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PALEONTOLOGY

Shifts in food webs and niche stability shaped
survivorship and extinction at the end-Cretaceous
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It has long been debated why groups such as non-avian dinosaurs became extinct whereas mammals and other
lineages survived the Cretaceous/Paleogene mass extinction 66 million years ago. We used Markov networks,
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ecological niche partitioning, and Earth System models to reconstruct North American food webs and simulate
ecospace occupancy before and after the extinction event. We find a shift in latest Cretaceous dinosaur faunas,
as medium-sized species counterbalanced a loss of megaherbivores, but dinosaur niches were otherwise stable
and static, potentially contributing to their demise. Smaller vertebrates, including mammals, followed a consis-
tent trajectory of increasing trophic impact and relaxation of niche limits beginning in the latest Cretaceous and
continuing after the mass extinction. Mammals did not simply proliferate after the extinction event; rather, their

earlier ecological diversification might have helped them survive.

INTRODUCTION
Sixty-six million years (Ma) ago, one of the largest and most trans-
formative cataclysms of the Phanerozoic occurred, when a ~10-km-
wide extraterrestrial bolide struck the Yucatdn Peninsula, in the
Gulf of Mexico (1-4). This impact caused a panoply of ecological
and environmental catastrophes, including tsunamis and wildfires,
as well as global darkness (i.e., an “impact winter”) due to the injec-
tion of sunlight-blocking debris and climate-forcing gases into the
atmosphere (I, 5, 6). These upheavals destabilized all trophic levels
and triggered severe extinctions that spread devastation worldwide
(2). In terrestrial environments, all non-avian dinosaurs, “archaic”
birds, and pterosaurs vanished following the impact (7-9), while
other groups, such as mammals (10, 11) and squamates (12), suf-
fered considerable losses. On the other hand, groups such as fresh-
water salamanders, turtles, and crocodylians seemingly survived
nearly unscathed (13). In the aftermath of this Cretaceous/Paleo-
gene (K/Pg) mass extinction, surviving lineages recovered relatively
rapidly (13-16), accompanied by concomitant ecospace shifts that
favored their expansion into vacated niches and large-scale explo-
sive radiations in placental mammals (17, 18), neornithine birds
(8, 19), and squamates (20), laying the foundations for the diverse
range of faunas that we share the planet with today.

It is widely postulated that the extinction of the non-avian dino-
saurs resulted in empty niches and novel ecological opportunities
for surviving organisms. This paradigm is based almost exclusively
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on taxonomic (11, 21), morphological (10, 22), and phylogenetic
(14, 23) evidence. Mass extinctions, however, act on the structure
and function of ecosystems. Much less understood is how the
ecology of dinosaurs, mammals, and other terrestrial animals
changed in the lead-up to and aftermath of the extinction event. Fo-
cusing on functional and trophic ecology, rather than on the classic
trends in biostratigraphic ranges (24), can help disentangle the po-
tential ecological drivers of survivorship and recovery. Understand-
ing the ecological dynamics of the latest Cretaceous faunal
components is central to answering two long-standing questions.
First, were non-avian dinosaurs in long-term decline before their
end-Cretaceous demise (9, 25-31)? Second, why were some
members of the terrestrial and freshwater biota (e.g., mammals,
lizards, neornithine birds, and crocodylians) able to survive the
mass extinction but not others?

These questions can be addressed by modeling long-term pat-
terns in food webs (31, 32) and ecospace occupancy dynamics
(i.e., the multidimensional combination of paleoenvironmental
conditions under which species developed) (29, 33). Direct fossil
evidence of trophic interactions is still limited (32, 34), but method-
ological advances in network theory (35) and ecological niche par-
titioning (36) might hold the key to long-standing questions about
food web stability and the functional roles of species in ancient eco-
systems, both of which are at the core of modern evolutionary and
ecological research (34, 37-39). Although the application of these
emerging approaches is not yet commonplace in paleontology, a
few studies have demonstrated that they are ideal tools for revealing
species habitat distributions in deep time (6, 29, 33, 40) and the
tempo and mode of ecological reorganization after mass extinctions
(37-39).

Here, we quantify the magnitude of ecological change before and
after the K/Pg boundary, from the Campanian stage of the Late Cre-
taceous to the Danian stage of the early Paleogene (83.6 to 61.6 Ma
ago). Our analyses are based on a spatiotemporally and taxonomi-
cally standardized presence-only dataset (Fig. 1A), comprising
more than 1600 fossil occurrences representing more than 470
genera of cartilaginous and bony fish, salamanders, frogs,
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Fig. 1. Graphical scheme synthesizing the essential statistical routines used to reconstruct food web dynamics and quantify ecological niche partitioning in a
set of hypothetical Maastrichtian (72.1 to 66.0 Ma ago) dinosaur communities across the ancient landscape of Laramidia. Briefly, (A) our dataset represents the
record of North American tetrapod faunas, in which taxa were assigned to different trophic guilds using three ecological parameters (broad habitat-use types, body size,
and feeding habits). We then built on (B) empirical spatial covariations to explore a map of dependencies between the residual signals of the Sgrensen dissimilarities (i.e.,
n x n B-diversity matrices, n being the number of fossil localities s) without any a priori network structure (35, 99). (C) Conditional dependencies using partial correlation
networks were estimated from the variance-covariance and precision matrices, and the overall importance of every trophic group on the food web architecture was
inferred using the weighted degrees (50) and eigenvector centrality scores (57). Then, (D) we used a combination of state-of-the-art Earth System models (44-46) to create
the paleoclimatic, land surface, and paleogeographical envelopes, and (E) ran the outlying mean index (OMI) approach (47) to obtain the marginality of species distri-
butions (i.e., the Euclidean distances between the position of each group’s species center of gravity, the colored points within each polygon, and the average paleo-
environmental conditions O) and the realized species niche breadth (i.e., the corresponding polygon extent or the range of habitat conditions used by species). In this
example, (C) partial correlation networks showed strong interactions between herbivorous and faunivorous dinosaurian guilds (34). (E) Giant theropods and their largest
prey used relatively similar habitat conditions, although megaherbivores occupied a larger part of the available niche as a result of their potentially more cosmopolitan
distribution in North America (733). Silhouettes and pictures were obtained from Wikimedia Commons (see Acknowledgments).

albanerpetontids, lizards, snakes, champsosaurs, turtles, crocodyli-  (47), we simulate how inferred trophic dynamics and niche occu-
ans, dinosaurs (including birds), and mammals (e.g., table S1)  pancy patterns shaped the trajectories of North American continen-
across the best sampled region representing this interval (9), the tal ecosystems across the latest Cretaceous and during the recovery
Western Interior of North America [sensu Gardner and DeMar  from the mass extinction. By doing so, we explicitly test whether (i)
(41)]. This region includes the highly fossiliferous western subcon-  shifts in food web architecture underwent major restructuring
tinent, Laramidia, which, during much of the Late Cretaceous, was  before and after the K/Pg extinction, including whether some
separated from its eastern counterpart, Appalachia, by an epiconti-  trophic guilds were more prone to these shifts than others; and
nental seaway stretching from present-day Alaska to Mexico. Using (i) any of these changes were associated with fluctuations in the re-
a spatially explicit Markov network approach (Fig. 1, B and C) (42, alized niche space, helping to explain why some groups survived
43) and state-of-the-art Earth System models (Fig. 1D) (44—46), in  and others went extinct across the K/Pg boundary.

combination with multivariate niche-modeling techniques (Fig. 1E)

s RESULTS

Table 1. The structure of the empirical trophic networks in North Trophic network structure before and after the K/Pg mass

American ecosystems before and after the K/Pg extinction event. extinction
“Maximum” and “mean"” are the maximum and mean values of the non- Markov networks for Campanian (83.6 to 72.1 Ma ago) and Maas-
null partial correlation coefficients. trichtian (72.1 to 66.0 Ma ago) food webs (Fig. 2) are composed of
Campanian  Maastrichtian  Danian 43 and 34 undirected edges, respectively, out of 105 possible edges
and 15 nodes, whereas those for the early Paleogene (66.0 to 61.6 Ma
e 5 D T = ago) have 13 nodes and are defined by 33 undirected edges (Fig. 2
Overall network 0.41 0.32 0.42 and Table 1). Most non-null partial correlations during the K/Pg
e S o ————————————————— interval are positive (figs. S1 and S2). In this study, nodes represent
Maximum 0.37 0.53 0.35 different trophic guilds according to the ecology, body size, and
e S S o habitat preferences of taxa (34, 37, 48, 49), and inks (i.e, edges) rep-

resent the empirical dependencies between P-diversities of certain

Centrality score 0.79 0.65 0.85 . :
paleocommunity types (see Materials and Methods).
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Fig. 2. Partial correlation networks before and after the end-Cretaceous mass extinction. Nodes represent the trophic guilds that constitute the food webs of the
latest Cretaceous [(A) Campanian and (B) Maastrichtian] and early Paleogene [(C) Danian]. Line thickness is scaled to the linkage strength, and colors indicate positive
(blue) or negative (red) partial correlation coefficients. Silhouettes were obtained from http://phylopic.org/ (see Acknowledgments).

We recovered changes in interaction network topologies, con-
nectance, and the number of guild interactions during the latest
Cretaceous and into the Paleogene (Fig. 2), with Maastrichtian
food webs showing lower overall connectance and eigenvector cen-
trality values relative to both the Campanian and Danian (Table 1).
Specifically, although the structuring role of large carnivorous the-
ropods was mostly unchanged before their extinction, our analysis
supports a progressive Campanian-to-Maastrichtian decline in the
trophic impact (i.e., the influence that a trophic group has on the
interactions among the remaining guilds) of large-bodied, bulk-
feeding, herbivorous ornithischians (Figs. 2 and 3). This is shown
by our measures of weighted degrees [i.e., the total sum of partial
correlations between a given node and the other nodes that are di-
rectly connected to this group (50); Fig. 2] and centrality scores [i.e.,
the direct and indirect influence of each trophic group on the entire
food web (51); Fig. 3]. Medium-sized herbivorous and omnivorous
dinosaurs had a stronger influence on Maastrichtian food webs,
whereas the trophic impact of medium-sized faunivorous theropods
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was almost twice as high in the Campanian than in the Maastrich-
tian (Figs. 2 and 3).

The trophic impact of most very-small-to-small (<10 kg) terres-
trial vertebrates, including mammals, increased from the Campa-
nian to the Maastrichtian and remained high and stable in the
Danian, in terms of both weighted degrees and centrality scores
(Fig. 3). Unlike the pattern of decreased trophic structuring for
most amphibious (e.g., lissamphibians) and aquatic animals in con-
tinental food webs, their larger faunivorous counterparts, such as
crocodylians and champsosaurs, increased their potential trophic
impact after the end-Cretaceous mass extinction (Figs. 2 and 3).

These trophic patterns are robust to sensitivity analyses, includ-
ing whether biases related to ecologically mediated species distribu-
tions [sensu Dormann et al. (52)] and systematic sampling biases
could alter our findings in terms of weighted degrees and eigenvec-
tor centrality values (figs. S3 and S4, ibid.). We show that these
trophic parameters are not correlated with fluctuations in observed
species richness ( paired samples t-tests, P = 0.56 to 0.89; fig. S5), nor
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Fig. 3. Properties of the inferred food webs before and after the end-Cretaceous mass extinction. This figure represents the eigenvector centrality scores and
weighted degrees for each trophic guild in the food webs of the latest Cretaceous (Campanian: yellow; Maastrichtian: green) and early Paleogene (Danian: blue). The
eigenvector centrality quantifies the standardized importance of each node for the overall connection of the interaction network (57), and the weighted degree is the sum
of partial correlations between a given node and the other nodes that are directly connected to this trophic group (50). Silhouettes and abbreviations of representative
animals follow Fig. 2 and were obtained from http://phylopic.org/ (see Acknowledgments).
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do they suffer from weaknesses associated with spatial autocorrela-
tion (fig. S6). These patterns also remain after a random resampling
of both fossil localities (paired samples ¢-tests, P = 0.23 to 0.81; fig.
S7) and taxa (paired samples ¢-tests, P = 0.08 to 0.94; fig. S8), pro-
viding further support for the robustness of our interpretations.
These results are also compatible with an undersampling of
small-sized taxa in both Campanian (53) and Maastrichtian
(54) faunas.

Ecospace dynamics underlying observed trophic shifts

The shift in trophic structure across dinosaur-dominated guilds
from the Campanian to Maastrichtian, especially those occupied
by large herbivores (see above), was not accompanied by concom-
itant changes in ecospace occupancy patterns (Fig. 4), whether
based on species realized niche position [i.e., the marginality of
species habitat distributions, sensu Dolédec ef al. (47)] or breadth
[i.e., the range of habitat conditions occupied by each species, sensu
Dolédec et al. (47)]. These two ecospace measures are robust to sub-
sampling approaches (fig. S9). The lack of statistically significant
long-term changes in niche occupancy was also shared by most am-
phibious and aquatic vertebrate communities (Fig. 4). In addition,
whereas very small terrestrial herbivores adopted a more specialist
strategy and were less widespread across the paleoenvironmental
gradient after the K/Pg boundary, the remaining very-small-to-
small-sized terrestrial species—including most mammals—fol-
lowed a consistent trajectory, increasing their habitat distributions
and realized niche breadth throughout the Late Cretaceous and into
the early Paleogene (Fig. 4 and tables S2 and S3). The mean

expansion of species habitat distributions preceding the K/Pg boun-
dary was significantly higher for these very-small-to-small terrestri-
al faunas than that experienced by non-avian dinosaurs (Kruskal-
Wallis, P < 0.01), and we document a similarly steady rise in eco-
space occupancy patterns for mammalian faunas alone (fig. S10 and
table S4).

DISCUSSION

Food web dynamics contributed to extinction selectivity
during the K/Pg mass extinction

Our results suggest that trophic restructuring in the latest Creta-
ceous played a role in both the tempo and mode of extinction
across the K/Pg boundary, as well as the subsequent recovery of eco-
systems. The latest Cretaceous decrease in trophic impact of large
herbivorous dinosaurs does not correspond with instability in
their realized niches, which argues against a long-term ecological
“decline” in these plant eaters (9, 29, 55). Rather, the decreasing
impact of large herbivores was paralleled by an inverse trend of in-
creasing trophic relevance for medium-sized herbivorous and om-
nivorous dinosaurs. These ecological changes concur with a marked
latest Cretaceous decline in morphological disparity in large-bodied
ceratopsid and hadrosauroid ornithischian dinosaurs in western
North America (9). We interpret these patterns as evidence of
large-scale trophic replacement of the largest herbivorous dinosaurs
by their smaller counterparts in North American ecosystems. It has
been suggested that the ecological reorganization of the megaherbi-
vore guild led to more unstable food webs in the Maastrichtian (37),
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Fig. 4. Niche occupancy dynamics before and after the end-Cretaceous mass extinction. Boxplots show the distribution of the log-scaled species marginality (A) and
tolerance (B) for each trophic group across the latest Cretaceous (Campanian: yellow; Maastrichtian: green) and early Paleogene (Danian: blue). The lower the species
marginality (i.e., niche position), the less different its habitat preferences are from the average paleoenvironmental conditions. The higher the species tolerance (i.e., niche
breadth), the more widely a species occurs across broad paleoenvironmental ranges. Boxplot bold lines indicate the median, whereas the boxes and whiskers are the
interquartile range (IQR) and the maximum and minimum up to 1.5x IQR, respectively. Silhouettes and abbreviations of representative animals follow Fig. 2 and were

obtained from http://phylopic.org/ (see Acknowledgments).
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with cascading effects on predators and scavengers (56, 57), as has
been documented in extant ecosystems of the African savanna (58)
and elsewhere (59). The lower connectance and centrality score
values (Table 1) for Maastrichtian, compared to Campanian, food
webs agree with this observation, suggesting that medium-sized di-
nosaur-dominated guilds did not entirely compensate for the loss of
trophic resources from the largest bulk-feeding ornithischians.
Instead, these roles were partially filled by much smaller non-dino-
saurian vertebrates, such as multituberculate and metatherian
mammals (data S2 and S3).

Despite a decrease in trophic impact, the lack of any meaningful
long-term change in species realized niche position or breadth
across the megaherbivores (or any other non-avian dinosaur
guild) is instead an indication of relative stability in ecospace occu-
pancy, which can be decoupled from food web dynamics. An
absence of long-term niche breadth decline in dinosaurs (29) is
also supported by their highly diverse anatomies and functional
abilities until the end of the Cretaceous (60—62), which would
have promoted dietary and habitat niche partitioning between sym-
patric taxa (57, 63, 64).

Ecological evidence (29, 65), including the multidimensional
niches presented here, paints a nuanced picture of the final 18 Ma
of non-avian dinosaur existence. Despite substantial food web re-
structuring before their extinction, non-avian dinosaurs seem to
have been characterized by largely stable and mostly static ecological
niches during the Campanian and Maastrichtian, likely due to a large
spectrum of already inhabited ecologies and morphotypes (25, 29, 55,
60, 61). However, niche stability might have placed dinosaur-domi-
nated guilds at a disadvantage in the event of an abrupt shutdown of
the trophic network, such as that experienced at the K/Pg boundary
(1). By contrast, the increase in trophic impact of smaller-sized, ter-
restrial taxa—including mammals—during the Maastrichtian might
have helped prepare these more highly plastic guilds for differentially
greater survivorship during the K/Pg mass extinction, most likely
because increased numbers of trophic interactions and relaxation of
niche limits may have buffered against the effects of the extinction
cascades that followed the end-Cretaceous bolide impact (I, 6, 16).
This, in part, might help explain why mammals were able to make
it through the extinction event, despite high species losses (11, 66),
whereas non-avian dinosaurs were not.

Transient selectivity against large-bodied taxa, particularly strictly
faunivorous and herbivorous species, cannot alone explain the erad-
ication of small-bodied archaic birds (e.g., enantiornithines) and non-
avian dinosaurs (e.g., alvarezsaurids and microraptorine dromaeo-
saurids), some of which were around the size of many mammals
that did survive the mass extinction (10, 12, 60, 67-69). High abun-
dances of individuals in their ecosystems, omnivorous and seed-
eating diets (60, 69), cathemeral habits (15), more rapid somatic
and sexual development (70), and behavioral plasticity (71) might
have enabled certain smaller taxa, such as non-marine squamates,
crown birds, and mammals, to survive the effects of the Chicxulub
impact (Fig. 4). As such, their greater pre-impact niche plasticity
might have made them less susceptible to major environmental per-
turbations and more adaptive to new conditions.

Trophic and ecospace expansion of small terrestrial
vertebrates before and after the K/Pg mass extinction
Paleontological discoveries have traditionally supported the long-
standing “suppression hypothesis” that the end-Cretaceous mass

Garcia-Girén et al., Sci. Adv. 8, eadd5040 (2022) 7 December 2022

extinction triggered a prolific ecological release of the survivors in
terms of ecomorphological diversity (10, 11, 15, 18, 21, 22).
However, the view that Mesozoic mammals and crown group
birds, living amidst non-avian dinosaurs, were ecologically depau-
perate and suppressed has been increasingly questioned (7, 8, 72—
74). Our results show that the weighted degrees and centrality
scores of very small herbivores and small faunivores were almost
10 times greater in the Maastrichtian than in the Campanian.
This emphasizes that the latest Cretaceous was also a pivotal time
for the trophic and ecological evolution of terrestrial non-dinosau-
rian vertebrates, as attested by the records of multituberculate,
metatherian, and early-diverging eutherian mammals (18, 68, 72,
75), squamates (12, 20, 76), crocodyliforms (77), and enantiorni-
thine and early-diverging ornithurine birds (7, 60).

Evidence of a meaningful pre-K/Pg shift in mammalian evolu-
tion and ecological diversification is supported by analyses of mor-
phometric (10, 22, 72, 73) and molecular genomic (14, 23) data
(although it should be noted that these studies do not commonly
argue for major anatomical, body size, or ecological diversifications
of modern placental groups until after the extinction event). These
studies have noted congruent trends in the expansion of ecological
boundaries during and after the Late Cretaceous [reviewed by
Grossnickle et al. (18)]. It is interesting to note that similar patterns
co-occur for most very-small-to-small-sized terrestrial vertebrates,
with relaxation of their niche limits in the latest Cretaceous followed
by concurrent higher weighted degrees and centrality scores in the
trophic networks in the Paleogene.

Our results suggest that survivors took advantage of new ecolog-
ical opportunities after the K/Pg boundary, expanding into new
habitats during the first few million years of the Paleogene
(Fig. 4). This opportunistic scenario might have occurred because
these taxa exploited a range of niches previously occupied by the
Maastrichtian victims (10, 15, 18, 73), and/or because the resources
that were available for these vertebrates were relatively unaffected by
the bolide impact (72). In comparison with omnivorous guilds, the
structuring role of very small terrestrial herbivores and small fauni-
vores was 50% less impactful in the earliest Paleogene than that of
the Maastrichtian (Fig. 3). This supports the hypothesis that organ-
isms with more generalized diets were less affected by the end-Cre-
taceous mass extinction (10), as suggested for opportunistic
squamates (12, 20), crocodylians (78), and multituberculates (72).

Resilience of freshwater communities during the end-
Cretaceous mass extinction event

We observe a shift in the trophic impact of most aquatic animals
through the latest Cretaceous and into the Paleogene. Whereas
most amphibious and aquatic animals showed a decreased structur-
ing role in continental food webs, their faunivorous counterparts,
such as crocodylians and champsosaurs, increased their trophic
impact after the end-Cretaceous mass extinction (Figs. 2 and 3).
The predominance of larger faunivorous taxa in these settings
could indicate a healthier fluvio-lacustrine ecosystem, at least
enough to warrant the survivorship and flourishing of taxa that
were previously apex predators. Given the relatively low niche mar-
ginality values of small amphibious and aquatic faunivores and om-
nivores (Fig. 4), there is reason to believe that these animals were not
so strongly affected by the sudden extinction event and its subse-
quent effects on survivors (79-82). The extinction of several taxa
of freshwater sharks and rays indicates that the bolide impact
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caused some degree of disruption at high trophic levels in these eco-
systems at the very end of the Cretaceous (83). However, we docu-
ment no meaningful changes in long-term trajectories in ecospace
occupancy patterns for most of these amphibious and aquatic com-
munities well before and after the K/Pg boundary (during the recov-
ery phase).

Our findings quantitatively corroborate the notion that river and
lake ecosystems were relatively resilient to the extinction event. For
example, the fossil record shows that many lineages of teleost fish
extended from the Cretaceous well into the Cenozoic (84-87), as did
several aquatic and amphibious tetrapods that inhabited the fertile
floodplains of North America, such as turtles (82), lissamphibians
(13), and crocodylians (88). These floodplains and fluvio-lacustrine
systems might have acted as ecological refugia against intense envi-
ronmental perturbations caused by the bolide impact (89). This hy-
pothesis is based on the purported high thermal inertia provided by
inland waters. Also, these habitats might have acted as biotopic shel-
ters via microhabitat heterogeneity for multiple animal groups, and
because their food webs were more reliant on the resilient detritus
cycle than on photosynthesizing plants (6, 80, 90).

Tempo and mode of North American non-marine
ecosystem changes across the K/Pg

Our work adds a food web and ecological niche dimension to our
understanding of the K/Pg mass extinction. Whether these findings
are representative of a global reality must be tested in the future with
fossil datasets beyond the Western Interior of North America, and
baseline comparisons among different continents are worth addi-
tional study. Nevertheless, our results confirm that there was a
decline in the large-bodied, preeminent herbivorous ornithischian
dinosaur guild from the Campanian to the Maastrichtian, at least in
North America, which probably made terminal Cretaceous food
webs more fragile in the face of the bolide impact (9, 37).
However, claims for a gradual downturn across most non-avian di-
nosaurian lineages, causing major shifts in ecospace occupancy (26,
27, 31), are not supported by our findings, as dinosaurs experienced
largely static and mostly stable niches during the Campanian-Maas-
trichtian interval, until the bolide impact. Smaller-sized, terrestrial
tetrapods took advantage of new ecological opportunities in the af-
termath of the Chicxulub impact, while most amphibious and
aquatic faunas suffered relatively less marked trophic and ecospace
dynamics. Critically, we demonstrate that very-small-to-small-sized
Mesozoic vertebrates, including mammals (18, 68, 72, 75), squa-
mates (12, 20), and crown group birds (7, 60), underwent major eco-
logical restructuring that began by the Maastrichtian and before the
bolide impact. Thus, these groups were not mere beneficiaries of
vacated niches, but their earlier ecological diversification probably
helped prime them for survivorship in the post-impact recovery. It
was this interplay of ecology, extinction, and survivorship that ulti-
mately laid the foundations for the characteristic terrestrial, lacus-
trine, and fluvial biotas of today.

MATERIALS AND METHODS

Fossil dataset

For this study, we compiled a presence-only fossil occurrence
dataset for all terrestrial and fluvio-lacustrine vertebrate taxa from
the Campanian-Danian of North America. We originally down-
loaded fossil and taxonomic occurrences detailing Upper
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Cretaceous (Campanian-Maastrichtian) and early Paleogene
(Danian) formations across North America from the Paleobiology
Database (paleobiodb.org, accessed June 2020). These fossil occur-
rences were further edited until February 2022 and recently re-
viewed in the database by one of us (P.D.M.). To complement
these occurrences (Fig. 1A), supplementary information (e.g., strati-
graphic placement) from published sources and publicly available
collections was integrated by several of us (A.A.C., D.G.D,,
P.D.M., T.EW., G P.W.M,, and S.L.B.). Taxa with unclear genus
identification were discarded [i.e., we did not incorporate
“cryptic” diversity represented by taxonomically undiagnostic
fossil remains, nor did we infer ghost lineages based on phylogenet-
ic diversity (91, 92)], as were para-taxonomic taxa [e.g., trace
remains and eggs (37, 65)]. If questionable ages and stratigraphic
incongruencies emerged, occurrences were either revised following
the most recent stratigraphic models [e.g., (93, 94)] or excluded.
Overall, our dataset is a taxonomically and stratigraphically up-to-
date record of North American vertebrate faunas and therefore in-
corporates latest Cretaceous and early Paleogene fossils discovered
over the past few years, with more than 470 taxa represented by
~1600 occurrences (data S2 and S3).

Synthesizing food webs across the K/Pg extinction event
Trophic structure and delineations

We assigned taxa to guilds based on habitat, body size, and feeding
habits (34, 37, 48, 49). Broad habitat-use types were subdivided into
two major categories: aquatic and terrestrial. For those taxa that
were likely in and out of the water through their life history (e.g.,
lissamphibians), we included an additional habitat division, i.e.,
amphibious (table S1). Body size is perhaps the single most impor-
tant and meaningful trait for animals, as it ultimately affects multi-
ple aspects of their biology, including mechanical constraints,
metabolic rates, food resource use, population size, lifestyle strate-
gies, and geographical ranges, determined by physiology, locomo-
tion, reproduction success, and survival (95, 96). On the other hand,
trophic habits refer to the diet and food processing strategies of an
animal, and it generally includes three primary categories, i.e., her-
bivores, faunivores, and omnivores. In the present study, we as-
signed body size (i.e., large, medium, small, and very small) and
feeding habit (i.e., herbivore, faunivore, and omnivore) divisions in-
tegrating data from several comprehensive datasets [e.g., (10, 34, 37,
73, 97, 98)]. Following Mitchell et al. (37), we assigned taxa to
trophic guilds based on adult representatives, which allowed us to
represent the complete potential dietary suite of members, thereby
producing complex but realistic interaction networks (see table S1
for examples). Pragmatically, further subdividing animal groups
into trophic guilds (e.g., carnivores versus insectivores, low brows-
ers versus high browsers) might have compromised the parsimoni-
ous representation of conditional dependencies in Markov
networks [see (42, 43) and (99) for details].

Model description

Ohlmann et al. (35) proposed a framework for inferring and plot-
ting the strength of conditional (spatial) dependencies between
pairs of trophic groups using a blockwise coordinate descent proce-
dure for the least absolute shrinkage and selection operator (Lasso)
regularization approach (100), i.e., the Graphical Lasso [GL; (42,
43)]. This method uses partial correlation networks to parsimoni-
ously represent how different trophic groups interact in a food web,
allowing the representation of the conditional dependencies among
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multiple variables in these networks. In other words, the GL ap-
proach builds on empirical spatial covariations to explore a map
of dependencies between B-diversities of trophic groups (35).
Here, we computed pairwise P-diversities for multiple trophic
groups as the Serensen dissimilarity matrix (101) in the R
package BAT (102). Numerically, this statistical routine calculates
a partial correlation matrix that quantifies the degree of relationship
(weighted coefficients) between pairs of variables conditional to the
other variables (here, an n x n B-diversity matrix, n being the
number of fossil-bearing localities s; Fig. 1B). To do this, the GL
routine initiates by producing an empirical variance-covariance
matrix S, which is then inverted to compute a precision matrix P
(P =87"). Compared to other mathematical methods that estimate
interaction coefficients, this approach uses a penalty term in the
likelihood (modulated by the X coefficient) to control the sparsity
of the precision matrix P [see the study of Friedman et al. (42)
for details]. Following Foygel and Drton (103), we selected the
optimal number of the X coefficient based on the extended Bayesian
information criteria. The partial correlation matrix was then calcu-
lated from the precision matrix P with the R package qgraph (104)
as follows

_ P

PiiPjj
where cor(x;, xjlxp,, ;) is the partial correlation between the compo-
nents i and j of a random variable X given all the other components,
and p;j, pi;» and p;; are the elements of the precision matrix P.
Because the precision matrix P was inverted with a penalty term
modulated by A, the partial correlation matrix cor(x;, x;|xp;;) was
also sparse (42, 43). Hence, the final product of the GL is a
Markov network portrayed by an adjacency matrix with weighted
coefficients for the trophic guilds (105).

We repeated the models independently for each time interval
(Campanian, Maastrichtian, and Danian), yielding three different
food webs or ecological networks (Fig. 1C). Following Ohlmann
et al. (35), Garcia-Girdn et al. (99), and Lansac-Toha et al. (105),
the overall importance of every trophic group (each node) on
network structures was inferred through a combination of the
weighted degrees [the total sum of partial correlations between a
given node and the other nodes that are directly connected to this
group (50)] and the eigenvector centrality values [the direct and in-
direct influence of each trophic group on the entire food web (51)].
In this context, the higher the sum of the weighted degrees or the
more inflated centrality scores, the greater the conditional depen-
dencies of a trophic group with the B-diversity of the remaining
guilds (50). In other words, the more connected a trophic group
is, the stronger influences it makes on the interactions among the
remaining guilds, although these inferred conditional dependencies
do not necessarily imply causality (35).

Accounting for competing biases in our modeling results

The GL approach is expected to be sensitive to the effect of missing
environmental covariates and the heterogeneous distribution of
sampling efforts (35). In the words of Dormann et al. (52)
(p. 1008), when disentangling species interactions from other
factors that can affect co-occurrence at the macroscale: “species
(or groups of species) with similar habitat requirements will
appear to interact positively, whereas species (or groups of
species) that have contrasting requirements will appear to interact

cor(x;, xj | xp i) =
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negatively.” Specifically, the inference of the conditional dependen-
cies under GL would be jeopardized if, as is often the case in ecology
and paleoecology, species share similar habitat preferences (52), or
if the fossil record and animal distributions are compromised by in-
completeness and bias (106) or are spatially autocorrelated (107),
respectively. Under these circumstances, skepticism over the value
of statistical inference is justified and was a pivotal issue to verify in
our model outputs.

To correct for these confounding artifacts, we first adapted the
step-by-step approach of Lloyd (108) to assess both the influence of
potentially shared responses to paleoenvironmental conditions
(here, paleoclimate, land surfaces, and paleogeography; see below)
and the unequal distribution of sampling effort [here, the number
of discrete tetrapod-bearing collections (109-112)] on the B-diver-
sities that constitute that backbone of the GL routine. In our case, we
evaluated the relationships between B-diversities of each trophic
guild and a subset of orthogonal eigenvectors from factorial analysis
of mixed data (PCAMIX) through linear regressions, accompanied
by Akaike's information criteria to fit the best linear versus quadrat-
ic model. All quantitative explanatory variables (i.e., paleoclimatic,
land surface, and paleogeographical envelopes, as well as sampling
proxy values) were scaled between 0 and 1, and we retained as many
PCAMIX eigenvectors as required to maximize the fit between re-
sponse and explanatory matrices (113). Predicted spatial variations
for each trophic guild and the residual unexplained signals (scaled)
were produced and subsequently used as a corrected estimate of
Serensen dissimilarities for computing the empirical variance-co-
variance matrix S and its associated precision matrix P under the
GL routine (114).

Because metrics of B-diversity ambiguously capture the spatial
turnover when compared across fossil localities with different
number of species (115), we partitioned the Serensen index into
its true species replacement component (116) and checked
whether the structure of the empirical food webs was partly
driven by fluctuations in observed species richness. We also ran
Mantel correlograms to (i) account for the spatial structures in
detail and (ii) test whether pairwise B-diversities of each individual
trophic guild were spatially autocorrelated. Here, distance classes
were determined by Sturge’s rule (101), and P values were based
on 199 permutations with Holm correction for multiple testing
(117). Following Garcia-Giron et al. (99), we lastly assessed the un-
certainty of the empirical Markov networks through a set of sensi-
tivity analyses based on a random resampling of the fossil localities
and taxa for 99 iterations (118, 119). We then compared the matches
between the eigenvector centrality values from the previous routines
and the entire dataset with paired samples t-tests (120). This com-
bination of routines allows our results to be evaluated as robust even
in the light of heterogeneous biases that are so pervasive in the ver-
tebrate fossil record and spatial and habitat-preference dependen-
cies that can obfuscate the statistical significance of such
paleoecologically relevant findings.

GCM-derived paleoclimates, land surfaces, and
paleogeographical DEMs

Paleoclimatic and land surface model outputs used in this study
come from the fully coupled AOGCM HadCM3L version 4.5
from the BRIDGE Group (www.bridge.bris.ac.uk/resources/
simulations) and, more specifically, the HadCM3BL-M2-1aE
version of the model. Variables include near-surface (1.5 m)
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mean annual temperature (°C), near-surface (1.5 m) annual tem-
perature SD (°C), annual average precipitation (mm), annual pre-
cipitation SD (mm), net primary productivity (g C m~? year™?),
and plant functional types (i.e., from broadleaf and needleleaf
trees to C3-type and C4-type groundcover) at 2.75° x 3.25° spatial
resolution. The simulations and settings of the terminal Cretaceous
and early Paleogene models used here are described in full by Lunt
et al. (44), Valdes et al. (45), and Farnsworth et al. (121), and im-
plications of these general circulation modeling (GCM) constraints
are discussed by Chiarenza et al. (6, 29, 65, 122), Dunne et al. (123),
and Waterson et al. (124). Briefly, all model simulations underwent
the same spin-up procedure and were run for a total of 1422 years
reaching quasi-surface equilibrium, with the same initial conditions
and boundary conditions (44), with the exception of solar constant
(table S5) and paleogeography. Solar luminosity was calculated for
each time interval, and we used a modern-day orbital configuration
and an atmospheric CO, concentration of 1120 ppmv, which is
within the range of uncertainty from that of Foster et al. (125) for
these time intervals. Variables used in our study were an annual
average of the last 30 years of these simulations. Temporal fluctua-
tions, as well as regional and large-scale circulations, including as-
sociated energy and momentum fluxes, are also resolved in the
models (44). Given the uncertainty of the data, these models accu-
rately reproduce modern-day climates of most terrestrial biomes
(45). HadCM3L has contributed to Coupled Model Intercompari-
son Project experiments and demonstrated skill for an array of Me-
sozoic paleobiogeographical studies (6, 29, 65, 123). However, there
is still a high degree of uncertainty in pCO, proxies during the
Phanerozoic and paleoclimatic reconstructions in general (123—
125), and ongoing work will continue to constrain these data and
their impact on modeling niche occupancy dynamics of
ancient faunas.

The paleogeographies used for this study are those of Scotese and
Wright (46), originally created as a paleo-digital elevation model
(DEM) on a 1° x1° grid and upscaled to the HadCM3L Earth
System model resolution (2.75° x 3.25°). This means that topo-
graphic and bathymetric information was broadly conserved as it
was resolved at a lower spatial resolution (6, 34, 65). These 117
maps have provided a global atlas for regional-scale paleogeograph-
ical interpretations of the last 540 million years, including changing
distributions of world’s oceans and continents. Additional informa-
tion is available at www.earthbyte.org/.

Ecological niche partitioning

Species niches cannot be calculated directly from an n-dimensional
hypervolume [sensu Hutchinson (126)], but multivariate ordina-
tion techniques are the best-suited proxies to evaluate the realized
ecological niche of each taxon while explicitly accounting for
species-environment relationships (36). Here, we used the outlying
mean index (OMI) framework (47) to obtain measures of niche po-
sition and niche breadth (Fig. 1, D and E). Compared to other or-
dination methods, the OMI routine is robust to multicollinearity
among predictors and describes species responses irrespective of
whether they are linear or unimodal, giving equal weight to
species-poor and species-rich fossil localities (47). Pragmatically,
the OMI approach seeks for combinations of paleoenvironmental
mechanisms (here, scaled paleoclimatic, land surface, and paleogeo-
graphical envelopes) that maximize the marginality of species
habitat distributions, i.e., the squared Euclidean distances between
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the mean habitat conditions used by a species (species center of
gravity) and the average paleoenvironmental conditions of each
time interval. High marginality values suggest that species are
found under marginal or atypical habitat conditions, whereas low
scores indicate that a species is more or less uniformly distributed
(ubiquitous) across the entire paleoenvironmental gradient. The
niche axis is also decomposed in terms of species tolerance, which
measures the range of habitat conditions used by a species and can
be considered as a proxy for the realized habitat niche breadth (127).
Species showing high values of tolerance are distributed across
broad paleoenvironmental gradients and have large niches,
whereas low tolerance values imply that species occur only across
a limited range of habitat conditions and have small niches (127—
129). Independently of the time bin (Campanian, Maastrichtian,
and Danian) and using the R package ade4 (130), we calculated
both realized habitat niche position and niche breadth values for
all taxa, including very rare ones. We further ran Kruskal-Wallis
routines and associated multiple comparisons (131) to test for a
measurable niche occupancy shift across faunal groups during the
K/Pg extinction event. Last, the same sensitivity test as applied
under the GL approach was used to assess the impact of various
issues related to fossil preservation and animal distribution biases
that might affect estimates of ecospace occupancy dynamics (see
above for details). All modeling exercises were run in the R environ-
ment (132).

Supplementary Materials
This PDF file includes:

Figs. S1 to S10

Tables S1 to S5

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S3
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