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ABSTRACT

The Upper Cretaceous Western Interior
Basin of North America provides a unique
laboratory for constraining the effects of
spatial climate patterns on the macroevo-
lution and spatiotemporal distribution of
biological communities across geologic
timescales. Previous studies suggested that
Western Interior Basin terrestrial ecosys-
tems were divided into distinct southern
and northern communities, and that this
provincialism was maintained by a puta-
tive climate barrier at ~50°N paleolatitude;
however, this climate barrier hypothesis has
yet to be tested. We present mean annual
temperature (MAT) spatial interpolations
for the Western Interior Basin that confirm
the presence of a distinct terrestrial climate
barrier in the form of a MAT transition
zone between 48°N and 58°N paleolatitude
during the final 15 m.y. of the Cretaceous.
This transition zone was characterized by
steep latitudinal temperature gradients and
divided the Western Interior Basin into
warm southern and cool northern biomes.
Similarity analyses of new compilations
of fossil pollen and leaf records from the
Western Interior Basin suggest that the bio-
geographical distribution of primary pro-
ducers in the Western Interior Basin was
heavily influenced by the presence of this
temperature transition zone, which in turn
may have impacted the distribution of the
entire trophic system across western North
America.
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INTRODUCTION

A primary objective of evolutionary biology
is linking the macroevolution and spatiotempo-
ral distribution of organisms with abiotic factors
across geologic timescales (e.g., Mayr, 1982;
Wright, 1982, Jablonski, 2007). Indeed, stud-
ies on the evolution of life often invoke spatial
and temporal environmental patterns to explain
biogeographic trends such as expansion and con-
traction of biomes (e.g., Lieberman, 2005; Saupe
et al., 2014; Arbour et al., 2016), endemism
versus cosmopolitism (e.g., Lamoreux et al.,
2006; Jansson, 2003; Sidor et al., 2005), and the
extinction or radiation of major lineages (e.g.,
Pardo et al., 2019; Alroy, 2010; Anderson et al.,
2011). Most studies on the relationship between
climate and biotic evolution focus on global
constraints and drivers that can be tackled with
a coarse approach; however, trends observed at
the macroscale do not universally translate to
local patterns across short time intervals, which
may be heavily influenced by local events (Chi-
arenza et al., 2019; Barrett, 2014). Such data sets
are challenging to assemble due to the unavail-
ability of proportional data on environmental
parameters and inherent biases in the preserva-
tion of geographically widespread fossil assem-
blages within geologically short time intervals
(Chiarenza et al., 2019; Dean et al., 2020). The
vertebrate fossil record of the Upper Cretaceous
Western Interior Basin of North America is an
exception, as it represents one of the most spatio-
temporally contiguous records of Mesozoic ver-
tebrates globally (Gates et al., 2010), providing
an opportunity to study fine-scale interactions
between climate, tectonic, and biologic systems.

Much research has attempted to link the tec-
tonic and environmental evolution of the West-
ern Interior Basin with perceived paleobiogeo-
graphic patterns of terrestrial ecosystems. The
hypothesis that Campanian (83.6-72.1 Ma) and
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Maastrichtian (72.1-66 Ma) vertebrate assem-
blages of the Western Interior Basin (especially
dinosaurs) were endemic to distinct northern and
southern communities originated in the 1970s
(Sloan, 1970, 1976; Lehman, 1987; Wolfe and
Upchurch, 1987). Attempts to explain the poten-
tial presence of distinct biomes within the West-
ern Interior Basin have been the subject of inten-
sifying research since that time (e.g., Lehman,
2001; Sampson and Loewen, 2005; Lehman
et al., 2006; Gates et al., 2010, 2012; Sampson
etal., 2010; Loewen et al., 2013; Thomson et al.,
2013; Longrich, 2014; Leslie et al., 2018; San-
key, 2008; Nydam et al., 2013). These studies
suggest that the evolving physiogeography of the
Western Interior Basin, coupled with changing
climate during the Late Cretaceous, resulted in
periodic physical or ecological barriers to verte-
brate movement. Other studies (e.g., Vavrek and
Larsson, 2010; Wick and Lehman, 2013; Lucas
etal., 2016; Berry, 2018) dispute a hypothesis of
Western Interior Basin biomes altogether, typi-
cally over concerns regarding sampling biases
and/or cladotaxonomic issues (e.g., William-
son, 2000; Longrich., 2014; Lucas et al., 2016;
Berry, 2018), asynchronous temporal com-
parisons (Lucas et al., 2006; Lucas et al., 2016;
Fowler, 2017), or lack of perceived evidence for
a geologic or climatic barrier (e.g., Wolfe and
Upchurch, 1987; Amiot et al., 2004; Longrich,
2014; Upchurch et al., 2015, Lucas et al., 2016;
Berry, 2018).

Multiple studies have presented compel-
ling evidence that the movement of vertebrates
between northern and southern regions of the
Western Interior Basin was not impeded by true
physical barriers (e.g., Gates et al., 2012; but see
Fowler and Freedman Fowler, 2020, for a con-
trasting view). However, the hypothesis that the
Western Interior Basin was divided into distinct
climatic zones divided by an ecological bound-
ary zone centered roughly at the paleolatitude of

https://doi.org/10.1130/B35904.1; 6 figures; 1 table; 1 supplemental file.



the Wyoming-Colorado border as suggested by
Lehman (1987, 1997), Sampson et al. (2010), and
Gates et al. (2010, 2012) has not been rigorously
tested, despite abundant quantitative paleoclimate
and paleoenvironmental reconstructions from the
region. Here we create spatially interpolated maps
of mean annual temperature (MAT) from new
compilations of quantitative temperature recon-
structions for three time slices (Figs. 1A-1C):
77.4-74.2 Ma (3.2 m.y., middle to late Campan-
ian), 71-69 Ma (2 m.y., early to late Maastrich-
tian), and 69—66 Ma (3 m.y., late Maastrichtian)
to test the hypothesis that a climate barrier existed
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within the Western Interior Basin. On the basis of
our reconstructions, we identify the existence and
evolving location of a MAT transition zone and
explore the geographic factors that contributed to
its formation. We employ a Monte Carlo approach
to constrain the uncertainty associated with the
interpolated MAT maps and to test the statisti-
cal significance of the identified MAT transition
zones. Finally, we compare these MAT maps to
interpolated ecoregion maps and assemblage sim-
ilarity values created from newly compiled data
sets of Western Interior Basin pollen and leaf fos-
sil records (Figs. 1A—1C) to investigate the effect

of spatial climate patterns on primary producer
distribution within the Western Interior Basin dur-
ing the terminal Cretaceous.

North American Cretaceous Western
Interior Basin Geography and Climate

Paleogeography of the Western Interior Basin

The terrestrial climate and environment of
the Western Interior Basin were modulated
by the Western Interior Seaway and the North
American cordillera (Fig. 1), which bounded
the regions to the east and west, respectively.
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Figure 1. Locality map showing the temperature (red symbols), fossil pollen (yellow circles), and fossil leaf (green circles) sites used in this
study. (A) Modern study areas. (B) Paleogeographic map of the WIB during the late Campanian (red bounding box in A). (C) WIB during
the early Maastrichtian (blue bounding box in A). (D) WIB during the early Maastrichtian (green bounding box in A). The positions of
relevant dinosaur fossil localities are marked by black circles. Paleogeography modified from Scotese and Wright (2018) and Blakey (2014).
CLAMP—Climate Leaf Analysis Multivariate Program; LMA—Leaf Margin Analysis.
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Cretaceous climate-induced ecological regionalization

Both the Western Interior Seaway and the cor-
dillera were expressions of global and regional
tectonic processes that shaped western North
America from the Jurassic to early Cenozoic
(Kauffman and Caldwell, 1993). Major Sevier-
related thrusting began during the Albian and
continued into the early Paleogene, eventually
producing high, Andean-style topography along
the cordillera (Hildebrand, 2013). Beginning in
the early Campanian and continuing into the
mid-Cenozoic, the Laramide orogeny produced
numerous uplift-bounded intermontane basins
that segmented the central United States por-
tion of the Western Interior Basin (Hildebrand,
2013). Gates et al. (2012) suggested that major
Laramide tectonism during the Campanian and
Maastrichtian was one of the primary drivers of
dinosaur diversification during this time.

The Western Interior Seaway was an epeiric
sea that first flooded the Western Interior fore-
land basin in the Early Cretaceous, reached
its maximum extent during the Turonian (ca.
94 Ma), and then entered a staggered regression
that lasted into the Paleogene (Kauffman and
Caldwell, 1993). During the Campanian and the
early Maastrichtian, the seaway connected cool
Arctic and warm tropical water masses. During
the late Maastrichtian, it was separated into iso-
lated northern and southern arms that prevented
mixing of the Arctic and tropical waters (Kauft-
man and Caldwell, 1993).

Circulation in the Western Interior Seaway
drove the mixing of cold Arctic and warm
tropical waters across an extensive latitudinal
boundary zone in the central part of the seaway.
Modeling suggests that during periods when the
northern and southern portions of the seaway
were connected, Arctic and tropical waters were
transported south and north via a counterclock-
wise gyre (Steel et al., 2012). Floegel et al. (2005)
divided the central seaway into two zones defined
in part by the primary source of ocean water
(Arctic or tropical). They recognized a northern
(>51° N paleolatitude) zone characterized by
relatively low-salinity, brackish Arctic seawater
(MAT: 7-10 °C) and a central (<51° N paleolati-
tude) zone characterized by high-salinity tropical
seawater (MAT: 18-28 °C). Other studies (e.g.,
Coulson et al., 2011) have also reported evidence
of a similar oceanic front between cold Arctic
and warm tropical waters in both the Turonian
and Campanian, although the exact latitudinal
location of the boundary varied in each study.

Paleoclimate and Paleoenvironmental
Conditions of the Western Interior Basin

The Late Cretaceous was a greenhouse period
characterized by elevated surface temperatures
and reduced latitudinal temperature gradients
relative to the modern. Globally averaged MATs

were 6—14 °C warmer than the modern MAT's
(Niezgodzki et al., 2017). Terrestrial and marine
mean latitudinal temperature gradients ranged
from 0.3 °C to 0.4 °C °latitude™!, compared to
modern values of 0.6-1 °C °latitude™! (Zhang
et al., 2019).

Late Cretaceous Western Interior Basin fossil
pollen and leaf assemblages have been reported
since the late nineteenth century. Fossil pollen
assemblages show that most of North America,
including the Western Interior Basin, was part of
the Aquilapollenites zone, which also included
much of eastern Asia (Vajda and Bercovici,
2014). Campanian and Maastrichtian Western
Interior Basin climax floras south of ~46-50°N
were characterized by tropical to subtropical,
sub-humid, open-canopy, broad-leaf evergreen
woodlands (Wolfe and Upchurch, 1987). North
of 48°N, the vegetation was characterized by
a mosaic of temperate sub-humid, broad-leaf
evergreen woodlands and forests (Wolfe and
Upchurch, 1987).

Despite these general constraints on Late
Cretaceous climate and environmental condi-
tions, it is challenging to relate climate to verte-
brate paleobiogeography in the Western Interior
Basin since most previous quantitative climate
and environmental reconstructions are either
too broad (e.g., global) or too narrow (e.g., a
single site) in focus. The compiled temperature
and vegetation data sets and interpolated maps
presented in this study provide new constraints
on the climate and environment of the Campa-
nian and Maastrichtian Western Interior Basin
and shed light on the impact of climate spatial
patterns on primary producer distribution across
the Western Interior Basin.

MATERIALS AND METHODS

Quantitative MAT reconstructions for the
Western Interior Basin were collected from
the primary literature (Data sets S1 and S21).
Isotope-based temperatures (6'%0 and clumped
isotopes) that were identified by the original
authors as diagenetically altered were excluded.
Temperature reconstructions without uncer-
tainty estimates (e.g., Van Boskirk, 1998) were
assigned conservative estimates based on more
recent studies (e.g., leaf margin analysis uncer-
tainties calculated by Peppe et al., 2011). Tem-
perature estimates from the same site were aver-
aged together, resulting in a mean MAT estimate
for each unique site in the Campanian and two

ISupplemental Material. Additional methods
descriptions, figures, tables, and paleotemperature
and paleobotany databases. Please visit https:/
doi.org/10.1130/GSAB.S.13486902 to access the
supplemental material, and contact editing@
geosociety.org with any questions.
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Maastrichtian analysis windows. Three analysis
windows were chosen with the goal of minimiz-
ing the amount of time averaging imposed on
our interpolations, while still retaining at least
10 unique localities for the spatial interpolation
calculations (Table S1; see footnote 1). Because
two of these analysis windows (Campanian
and late Maastrichtian) still covered more than
2 m.y., we used the global Cretaceous tempera-
ture curves of Friedrich et al. (2012) and O’Brien
et al. (2017) to adjust the temperature data to
account for secular changes to global MAT.

We created spatially interpolated maps of
MAT for each analysis window using the inverse
distance weighting (IDW) method (Shepard,
1968) implemented in the custom MATLAB
function gIDW (Langella, 2020), which esti-
mates a value (e.g., MAT) at an unsampled loca-
tion based on the distance-weighted average of
values at surrounding, sampled points. A spatial
resolution of 1° x 1° was chosen for the inter-
polation following the methods of Hengl (2006).
To assess the predictive error of our interpola-
tions, we adopted a jackknifing cross-validation
technique to calculate the root mean square
error (RMSE) associated with the interpolated
temperature maps (Fig. S1; see footnote 1). To
account for the uncertainties associated with the
compiled temperature reconstructions (mean
uncertainty = +3 °C, range = £1 to + 13 °C),
we employed a Monte Carlo approach to ran-
domly sample temperatures from a normally
distributed population of MAT estimates calcu-
lated for each site. Following this method, 1000
unique spatial interpolations were calculated for
each analysis window to compute the full range
of possible temperatures and estimate the uncer-
tainty associated with the interpolations (Fig. S2;
see footnote 1). The MAT transition zones were
defined as any longitudinally contiguous areas
within each analysis window where the latitu-
dinal temperature gradients were significantly
steeper than the mean Late Cretaceous gradients
for >70% of the 1000 interpolations. Latitudi-
nal temperature gradients inside and outside the
transition zones were calculated using a multi-
variate linear regression model. For a complete
description of how these transition zones were
identified and the regression model details, see
the Supplementary Materials (see footnote 1).

Ecoregions simplified for paleo-applications
were defined based on available information for
sample localities (cf. U.S. Department of Agri-
culture Levels I and II). For undefined assem-
blages, both pollen and leaf, an ecoregion was
identified by attributing fossil taxa to a mod-
ern nearest living relative (unattributed or dis-
puted groups assigned conservatively at higher
taxonomic levels) and then linking modern
distributions (Global Biodiversity Information
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Facility, https://www.gbif.org, accessed Decem-
ber 2020) to existing low-resolution ecoregion
maps (Omernik and Griffith, 2014). For the fos-
sil pollen and leaf similarity analyses, a database
of pollen and leaf identifications per formation
was transformed into a presence-absence matrix
that included both genus-level and species-level
binary scorings using the R package velociraptr
version 1.1.0 (Zaftos, 2019). Pairwise compari-
sons of biodiversity using the Dice Similarity
Index were performed in the R package fossil
version 0.4.0 (Vavrek, 2011).

To identify latitudes of maximum difference
between the putative southern and northern
Western Interior Basin regions, standardized
pollen and leaf fossil similarity variances were
calculated for each integer of latitude from 40°N
to 60°N paleolatitude. To test the hypothesis that
a climatic barrier caused two distinct biomes of
vegetation, we filtered the similarity results data
set into three subsets: 72—-80 Ma, 69-78 Ma,
and 66—75 Ma. For each of the 20 test latitudes
we categorized formations whose paleolatitude
fell north or south of the hypothesized bound-
ary into respective North or South bins. Each
pairwise similarity calculation was labeled as a
North-North, North-South, or South-South com-
parison. Consecutive tests of within and between
biome variance were run to identify the latitude
that maximizes the difference between in-group
variance (i.e., the absolute value of the difference
between the northern and southern similarity vari-
ance, N-N or S-S) and between-group variance
(N-S). Additionally, we defined the boundaries of
a vegetation transition zone as the latitudes where
the difference between the between-group vari-
ance and in-group variance is minimized. More
detailed descriptions of methods and results for
all calculations and R code can be found in the
Supplementary Materials (see footnote 1).

All spatial interpolation and assemblage simi-
larity calculations were performed with paleolat-
itudes and paleolongitudes calculated using the
GPlates software package (https://www.gplates.
org/, accessed December 2020; Miiller et al.,
2018). For consistency, paleocoordinates for all
Campanian data were calculated for 75 Ma, and
the early and late Maastrichtian paleocoordi-
nates were calculated for 70 Ma. The 75 Ma and
70 Ma paleogeographies of Scotese and Wright
(2018) were used for all of the Campanian and
early/late Maastrichtian figures, respectively.

RESULTS

Mean Annual Temperature Spatial
Interpolations

The new Campanian and Maastrichtian MAT
spatial interpolations presented in this study

Burgener et al.

reveal large departures from global latitudinal
temperature trends within the Western Interior
Basin. A total of 73 Campanian MAT recon-
structions from 11 unique sites, 50 early Maas-
trichtian reconstructions from 13 unique sites,
and 51 late Maastrichtian MAT reconstructions
from 18 unique sites were compiled from 30
individual studies (Data sets S1 and S2). Mean
MATs are 18 °C, 16 °C, and 17 °C for the Cam-
panian, early, and late Maastrichtian analysis
windows, respectively.

The results of the IDW spatial interpolations
for the three analysis windows are shown in
Figure 2 and Table 1. The interpolated tempera-
tures are higher in the Campanian and late Maas-
trichtian than in the early Maastrichtian, which is
consistent with global marine temperature trends
(Friedrich et al., 2012; O’Brien et al., 2017). The
MAT maps are characterized by: (1) a south-
ern zone (~35°N to ~50°N paleolatitude) of
relatively high MATs (20-22 °C) and a shal-
low mean latitudinal temperature gradient, (2) a
“temperature transition zone” (~48°N to ~58°N
paleolatitude) of intermediate temperatures and
a steep mean latitudinal temperature gradient rel-
ative to global Late Cretaceous gradients, and (3)
anorthern zone (>~58°N paleolatitude) of rela-
tively cold mean MATs (11-14 °C) and a return
to shallow latitudinal temperature gradients.

We define the MAT transition zone in each
analysis window as the longitudinally contigu-
ous area where >70% of 1000 unique interpo-
lated MAP iterations yield a local N-S tempera-
ture slope that is steeper than the mean global
Late Cretaceous latitudinal temperature gradi-
ent (Fig. 3). In the Campanian, the latitudinal
extent of the transition zone ranged from 3° to
6° latitude, and the zone is characterized by a
clear SE-NW trend. In the early Maastrichtian,
the extent of the transition zone was 2° to 11°
latitude, and the zone displays a shallow NE—
SW trend. In the late Maastrichtian, the extent of
the transition was 1° to 7° latitude, and the zone
displays a roughly E-W trend.

Mean latitudinal temperature gradients inside
and outside of the transition zones were cal-
culated for the interpolated temperatures from
each analysis (Table 1). The mean MAT slope
outside the transition zone is —0.4 °C °latitude™!
for the Campanian and early Maastrichtian, and
—0.5 °C °latitude™! for the late Maastrichtian,
consistent with estimates of the global Creta-
ceous latitudinal temperature gradient (Zhang
et al., 2019). In contrast, the mean MAT slope
inside the transition zone is —1.5 °C °latitude™!
for the Campanian, —1.3 °C °latitude™' for the
early Maastrichtian, and —1.6 °C °latitude™!
for the late Maastrichtian. To test whether the
MAT slopes inside the transition zones were sig-
nificantly different from the MAT slopes outside
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the transition zones, we calculated paired t-tests
from more than 12,000 MAT slopes calculated
inside and outside the transition zones for each
analysis window (Fig. 4). For all three analysis
windows, the MAT slopes inside the transition
zone are significantly different from the slopes
outside the transition zone (Table 1).

Fossil Pollen and Leaf Similarity Index
Results

The pollen and leaf flora Dice similarity index
values are generally low (<0.3) over both short
and long geographic distances (Fig. SA); how-
ever, a few of the spatially and temporally clos-
est pollen pairwise comparisons yield similarity
values of up to 0.8. The Campanian and early
Maastrichtian leaf flora similarity values exhibit a
relatively steady decline with increasing distance.
In general, the early Campanian and early Maas-
trichtian leaf floras yield lower similarity values
(<0.2) than the mid-Campanian leaf floras (0.15—
0.3). The late Maastrichtian samples form two
groups of close proximity that are nevertheless
distinctly different in similarity. The first group
yields low similarity values (~0.025), while the
second group, despite being more temporally dis-
tant, yields a higher similarity value (0.2).

The results of our floral climatic boundary
test reveal considerable latitudinal variation
in pollen flora similarity variance across the
three vegetation study areas. In the Campanian,
the standardized variance difference is lowest
between ~49°N and 53°N paleolatitude, with a
minimum at 50° N paleolatitude (Fig. 5B). The
negative excursions in the early and late Maas-
trichtian standardized variance difference are
narrower, and the minima are more positive than
in the Campanian (~0.4-0.5 versus ~0.2). The
fossil leaf data did not provide enough resolu-
tion for an equivalent analysis because of small
sample sizes.

Vegetation Ecoregion Results

Fossil pollen and leaf genera were assigned to
eight different “ecoregions” following the crite-
ria outlined in the Materials and Methods sec-
tion and the Supplementary Materials (Data sets
S3 and S4; see footnote 1). In all three analysis
windows, genera characteristic of the temper-
ate lowland forest and coastal plain ecoregions
dominate the raw pollen specimens, whereas the
temperate lowland forest and tropical lowland
forest ecoregions dominate the raw leaf speci-
mens (Fig. S3; see footnote 1).

The interpolated pollen and leaf data sets
yielded divergent results. The pollen ecoregion
data are relatively homogeneous, with temperate
lowland forest and coastal plain genera


https://www.gbif.org
https://www.gplates.org/
https://www.gplates.org/

Cretaceous climate-induced ecological regionalization

A . 74.2to 77.4 Ma

-85 °E

Mean Annual Temperature (°C)

B R 69 to 71 Ma

10 15

20

25 Seaway

C . 66t069Ma

Land

Shallow Marine/ —— Political Boundaries

(O Data Location

Figure 2. Inverse distance weighted spatial interpolation results are shown for (A) the Campanian, (B) early Maastrichtian, and (C) Late

Maastrichtian analysis windows.

representing the majority of the identified pollen
forms (Fig. S4A—C; see footnote 1). In contrast,
the interpolated leaf ecoregion data are more
spatially heterogeneous, with the temperate
lowland forest ecoregion being the most
abundant ecoregion north of ~55° paleolatitude
and the tropical lowland forest ecoregion being
more dominant to the south (Fig. S4D-F).

DISCUSSION
A Mean Annual Temperature Transition
Zone in the Late Cretaceous Western

Interior Basin

The interpolated maps of Late Cretaceous
temperature provide clear evidence of a distinct

MAT transition zone with anomalously steep
latitudinal temperature gradients. This transition
zone divided the central Western Interior Basin
into a warmer southern biome that experienced
MATs >20 °C and a cooler northern biome
with MATs <15 °C (Fig. 2), which is consistent
with hypotheses put forward by earlier studies
regarding the existence of a climate barrier in
the central Western Interior Basin (e.g., Gates
et al., 2012).

We hypothesize that these MAT transition
zones were produced and maintained by the cir-
culation and spatial climate patterns of the West-
ern Interior Seaway (Fig. 6). During the Campa-
nian, when the northern and southern arms of the
seaway were connected, the boundary between 7
°C and 10 °C Arctic waters and 18-28 °C tropi-
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cal waters in the central seaway formed a zone
of rapidly decreasing sea surface temperatures
(SST) from south to north (Hay et al., 1993). We
suggest that it was this SST configuration that
generated the terrestrial MAT transition zones
across the Western Interior Basin alluvial and
coastal plains. During the early Campanian, the
boundary between these polar and subtropical
water masses was located between ~40°N and
51°N paleolatitude (Zhang et al., 2019; Vajda
and Bercovici, 2014). In contrast, the mean
paleolatitude of the terrestrial late Campanian
MAT transition zone identified in this study is
54°N paleolatitude. This may suggest that by
the late Campanian, the ocean frontal system in
the Western Interior Seaway had migrated north-
ward. The severing of the connection between
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TABLE 1. LINEAR REGRESSION MODEL RESULTS DERIVED USING A RANGE OF PLAUSIBLE LATITUDINAL TEMPERATURE THRESHOLDS

Analysis window MAT RMSE Monte Carlo Lat.temp. Mean Mean Results on the null hypothesis that mean SA slope minus mean BZ slope = 0
° o) o : 4 ok
'(Al\%z) 0 € std. dev. CC)t tgzgf‘;g sls:e s-ll-f o Difference Null hypothesis p-value t-statistic
Mean  Max (g ojainys P Pe Mean 99% CIMin 99% CIMax  supported at the
1% significance
level?
Campanian
78-74 18.9 23 -0.3 -0.384 -1493 1.110 1.088 1.131 No 0 133.1
-0.4 -0.384 -1543 1159 1.136 1.181 No 0 132.5
-0.5 -0.384 -1.587 1203 1.179 1.226 No 0 131.6
78-74 (Adj.) 19.9 2.3 2.4 5.5 -0.4 -0.420 -1.637 1216 1.193 1.239 No 0 136.3
78-74 (Cullen)ft 19.0 2.3 2.4 5.9 -0.3 -0.346 -1.405 1.059 1.037 1.081 No 0 124.3
-0.4 -0.348 -1457 1109 1.086 1.132 No 0 124.0
-0.5 -0.349 -1505 1.156 1.132 1.180 No 0 123.2
Early Maastrichtian
71-69 173 3.0 2.0 4.9 -0.3 -0.398 -1.269 0.871 0.855 0.887 No 0 1411
-0.4 -0.400 -1.331 0.931 0.913 0.948 No 0 1378
-0.5 -0.402 -1.377 0.975 0.957 0.994 No 0 135.1
71-69 (Adj.) 174 3.0 1.9 5.0 -0.4 —0.415 -1.396 0.981 0.963 0.999 No 0 1374
Late Maastrichtian
69-66 18.0 3.2 2.3 5.2 -0.3 -0.448 -1598 1.150 1.132 1.168 No 0 160.9
-0.4 -0.450 -1.651 1.201 1.182 1.220 No 0 160.2
-0.5 -0.452 -1.696 1244 1.223 1.264 No 0 158.9
69-66 (Adj.) 18.8 3.2 2.3 5.5 -0.4 -0.446 -1.644 1198 1.179 1.218 No 0 160.7

Note: BZ—boundary zone.

*Analytical error calculated using a jackknife resampling approach.
tMean and maximum standard deviations calculated from 1000 individual standard deviations generated by the Monte Carlo simulation.
SMean annual temperature (MAT) slopes more negative than the specified threshold value were flagged as potentially being in the transition zone.

#*SA—full study area.
**TZ—boundary zone.

ttCampanian data with additional data from Cullen et al. (2020).

the northern and southern arms of the seaway by
the late Maastrichtian altered its geometry, but
the two marine arms still would have permitted
Arctic and tropical waters to penetrate into the
center of the continent, maintaining the terres-
trial MAT transition zones.

The presence of a mid-latitude Western Inte-
rior Basin MAT transition zone is consistent
with Zhang et al. (2019), who reported similar
transition zones in global latitudinal temperature
gradients for the Late Cretaceous and Cenozoic.
In the marine realm, the position of these tem-
perature gradient “inflection points” is deter-
mined by the location of the ocean subtropical
and polar fronts, which is in turn determined by
the location of the maxima of the westerly winds
(Zhang et al., 2019). Modeling of mean annual
wind patterns over the Western Interior Seaway
suggests that seasonally strong westerlies were
responsible for maintaining the ocean frontal
system at ~51°N paleolatitude in the Western
Interior Seaway (Hay et al., 1993).

Three potential issues with our analysis and
interpretation of the Late Cretaceous Western
Interior Basin temperature reconstructions are:
(1) time-averaging of data from anachronous for-
mations, (2) temperature biases in certain paleo-
temperature proxies, and (3) the limited number
of unique sites for which Late Cretaceous MAT
reconstructions are available. To test whether the
use of diachronous samples may have produced
spurious results in our spatial interpolations, we
adjusted the raw MAT estimates to take into
account global temperature changes over the
Campanian and Maastrichtian, using the global

marine temperature curves of Friedrich et al.
(2012) and O’Brien et al. (2017) (see Materials
and Methods section for full description). For all
three analysis windows, using the adjusted MAT
estimates still produces distinct, statistically sig-
nificant MAT transition zones (Table 1), provid-
ing support for our interpretations. Additionally,
we note that in both the Campanian and early
Maastrichtian analysis windows, the oldest sam-
ples are located above 55°N paleolatitude. Lon-
ger-term global cooling occurred over the Cam-
panian and early Maastrichtian, which suggests
that the older northern samples and younger
southern samples in the two data sets are actu-
ally warm- and cold-biased, respectively. If this
is the case, our spatial reconstructions should be
a conservative estimate of the total temperature
across the MAT transition zones.

With regard to temperature biases in some
paleotemperature proxies, recent work (Cullen
etal., 2020) suggested that the single-taxon §'80-
temperature proxies employed by Amiot et al.
(2004) suffer from a cold bias and that tempera-
tures in the northern part of our Campanian study
area were significantly warmer than previously
estimated. However, we suggest that a cold-bias
is not likely to have affected our Campanian
interpolated MAT results because distinct MAT
transition zones are also observed in the early
and late Maastrichtian, and the MAT reconstruc-
tions from the northern zones of those analysis
windows are based on the Climate Leaf Analysis
Multivariate Program (CLAMP) and carbonate-
clumped isotope paleothermometers rather than
the single-taxon §'80 temperature proxy in ques-
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tion. Additionally, we note that (1) the incorpo-
ration of the warmer Cullen et al. (2020) MAT
estimate into our Campanian data set does not
significantly alter the resulting interpolated MAT
map or our interpretations (Table 1) and (2) after
taking into account the uncertainties associated
with Amiot et al. (2004) and Cullen et al. (2020)
temperature reconstructions, the two estimates
are statistically indistinguishable, and the Cullen
etal. (2020) reconstructions fall within the range
of our interpolated MAT estimates. Finally,
while a complete analysis of paleotemperature
proxy biases is beyond the scope of this study,
we recognize that additional work is needed to
resolve the (sometimes major) discrepancies
between different paleotemperature proxies.

To test whether the observed MAT transition
zones are actually the result of the limited size
of our data sets, we performed four additional
Monte Carlo simulations for each analysis win-
dow. In each simulation, 5, 10, 15, or 20 new
MAT data points were added to our existing
Campanian, early Maastrichtian, and late Maas-
trichtian data sets at random locations across
the study area. The temperatures were ran-
domly selected from a distribution with mini-
mum and maximum temperatures of 6 °C and
20 °C, respectively. These temperature limits
were chosen as plausible estimates of the range
in Late Cretaceous MAT values. The resulting
temperatures were then increased or decreased
by —0.4 °C °latitude™! to maintain a reasonable
Late Cretaceous latitudinal temperature gradi-
ent. This process was then repeated 250 times
for each simulation. The results of this analysis
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Figure 3. Mean annual temperature (MAT) transition zone location is shown for the (A) Campanian, (B) early Maastrichtian, and (C) Late
Maastrichtian analysis windows. In each panel, the red line bounds the areas where individual cells were identified as being inside the MAT
transition zone in at least 70 % of the 1000 Monte Carlo simulations.

show that even when the number of MAT recon-
structions in each data set is more than doubled,
spatial interpolation still produces strong MAT
transition zones with mean latitudinal tem-
perature gradients that are statistically distinct
from the full study area gradients (Table S2; see
footnote 1).

Evidence for Floral Ecological Partitioning
in the Late Cretaceous Western Interior
Basin

The low, but greater than zero, Dice Similar-
ity Index values (~0.2) from our long-distance
pairwise pollen flora comparisons suggest that
a small, common subset of primary produc-

ers existed across the Western Interior Basin.
Additionally, the equally low similarity values
for most of the short-distance pollen flora com-
parisons are consistent with locally unique plant
communities. Together, these two observations
suggest that during the Late Cretaceous, local
floras exhibited higher alpha diversity and lower
beta diversity.

The standardized similarity variance results,
based on pairwise similarity as a metric for
floral regional isolation, demonstrate a region-
alization of plant distributions, which we attri-
bute to the presence of the MAT transition zone
in the central Western Interior Basin. Not only
are the basic biodiversity similarity values low
for our plant data sets, the similarity variance
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minimum between hypothesized northern and
southern regions overlaps with the MAT transi-
tion zones (~49-53°N versus 48-58°N paleo-
latitude, respectively), which is consistent with
the hypothesis that during the Late Cretaceous,
MAT impacted the spatial distribution patterns
of primary producers.

The plant similarity variance results give insight
into the differing impacts the climatic boundary
had during the three time windows. During the
Campanian, the negative excursion in the stan-
dardized similarity variance data is both deeper
and latitudinally wider as compared to during the
early and late Maastrichtian (Fig. 5B). This pro-
nounced minimum during the Campanian coin-
cides with the highest Earth-surface temperatures
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Figure 4. Histograms of mean annual temperature (MAT) slopes (latitudinal temperature gradients) inside (red) and outside (blue) the
MAT transition zones are shown for (A) the Campanian, (B) early Maastrichtian, and (C) Late Maastrichtian analysis windows. Solid red
and blue lines are the mean MAT slopes. Dashed red and blue lines are the median MAT slopes. Dark gray and light gray shaded areas are
the mean modern and Late Cretaceous global latitudinal temperature gradients, respectively.

and the maximum extent of the Western Interior
Seaway observed in our data sets, suggesting
that the combination of high temperatures and
reduced land area drove increased primary pro-
ducer regionalism. In contrast, the shallower, nar-
rower negative standardized similarity variance
excursions in the early and late Maastrichtian
appear to be due to different mechanisms. During
the early Maastrichtian, the lower MAT' reduced
environmental restrictions on plants expanding
southward. In the late Maastrichtian, the retreat
of the Western Interior Seaway opened newly
habitable land for colonization, potentially coun-
teracting the effect of higher MAT's (Weishampel
and Horner, 1987; Chiarenza et al., 2019). Alter-
natively, the smaller negative similarity variance
excursions in the Maastrichtian may be due in part
to a sampling bias, as our data set contains few
records from the southern portion of the Western
Interior Basin for these time periods.

Raw and interpolated fossil pollen and leaf
data suggest that during the Campanian and
Maastrichtian there were distinct environmental
(e.g., changes in ecoregion abundance) and com-
positional (e.g., changes in the dominant plant
families and genera within a given ecoregion)
differences between the southern and northern
biomes. In all three analysis windows, the south-
ern biome is characterized by a patchwork of
tropical and temperate lowland forest leaf floras

that likely dominated bank and flood plain depo-
sitional environments. However, in the northern
biome, the abundance of the tropical lowland
forest leaf forms decreases by 14-36%, and the
abundance of temperate lowland forest forms
increases by 6-20% (Fig. S4D-F). The estua-
rine or aquatic and wet or successional ecore-
gions also show large south/north changes in
abundance (7% and 10% higher abundance in
the northern biome, respectively).

Ecoregion compositional changes are evident
in both the fossil pollen and leaf records. Of the
10 most abundant temperate lowland forest leaf
genera identified in the Campanian southern
biome, only two are also found in the 10 most
abundant temperate lowland forest genera in the
northern biome. This situation holds true for the
early Maastrichtian and late Maastrichtian fos-
sil leaf data as well (Data sets SSA and S5B;
see footnote 1). With respect to pollen, of the 10
most abundant early Maastrichtian swampy or
lagoonal genera in the south, only two genera
are also found in the 10 most abundant genera
in the north. Together, the similarity variance
and ecoregion abundance/compositional dif-
ferences between the southern and northern
Western Interior Basin provinces suggest that
the two regions were environmentally distinct
from at least the middle Campanian through the
late Maastrichtian and that the spatial patterns
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in primary producer distributions were aligned
with the regional spatial MAT patterns (Fig. 6).
We note two potential challenges to our inter-
pretation of the fossil pollen and leaf similarity
results and ecoregion reconstructions. First, due
to the fact that the mean transport distance of
pollen is much greater than that of shed leaves,
we suggest that our fossil leaf results are repre-
sentative of local environmental conditions, and
the fossil pollen results are generally represen-
tative of regional conditions. Second, to have
sample populations large enough for analysis,
our vegetation analysis windows incorporate
much larger time spans than our MAT analysis
windows. However, combining data across the
wide time windows should dampen smaller sig-
nals in the data. Therefore, the observation that
aregional change in vegetation exists across the
temporal range of our analysis windows likely
underestimates its true magnitude, which sug-
gests that the actual difference in vegetation
across the floral boundary may have been even
more pronounced than is indicated in Figure 6.

Impact of Climate and Environmental
Transition Zones on the Ecological
Regionalization of Vertebrates

Our analyses suggest that the sharp Late
Cretaceous MAT transitional zone drove the
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regionalization of distinct southern and north-
ern biomes of primary producers and that these
biomes varied in the abundance and composition
of floral assemblages. Such differences would be
expected to translate across trophic networks,
exerting some control on the distribution and
evolution of vertebrate clades—particularly
herbivores—throughout the Western Interior
Basin during the terminal Cretaceous (Owen-
Smith, 1992). However, any potential cascading
effects of primary producer regionalization on
ecological networks within the Western Inte-
rior Basin during the Late Cretaceous are cur-
rently unknown.

The most taxonomically comprehensive
attempt at parsing out vertebrate distribution
patterns across the Western Interior Basin in
the Late Cretaceous was conducted by Gates
et al. (2010), who analyzed the distribution of
fish, squamates, lissamphibians, dinosaurs, and
mammals across the Western Interior Basin dur-
ing the Campanian. Using vertebrate presence/
absence and relative abundance data they dem-
onstrated that northern and southern communi-

ties were highly divergent in terms of species
composition, but they could not discriminate the
nature of the “boundary” and found the scenarios
of northern and southern biomes with an inter-
mediate zone of faunal mixing and a continuous
latitudinal faunal gradient to be equally likely.
Gates et al. (2010) also noted that patterns of dis-
tribution varied by taxonomic group, implying
clade-specific relationships between MAT and
Western Interior Basin vertebrates. For example,
the observed regionalization of some fish taxa
was speculated to be related to their high reli-
ance on surface water temperature (Gates et al.,
2010). Regionalization was also noted for some
amphibians, turtles, and squamates. In contrast,
mammals and dinosaur species were found to
be largely restricted to individual formations and
therefore failed to support any scenario when
considered historically.

Several papers have suggested that the lack
of taxonomically informative skeletal material of
dinosaurs from across a large latitudinal swath
of Upper Cretaceous formations in the Western
Interior Basin at <300 k.y. intervals falsifies a
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hypothesis of latitudinally restricted biomes in
the Western Interior Basin (Fowler, 2006; Sul-
livan and Lucas, 2006; Fowler, 2017; Chiarenza
et al., 2019). However, given that nearly all
dinosaur species distributions are restricted to a
single Western Interior Basin formation, the lack
of contemporaneous species data cannot falsify
a hypothesis of multiple restricted biozones, just
as it cannot falsify an alternative hypothesis of
continent-scale uniform ranges in Late Creta-
ceous dinosaurs. The question of regionaliza-
tion is perhaps more confidently approached
through a phylogenetic lens, which circumvents
issues of diachroneity in species data and sub-
jectivity in taxonomic assignment. Most recent
studies arguing for regionalization suggest that it
manifests via evolutionary centers (albeit some-
times “leaky” centers) and is traceable through
temporally calibrated phylogenies coupled with
biogeographic data (Sampson et al., 2010, 2013;
Loewen et al., 2013; Lund et al., 2016; Ryan
etal., 2017; Fowler and Freedman Fowler, 2020).

The presence of ecoregions associated with
changes in primary producer composition and
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Figure 6. Schematic map of
the Campanian Western In-
terior Basin illustrates the
climatic and floral zones and
the paleoceanographic condi-
tions hypothesized to give rise
to the terrestrial mean annual
temperature (MAT) transition
zone. TmpLF—temperate low-
land forest; TrpLF—tropical
lowland forest.

MAT documented here provides a potential
underlying cause for different distributions of
dinosaur taxa within the Western Interior Basin.
Using modern North American climate gradi-
ents and ecosystems as a proxy for the Creta-
ceous, the climatic boundary deciphered in this
study transitioned from a MAT of 11 °C to a
MAT of 18 °C over a mean distance of ~3.3°
latitude. Within the southeastern United States
today, the same temperature transition occurs
over 7.3° latitude (e.g., between Richmond,
Virginia, and Tallahassee, Florida)—more than
twice the distance. Such a strong climatic bar-
rier and associated fundamental forest restruc-
turing over a short geographic distance may have
been sufficient to produce latitudinally distinct
centers of evolution and, over extended periods
of geologic time, produce regionalized biomes.
However, to date, almost all studies assess-
ing the potential co-evolution of dinosaurs and
plants are too coarse in scope and scale to inform
regional macroevolutionary patterns in Western
Interior Basin herbivorous dinosaur assemblages
(e.g., Weishampel and Norman, 1989; Tiffney,
1992; Coe et al., 1987; Barrett and Willis, 2001;
Butler et al., 2009a, 2009b, 2010), and the vast
majority of proposed diets for individual mega-

herbivorous taxa based on direct evidence of
diet are either questionable associations or
uninformative at lower taxonomic levels (Mal-
lon and Anderson, 2013). Moreover, although
plant-dinosaur associations have been proposed
to drive macroevolutionary and biogeographic
trends among major dinosaur clades, it is as of
yet unclear if such trends would manifest at the
subclade level, which is the resolution on which
most modern arguments of distinct dinosaur
biomes in the Western Interior Basin are based.
As a case in point, although Mallon and Ander-
son (2013) presented evidence against the idea
that niche partitioning is observed at the genus
or species level in major clades of Western Inte-
rior Basin megaherbivores, their study only tests
the effect of niche partitioning on taxa within a
single geological formation, the Dinosaur Park
Formation, and cannot be extrapolated widely
across different megaherbivore communities in
the Western Interior Basin. Whereas Ryan et al.
(2017) note that the divergent ecomorphology
of some more recently recognized centrosaurine
subclades (e.g., nasutoceratopsians) may have
resulted in niche partitioning in lower taxonomic
groups. Such a pattern fits with recognition of
potential regionalization of ceratopsian sub-
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clades (e.g., Sampson et al., 2010, 2013; Loewen
etal., 2013; Lund et al., 2016; Ryan et al., 2017;
Fowler and Freedman Fowler, 2020; but see
Longrich [2014] for an alternative viewpoint).

Ultimately, our data demonstrate that an
abrupt climate transition bounded by distinct
biomes characterized the Western Interior Basin
throughout most of the terminal Cretaceous. This
recognition sets the stage for further hypothesis
testing around geographic centers of dinosaur
evolution in the region and different dietary
habits among megaherbivorous clades (e.g.,
hadrosaurs and ceratopsians) and/or subclades
(centrosaur subclades) that could translate to
differential susceptibility to variation in primary
producer composition and abundance across the
Western Interior Basin.

CONCLUSIONS

This study provides the first clear evidence
for climatic and environmental controls on
biogeography of primary producers in the Late
Cretaceous Western Interior Basin. Our spatial
MAT interpolations support the hypothesis that
a distinct climate barrier existed in the central
Western Interior Basin in the form of a tem-
perature transition zone characterized by excep-
tionally steep latitudinal temperature gradients.
Additionally, our fossil vegetation ecoregion
and flora similarity analyses show that the Late
Cretaceous Western Interior Basin was charac-
terized by distinct southern and northern vegeta-
tion biomes. The boundary between these two
zones coincides with the reconstructed MAT
transition zone, which we interpret as evidence
that spatial climate patterns across the Western
Interior Basin impacted vegetation distribution
over a broad region. Finally, our reconstructions
show that both the temperature and vegetation
transition zones evolved over the course of the
Campanian and Maastrichtian, likely in response
to global climate change and the shifting geogra-
phy of the Western Interior Seaway.

Currently, constraints on seasonal tempera-
tures (e.g., coldest and warmest mean monthly
temperatures) across the Western Interior
Basin are lacking. Future studies should aim to
address this gap in our knowledge, since sea-
sonal temperature extremes act as important
controls on primary producer distributions (e.g.,
Huber, 2008).

Although the Late Cretaceous vertebrate fos-
sil record of the Western Interior Basin remains
temporally too sparse to confirm whether or not
vertebrate groups such as dinosaurs also exhib-
ited climate- and environment-induced endemic-
ity, the findings presented in this study provide
important evidence that Late Cretaceous cli-
mate patterns shaped the evolution of vegetation



Cretaceous climate-induced ecological regionalization

communities in western North America for the
final 12 m.y. of the Mesozoic Era.
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