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Contemporary biodiversity loss and population declines threaten
to push the biosphere toward a tipping point with irreversible
effects on ecosystem composition and function. As a potential
example of a global-scale regime shift in the geological past, we
assessed ecological changes across the end-Cretaceous mass
extinction based on molluscan assemblages at four well-studied
sites. By contrasting preextinction and postextinction rank abun-
dance and numerical abundance in 19 molluscan modes of life—
each defined as a unique combination of mobility level, feeding
mode, and position relative to the substrate—we find distinct
shifts in ecospace utilization, which significantly exceed predict-
ions from null models. The magnitude of change in functional
traits relative to normal temporal fluctuations at far-flung sites
indicates that molluscan assemblages shifted to differently struc-
tured systems and faunal response was global. The strengths of
temporal ecological shifts, however, are mostly within the range
of preextinction site-to-site variability, demonstrating that local
ecological turnover was similar to geographic variation over a
broad latitudinal range. In conjunction with varied site-specific
temporal patterns of individual modes of life, these spatial and
temporal heterogeneities argue against a concerted phase shift
of molluscan assemblages from one well-defined regime to an-
other. At a broader ecological level, by contrast, congruent ten-
dencies emerge and suggest deterministic processes. These patterns
comprise the well-known increase of deposit-feeding mollusks in
postextinction assemblages and increases in predators and preda-
tor-resistant modes of life, i.e., those characterized by elevated mo-
bility and infaunal life habits.
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Recognizing nonlinear responses and tipping points in com-
plex biological systems has raised concerns over the effects of

global change, the extinction of species, and future global-scale
shifts in the state of ecosystems (1, 2). Severe perturbations of
the earth system, coupled with significant losses of biodiversity,
have occurred a few times in earth history. These episodes of
mass extinction provide the opportunity to study the ecological
and evolutionary dynamics of the earth system when exposed to
critical stress. Mass extinctions do not only devastate biodiversity—
they also fundamentally restructure the variety of functions
performed by the biota (3, 4). The analysis of ancient mass ex-
tinctions allows establishing the circumstances and the degree
of system-level change in the geological past and thus could be
informative of future changes in ecosystems due to anthropogeni-
cally driven biodiversity loss.
The extinction event at the Cretaceous–Paleogene boundary

(KPB, 66 million years before present) was the most recent mass
extinction with an estimated 70% species loss (5). Similar to
other mass extinctions it was associated with a profound dis-
ruption of the global carbon cycle (6). The ultimate trigger was
probably the impact of an asteroid at Chicxulub in present-day
Mexico (7), whereas Deccan Trap volcanism may have been an

additional stressor (8). The most likely proximate killing mech-
anism was a crisis in primary productivity and global collapse of
food webs owing to the suppression of photosynthesis (9–11).
Other factors with devastating effects for marine ecosystems may
have been metal poisoning (12), the acidification of oceanic
surface waters (13), and short-lived global cooling (14).
Major biotic changes associated with regime shifts can involve

diversity loss, changes in biomass and trophic interactions, and
the establishment of novel species assemblages (1). The contrast
among different states in ecosystems is usually caused by a shift in
dominance among organisms with different modes of life (15).
Here we quantify the ecological change across the KPB in shallow
marine benthic soft-bottom assemblages. These fossil assemblages
are dominated by bivalve and gastropod mollusks, which not only
have an excellent fossil record but also represent many different
modes of life (MOLs), yielding unique insights into the ecological
dynamics of the extinction and subsequent recovery. We compare
molluscan ecospace occupation—as defined by the mobility,
feeding mechanisms, and living positions of species (16)—in latest
Cretaceous (Late Maastrichtian) preextinction times with that in
earliest Paleogene (Danian) postextinction times.
Previous studies showed an Early Danian increase in infaunal

deposit feeders and mobility levels in some environments at
some sites (17–21), whereas at other sites, either infaunal or
epifaunal suspension feeders dominated and mobility levels and
benthic tiering structure displayed no trends (21–25). Increased
predation pressure after the KPB has been inferred from the
radiation of predatory carnivores, in particular neogastopods (3,
18, 21, 26–28), elevated gastropod drilling frequencies (29, 30),
and a trend toward deeper burrowing in bivalves (31), but predatory
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interactions did not increase universally (21, 25). One study
demonstrated that Cretaceous–Paleogene spatial variation in
functional group composition exceeded any changes through time
(32), but otherwise this topic is largely unexplored. Some workers
have questioned the presence of general ecological patterns (25),
whereas others argued that ecological effects were habitat spe-
cific, with significant restructuring occurring in offshore assem-
blages and siliciclastic environments but not in shallow subtidal
habitats and oligotrophic carbonate settings (20, 21).
We studied mollusk-dominated siliciclastic shelf ecosystems at

four well-studied sites before and after the KPB (SI Text S1). At
each site, sedimentological evidence suggests that external en-
vironmental conditions were similar before and after the KPB
(SI Text S1 and SI Text S2). The successions at three sites (Brazos
River, Bajada del Jagüel, and Seymour Island) formed in a
middle-to-outer shelf environment, whereas the fourth site (San
Ramón) represents a tide-dominated delta. We estimated the
ecological importance of each MOL in pre- and postextinction
assemblages by its respective proportion based on counts of in-
dividuals. For this purpose, all Late Maastrichtian samples at
a site were combined into a preextinction assemblage and all
Danian samples into a postextinction assemblage. Specimen-
level data were not available for the Maastrichtian of Seymour
Island, and here the KPB comparison resides on the number of
occurrences, i.e., counts of the presence of species of a particular
MOL. In addition to comparing aggregate pre- and postextinction
assemblages we used permutation tests and ordination tech-
niques to compare the between-sample variation in ecological
structure before and after the extinction event. Specifically, we
tested whether these ecosystems experienced large, temporally
abrupt, and persistent changes in ecological structure across the
KPB. First, we examined whether postextinction assemblages
constitute a fundamentally different assembly of functional groups.
Differences to preextinction assemblages can be expected from
previous work, but it is not clear whether they were beyond those
of ordinary background fluctuations. Second, we explored whether
any ecological disparity of postextinction assemblages reflects the
ecospace occupation displayed by those taxa of preextinction as-
semblages that survived the extinction event. This scenario would
suggest extinctions as the primary cause of ecological shifts. Third,
we analyzed how consistently ecological patterns changed across
sites. Congruence would suggest that the ecological systems
responded deterministically to environmental change. Finally, we
contrasted faunal shifts in time with the site-to-site variability to
evaluate the spatiotemporal dimensions of ecological change.
To test the significance of our results, we generated random

species assemblages from the individual samples at each site for
which we then calculated their ecological dissimilarity. By re-
peating this procedure many times we obtained a null distribu-
tion of ecological dissimilarity for “pre-” and “postextinction”
assemblages (Materials and Methods). Comparison of the ob-
served pattern with the prediction of the permuted null model
allowed us to evaluate the significance of ecological change.

Results
Of 18 unique MOLs in the preextinction assemblages, none was
lost across the boundary when all four sites are viewed jointly
(Fig. 1), and only one MOL (MOL18) is restricted to the post-
extinction assemblage. At this level of functional diversity the
complexity of realized ecospace remained virtually unchanged.
The individual sites experienced complete losses from the

Maastrichtian to the Danian of at least one and up to three
MOLs (Table S1). These MOLs were mostly rare in the pre-
extinction assemblages and their disappearance could be sto-
chastic noise (Fig. S1). A notable exception occurred at Bajada
del Jagüel, where the second most abundant MOL disappeared
at the boundary. This exception is attributable to the extinction of
a single, albeit abundant, species of pectinoid bivalves, indicating

a lack of redundancy within this MOL at that site. Pectinoids,
however, did return to Argentinian offshore environments after
they recovered from a global evolutionary bottleneck at the KPB
(33). The one or two MOLs that are restricted to the Danian
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Fig. 1. Changes in the proportional abundance of modes of life (MOLs 1–19)
represented in marine molluscan assemblages across the Cretaceous–Paleo-
gene boundary. The four analyzed sites (A–D) are arranged from north (A) to
south (D) and also reflect increasing distances from the Chicxulub impact site.
Modes of life are rank ordered according to their preextinction abundance,
decreasing from Left to Right. Negative values indicate proportionally de-
clining modes of life and positive values, expanding modes of life across the
KPB. Error bars represent the summed SEs of pre- and postextinction pro-
portions. 1, epifaunal, stationary, cemented, suspension feeders; 2, shallow
infaunal, motile, deposit feeders; 3, shallow infaunal, facultatively motile,
unattached, suspension feeders; 4, epifaunal, stationary, byssate, suspension
feeders; 5, shallow infaunal, facultatively motile, byssate, suspension feeders;
6, shallow infaunal, motile, carnivores; 7, epifaunal, facultatively motile, un-
attached, suspension feeders; 8, epifaunal, motile, herbivores; 9, epifaunal,
motile, carnivores; 10, deep infaunal, facultatively motile, surface deposit
feeders; 11, deep infaunal, facultatively motile, chemosymbiosis; 12, epifaunal,
stationary, unattached, suspension feeders; 13, epifaunal, facultatively motile,
herbivores; 14, deep infaunal, facultatively motile, suspension feeders; 15,
shallow infaunal, motile, surface deposit feeders; 16, semiinfaunal, stationary,
byssate, suspension feeders; 17, shallow infaunal, motile, suspension feeders;
18, infaunal, stationary, boring, suspension feeders; and 19, epifaunal, facul-
tatively motile, byssate, suspension feeders.
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at individual sites (Table S1) only occupy subordinate ranks of
the postextinction assemblage, again suggesting stochasticity
rather than ecologic signal (Fig. S1).
Despite this general stability in the presence of MOLs, distinct

shifts in abundance within MOLs are evident at all sites. These
shifts are commonly expressed as decreases within previously
top-ranked groups and increases in lower-ranked ones (Fig. 1).
Comparison with the null distribution indicates that the eco-
logical dissimilarities between pre- and postextinction assem-
blages are significantly greater than the expectation of a random
sampling of the available sampling pool (Fig. 2A). Additional
analyses that control for potential heterogeneities between
Maastrichtian and Danian environments confirm the nature and
the significance of ecological changes (SI Text S2 and Fig. S2).
Ordinations show that samples from pre- and postextinction
times form discrete, nonoverlapping groups (Fig. S3), indicating
that extensive and persistent ecological reorganizations across
the KPG are evident at the community scale as well. We thus
reject a scenario in which the ecospace vacated through extinc-
tions or through declines in species abundances was simply
refilled during recovery. Likewise, postextinction assemblages
exhibit pronounced changes in rank positions and proportional
abundances compared with preextinction assemblages from which
species that disappeared in the latest Maastrichtian have been

removed before analysis (Fig. S4). These differences are also
significant as indicated by the corresponding permutation tests
(Fig. 2B). We therefore also reject the hypothesis that the post-
extinction assemblages reflect the ecological residuals of pre-
extinction assemblages after accounting for the extinction-induced
losses within MOLs.
Ecological structure varies among sites and neither the pre-

extinction nor the postextinction faunas represent a single well-
defined state (Figs. 1 and 3 and Fig. S1). Only MOL2 (shallow
infaunal, motile, deposit feeders) increased and MOL4 (epifau-
nal, stationary, byssate, suspension feeders) decreased consistently
across the KPG. Congruent trends across sites, however, emerge
when the three main ecological factors—mobility, feeding, and
tiering—are analyzed separately (Fig. 3). Elevated proportions of
motile and infaunal mollusks in postextinction assemblages re-
main significant even if we remove shallow infaunal, motile de-
posit feeders from our analysis, i.e., the MOL with the most
prominent abundance increase. The use of trophic resources
changed in unison, and the major feeding categories became more
evenly distributed (Fig. 3). Along with increased carnivory, these
patterns suggest more complex postextinction food web struc-
tures. Spatial and temporal heterogeneities at the detailed aut-
ecological level aside, benthic marine mollusks responded in a
similar manner to disturbances associated with the KPB mass
extinction event when change is quantified within broader eco-
logical categories.
Contrasting the strength of ecological shifts in time with the

site-to-site variability in ecological composition demonstrates
that for most MOLs the average change in time was less pro-
found than the change in space. Only MOL2 showed significantly
more pronounced temporal change than is evident in the geo-
graphic variation of Maastrichtian assemblages (Fig. 4). Along
with MOL14, it also exhibits a more significant temporal shift
compared with the geographic variation of Danian assemblages
(Fig. S5). In summary, changes are characterized by significant
local ecological turnover compared with background fluctua-
tions, but do not involve unusually intense modifications relative
to ecological variation between sites, although it should be kept
in mind that our sites span a large geographic range from sub-
tropical to polar latitudes.

Discussion
Despite the substantial loss of taxonomic diversity during the
end-Cretaceous mass extinction, we find that the primary modes
of molluscan life were maintained. Such a stability of functional
diversity in benthic shallow marine ecosystems was also observed
on the global scale for the end-Permian (34) and the end-Triassic
mass extinctions (35). Although these three mass extinctions are
considered to be the ecologically most severe events of the
Phanerozoic (36), the persistence of the principal benthic marine
life habits seems to be a general feature across mass extinctions.
Furthermore, the Paleogene postextinction molluscan assem-
blages lack evidence for the acquisition of any novel key adap-
tation that would allow adopting a new lifestyle. Similarly, just
one novel MOL emerged in the aftermath of the end-Permian
event: erect, facultatively motile, attached suspension feeders
appeared with the evolution of motile crinoids in the Early
Triassic (34). Hence, mass extinctions do not seem to promote
the production of new lifestyles.
Nonetheless, we demonstrate significant changes in the quanti-

tative representation of molluscan lifestyles in the aftermath of the
KPB. The observed changes cannot merely be explained by the
extinction-driven vacation of ecospace. Furthermore, evidence is
lacking for major shifts in the external context of the examined
ecosystems that may have amplified these differences. Although not
all environmental components can be retrieved from facies analysis,
sedimentological data indicate that environmental conditions were
similar before and after the KPB (SI Text S1 and SI Text S2).
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Various proxy data suggest that Late Maastrichtian and Danian
climatic variations in the studied regions were similar (37–39).
Temperature oscillations were possibly related to pulses of Deccan
volcanism (40) but had only minor effects compared with those of
the bolide impact (14, 41, 42), and at the planetary scale the earth’s
climate–ocean system remained in a greenhouse state.
Previous work had found interregional and environmental

variation in the biogeographic and evolutionary dynamics during

the recovery of mollusks from the end-Cretaceous extinction (26,
43). Similarly, our study demonstrates site-dependent ecological
variation across the KPG for most MOLs, but simultaneously
reveals high consistency in the direction of change when mea-
sured at broader ecological levels. It appears that consistent
changes in mobility, trophic structure, and benthic tiering can be
generated by multiple combinations of lower-level ecological
properties that define MOLs, which individually might even ex-
hibit opposite trends among sites. The abundance dynamics of
the species of any MOL depend in part on that of interacting
species from other MOLs in the same assemblage, thus giving
rise to a complex dynamic at the MOL level but evidently relative
conformity at higher hierarchical levels. Because these emergent
ecological patterns are similar in shallow and deeper shelf en-
vironments and at various latitudes and distances from the
Chicxulub impact site, our findings support the view of a global
shift to different ecological dynamics after the extinction event.
Such shifts are reminiscent of regime shifts in modern,

anthropogenically disturbed ecosystems. A catastrophic disrup-
tion may lead to large, persistent reconfigurations of ecosystem
structure outside the range of fluctuations in the previous regime,
and a return to previous external conditions is not necessarily
matched by a return of the system to its previous state (44).
Regime shifts in modern ecosystems usually involve change in the
dominant internal feedbacks of a system. Apart from difficulties
in detecting and understanding regime shifts even in present-day
systems (44), the nonuniform spatial and temporal patterns of
individual MOLs at the KPB argue against a concerted phase
shift of molluscan assemblages from one well-defined, internally
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modulated system to another. Rather it seems that the global
effects of the KPB bolide impact caused changes in varied local
systems, and the forcing was sufficiently strong to override local
factors that controlled the preextinction states.
A critical question is whether the ecological differences be-

tween pre- and postextinction assemblages reflect deterministic
processes in community assembly or just stochasticity (45, 46).
The observation that ecological shifts are significantly greater
than expected from background variations suggests that they
were dominated by ecological selection rather than random
variations in the abundances of species and MOLs, i.e., ecolog-
ical drift. In combination with the uniform direction of higher-
level ecological shifts in mobility, life habit, and feeding mode
across sites (Fig. 3) this is evidence that benthic marine ecosys-
tems responded deterministically to some degree.
Two large-scale ecological shifts may reveal underlying pro-

cesses: changes in feeding strategies and in energy budgets. The
well-known increase of deposit feeders at the expense of suspen-
sion feeders is consistent with a KPB collapse of primary pro-
ductivity as a major stress factor because suspension feeders—
relying directly on an adequate supply of photosynthetically
produced phytoplankton—should be more strongly affected by
phytoplankton collapse during an impact winter than organisms
in more buffered, detritus-based food webs (e.g., refs. 20, 47). It
is striking that the crisis in primary algal production in neritic
ecosystems probably lasted only a brief period—less than a
century after the impact event (11, 48, 49)—whereas the studied
postextinction assemblages represent much longer time spans,
covering several hundred thousand to a few million years. This
temporal mismatch suggests that if a short-lived productivity
crash was the main driver of the shift in the trophic composition
of molluscan assemblages, it had a long-term effect far beyond
the time at which the ecosystems’ productivity had recovered.
The proportional increase in energy-intensive MOLs such as

motile and predatory mollusks might be viewed as opposing the
previous trend. The energetic needs of an assemblage, however,
also depend on the mean body size and the absolute, not just
relative, local abundance. In principle, an increase in the number
of individuals with energy-intensive MOLs could have been
overcompensated by reductions in mean body size or in pop-
ulation densities (50, 51) such that overall benthic energy bud-
gets were actually lower than before the extinction event.
Although a definitive quantitative energetic comparison is not
feasible with the available data, postextinction assemblages ex-
hibit clear signatures of an intensified top-down control on
ecological structure. More numerous and intense interspecific
interactions are apparent from an increased proportion of
predatory gastropods at two of the studied sites (Fig. 3E) and
elsewhere (21, 28, 29) and a global diversity increase of marine
metazoan predators in the wake of the mass extinction (3).
Antipredatory behavior is also evident as an escape strategy in
motile organisms and as an avoidance strategy in those that
burrowed into the sediment, whereas morphological adaptations
showed little effects at the KPB (52).
Carnivores are relatively abundant and diverse in other, shal-

low subtidal Maastrichtian assemblages (21), and their Danian
rise in mid-to-outer shelf assemblages might have involved the
spread of a community type already established in shallower
water (as discussed in ref. 53). However, other ecological attrib-
utes of Maastrichtian shallow-water assemblages—specifically
mobility levels and the percentage of deposit feeders—were not
elevated relative to those of coeval offshore assemblages (21),
and their postextinction rise requires additional reasons. On-
shore–offshore evolutionary expansion of innovation across the
shelf (53) may have been an important factor in the observed
postextinction restructuring but cannot fully explain it.
Even though we argue that deterministic ecological processes are

involved in the ecological Cretaceous–Paleogene reorganizations—

triggered by the short-term environmental forcing of a bolide
impact—it would not have been possible to predict its exact na-
ture and magnitude. Whereas the general increase in deposit
feeding conforms to the impact winter scenario, the escalatory
increases apparently do not. For the studied marine molluscan
assemblages across the KPB, we conclude that major environ-
mental perturbation deterministically caused irreversible long-
term system change, but that important features of the new
dynamic regimes, in which species interacted substantially dif-
ferent from before, are not yet fully explained. A combination of
empirical, modeling, and theoretical approaches is required to
better understand how evolution and ecology will interact and
what form of ecoevolutionary dynamics will result.

Materials and Methods
The four analyzed sections across the KPB are located on a north–south
trending transect ranging from paleolatitude 32°N in the Gulf of Mexico to
paleolatitude 65°S in the Southern Ocean. Environmental and faunal data
have been retrieved from the literature [Brazos River, Texas (17–19) and
Seymour Island, Antarctica (54, 55)] and our own collections from Patagonia
(Argentina) at Bajada del Jagüel in Neuquén (20, 56) and at San Ramón in
Chubut (38). We selected these localities because they yield quantitative
bed-by-bed sampling data of well-preserved molluscan faunas with both
aragonitic and calcitic shells present; they represent similar depositional en-
vironments, i.e., soft, siliciclastic substrates of the marine shelf; and their
chronostratigraphy, including the position of the KPB, is well constrained (SI
Text S1 and Dataset S1). The amount of time spanned by faunal samples varies
among sites and reaches up to about 2 million years (My) in the Maastrichtian
and about 4 My in the Danian (SI Text S1). Differences in pre- and post-
extinction time spans did not affect the basic results (SI Text S1 and SI Text S2).

We assigned each taxon (species or genus) to a unique MOL within a
slightly modified version of the ecospace model of Bambach et al. (16). MOL
was inferred from analogy with living relatives, functional morphology, and
previous publications (Dataset S1). Apart from counts of individuals as a
measure of the ecological importance of each MOL, we also used counts of
the presence of species of a particular MOL in individual samples (occur-
rences) and the total number of species within each MOL. These three
metrics were mostly significantly correlated with each other (Table S2).

We designed a permutation test to decide whether the observed eco-
logical shifts in the postextinction assemblages are outside the range of
usual fluctuations among assemblages during Maastrichtian and Danian
background times. Observed ecological changes of the real data were here
compared with changes in a permuted dataset in which observed species
occurrences were randomly assigned to pre- or postextinction levels. The
total sample size of each level was determined by the sample sizes of the
original dataset. Changes were measured by Bray-Curtis dissimilarity of pre-
and postextinction faunas using 500 permutation trials. Using box plot
statistics, we tested whether the observed Bray-Curtis dissimilarity is a sig-
nificant outlier of the randomized distribution. This approach is similar
to the permutational multivariate analysis as implemented in the anosim
function in R’s “vegan” package (57) that we also applied (see legend for
Fig. S3). Here individual samples are grouped by horizon and differences in
group means are tested for significance. To test whether postextinction
assemblages are a functionally depleted relic of preextinction assemblages
we repeated all tests with preextinction assemblages from which species
that disappeared in the latest Maastrichtian have been removed. To further
characterize the between-sample variation in ecological structure before
and after the KPG, we performed nonmetric multidimensional scaling on
the Bray-Curtis distances among samples based on the abundances of
MOLs. Finally, we contrasted the magnitude of Maastrichtian to Danian
changes of MOLs with their spatial variability. For each MOL, we calculated
the mean proportional difference between the four Maastrichtian assem-
blages (and the four Danian assemblages, respectively) and compared this
value with the mean proportional Maastrichtian–Danian difference at the
four sites. All analyses were performed in the R programming environment
(www.r-project.org).
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