performed on 4
samples from the Naashoibito Member at Baylor University to determine the primary and
secondary magnetic carriers in mixed mineralogy samples. Samples from variable lithologies
were chosen to represent the range of magnetic mineralogies present in the Naashoibito Member.
A 1T,300mT, and 100 mT was imparted along the X, Y, and Z axes, respectively, of
paleomagnetic block samples using an ASC pulse magnetizer. Samples were then thermally
demagnetized in 25 °C increments from 100-200 °C and 50 °C from 200-700 °C using an ASC
N2 atmosphere. The magnetization in the X, Y, and Z axes was measured at each temperature
step using a 2G cryogenic DC-SQuID magnetometer. All rock magnetism raw data is archived at
the Texas Data Repository: https://dataverse.tdl.org/privateurl.xhtml?token=6544d576-d3fa-
4e90-a340-e43a9a75afal.

Ar/Ar Geochronology

The analytical data are organized to comply with FAIR data reporting norms (/00).
Multiple Excel workbooks are provided with data formatted in a variety of manners to facilitate
ease of data viewing (Tables S7-S11). Data are presented in isotope ratio format along with raw
intensity format with the raw data sorted by run identifier and sample name.

Sandstone samples were crushed and sieved to between 40 and 120 mesh, washed in tap
water and exposed to dilute HCI in an ultrasonic bath. The samples were thoroughly rinsed in
distilled water and dried before concentrating K-feldspar with heavy liquid density separation.
While being viewed under a binocular microscope, the clear K-feldspar grains were handpicked
to concentrate detrital sanidine (DS) from microcline and orthoclase. Grains that yielded
Precambrian ages are very likely not sanidine, while grains less than ca. 300 Ma are very likely
sanidine.

Samples were irradiated in four packages at either the USGS reactor in Denver, Colorado
or the Oregon State reactor. Irradiations were NM-248 (85 hours), NM-254 (40 hours), NM-265
(32 hours), and NM-335 (21 hours). DS crystals were placed in holes drilled around the
perimeter of 17 diameter aluminum trays. All irradiations included FC-2 Fish Canyon sanidine
interlaboratory standard in a known geometry to determine neutron flux. In all cases, FC-2 was
loaded in the same trays as the unknowns and there are 6 to 20 flux monitor locations within the
trays. Typically 6 or 8 individual grains from each monitor hole are analyzed and the J-value of
the unknown locations is determined with a planar fit to the appropriate flux monitor locations.
FC-2 is assigned an age of 28.201 Ma (1/0/) and all ages are calculated with a °K decay constant
of 5.463e-10 /a (102) while isotope abundances are after (/03).

After irradiation, monitors and unknowns were loaded into copper or stainless steel trays,
evacuated and baked at temperatures between 100 and 150°C for 1 to 4 hours. The single crystals
were fuse or step-heated with a CO» laser. Crystals are typically heated for 30 seconds, followed
by 30 seconds of gas cleanup using a cold D50 and NP-10 getter and a hot NP-10 getter. Isotopes
were analyzed using a ThermoFisher Scientific ARGUS VI multi-collector mass spectrometer
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(system Jan) equipped with five Faraday cups, and one electron multiplier (CDD) operated in
ion-counting mode. The configuration has “°Ar, 3°Ar, 38Ar, 3’Ar and 3°Ar on the H1, Axial, L1,
L2, and CDD detectors, respectively. Resistors were either 10!2 or 103 Ohms for “°Ar and **Ar
and either 10'2 or 10'*for *¥Ar and 3" Ar. 3*Ar was measured on the CDD that has a dead time of
14 ns.

Calibration gases of air and a gas mixture enriched in radiogenic *°Ar along with 3°Ar
were analyzed interspersed with the unknowns to monitor instrument drift and determine
detector intercalibration factors. Data collection was conducted with either MassSpec version
7.875 (NM-248, NM-254) or in-house Pychron software (NM-265, NM-335) and all data
reduction utilized MassSpec version 7.875. Isotopes were collected for 120 to 400 seconds
followed by 35 to 180 seconds of baseline measurement. Analyses were truncated based on
various criteria to facilitate efficient data collection. For instance, relatively old grains that did
not contribute significantly to MDA determination or provenance were analyzed for shorter
durations than the late Cretaceous grains.

Extraction line blank behavior was relatively constant throughout this study owing to
overall similar analytical protocols. Following sample tray bakeout, *°Ar and associated
atmospheric *Ar were elevated and decreased throughout the course of data collection that
typically took about 1-2 days to complete a sample run of 221 crystals. Blank (including mass
spectrometer backgrounds) are given for each analysis in the raw intensity worksheets. Because
of generally low blanks and backgrounds relative to signal size, calculated ages are not sensitive
to these corrections for the unknowns and standards. K-glass and CaF» were included in the
irradiations to determine interfering reaction correction factors.

The reported MDA’s are derived from combination of the youngest normally distributed
total fusion dates and integrated dates. Both the MDA and plateau ages derived from step-heated
grains are calculated based on a weighted mean with a weighting factor being the inverse
variance (e.g., 104) and the error is the square root of the sum of 1/ 2 values. The error is also
multiplied by the square root of the MSWD for MSWD greater than 1 and errors are reported at
lo. J-error and irradiation correction factor uncertainties are included for all weighted mean age
errors.

The detrital sanidine age data are summarized in Figure S7 and Table S13. The age
spectra for step-heated crystals generally record flat or nearly flat age patterns; demonstrating
simple argon systematics with no detectable problems associated with post-deposition argon loss.
Single crystals of sample HO8-Sand-08 was investigated extensively using high precision
incremental heating (Table S7, Figure S5). Because the grains used for determining the MDA of
HO08-Sand-08 are flat, their plateau ages are nearly identical to integrated ages and thus
integrated ages are combined with total fusion ages to obtain the grand total of dates used to
define the MDA. That is, the age probability plot of this sample combined step-heated derived
integrated dates with total fusion dates. Sample SJ-SS-Bone is from the same locality as HO8-SJ-
08 and had a generally older distribution of ages, likely related to it being coarser-grained and
that nearly clear microcline and orthoclase grains were chosen instead of sanidine grains. Sample
H13-SJ-14 was dated in two separate irradiations and all data are combined to yield the MDA.
For the second irradiation (NM-335) improved detrital sanidine picking methods resulted in
many more dates less than 75 Ma compared to the first irradiation of this sample. The two
youngest total fusion ages yield the preferred MDA.

Faunal provinciality
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Vertebrate occurrence data

We used an updated version of the dataset of (/6) (Tables S26-S31) for all terrestrial and
fluvio-lacustrine vertebrates from the Campanian—Danian of Laramidia, in which the ages of the
latest Cretaceous taxa followed the new geochronological results presented here. We built this
dataset from records in the Paleobiology Database (PBDB: https://paleobiodb.org/), which we
scrutinized for accuracy based on our team’s expertise on the anatomy and classification of
vertebrate fossils. We assigned taxonomic categories based on the least inclusive clade to which
we could contribute each fossil. This mostly coincided with “family-level” clades (e.g. Adocidae,
Ankylosauridae, Baenidae). When less-inclusive clades could be recognized, with different taxa
from the same “family-level” clade co-occurring, sub-familiar taxonomic ranks were used (e.g.
Chasmosaurinae vs Centrosaurinae, Saurolophinae vs Lambeosaurinae, Velociraptorinae vs
Saurornitholestinae). When fossils could not be assigned confidently to a less inclusive category
(often the case with small and rare terrestrial fossils), broader, supra-specific clades were used
instead (e.g., Pycnodontiformes, Scincomorpha, Pediomyoidea). The fossil dataset includes more
than 470 taxa represented by ca. 1,600 occurrences of dinosaurs (including birds), mammals,
crocodylians, champsosaurs, turtles, squamates, albanerpetontids, salamanders, frogs, and
cartilaginous and bony fish. We present our full dataset, with detailed references for individual
taxa and ages of faunas, in Tables S26-S31. Although we carefully vetted the original PBDB
records when initially building the dataset, we realize that large community-constructed open-
access databases may have occasional incorrect or inconsistent records. For this reason, as
detailed below, we performed a series of bootstrapping sensitivity analyses demonstrating the
robustness of our results when records for individual taxa and localities are iteratively removed
and resampled (Figs. S9-S11).

Statistical modeling

We used our dataset to test whether there was faunal provinciality during the Campanian,
Maastrichtian, and Danian. To do so, we tested for the optimal number of bioprovinces in each
of the three time intervals, and then explored whether the bioprovinces changed over time, and
which environmental and geographic factors were most important in underpinning them. In
choosing to do our primary analyses using age-level time bins, we follow the rationale of recent
studies of latest Cretaceous faunal evolution (/6), as the age-level provides a trade-off between
age resolution and sample size (ever-smaller time bins would result in ever-smaller sample sizes
per bin, compromising statistical power, and introducing potential errors as many of the faunas
cannot be accurately dated to a sub million-year resolution).

However, although our primary analyses utilize age-level bins, we conducted sensitivity
analyses at a finer temporal resolution in order to test the robustness of our results. This is also to
address previous studies on the terminal Cretaceous record of North America that have
highlighted high volatility in detected diversity patterns at decreasing final resolution (05, 106).
We repeated the analyses at the finest temporal resolution we could resolve in our dataset, which
is at the level of North American Land Mammal Ages, or NALMAs. These sensitivity analyses
binned taxa into Judithian (late Campanian-early Maastrichtian), Lancian (late Maastrichtian),
and Danian (early Paleocene) bins. We were not able to include an Edmontonian (early-mid
Maastrichtian) bin because of insufficient sample size (only two faunas could be reliably
assigned to this age), which limited the statistical power necessary for reliable inference.
Included within our Judithian bin are faunas that some authors assign to another short biozone,
the Kirtlandian, which comes at the very end of the traditional Judithian (42, 107) We find that it
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is challenging in practice to confidently distinguish between Judithian and Kirtlandian faunas,
given that direct radioisotopic dates are limited for these faunas, and the Kirtlandian (if valid) is
very short. Resolution of finer time slices within NALMAs is not currently possible for our
dataset, as most sub-NALMA bins would have too few faunas to provide robust statistical signal,
and because the age uncertainty of many faunas would span sub-NALMA bin boundaries,
necessitating the fauna to be assigned to multiple sub-NALMA bins, compromising detection of
a genuine signal of change over time.

For our primary analyses and all sensitivity tests, we first displayed the Hellinger-
transformed presence-absence fossil occurrence matrices using principal coordinate analysis
(PCO) computed on the square root of the Jaccard dissimilarities to avoid negative eigenvalues
(108). We then obtained the residual ‘unexplained’ signals from the resulting orthogonal PCO
axes (/09) using the number of discrete vertebrate-bearing collections as a proxy for the unequal
distribution of sampling effort (//0-112) following the step-by-step approach in (16, 113). K-
means partitioning based on residual eigenvectors was run to identify high-density regions in the
data (//4) and cluster Laramidian assemblages for each time interval (Campanian—Danian)
based on the similarity of their constituent taxa, the optimal number of bioprovinces being
estimated with the sum of squared distances (/15).

As a sensitivity analysis, we further generated 100 bootstrap occurrence matrices through
a random resampling of the original dataset comprising fossil-bearing localities and associated
vertebrate taxa. This sensitivity analysis allowed an explicit assessment of the consistency and
robustness of the inferred bioprovince delineations to some issues that can affect a large-scale
data compilation such as ours: i) sampling bias in taxonomic occurrences (taxa might have been
unreported or missing from our dataset, either because they have yet to be collected by
paleontologists or because they have been collected but were missed when compiling the records
of the PBDB); ii) taxonomic opinions which may vary and affect the alpha-diversity of a locality
or assemblage (expert opinions may differ on cases of taxon synonymy, lumping vs. splitting
classification strategies, and assignment of fragmentary remains to higher-level taxa, all affecting
the taxonomic assignment of records in the PBDB); iii) inaccuracies in the dating of faunas (not
all localities are directly dated by radioisotopic techniques, radioisotopic dates can change with
new data, and some faunas are close to time bin boundaries and could conceivably span them).
Specifically, we quantified the congruence of bioprovince assignments for each locality across
all bootstrap replicates by calculating the frequency of consistent assignments (Figs. S9-S11).

We also performed a series of sensitivity analyses which addressed the issue of some
faunas crossing age boundaries (Tables S14-S15, S18-S19. S22-S23). When designing these
analyses, we followed this rationale:

Other than an age-level division (Campanian, Maastrichtian and Danian), the chronology
of the dataset follows the formation-level binning procedure of (/05). The revised file assigns
each occurrence to one of four chronostratigraphic bins that strike a balance between temporal
resolution and adequate sample size: the North American faunal stages Judithian, Edmontonian,
and Lancian, plus the Danian. In this framework the Judithian bin now explicitly encompasses
the Lower Kaiparowits, middle—upper Wahweap, Fruitland, Aguja, Dinosaur Park, Foremost,
Judith River, Oldman and Two Medicine formations. The Mesaverde Group, represented by the
Williams Fork Formation, remains in the Edmontonian bin because its fossiliferous horizons lie
almost entirely within the upper Campanian and its internal dating is not robust enough to
resolve sub-stage divisions (/16, 117) likewise, Kaiparowits data have been retained in the
Judithian bin (35). All of these choices were verified against the most recent radiometric and
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magnetostratigraphic compilations used elsewhere in the manuscript (35, //8-120). Because
most well-dated Horseshoe Canyon Formation vertebrates fall between 72.2 and 72.6 Ma (firmly
Campanian according to (/27)) and because our Maastrichtian focus is chiefly on the Lancian,
we treat the HCF as Campanian during stage-level analyses; taxa from demonstrably later
horizons, for example the Maastrichtian Albertonykus (from the upper, Unit 4 of the HCF; (121,
122) were already separated in the spreadsheet to the early Maastrichtian, and that practice is
now stated explicitly. A similar rationale governs our handling of “Mesaverde” data, which we
equate with the Williams Fork Formation: the microvertebrate localities that supply virtually all
records lie within Campanian strata, so the entire Williams Fork is retained in the Campanian
unless new evidence of key Maastrichtian taxa can be documented. The St. Mary River
Formation presents a different problem because its placement varies in the literature: Fowler
(2017) assigns nearly all of it to the Maastrichtian, whereas earlier sources (e.g., /23) regard the
lower part as late Campanian or earliest Maastrichtian. Given our emphasis on Lancian
assemblages, the revised dataset excludes the St. Mary River from the Lancian data altogether
and assigns its occurrences to an early-Maastrichtian (Edmontonian) bin.

Finally, we considered the suggestion of binning at member level. After trial runs, we
concluded that the requisite census data are too sparse and unevenly sampled for most
formations, and that such fine-scale subdivision would introduce more noise than temporal
precision. Similarly, because our Edmontonian time bin on its own contained only two faunas,
we had to exclude it from analyses because it did not have the statistical power to deliver
meaningful results for testing whether there was one or more bioprovince.

Once the number of bioprovinces for each time interval was determined, we performed a
permutational multivariate analysis of variance (PERMANOVA) (124) with 999 permutations to
test for mean differences in assemblage composition among these hypothesized faunal provinces.
This permutation-based F-test may indicate differences in (i) across-bioprovince dissimilarities
in terms of assemblage composition, (i) within-bioprovince dispersion, or (iii) both (/24).
Hence, to test the null hypothesis that there was no difference in the internal variation of the
bioprovinces for each time interval, we ran a test of homogeneity of multivariate dispersion
(PERMDISP) (66, 125) with 999 permutations of least-squares residuals. Because the levels of
the grouping factor introduced as arguments for these resemblance-based permutation analyses
and subsequent statistical routines (below) were those obtained from residual eigenvectors, our
model estimates cannot be attributed to the confounding effect of sampling biases (e.g., 126,
127).

Indicator species analysis (sensu /09) was conducted to identify target taxa that were
statistically significant indicators of different faunal provinces (/28). These associations were
tested for statistical significance using 999 permutations and we retained only those taxa with an
indicator value index (IndVal) greater than 0.5 (/29), which denoted target species characterizing
individual bioprovinces in our case (/30). Please note that an indicator species does not equate to
the presence of an ‘index taxon’ unique to a specific bioprovince, but rather a collection of taxa
that are statistically associated (i.e. their co-occurrence) to a specific bioprovince (i.e. without
implying that any single or multiple taxa are exclusively confined to a specific bioprovince).

To further understand the mechanistic nature of the bioprovinces, we applied discriminant
analysis of principal components (DAPC) (/31), a popular approach for the analysis of spatially
structured populations (/34). This identifies paleoenvironmental gradients (i.e., elevation, m;
paleolatitude, °; paleolongitude, °; near-surface (1.5 m) mean annual temperature, °C; near-
surface (1.5 m) annual temperature SD, °C; annual average precipitation, mm; annual
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precipitation SD, mm; and net primary productivity, g C m™ year™’) that maximized discrete
biogeographical separation among the hypothesized bioprovinces (/32).

DAPC is a versatile multivariate routine applicable to any quantitative data—such as
paleoecological data and fossil records. Here, we combined principal component analysis and
discriminant analysis to summarize large-scale biological dissimilarities among different faunal
provinces determined by A-means partitioning. In other words, we used DAPC to infer individual
contributions of different paleoenvironmental variables to the existence of cross-continental
discrete bioprovinces in terrestrial and fluvio-lacustrine vertebrates across the K—Pg boundary.
All statistical analyses were run in the R environment v. 4.3.0 (/33), and the detailed list of
packages and routines are available from Table S21.

Paleoenvironmental data

Paleoclimatic and land-surface model outputs come from the HaddCM3BL-M2-1aE
version of the fully coupled atmosphere-ocean GCM HadCM3L v. 4.5 model (77), whereas
paleogeographies are those from the grid-based paleo-digital elevation model (DEM) (72).
Simulations and settings (e.g. orbital configuration, spin-up procedure, initial and boundary
conditions) for all Late Cretaceous and early Paleogene paleoenvironmental models are
described in full by (70-72). Details on deep-time general circulation models and additional
information of their experimental design and paleontological applications can also be found in
(14-16, 77, 134).

We here expand on our decision to utilize our chosen paleoenvironmental modelling
approach, rather than climate and environmental proxies from specific Late Cretaceous
formations that include the terrestrial fossils in our dataset.

Proxy data are inherently spatially uneven, with certain formations and regions more
densely sampled than others. This spatial heterogeneity introduces significant sampling biases
and limits the applicability of such data for regional-to-continental scale quantitative analyses,
particularly when correlating proxies with broad distributional patterns of species (i.e.
macroecological patterns). This limitation has been explicitly demonstrated in recent work (e.g.,
135), which showed that uneven spatial sampling can distort macroecological and paleoclimatic
reconstructions. Because many formations span large geographic areas and temporal ranges, it is
difficult to assign a single local proxy-derived MAT or plant assemblage to represent entire
formation-level climatic conditions. Climate model outputs, on the other hand, provide
continuous, spatially explicit climate surfaces (e.g., MAT, MAP, cold/warm month means),
allowing us to assign consistent environmental data across the full extent of a formation or
locality, reducing interpretative ambiguity and enhancing comparability. While proxies offer
more direct evidence of past conditions, they are often subject to complex diagenetic histories,
differential preservation, and interpretative uncertainties (e.g. mixed floral assemblages,
taphonomic biases, or variation in isotopic signals due to non-climatic factors). These limitations
can introduce noise in comparative ecological analyses like DAPC, especially when integrating
across multiple formations and regions.

The HadCM3L-M2.1D and HadAM3B-N216 paleoclimate models we used are well-
established and extensively validated in both modern and paleoclimate frameworks (e.g., /36-
138). These models incorporate realistic reconstructions of topography, ocean circulation,
dynamic vegetation, and atmospheric chemistry (e.g. pCO-), and are fully equilibrated over more
than 9,000 model years to ensure climatological stability. Notably, HadCM3-based models have
shown good agreement with proxy data, including high-latitude temperature reconstructions
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under various climate states (e.g., /39). Finally, the HadCM3 models include the TRIFFID
dynamic vegetation module, which allows for climate—vegetation feedbacks. While the plant
functional types used are necessarily based on modern analogues (due to the lack of detailed
Mesozoic equivalents), this approach still captures broad climate—vegetation interactions relevant
to macroecological patterns. Proxy plant provinces, by contrast, are more difficult to
quantitatively incorporate into a DAPC framework without introducing subjective interpretation.

Given these reasons, we hold that spatially explicit paleoclimate model outputs provide a
more suitable framework for testing regional ecological differentiation (e.g. bioprovinciality)
than sparse and often localized proxy data.

EXPANDED RESULTS

Summary of geochronology results
Ar/Ar Geochronology

We conducted detrital sanidine “°Ar/**Ar geochronology on two dinosaur bone-bearing
Naashoibito localities, where 1046 total grains were dated from three individual samples (Tables
S8-S11). Both single crystal laser fusion and step-heating experiments were conducted (Tables
S7 —S11). There is a wide range of Cretaceous and Mesozoic total fusion and integrated ages
with 491 crystals yielding dates less than 75 Ma (Fig. 1D). Samples H08-Sand-08 and SJ-SS-
bone were collected from a sandstone channel ~20.0 m below the Naashoibito-Ojo Alamo
contact and ~5 m above the basal conglomerates of the Naashoibito (Fig. 1C). HO8-Sand-08
yields a maximum depositional age (MDA) of 66.87 + 0.04 Ma derived from a normal
distribution (mean squared weight deviation (MSWD) = 1.54) of eight dates (Fig. 1D).
Importantly, seven of these eight dates are integrated ages derived from step-heating analyses
that yield flat single crystal age spectra demonstrating that the dated crystals have not
experienced argon loss (Tables S7-S8). Sample SJ-SS-Bone from this same site did not yield
grains less than 70 Ma and gives an MDA of 72.61 + 0.21 Ma based on the nine youngest grains.
This sample was coarser grained than HO8-Sand-08 and yielded many old grains (>300 Ma) that
are like orthoclase and microcline. Sample H13-SJ-14 is directly from the dinosaur-bearing “34-
Bone Site”, a medium-grained sandstone approximately 3.5 m above the base of the Naashoibito
Member (56), which contains the partial skeleton of a lambeosaurine hadrosaur. All detrital
sanidines (N = 732) from this sample are total fusion dates and 24 dates are less than 70 Ma
(Tables S7-S11) with the youngest two grains yielding an MDA of 66.38 + 0.08 Ma (Fig 1D).
Thus, we have identified two dinosaur fossil-bearing samples that are significantly younger than
70 Ma (i.e., that previous suggested age for the Naashoibito from Jasinski et al., 2011), with
H13-SJ-13 (from the 34-Bone Site) isotopically dated to be less than 400 Kyr from the K-Pg
boundary.
Magnetostratigraphy

The magnetostratigraphic analyses from this study identified two local polarity zones
within our section: 1) A+ at the base of the Naashoibito Member and 2) B- which incorporates
the upper Naashoibito Member, entire Ojo Alamo Sandstone, and basal Nacimiento Formation
(Fig. 1C, Table S2). The MDA of the isotopically dated samples H13-SJ-14 (66.38 + 0.08 Ma)
and HO8-Sand-08 (66.87 + 0.04 Ma) constrain local polarity zones A+ and B- to magnetochrons
C30n and C29r of the Geomagnetic Polarity Timescale (GPTS) (cf., 57), respectively.
Magnetochrons C30n and C29r are the only Cretaceous normal and reversed polarity subchrons
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younger than 66.87 Ma (Fig. 1C-D) (57) and the interpreted reversal boundary directly underlies
our youngest MDA of 66.38 + 0.08 Ma. This magnetostratigraphic interpretation is further
supported by a sanidine date from an ash overlying the Nacimiento Formation of 65.548 = 0.017
Ma (40), which indicates the reversed polarity chron that incorporates the Naashoibito Member,
Ojo Alamo Sandstone, and basal Nacimiento Formation can only be C29r (Fig. 1C). The age of
the C30n-C29r reversal (66.380 Ma) (57) further supports our isotopic MDAs for the
Naashoibito and constrains the MDA of the upper ~22 m of the Naashoibito Member, including
major dinosaur-bearing horizons, to within 340 Kyr before the K-Pg boundary (Fig. 1C)
indicating the Naashoibito fauna is latest Maastrichtian in age and contemporaneous with the
Hell Creek faunas from the Northern Great Plains. The Naashoibito fauna is separated from the
earliest Paleocene Nacimiento fauna, which lacks mammals of early Puercan (Pul biozone) age,
by ~700 Kyr (Fig. 1C-D).

Lastly, we identified an interval of normal polarity in the Upper Cretaceous (from
approximately 10-20 m) that previous work had erroneously correlated with a normal polarity
zone of the GPTS (58). Our new analyses indicate this is an interval of significant diagenetic
overprint of the paleomagnetic signal within a zone of reversed Cretaceous polarity (see next
section for fill discussion on magnetic overprint; Fig. S4).

The Naashoibito dinosaur fauna is diverse and includes a variety of species:
dromaeosaurid, oviraptorosaurian, ornithomimid, troodontid, and tyrannosaurid theropods;
titanosaurian sauropods; and ankylosaurian, ceratopsid, and hadrosaurid ornithischians (48). It
does not appear abnormal or depauperate compared to earlier faunas (/6), and its diversity levels
never did not garnered attention previously when the Naashoibito fauna was thought to be four
million years older (42). Therefore, it appears that dinosaurs were apparently thriving in New
Mexico within the few hundred thousand years before the asteroid impact, and probably until the
very end of the Cretaceous, with no obvious signs of any local decline.

The coeval nature of the Naashoibito and Hell Creek faunas gives new improved insight
into regional similarities and differences in vertebrate faunas before the end-Cretaceous
extinction. The northern Hell Creek fauna appears more diverse than the southern Naashoibito
fauna during the latest Cretaceous, but the former is much better sampled (/4, Supplementary
Data). However, these two faunas share few species-level taxa and major dinosaur groups
present in the more poorly sampled south (e.g., the titanosaurian sauropod Alamosaurus,
lambeosaurine hadrosaurs) are absent in the north, despite over a century of intense collecting.
These differences extend to mammals, as the multituberculate Essonodon and metatherian
Glasbius are common in the San Juan BasinNaashoibito, but very rare in the Hell Creek.
However, the apex predator Tyrannosaurus is present in both faunas (48), indicating that it, by
comparison to some of the other less cosmopolitan faunal elements of each of these latest
Maastrichtian biological provinces, ranged widely across western North America.

However, these comparisons are qualitative, as have been most discussions thus far on
Late Cretaceous dinosaur biogeography and faunal evolution. This necessitates our faunal
provinciality analyses, below.

Rock magnetism

The triaxial IRM Lowrie tests for all samples indicate a mixed mineralogy of samples in
the Naashoibito. The majority of samples include grains with coercivities from 100 — 300 mT
and retain remanence above 400 °C until they are fully demagnetized between 550-600 °C,
which indicates the presence of (titano)magnetite (Fig. S4) (/40). In a subset of samples, there is
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a large drop in remanence between 100-200 °C in the low coercivity fraction (grain less than 100
mT) (Figure S4A, 4D) indicating intermediate titanohematite (/41/). In another subset of
samples, the Triaxial IRM Lowrie Fuller tests indicates the occurrence of maghemite and/or
hematite due to the high proportion of remanence held in the >1 T coercivity, the abrupt loss of
remanence at >650 °C, and the red or purple coloring of the sample (Figs. S4B, S4C) (141).
Finally, in some samples, we interpret the presence of greigite, which converts to
(titano)magnetite above 400 °C, based on the large drop in the 0-300 mT coercivities between
200 and 300 °C (Fig. S4B) (142).

The demagnetization behavior of samples from the Naashoibito exhibited three primary
types of behavior: (1) samples with erratic demagnetization behavior, (2) samples that record an
overprint direction, and (3) samples that record the primary Cretaceous direction. Generally,
samples that behaved erratically were unstable from very low temperatures and were often fully
demagnetized by temperatures <300 °C (Fig. S2D). We interpret these samples to have a
relatively high proportion of titanohematite, which is easily reset and frequently overprinted
(140, 141). Samples that recorded an overprint direction were generally stable to temperatures
>400 °C and were red or purple in color. The triaxial IRM Lowrie test indicated grains with
coercivities >1T (Fig. S4B and S4C). We interpret these samples to be dominated by diagenetic
hematite or maghemite that record a post-depositional overprint direction. These results are
similar to previous rock magnetic analyses of the Naashoibito (e.g., 92) who documented the
occurrence of samples with a high coercivity (>300 mT) and a high maximum unblocking
temperature (>320 °C using non-controlled atmosphere thermal demagnetization), which they
interpreted to be hematite created by post-depositional oxidation. Samples that documented a
primary Cretaceous direction were typically stable to 300 — 400 °C, and triaxial IRM Lowrie
tests indicate the presence of (titano)magnetite and other minerals (titanohematite,
hematite/maghemite, greigite) (Fig. S2D-F, Fig. S4). We interpret this to mean that
(titano)magnetite was the primary magnetic carrier and samples with a relatively high proportion
of (titano)magnetite produced reliable magnetic directions, while samples with a small
proportion of (titano)magnetite and a high proportion of titanohematite or hematite produced
erratic or overprint directions.

Summary of faunal provinciality results

We applied multivariate and resemblance-based methods from metacommunity ecology
and biogeography (e.g., 63—606) to assess whether there was faunal provinciality during the latest
Cretaceous (Campanian and Maastrichtian) and earliest Paleocene (Danian), and if so, what
underpinned it. Our analyses utilized an inclusive dataset of terrestrial and fluvio-lacustrine
vertebrates, unlike many previous studies that focused only on dinosaurs (e.g., 26—30). We
conducted our analyses at the age-level (Campanian, Maastrichtian, Danian), in line with other
recent studies (e.g., 30, 31), because sub age-level analyses with these methods are not currently
feasible, given the quality of the fossil record and age uncertainties of some fossil-bearing
formations.

We tested for the optimal number of bioprovinces in time interval, using the sum of
squared distance method on k-means partitioning. This identified two optimal bioprovinces (k =
2) for all three intervals (Table S12) and faunal stages (Table S13) after accounting for potential
biases in the fossil record when all terrestrial and fluvio-lacustrine vertebrates were considered
(Fig. S8). These hypothesized faunal provinces were robust to sensitivity analyses at increased
chronostratigraphic resolution after applying formation binning methods (Tables S14-S15).
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Moreover, the robustness of these patterns also remained after bootstrap resampling of taxa and
fossil localities (Figs. S9-S11), which provides further strength to our interpretations. Overall,
these findings suggest that there was large-scale faunal provinciality during the Campanian and
Maastrichtian that was maintained across the K—Pg boundary into the Danian (Figs. 2 and 3).

We assessed the structure of these bioprovinces over time. We found that the provinces
were significantly different in assemblage composition in the Late Cretaceous and early
Paleogene (Figs. 2 and 3, Tables S16-S19), although they did not differ in their amount of
internal variation in the lead-up to, or after, the extinction event (Table S20-S23). In other words,
bioprovinces across the K—Pg boundary differed in terms of their mean assemblage composition,
but not in their spatial beta diversity (i.e., the spatial variability in community composition
between two or more localities with a spatial region of interest) (67—69). Different taxa (Fig. 2)
statistically characterized the different provinces over time (Table S24 and S25). For instance,
the association (e.g., co-occurrence) of a few dinosaurian lineages (Leptoceratopsidae,
Albertosaurinae, Microraptoria), teiid lizards, and bony fish (Gonorynchiformes,
Osteoglossomorpha) were indicators of northernmost faunal provinces during the Campanian
and Judithian faunal stage, whereas the association of several lineages of squamates
(Anguimorpha), ray-finned fishes (Lepisosteiformes), and freshwater turtles (Compsemydidae,
Trionychidae) were indicators of the relatively more southern bioprovinces in the Danian (see
Tables S26-S31). Please note that this does not imply these taxa are exclusive to either
hypothesized biozone, but rather that their associations within each biozone are statistically
significant in distinguishing one biozone from the other.

Finally, we explored the environmental and geographic factors most responsible for the
bioprovinces, with discriminant analysis of principal components (DAPC) on a dataset including
information on elevation, latitude, longitude, temperature, precipitation (both including mean
annual and seasonality values), and other ecogeographical factors from Cretaceous—Paleocene
paleoenvironmental models (70—73). Our results provide compelling evidence that vertebrate
provinciality across the K—Pg boundary was partially controlled by temperature, with spatial
location also having a role in the first few million years after the extinction (Fig. S12). Thus,
thermal constraints were most instrumental in explaining the bioprovinces, not strictly north-
south geographic separation, although geography did play a secondary role.

We performed two subsidiary analyses, in which we applied our methods to datasets
containing only dinosaurs and only mammals (Fig. 3C-F). For dinosaurs, we also obtained two
optimal bioprovinces for both the Campanian and Maastrichtian, with slightly different
boundaries than those in our all-vertebrate dataset (Fig. 3A-B; Table S12). Differences in
assemblage composition among bioprovinces were readily apparent both at the age-level (Table
S16) and across different faunal stages (Table S17). For instance, the association of
lambeosaurine hadrosaurs and caenagnathid oviraptorosaurs were among the major indicator
species during the Campanian. These taxa were further associated with leptoceratopsids and
microraptorians in the bioprovince containing the Dinosaur Provincial Park region (Fig. 3C-D;
Table S24). Some ornithischians (Ankylosauridae, Thescelosauridae) and small-sized theropods
(Troodontidae) contributed significantly to the split between bioprovinces in the terminal
Cretaceous, and the giant sauropod Alamosaurus was mostly restricted to the southern
boundaries of the Western Interior during the Maastrichtian (Tables S24 and S25). The DAPC
analysis indicates temperature as a driver of dinosaur provinciality during the final few million
years of the Cretaceous (Fig. S12).
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Mammals were divided into two bioprovinces during the Campanian (Fig. 3E), then
exhibited increased cosmopolitanism in the Maastrichtian (partitioning clustering identified no
discrete subgroups or clusters, although sample size was probably not adequate to test for
number of bioprovinces; Tables S12 and S13), followed by an increase in biogeographical
separation after the mass extinction (Fig. 3F; Fig. S8; Table S12). Rather than a strict north-south
divide, discrete bioprovinces were also somewhat separated in the early Paleogene along an east-
west gradient (Fig. S12), with different eutherian lineages (e.g. the mouse-sized leptictids and
macroscelidians, and the sheep-to-cow-sized pantodonts and phenacodontids) generally
associated with the well-sampled sequences from the northern Great Plains and the fossil-rich
southern Nacimiento Formation (Table S24).
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Fig. S1. Correlation of the five litho- and magnetostratigraphic sections used in this study — (1) Barnum Brown Amphitheatre
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showing the major lithologic units, virtual geomagnetic pole (VGP) latitude, local polarity stratigraphy, and correlation with the
GPTS. The lithologic contact between the Naashoibito Member and Ojo Alamo Sandstone was used as a datum. Grain sizes are
located at the bottom of each section: M — mud, FS — fine sand, MS — medium sand, CS — coarse sand. Stratigraphic position of
vertebrate fossil horizon and detrital sanidine MDAs shown.
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Fig. S2. Representative orthogonal end vector demagnetization diagrams for each subset of
paleomagnetic data (A-C). Demagnetization trajectories for C30n (A), Cretaceous C29r (B), and
Paleogene C29r (C) samples which allowed for line fitting to determine a characteristic direction.
(D) Representative sample where line fitting was not possible due to the erratic nature of the data
and was not used in any interpretation. (E-F) Samples for sampling horizon P11NBO8 which
show an interpreted overprint direction sample due to stable normal direction until unblocking
temperature and becoming erratic and a two component sample where step heating has removed
the overprint diagenetic mineralogy (~275-300 °C) allowing for line-fitting reversed direction.
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Fig. S3. Equal area plot showing all line-fitted characteristic magnetization directions (Table S4)
and all site-mean directions calculated (Table S5) calculated for this study. The modern dipole,
expected latest Cretaceous direction recalculated from (/43), and the antipode of the expected
latest Cretaceous direction are shown. Ellipses indicate errors on site mean estimates.
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Fig. S5. Single crystal age spectra for detrital sanidine grains defining the maximum depositional
age of sample HO8-Sand-08. The plateau-style spectra demonstrate that the crystal dates are
robust and that there is no measurable post-depositional argon loss. Note that panel ‘c’ is shown
as an age spectrum but is a total fusion experiment rather than a step-heating experiment.
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Fig. S7. Age probability distribution diagrams for the detrital sanidine dates of the three samples
analyzed from the Naashoibito Formation. The left-hand panel shows all of the analyses,
whereas the right-hand panel shows dates younger than 400 Ma. Because clear K-feldspar grains
were viewed and chosen in air using a binocular microscope without the aid of a polarizing
microscope for irradiations NM-248, NM-254 and NM-265 many chosen grains were clear
microcline and orthoclase. These grains are likely represented by ages older than ca. 300 Ma. For
NM-335 grains were chosen with the aid of immersion in wintergreen oil, and a polarizing
microscope and thus the success rate of choosing sanidine was much higher.
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Fig. S8. Ordination plots obtained from A-means partitioning on residual eigenvectors delineating
bioprovinces for terrestrial and fluvio-lacustrine vertebrates across the Campanian (C), Judithian
(J), Maastrichtian (M), Lancian (L), Danian (D) of Laramidia. Models were also stratified for
dinosaur and mammal assemblages separately. Hypothesized faunal provinces are defined in
Tables S12 and S13, and silhouettes of some representative animals for each bioprovince follow
Tables S24 and S25. The application of the sum of squared distance method and k-means
partitioning suggested weak to non-existent discrete biogeographical separation in mammals
inhabiting the latest Cretaceous Western Interior Basin (Table S12 and S13). Their spatial
distribution in Fig. 3 was plotted on paleocoordinates on a paleogeography of North America
using the ‘palaeorotate’ function of the palacoverse R package (97) and rgplates (/44)
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Fig. S9. Results of sensitivity analysis testing the accuracy of bioprovince delineation for
terrestrial and fluvio-lacustrine vertebrates during the Campanian of North America. Bar plots
represent bioprovince assignment frequencies for each fossil-bearing formation after a random
resampling (100 bootstrap replicates) of taxa and localities. Hypothesized faunal provinces are
defined in Table S12. Models were also stratified for dinosaur and mammal assemblages
separately (right-hand panels).
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Fig. S10. Results of sensitivity analysis testing the accuracy of bioprovince delineation for
terrestrial and fluvio-lacustrine vertebrates during the Maastrichtian of North America. Bar plots
represent bioprovince assignment frequencies for each fossil-bearing formation after a random
resampling (100 bootstrap replicates) of taxa and localities. Hypothesized faunal provinces are
defined in Table S12. Models were also stratified for dinosaur assemblages separately (right-
hand panel). The application of the sum of squared distance method and A-means partitioning
suggested weak to non-existent discrete biogeographical separation in mammals inhabiting
Laramidian ecosystems during the terminal Cretaceous.
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Fig. S11. Results of sensitivity analysis testing the accuracy of bioprovince delineation for
terrestrial and fluvio-lacustrine vertebrates across the early Paleogene Laramidia. Bar plots
represent bioprovince assignment frequencies for each fossil-bearing formation after a random
resampling (100 bootstrap replicates) of taxa and localities. Hypothesized faunal provinces are
defined in Table S12. Models were also stratified for mammal assemblages separately (right-
hand panel).
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Fig. S12. Relative contributions (%) of different paleoenvironmental variables to faunal
provinciality across the Upper Cretaceous and early Paleogene Laramidia. These results are
based on discriminant analysis of principal components (DAPC) on residual eigenvectors (Figure
S8) and hypothesized faunal provinces (Tables S12—S13) for (a) all terrestrial and fluvio-
lacustrine vertebrates, as well as for (b) dinosaur and (¢) mammal assemblages separately. Note
that the application of the sum of squared distance method and A-means partitioning suggested
weak to non-existent discrete biogeographical separation in latest Cretaceous mammals (Tables
S12—S13). Elev, elevation (m); Lat, paleolatitude (°); Lon, paleolongitude (°); Mean Temp, near-
surface (1.5 m) mean annual temperature (°C); Temp SD, near-surface (1.5 m) annual
temperature SD (°C); Annual Prec, annual average precipitation (mm); Prec SD, annual
precipitation SD (mm); and NPP, net primary productivity (g C m~ year™).



Table S12. Hypothesized bioprovinces for terrestrial and fluvio-lacustrine vertebrate faunas across multiple age-level time bins from the Upper

Cretaceous and early Paleogene of North America. The optimal number of bioprovinces was estimated with the sum of squared distances (/15),

and we clustered assemblages for each time interval using k-means partitioning on residual eigenvectors (for details, Statistical modelling in the

Methods section).

Time interval  Clusters  Hypothesized faunal province no. 1 Hypothesized faunal province no. 2
All
vertebrate
s
Campanian 2 Dinosaur Park, Horseshoe Canyon, Oldman,  Aguja, Foremost, Fruitland, Judith River,
St. Mary River, Two Medicine, Wapiti Kaiparowits, Mesaverde, Wahweap
Maastrichtian 2 Denver, Hell Creek, Javelina, Laramie, Ferris, Frenchman, Horseshoe Canyon, Lance, Ojo
McRae, North Horn Alamo, Scollard, St. Mary River
Danian 2 Black Peaks, Denver, Fort Union, Ferris, Hell Creek/Tullock, Paskapoo/Porcupine
Nacimiento, North Horn Hills, Ravenscrag
Dinosaurs
Campanian 2 Aguja, Dinosaur Park, Horseshoe Canyon, Foremost, Fruitland, Judith River, Mesaverde,
Kaiparowits, Oldman, St. Mary River, Two Wapiti
Medicine, Wahweap
Maastrichtian 2 Denver, Hell Creek, Javelina, Laramie, Ferris, Frenchman, Horseshoe Canyon, Lance, Ojo
McRae, North Horn, St. Mary River Alamo, Scollard
Mammals
Campanian 2 Aguja, Foremost, Fruitland, Judith River, Dinosaur Park, Two Medicine, Wapiti
Kaiparowits, Mesaverde, Oldman, Wahweap
Maastrichtian — — —
Danian 2 Black Peaks, Denver, Ferris, North Horn Fort Union, Nacimiento, Hell Creek/Tullock,

Paskapoo/Porcupine Hills, Ravenscrag

The application of the sum of squared distance method on k-means partitioning suggested weak to non-existent discrete biogeographical separation in
mammalian faunas inhabiting the end-Cretaceous Laramidia.



Table S13. Hypothesized bioprovinces for terrestrial and fluvio-lacustrine vertebrate faunas across different faunal stages from the Upper

Cretaceous of North America (sensitivity test at finer temporal resolution of NALMAS, see Statistical modelling in the Methods section). The

optimal number of bioprovinces was estimated with the sum of squared distances (//5), and we clustered assemblages for each time interval using

k-means partitioning on residual eigenvectors. Note that we have tested for bioprovinces using two versions of the Judithian dataset: one with and

the other without the Mesaverde formation, due to uncertainty regarding its precise age (see references in SI datasets).

Time interval Clusters Hypothesized faunal province no. 1 Hypothesized faunal province no. 2
All
vertebrates
Judithian 2 Dinosaur Park, Oldman, Two Medicine, Aguja, Foremost, Fruitland, Judith River,
Wapiti Kaiparowits
Judithian (incl. 2 Dinosaur Park, Oldman, Two Medicine, Aguja, Foremost, Fruitland, Judith River,
Mesaverde Fm.) Wapiti Kaiparowits, Mesaverde
Lancian 2 Denver, Hell Creek, Javelina, Laramie, North ~ Ferris, Frenchman, Lance, Ojo Alamo,
Horn Scollard
Dinosaurs
Judithian 2 Dinosaur Park, Foremost, Fruitland, Oldman,  Aguja, Judith River, Kaiparowits
Two Medicine, Wapiti
Judithian (incl. 2 Dinosaur Park, Foremost, Fruitland, Oldman,  Aguja, Judith River, Kaiparowits,
Mesaverde Fm.) Two Medicine, Wapiti Mesaverde
Lancian 2 Denver, Hell Creek, Javelina, Laramie, North ~ Ferris, Frenchman, Lance, Ojo Alamo,
Horn Scollard
Mammals
Judithian 2 Aguja, Foremost, Fruitland, Judith River, Dinosaur Park, Two Medicine, Wapiti
Kaiparowits, Oldman
Judithian (incl. 2 Aguja, Foremost, Fruitland, Judith River, Dinosaur Park, Two Medicine, Wapiti
Mesaverde Fm.) Kaiparowits, Mesaverde. Oldman
Lancian — — —

The application of the sum of squared distance method on k-means partitioning suggested weak to non-existent discrete biogeographical separation in

mammalian faunas during the Lancian biozone of Laramidia.



Table S14. Number and structure of hypothesized bioprovinces for terrestrial and fluvio-lacustrine vertebrate faunas after accounting for the effect

of formations spanning multiple stratigraphic ranges across the Upper Cretaceous of North America. The optimal number of bioprovinces was

estimated with the sum of squared distances (//5), and we clustered assemblages for each time interval using k-means partitioning on residual

eigenvectors (for details, see Statistical modelling in the Methods section).

Time interval

Clusters

Hypothesized faunal province no. 1

Hypothesized faunal province no. 2

Campanian (excl. Horseshoe
Canyon Fm.)

Campanian (excl. Mesaverde
Fm.)

Campanian (excl. St. Mary
River Fm.)

Campanian (excl. Wapiti
Fm.)

Maastrichtian (excl.
Horseshoe Canyon Fm.)
Maastrichtian (excl. St. Mary
River Fm.)

2

2

Dinosaur Park, Oldman, St. Mary River, Two
Medicine, Wapiti

Dinosaur Park, Horseshoe Canyon, Oldman, St.
Mary River, Two Medicine, Wapiti

Dinosaur Park, Horseshoe Canyon, Oldman, Two
Medicine, Wapiti

Dinosaur Park, Horseshoe Canyon, Oldman, St.
Mary River, Two Medicine

Denver, Hell Creek, Javelina, McRae, North Horn

Denver, Hell Creek, Javelina, Laramie, McRae,
North Horn

Aguja, Foremost, Fruitland, Judith River,
Kaiparowits, Mesaverde, Wahweap
Aguja, Foremost, Fruitland, Judith River,
Kaiparowits, Wahweap

Aguja, Foremost, Fruitland, Judith River,
Kaiparowits, Mesaverde, Wahweap
Aguja, Foremost, Fruitland, Judith River,
Kaiparowits, Mesaverde, Wahweap
Ferris, Frenchman, Lance, Laramie, Ojo
Alamo, Scollard, St. Mary River

Ferris, Frenchman, Horseshoe Canyon, Lance,
Ojo Alamo, Scollard




Table S15. Number and structure of hypothesized bioprovinces for dinosaurian faunas after accounting for the effect of formations spanning

multiple stratigraphic ranges across the Upper Cretaceous of North America. The optimal number of bioprovinces was estimated with the sum of

squared distances (/735), and we clustered assemblages for each time interval using k-means partitioning on residual eigenvectors (for details, see

Statistical modelling in the Methods section).

Time interval Clusters Hypothesized faunal province no. 1 Hypothesized faunal province no. 2
Campanian (excl. 2 Aguja, Dinosaur Park, Kaiparowits, Oldman, St. Foremost, Fruitland, Judith River, Mesaverde, Wapiti
Horseshoe Mary River, Two Medicine, Wahweap
Canyon Fm.)
Campanian (excl. 2 Aguja, Dinosaur Park, Horseshoe Canyon, Foremost, Fruitland, Judith River, Two Medicine,
Mesaverde Fm.) Kaiparowits, Oldman, St. Mary River, Wahweap Wapiti
Campanian (excl. 2 Aguja, Dinosaur Park, Horseshoe Canyon, Foremost, Fruitland, Judith River, Mesaverde, Oldman,
St. Mary River Kaiparowits, Oldman, Wahweap Two Medicine, Wapiti
Fm.)
Campanian (excl. 2 Aguja, Dinosaur Park, Horseshoe Canyon, Foremost, Fruitland, Judith River, Mesaverde
Wapiti Fm.) Kaiparowits, Oldman, St. Mary River, Two
Medicine, Wahweap
Maastrichtian 2 Denver, Hell Creek, Javelina, Laramie, McRae, Ferris, Frenchman, Lance, Ojo Alamo, Scollard
(excl. Horseshoe North Horn, St. Mary River
Canyon Fm.)
Maastrichtian 2 Denver, Hell Creek, Javelina, Laramie, McRae, Ferris, Frenchman, Horseshoe Canyon, Lance, Ojo

(excl. St. Mary
River Fm.)

North Horn

Alamo, Scollard




Table S16. Results of permutational multivariate analysis of variance (PERMANOVA) explaining mean
average differences in the assemblage composition of hypothesized bioprovinces for terrestrial and fluvio-
lacustrine vertebrates inhabiting the Upper Cretaceous and early Paleogene ecosystems of Laramidia

(Table S12). Significant values are given in bold font (**p < 0.01; **%p <(.001).

Time interval Sum of squares R’ Pseudo-F
All vertebrates

Campanian 0.57 0.16 2.12%*

Maastrichtian 0.69 0.16 2.05%**

Danian 0.48 0.21 1.86%*
Dinosaurs

Campanian 0.57 0.17 2.29%**

Maastrichtian 0.80 0.20 2.78***
Mammals

Campanian 0.81 0.27 3.37%*

Maastrichtian — — —

Danian 0.66 0.29 2.85%*

Note that the case for provinciality of terminal Cretaceous mammals is weak to non-existent across the Western

Interior Basin (Table S12).



Table S17. Results of permutational multivariate analysis of variance (PERMANOVA) explaining mean
average differences in the assemblage composition of hypothesized bioprovinces for terrestrial and fluvio-
lacustrine vertebrates across different faunal stages from the Upper Cretaceous of North America (Table

S13). Significant values are given in bold font (*p < 0.05; **p <0.01).

Time interval Sum of squares R’ Pseudo-F
All vertebrates

Judithian 0.42 0.22 1.93%*

Judithian (incl. Mesaverde) 0.47 0.18 1.96**

Lancian 0.57 0.18 1.75*
Dinosaurs

Judithian 0.35 0.21 1.83*

Judithian (incl. Mesaverde) 0.43 0.17 1.89*

Lancian 0.69 0.24 2.48*
Mammals

Judithian 0.71 0.33 3.40%*

Judithian (incl. Mesaverde) 0.83 0.27 3.41%*

Lancian — — —

Note that the case for provinciality of Lancian mammals is weak to non-existent across the Western Interior Basin

(Table S13).



Table S18. Results of permutational multivariate analysis of variance (PERMANOVA) explaining mean

average differences in the assemblage composition of hypothesized bioprovinces for terrestrial and fluvio-

lacustrine vertebrates after accounting for the effect of formations spanning multiple stratigraphic

boundaries across the Upper Cretaceous of North America (Table S14). Significant values are given in

bold font (**p <0.01; ***p <0.001).

Time interval Sum of squares R’ Pseudo-F
Campanian (excl. Horseshoe Canyon Fm.) 0.51 0.16 1.95%%*
Campanian (excl. Mesaverde Fm.) 0.50 0.16 1.88%*
Campanian (excl. St. Mary River Fm.) 0.53 0.17 2.06%*
Campanian (excl. Wapiti Fm.) 0.54 0.17 2.06%*
Maastrichtian (excl. Horseshoe Canyon Fm.) 0.67 0.17 1.99%*
Maastrichtian (excl. St. Mary River Fm.) 0.69 0.17 2.06%**




Table S19. Results of permutational multivariate analysis of variance (PERMANOVA) explaining mean
average differences in dinosaur assemblage composition after accounting for the effect of formations
spanning multiple stratigraphic boundaries across the Upper Cretaceous of North America (Table S15).

Significant values are given in bold font (*p < 0.05; **p <0.01; ***p <0.001).

Time interval Sum of squares R’ Pseudo-F
Campanian (excl. Horseshoe Canyon Fm.) 0.52 0.18 2.14%
Campanian (excl. Mesaverde Fm.) 0.51 0.18 2.16%**
Campanian (excl. St. Mary River Fm.) 0.48 0.17 2.10%*
Campanian (excl. Wapiti Fm.) 0.50 0.17 2.04%**
Maastrichtian (excl. Horseshoe Canyon Fm.) 0.76 0.21 2.72% %%

Maastrichtian (excl. St. Mary River Fm.) 0.81 0.22 2.88%**




Table S20. Results for the tests of homogeneity of multivariate dispersion (PERMDISP) exploring

differences in overall beta diversity between hypothesized bioprovinces for terrestrial and fluvio-

lacustrine vertebrates inhabiting the Upper Cretaceous and early Paleogene Laramidia (Table S12). F-

values and p-values were obtained from tests for differences in multivariate dispersion using 999

permutations of least-squares residuals. Significant values are given in bold font (***p < 0.001).

Time interval Sum of squares i F (p-value)
All vertebrates

Campanian 0.00 0.00 0.06 (0.79)

Maastrichtian 0.00 0.00 0.12 (0.86)

Danian 0.01 0.01 7.76 (0.07)
Dinosaurs

Campanian 0.00 0.00 0.04 (0.85)

Maastrichtian 0.00 0.00 0.02 (0.92)
Mammals

Campanian 0.12 0.12 17.64%**

Maastrichtian — — —

Danian 0.00 0.00 0.05 (0.83)

Note that the case for provinciality of terminal Cretaceous mammals is weak to non-existent across the Western

Interior Basin (Table S12).



Table S21. Results for the tests of homogeneity of multivariate dispersion (PERMDISP) exploring

differences in overall beta diversity between hypothesized bioprovinces for terrestrial and fluvio-

lacustrine vertebrates across different faunal stages from the Upper Cretaceous of North America (Table

S13). F-values and p-values were obtained from tests for differences in multivariate dispersion using 999

permutations of least-squares residuals. Significant values are given in bold font (**p < 0.01; **¥p <

0.001).
Time interval Sum of squares R’ F (p-value)
All vertebrates
Judithian 0.02 0.02 7.77 (0.04)
Judithian (incl. Mesaverde) 0.01 0.01 2.77 (0.13)
Lancian 0.00 0.00 0,04 (0.97)
Dinosaurs
Judithian 0.00 0.00 0.17 (0.68)
Judithian (incl. Mesaverde) 0.00 0.00 0.04 (0.89)
Lancian 0.00 0.00 0.01 (0.95)
Mammals
Judithian 0.14 0.14 23.30%**
Judithian (incl. Mesaverde) 0.11 0.11 14.51**
Lancian — g —

Note that the case for provinciality of terminal Cretaceous mammals is weak to non-existent across the Western

Interior Basin (Table S13).



Table S22. Results for the tests of homogeneity of multivariate dispersion (PERMDISP) exploring

differences in overall beta diversity between hypothesized bioprovinces for terrestrial and fluvio-

lacustrine vertebrates after accounting for the effect of formations spanning multiple stratigraphic

boundaries across the Upper Cretaceous of North America (Table S14). F-values and p-values were

obtained from tests for differences in multivariate dispersion using 999 permutations of least-squares

residuals.

Time interval Sum of squares R F (p-value)
Campanian (excl. Horseshoe Canyon Fm.) 0.00 0.00 0.71 (0.42)
Campanian (excl. Mesaverde Fm.) 0.00 0.00 0.06 (0.84)
Campanian (excl. St. Mary River Fm.) 0.00 0.00 0.11 (0.77)
Campanian (excl. Wapiti Fm.) 0.00 0.00 0.59 (0.46)
Maastrichtian (excl. Horseshoe Canyon Fm.) 0.01 0.01 1.25(0.32)
Maastrichtian (excl. St. Mary River Fm.) 0.00 0.00 0.05 (0.95)




Table S23. Results for the tests of homogeneity of multivariate dispersion (PERMDISP) exploring
differences in overall beta diversity between hypothesized bioprovinces for dinosaurian faunas after
accounting for the effect of formations spanning multiple stratigraphic boundaries across the Upper
Cretaceous of North America (Table S15). F-values and p-values were obtained from tests for differences

in multivariate dispersion using 999 permutations of least-squares residuals.

Time interval Sum of squares R’ F (p-value)
Campanian (excl. Horseshoe Canyon Fm.) 0.00 0.00 0.15 (0.80)
Campanian (excl. Mesaverde Fm.) 0.00 0.00 0.09 (0.75)
Campanian (excl. St. Mary River Fm.) 0.00 0.00 0.45 (0.51)
Campanian (excl. Wapiti Fm.) 0.00 0.00 0.22 (0.64)
Maastrichtian (excl. Horseshoe Canyon Fm.) 0.00 0.00 0.04 (0.92)

Maastrichtian (excl. St. Mary River Fm.) 0.00 0.00 0.17 (0.75)




Table S24. Results of indicator species analysis (a-level = 0.05, 999 permutations) identifying target taxa of hypothesized bioprovinces for

terrestrial and fluvio-lacustrine vertebrates inhabiting the Upper Cretaceous and early Paleogene ecosystems of Laramidia. For each taxon, we

include the indicator value index (IndVal > 0.5) and the statistical significance of the association (bolded if *p-value < 0.05 or **p-value < 0.01).

Discrete faunal provinces are defined in Table S12.

Time interval

Hypothesized faunal province no. 1

Hypothesized faunal province no. 2

All vertebrates

Campanian Leptoceratopsidae (0.71%), Teiidae (0.71%), Alphadontidae (0.93**), Hybodontiformes (0.85%),
Albertosaurinae (0.68), Gonorynchiformes (0.58),  Adocidae (0.79), Albuliformes (0.79), Scincomorpha
Microraptoria (0.58), Osteoglossomorpha (0.58) (0.79), Alethinophidia (0.76%*), Picopsidae (0.66),
Leptictida (0.56), Orectolobiformes (0.56),
Zhelestidae (0.56), Crocodylomorpha (0.54),
Helochelydridae (0.54)
Maastrichtian Titanosauria (0.62), Azhdarchidae (0.58) Ankylosauridae (0.85%), Ornithomimidae (0.79),
Scincomorpha (0.79), Choristodera (0.76),
Elopiformes (0.76%), Thescelosauridae (0.76%),
Troodontidae (0.76), Alphadontidae (0.67),
Aspidorhynchiformes (0.67), Nanhsiungchelyidae
(0.67), Pachycephalosauridae (0.67),
Acipenseriformes (0.56), Adocidae (0.56),
Albuliformes (0.56), Cimolesta (0.56),
Cimolomyidae (0.56), Compsemydidae (0.56),
Esociformes (0.56), Leptictida (0.56),
Leptoceratopsidae (0.56), Pediomyoidea (0.56),
Plastomenidae (0.56), Stagodontidae (0.56)
Danian Anguimorpha (1.00%*), Lepisosteiformes Cimolesta (0.85), Dermoptera (0.60),
(1.00**), Compsemydidae (0.89%), Trionychidae  Albanerpetontidae (0.50)
(0.89%), Adocidae (0.78), Baenidae (0.78),
Conoryctidae (0.78), Dermatemydidae (0.78),
Amphisbaenia (0.63), Pentacodontidae (0.63)
Dinosaurs
Campanian Lambeosaurinae (0.84%), Caenagnathidae (0.79), No indicator taxa with IndVal greater than 0.5

Leptoceratopsidae (0.61), Microraptoria (0.50)

Continues



Time interval

Hypothesized faunal province no. 1

Hypothesized faunal province no. 2

Maastrichtian Titanosauria (0.56) Ankylosauridae (0.94**), Thescelosauridae
(0.84%), Troodontidae (0.84%),
Pachycephalosauridae (0.74), Lambeosaurinae (0.58)

Mammals
Campanian Alphadontidae (1.00**), Leptictida (0.71), Didelphimorphia (0.82), Spalacotheriidae (0.58)
Zhelestidae (0.71), Picopsidae (0.61)
Maastrichtian — —
Danian No indicator taxa with IndVal greater than 0.5 Leptictida (0.89*), Macroscelidea (0.89%),

Pantodonta (0.89%), Phenacodontidae (0.89%),
Dermoptera (0.78), Eulipotyphla (0.78),
Palaeoryctidae (0.78), Pantolestidae (0.78),
Pentacodontidae (0.63)

Note that the case for provinciality of terminal Cretaceous mammals is weak to non-existent across the Western Interior Basin (Table S14).



Table S25. Results of indicator species analysis (a-level = 0.05, 999 permutations) identifying target taxa of hypothesized bioprovinces for

terrestrial and fluvio-lacustrine vertebrates across different faunal stages from the Upper Cretaceous of North America. For each taxon, we include

the indicator value index (IndVal > 0.5) and the statistical significance of the association (bolded if *p-value < 0.05 or **p-value < 0.01). Discrete

faunal provinces are defined in Table S13.

Time interval

Hypothesized faunal province no. 1

Hypothesized faunal province no. 2

All vertebrates

Judithian Leptoceratopsidae (0.87%), Teiidae (0.87%), Alphadontidae (0.90%), Hybodontiformes (0.78%),
Didelphimorphia (0.85), Gonorynchiformes (0.71),  Picopsidae (0.66), Alethinophidia (0.63)
Microraptoria (0.71), Osteoglossomorpha (0.71),
Xenosauridae (0.60)
Lancian Saurolophinae (0.67) Ankylosauridae (0.91%), Scincomorpha (0.84),
Alphadontidae (0.80), Multituberculata (0.80),
Pachycephalosauridae (0.80), Thescelosauridae
(0.80), Troodontidae (0.80), Elopiformes (0.78),
Adocidae (0.67), Choristodera (0.67), Cimolesta
(0.67), Cimolomyidae (0.67), Compsemydidae
(0.67), Leptictida (0.67), Nanhsiungchelyidae (0.67),
Plastomenidae (0.67), Richardoestesia (0.67)
Dinosaurs
Judithian Dromaeosaurinae (0.82), Leptoceratopsidae (0.71),  No indicator taxa with IndVal greater than 0.5
Microraptoria (0.58)
Lancian Saurolophinae (0.67) Ankylosauridae (0.91*), Pachycephalosauridae
(0.80), Thescelosauridae (0.80), Troodontidae (0.80)
Mammals
Judithian Alphadontidae (1.00**), Leptictida (0.82), Spalacotheriidae (0.58)
Picopsidae (0.71), Zhelestidae (0.71)
Lancian —

Note that the case for provinciality of Lancian mammals is weak to non-existent across the Western Interior Basin (Table S13).
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