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The long-standing view that Mesozoic mammaliaforms living in
dinosaur-dominated ecosystems were ecologically constrained to
small size and insectivory has been challenged by astonishing
fossil discoveries over the last three decades. By studying these
well-preserved early mammaliaform specimens, paleontologists
now agree that mammaliaforms underwent ecomorphological
diversification during the Mesozoic Era. This implies that Mesozoic
mammaliaform communities had ecological structure and breadth
that were comparable to today’s small-bodied mammalian com-
munities. However, this hypothesis remains untested in part be-
cause the primary focus of most studies is on individual taxa. Here,
we present a study quantifying the ecological structure of Meso-
zoic mammaliaform communities with the aim of identifying evo-
lutionary and ecological drivers that influenced the deep-time
assembly of small-bodied mammaliaform communities. We used
body size, dietary preference, and locomotor mode to establish
the ecospace occupation of 98 extant, small-bodied mammalian
communities from diverse biomes around the world. We calcu-
lated ecological disparity and ecological richness to measure the
magnitude of ecological differences among species in a commu-
nity and the number of different eco-cells occupied by species of a
community, respectively. This modern dataset served as a refer-
ence for analyzing five exceptionally preserved, extinct mamma-
liaform communities (two Jurassic, two Cretaceous, one Eocene)
from Konservat-Lagerstatten. Our results indicate that the inter-
play of at least three factors, namely the evolution of the tribos-
phenic molar, the ecological rise of angiosperms, and potential
competition with other vertebrates, may have been critical in
shaping the ecological structure of small-bodied mammaliaform
communities through time.

Mesozoic mammaliaform | mammal community | ecological structure |
tribosphenic molar | angiosperm diversification

Astounding fossil discoveries accumulated over the last 30
years have challenged the long-standing view that most Me-
sozoic mammaliaforms (the last common ancestor of Sinoconodon
and Mammalia and all of its descendants; ref. 1) were constrained
to a small part of the ecospace—generalized, small-bodied, noc-
turnal insectivores—and that they were able to diversify ecolog-
ically only after the extinction of nonavian dinosaurs at the
Cretaceous-Paleogene (K/Pg) boundary (2-5). Near-complete
skulls and skeletons of Mesozoic mammaliaforms have revealed
unexpectedly specialized forms, including colonial-insect feeding
diggers, semiaquatic carnivores, and even herbivorous gliders,
some of which arose independently, multiple times in distinct
lineages (e.g., refs. 6-10). Analyses of large-scale morphological
datasets have similarly indicated that some mammaliaform clades
underwent ecological radiation beginning in the Cretaceous,
perhaps in-step with the rise to dominance of angiosperms (11—
13), and others may have done so even earlier in the Jurassic (14,
15). These findings imply that Mesozoic mammaliaform commu-
nities possibly attained ecological breadth comparable to today’s

Www.pnas.org/cgi/doi/10.,1073/pnas. 1820863116

small-bodied mammalian communities. This hypothesis is untested,
however, because comprehensive analysis of mammaliaform fossil
communities, rather than individual taxa or clades, has never
been done; thus, how the ecological structure of small-bodied
mammaliaform communities evolved through time—as well as
the factors that shaped it—remain unknown.

Today various biotic and abiotic characteristics of the envi-
ronment are thought to structure mammalian communities (e.g.,
refs. 16-19). These factors operate over ecological hierarchies
via physiological and ecological processes, such as metabolism,
predation, competition, climatic seasonality, primary productivity,
and habitat tiering (20, 21). Given the fundamental nature of these
processes, they likely operated in the past to shape Mesozoic
mammaliaform communities as well. However, in light of major
differences in the biotic and abiotic context (e.g., species com-
position) and the stage of mammaliaform evolution in the Me-
sozoic, we might expect significant differences in how those
processes affected ecological structure.

Here, we aim to reconstruct how the ecology of mammalia-
form communities has changed since the Mesozoic, and use the
resulting patterns to elucidate intrinsic and extrinsic influences
on community assembly through time. We use a “taxon-free” approach
(i.e., an approach not relying on ecological inferences from modern
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relatives) to first quantify the ecological structure of 98 extant,
small-bodied mammalian communities from diverse biomes
around the world, an approach that has not been attempted at
this scale (but see refs. 20, 22, and 23). We use this reference
dataset to analyze five exceptionally preserved mammaliaform
paleocommunities (two Jurassic, two Cretaceous, one Eocene).
Comprehensive inference of the paleoecology of mammaliaform
paleocommunities is typically limited by the incompleteness of
the fossil record; most mammaliaform fossil localities, particu-
larly those from Mesozoic terrestrial deposits, yield only isolated
elements, predominantly teeth and fragmentary jaws. We restrict
our study to paleocommunities from Konservat-Lagerstétten
from the Mid-Upper Jurassic and Lower Cretaceous of north-
eastern China and the middle Eocene of Germany (24, 25) (SI
Appendix, Table S1); consequently, many of the taxa are repre-
sented by nearly complete skulls and associated skeletons (24—
27), which have been studied individually (autecology) but not
together as a paleocommunity (synecology). The completeness
of these fossil assemblages enables us to robustly categorize each
species in each community, extant and extinct, according to three
ecological parameters: body size, dietary preference, and loco-
motor mode (SI Appendix, Table S1 and Dataset S1). These
parameters reflect important aspects of a species autecology,
including physiology, food resource use, habitat use, and sur-
vival strategies (28). From the five body-size ranks, six dietary-
preference ranks, and eight locomotor-mode ranks, we con-
structed a three-dimensional ecospace (sensu ref. 29) of 240
ecological parameter value combinations, hereafter referred to
as eco-cells, that approximate functional niches or ecological
roles (sensu refs. 30-32). We plotted the eco-cells occupied by
each mammalian community in our study, and quantitatively
characterized the filled ecospace using two taxon-free indices:
ecological disparity (EDisp) and ecological richness (ERich).
EDisp measures the magnitude of ecological differences
among species of a community in a given ecospace. ERich
tallies the number of eco-cells occupied by a community in a
given ecospace. Our results indicate that both intrinsic (pre-
dominance of the tribosphenic molar) and extrinsic (ecological
rise of angiosperms, potentially competition) factors have vitally
shaped the ecological structure of mammaliaform communities
through time.

Results and Discussion

The 98 extant, small-bodied mammalian communities together
occupy 41.25% of the theoretically possible modes of life in our
ecospace (i.e., 99 of the 240 eco-cells; SI Appendix, Table S12).
The most frequently occupied eco-cell in this realized ecospace
(sensu ref. 29) is that for very small (<32 g), terrestrial insec-
tivores (67 unique occurrences), followed closely by small
(32-128 g), terrestrial herbivores (61 unique occurrences; S/
Appendix, Table S13). Large regions of the ecospace are un-
occupied, perhaps due to the low viability of some ecological
combinations (28). For example, we do not find any saltatorial,
fossorial, semifossorial, or semiaquatic frugivores (SI Appendix,
Table S13), likely because fleshy fruits have limited availability
in the habitats where these locomotor modes are most advan-
tageous (open environments and aquatic environments, re-
spectively; ref. 33). A conspicuous, sparsely filled region of the
ecospace is that for mammals in our medium- to large body-size
categories (128-2,048 g) with locomotor modes associated with
open habitats (i.e., saltatorial, fossorial, and semifossorial; SI
Appendix, Table S13; see also discussion below). It does not
seem to be a case of ecological inviability because those eco-
cells are filled by some fossil taxa in our study (SI Appendix,
Tables S1 and S13).

Ecological Structure by Habitat Openness. Our analysis shows that,
within the realized ecospace of extant, small-bodied mammalian
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communities (filling 99 eco-cells), structure varies with habitat
openness (SI Appendix, Figs. S54 and S6A4 and Tables S6 and
S8). Closed-habitat communities differ from open-habitat com-
munities in densely populating the region of ecospace that cor-
responds to tree-dwelling locomotor modes and in occupying the
full range of diet types, including frugivory (SI Appendix, Figs.
S5A4 and S6A4). On average, closed-habitat communities also fill
more eco-cells than open-habitat communities do (ERichgjosed =
8.40, ERichgpen = 4.75; Student’s ¢ test, P < 0.001; SI Appendix,
Fig. S2 and Tables S6 and S8); however, EDisp does not sig-
nificantly differ with habitat openness (SI Appendix, Fig. S1 and
Table S7). Although some ecologies are common in both habitat
types (scansorial and terrestrial locomotion, omnivorous and
insectivorous diets), our discriminant function analysis (DFA)
indicates that open- and closed-habitat communities have dis-
tinct ecological compositions (Fig. 1D and SI Appendix, Figs. S54
and S6A). The distribution of body sizes is more even in closed-
habitat communities, whereas in open-habitat communities
smaller-bodied species (<128 g) predominate (SI Appendix, Fig.
S54 and Tables S5 and S15). Open-habitat communities also
have more granivores (they lack frugivores entirely) and more
hopping and burrowing mammals; whereas closed-habitat com-
munities have more mammals that climb and live within trees
and, in addition to frugivores, have more carnivores and omni-
vores (SI Appendix, Fig. S5A and Tables S5 and S15).

Ecological Structure by Climate Type. The ecological structure of
extant, small-bodied mammalian communities also varies with
climate type. A caveat is that some climate categories are a
composite of multiple vegetation types with divergent ecological
signals; thus, differential sampling of vegetation types might
misrepresent ecological structure in those climate types. Tropical
climate communities, for example, are predominantly drawn
from tropical forests (Dataset S1), overwhelming the markedly
different ecological signal from savannas (see below, Ecological
Structure by Vegetation Type). Therefore, like closed-habitat
communities, tropical communities are shifted toward the re-
gion of the ecospace that corresponds to tree-dwelling locomotor
modes (Fig. 1E, Left side of ecospace). Arid and cold commu-
nities—and to a lesser extent temperate communities—more
densely populate the regions of the ecospace that correspond to
ground-dwelling and burrowing locomotion (Fig. 1E, Right side),
and are generally more spread across the ecospace than are
tropical communities. Tropical mammalian communities have,
on average, high ecological richness (ERichopicai = 8.63) and
low ecological disparity (EDispyopical = 3.49; SI Appendix, Figs.
S1 and S2 and Table S6); whereas mammalian communities in
arid climates have lower ecological richness (ERich,q = 4.31)
and occupy more disparate regions of the ecospace (EDisparia =
3.75; SI Appendix, Figs. S1 and S2 and Table S6). Temperate and
cold climate communities have intermediate ecological richness
(ERichiemperate = 7.10, ERicheqq = 6.04) and significantly higher
ecological disparity than communities in both tropical and arid
climates (EDispiemperate = 4.12, EDispeoiq = 4.54; pairwise Stu-
dent’s ¢ test, P < 0.015; SI Appendix, Figs. S1 and S2 and Tables
S6-S8). Our DFA discriminates well among climate types (Fig.
1D and SI Appendix, Fig. S11 A, C, and E). Tropical communities
tend to have mammals in our medium- to very large body-size
categories (>128 g), frugivorous and omnivorous diets, and ar-
boreal locomotion (SI Appendix, Figs. SSB and S11 B and D and
Tables S5 and S15). In contrast, cold communities strongly
segregate by herbivorous, gliding, semiaquatic, semifossorial, and
saltatorial mammals (SI Appendix, Figs. S11 A and B and S5B
and Tables S5 and S15). Although temperate and arid commu-
nities both have many mammals of the smallest body-size cate-
gory (<32 g), temperate communities tend to have more
carnivorous, insectivorous, and scansorial mammals, whereas
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Ecological structure of 98 extant, small-bodied mammalian communities sampled around the world. (A) The locations of the 98 extant, small-bodied

mammalian communities and five extinct mammaliaform communities sampled in this study. (B) EDisp and ERich of the extant, small-bodied mammalian commu-
nities plotted against latitude. (C) DF1 scores from the habitat-openness DFA plotted against latitude. (D) Plot of DF1 vs. DF2 scores from the climate-type DFA and
scores of the extinct communities projected onto the plot. (E) Composite plots of ecospace occupation of the extant, small-bodied mammalian communities from the
four climate types, showing all occupied eco-cells for the communities from that climate type. See Fig. 2D for more detailed key to ecospace axes. MSL, Messel.

arid communities have more granivorous and fossorial mammals
(SI Appendix, Fig. S11 E and F and Tables S5 and S15).

Ecological Structure by Vegetation Type. Our results at the level of
vegetation type show the clearest pattern of variation in eco-
logical structure (Fig. 2B and SI Appendix, Fig. S6C). Tropical
forest communities form a tight and densely packed cluster in the
region of the ecospace corresponding to tree-dwelling locomotor
modes, with tropical seasonal forest communities showing slightly
greater variation in locomotor type. Savanna communities more
sparsely populate the ecospace around the central region. All other
vegetation types have communities that better span the ecospace and
are less densely packed than tropical forest communities. Although
both types of tropical forest communities have high ecological rich-
ness (ERiChtropicalrainforest = 933, ERiChtropicalseasonalforest = 1013)’
they differ from each other in that tropical rainforests have
markedly lower ecological disparity than tropical seasonal forests
(EDiSptropicalrainforest = 3207 EDiSptropicalseasonalforest = 407, N
Appendix, Figs. S1 and S2 and Tables S6-S8). Conversely, com-
munities in more open vegetation types (i.e., savanna, grassland,
shrubland, and desert) tend to have low ecological richness
{ERich{;anee; = 3.78-5.65}, and, with the exception of savanna
communities, have relatively high ecological disparity {EDispjr.nec) =

Chen et al.

3.54-4.22; SI Appendix, Tables S6 and S7}. Communities in
temperate and boreal forests are intermediate in ecological
richness (ERichiemperateforest = 8.19, ERichpgreatforest = 6.00), but
have high ecological disparity (EDispemperateforest = 427,
EDispooreatforest = 4-26; SI Appendix, Tables S6-S8). The results
of the DFA clearly separate tropical forests from all other veg-
etation types, primarily due to the emphasis on the medium- to
very large body-size categories (>128 g), frugivory, and arbor-
eality among their mammals (SI Appendix, Fig. S12 A, C, and E
and Tables S5 and S15). Savanna communities also form a rel-
atively distinct grouping, driven by the prominence of omnivory
and terrestrial locomotion (SI Appendix, Fig. SSC and Tables
S5 and S15). Boreal and temperate forest communities segregate
from most open-habitat communities (savannas, grasslands,
shrublands, and deserts) and are characterized by mammals of
very small body size (<32 g), herbivorous and carnivorous diets,
and gliding, terrestrial, and semiaquatic locomotion; communi-
ties from more open-habitat vegetation types emphasize grani-
vory and semifossorial, fossorial, and saltatorial locomotion (S
Appendix, Fig. S5C and Tables S5 and S15).

Factors Shaping Ecological Structure in Extant Communities. Overall,
our results imply that the ecological structure of extant, small-bodied
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mammalian communities is strongly influenced by vegetation
type, which in turn depends on climatic factors and to a lesser
degree, soil type and disturbance regime (e.g., refs. 34-37). In-
deed, the first discriminant function (DF1) in each DFA strongly
correlates with both mean annual temperature and mean annual
precipitation (SI Appendix, Figs. S13 and S14). Vegetation type
nt, small-bodied
ability and spatial
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distribution of food types and habitat throughout the year.
Rainforests form one end of the vegetation spectrum, where a
combination of year-round warm temperatures and rainfall
promotes dense, vertically stratified, complex habitats with rich
food resources located above ground (38). It follows that ex-
tant, small-bodied mammalian communities in these habitats
are characterized by arboreal and frugivorous taxa (refs. 20, 22,
and 39 and SI Appendix, Fig. S5C and Tables S5 and S15). The
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high net primary production (NPP) of rainforests (e.g., refs.
40 and 41) supports a greater number of individuals apportioned
across more species than can most other habitats (e.g., refs. 42
and 43), as implied by the high ecological richness of those
communities. In addition, high temperatures are thought to be
correlated with elevated metabolic rates and associated shorter
generation times and higher mutation rates (43, 44). Through
intensified biotic interactions and faster selection, warm climates
may therefore promote accelerated speciation and ultimately
higher species richness (45, 46). In addition, the more complex,
vertical stratification of rainforests promotes closer packing of
mammalian species according to their ecologies (i.e., niche
partitioning; refs. 47-51), resulting in low ecological disparity in
these communities.

Extant, small-bodied mammalian communities in tropical sea-
sonal and temperate forests share the elevated ecological rich-
ness with rainforest communities, but have significantly higher
ecological disparity (S Appendix, Figs. S1 and S2 and Table S6).
This difference might reflect the (seasonally) drier, deeper, and/
or cooler soils in those vegetation types, easing physiological and
substrate constraints to allow a wider range of locomotor modes
(e.g., fossoriality; refs. 52 and 53). Boreal forests experience even
greater seasonality in temperature and water availability and
have overall much lower NPP than other forests (54). These dif-
ferences, along with the impact of lower temperatures on meta-
bolic and evolutionary rates (43, 44), might explain why ecological
richness is lower in these forests, despite high ecological disparity,
possibly reflecting a “thinning” of niches and ecospace occupation.
Seasonal access to food or protection in trees might also explain
the relative scarcity of obligate arboreal and/or frugivorous small
mammals in both temperate and boreal forests.

On the other end of the vegetation spectrum, open, arid
vegetation types (e.g., deserts, shrublands, and many grasslands)
support few or no trees, such that resources for small-bodied
mammals are concentrated at or below ground level, rather than
in the canopy (54). This shift away from trees as a source of food
and shelter in these open, arid vegetation types translates to
greater prevalence of semifossorial, fossorial, and saltatorial lo-
comotion and granivory and to some degree herbivory among
extant, small-bodied mammalian communities. Also, the associ-
ated, lower aboveground NPP (54) supports fewer small-bodied
mammalian species, which in turn occupy relatively fewer niches
(i.e., low ERich; SI Appendix, Table S13). Desert communities
are an extreme case, with several ecological categories entirely
missing (S Appendix, Table S13). Because the occupied niches
tend to be more specialized, hence distinct in our ecospace,
ecological disparity is relatively high for desert communities. The
paucity of mammals in our large- to very large body-size cate-
gories (>512 g) in some of these open-habitat (desert and
grassland) communities is consistent with the observed “medium
body-size gap” (~500-8,000 g) in body-size-by-rank diagrams
(cenograms) for mammal communities from open habitats (refs.
18, 55, and 56, see also, ref. 57). This body-size gap might be a
byproduct of the limited size range of both leaves and insects in
open habitats (58) or the evolution of increasing upper body-size
limit, combined with an invariant minimum size, among mam-
mals during the Cenozoic (59).

Small-bodied mammalian communities in savannas have a
unique ecological structure, a pattern that is consistent across the
three continents sampled herein. They are species poor and do
not contain many highly specialized taxa. Moreover, although we
do not find the medium body-size gap typical of open habitat
communities, the range of locomotor and diet types is restricted
in a way that is more similar to open habitats (SI Appendix, Fig.
S5A4 and Table S5). The scarcity of small mammals adapted to,
and living exclusively in savannas may relate to the strong sea-
sonality of this vegetation type, the frequent fires, and disturbance
from large-bodied herbivores (34, 60). These unpredictable envi-

Chen et al.

ronments may be what forces many species in savanna regions to
instead rely on nearby gallery forests, which provide more reliable
and diverse sources of food and shelter (60, 61). The lack of both
vertical complexity and horizontal heterogeneity in savannas may
also adversely affect the number of available niches (61).

Ecological Structure of Paleocommunities. The five small-bodied
mammaliaform paleocommunities in our dataset together fill
only 38 of the 240 eco-cells (~16%). The realized ecospace of
the paleocommunities strongly overlaps that of the 98 extant
communities, but differs in that (i) the paleocommunities en-
tirely lack unambiguous granivores and frugivores, and (ii ) some
regions of the ecospace that are relatively unfilled in the extant
dataset (semifossorial carnivores, larger-bodied saltatorial and
fossorial forms) are more densely filled in the paleocommunities
(Figs. 1E and 2 B and C and SI Appendix, Fig. S6 and Tables
S1 and S13).

The ecological structure of the individual, small-bodied
mammaliaform paleocommunities differ from one another and
from the extant communities. The differences are not driven by
variation in sample size (S Appendix, Fig. S3 and Table S9) and,
judging by available paleoenvironmental proxy and sedimento-
logical data, are not caused by variation in local environmental
conditions or by systematic taphonomic bias (SI Appendix, Table
S19). Indeed, all of our fossil localities have been reconstructed
as mainly closed habitats (forests) in temperate-subtropical cli-
mates (SI Appendix, Table S19). Thus, the differences among the
paleocommunities and extant communities do not chiefly relate to
differences in climate or vegetation type, but to other evolutionary
or ecological factors that influenced the ecological structure of
small-bodied mammaliaform communities through time.

To explore how turnover in taxonomic composition and func-
tional evolution played into these differences in ecological struc-
ture, we categorized higher-level mammaliaform taxa from these
paleocommunities into four dental architectural types: (i) the
triconodont-triangular type for eutriconodontans and “symme-
trodontans” having cheek teeth with three primary cusps, in a
row or in a triangle, that function primarily in shearing; (ii) the
multicusp-rows type for haramiyidans and multituberculates
having cheek teeth with multiple cusps in multiple rows that
function in crushing and grinding; (iii) the tribosphenic type for
therians (eutherians and metatherians) having a true tribosphenic
molar pattern (62, 63) with shearing and crushing function; and
(iv) the pseudotribosphenic type for docodontans and shuotherids
having cheek teeth approximating a tribosphenic pattern (63, 64),
also with shearing and crushing function.

Our analysis shows that the Mid-Late Jurassic communities
[Jiulongshan (JLS) and Tiaojishan (TJS)], which consist of
mostly nontribosphenic mammaliaforms, have low dietary di-
versity. They consist of mostly insectivores and omnivores (Fig.
2C); the only herbivore is a haramiyidan (multicusp-rows), and
the only carnivore is the docodontan Castorocauda lutrasimilis
(pseudotribosphenic). C. lutrasimilis is also the only taxon with
body mass over 512 g; body size in these communities is other-
wise centered on our very-small- to small body-size categories
(<128 g) (SI Appendix, Tables S1 and S13). There is, on the other
hand, spread along the locomotor axis, with all but the saltatorial
and semifossorial modes occupied and an emphasis on tree-
related locomotion, especially in TJS and mostly among har-
amiyidans (multicusp-rows) and eutriconodontans (triconodont-
triangular); the semiaquatic and fossorial modes are occupied by
docodontans (pseudotribosphenic). The eutherian (tribosphenic)
was very small (<32 g), insectivorous, and scansorial, traits
considered plesiomorphic within this group. The ecological dis-
parity of these communities is relatively high {EDispjrange] =
3.40-4.40}, akin to values in open habitats and nontropical
forests, whereas the ecological richness is modest {ERichyunge) =
5.00-7.00}, corresponding to the lower range of forests and
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grasslands (SI Appendix, Table S6). Paleoenvironmental classi-
fications from DFA and Whittaker plots conducted at different
levels (habitat openness, climate type, vegetation type) contra-
dict each other and paleoproxy data (SI Appendix, Table S19).
JLS, for example, is classified as cold climate and tropical rain-
forest by DFA and shrubland/woodland by Whittaker biome
plots. The conflicting signals from the EDisp/ERich values,
paleoenvironmental classification results, and paleoproxy data
imply that these Mid-Late Jurassic mammaliaform communities
were nonanalog.

The Early Cretaceous mammaliaform communities [Dawangzhangzi
(DWZZ) and Lujiatun-Jianshangou (LJT-JSG)] include many
eutriconodontans and symmetrodontans (both triconodont-
triangular), a multituberculate (multicusp-rows), and three eu-
therians (tribosphenic); docodontans and shuotherids (both
psuedotribosphenic) are absent (SI Appendix, Table S1). These
communities are even more constrained to the lower part of the
ecospace than those of the Jurassic (Fig. 2C). There is a single
omnivorous multituberculate (multicusp-rows), and in the
LIT-JSG there are several carnivores, all eutriconodontans
(triconodont-triangular). Body-size diversity varies greatly be-
tween the two communities: LIT-JSG has the full spectrum, in-
cluding larger-bodied eutriconodontans (>2,048 g), whereas
DWZZ is restricted to the very small to small categories (<128 g)
(SI Appendix, Tables S1 and S13); this difference does not seem
to be a product of taphonomic size bias in light of the larger-
bodied vertebrate taxa preserved in DWZZ (e.g., the ornithis-
chian dinosaur Jinzhousaurus yangi) (65). As in the Jurassic
communities, the range of locomotor modes is broad, containing
all but gliding, saltatorial, and fossorial modes. Eutricono-
dontans account for much of this diversity, whereas eutherians
(tribosphenic) retain relatively plesiomorphic ecologies [very
small (<32 g), arboreal and scansorial insectivores]. The eco-
logical disparity of these communities is very low {EDispjrange) =
2.87-3.27}, similar to tropical rainforest and savanna commu-
nities, and the ecological richness is medium to high {ERi-
chprange] = 6.00-9.00}, in the range of boreal forest to tropical
rainforest communities (SI Appendix, Table S6). The paleo-
environmental classifications from DFA and Whittaker plots
are again contradictory; for example, the Whittaker scheme
variously classifies LIT-JSG as woodland/shrubland, temperate
seasonal forest, and temperate/tropical seasonal forest, and
DWZZ as more open and arid (SI Appendix, Table S19). This
discrepancy among interpretations from the EDisp/ERich val-
ues, paleoenvironmental classification results, and paleoproxy
data implies that the Early Cretaceous mammaliaform commu-
nities were also nonanalog.

The middle Eocene small-bodied mammalian community
from Messel consists entirely of eutherians and metatherians
(tribosphenic) and is very rich (21 species) compared with the
Mesozoic communities and most extant communities in our
dataset (SI Appendix, Table S1). It also has a much greater
spread across the ecospace than the Mesozoic communities, a
pattern that is not the byproduct of greater sample size (SI Ap-
pendix, Tables S6 and S9). The dietary preferences are more
diverse and redundant than in the Mesozoic communities; un-
ambiguous frugivores and granivores are missing, but preserved
gut contents indicate that all four herbivores and some omni-
vores from Messel incorporated fruit and seeds into their diet
(66, 67). In terms of locomotion, there is a mix of tree-related
(arboreal), terrestrial, and open, dry ground-related modes, in-
cluding two fossorial and four saltatorial taxa. Gliding and
scansorial forms are not recorded, but note that we omitted taxa
with powered flight from this study, including eight Messel bats
(all insectivores) (67-69). Whereas all body-size categories are
represented in this mammalian paleocommunity, there is an
emphasis on our medium- to very-large body-size categories
(>128 g), consistent with forest habitats (S .4ppendix, Tables
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S1 and S13). Both the ecological disparity and ecological rich-
ness of this extinct community are higher than for any extant,
small-bodied mammalian community {EDispjyesser; = 5.73,
ERichpmesser] = 19.0; SI Appendix, Table S6}, and the relatively
minor spatial or temporal averaging of the Messel fossil deposits
suggest that these differences are not taphonomic artifacts. On
the basis of paleobotanical and sedimentological data, Messel
has been reconstructed as a multistratal canopy forest with
abundant lianas, but with herb-covered wetland microhabitats
and drier vegetation in more distal uplands (67, 70-72). The
classifications from the DFA and Whittaker plots are mostly
consistent with the paleoproxy data (tropical, tropical rainforest,
or tropical seasonal rainforest/savanna), except for the classifi-
cations as open (DFA) and shrubland/woodland (Whittaker biome)
(SI Appendix, Table S19). These discrepancies are likely due to the
large number of saltatorial forms in this paleocommunity, poten-
tially reflecting drier and/or more heterogeneous local habitats in
Messel than previously recognized.

Together, this sequence from the Mid-Late Jurassic to the
middle Eocene shows that ecospace occupation of small-bodied
mammaliaform paleocommunities expanded through time to-
ward the present, but it did so differentially along ecological
axes. Locomotor diversification occurred earlier during the
Mesozoic and across most groups of mammaliaforms (15), per-
haps facilitated by the diversity of substrates available in local
environments and by similar potential to evolve postcranial ad-
aptations among higher-level taxa. In contrast, diets were con-
strained to primarily carnivory, insectivory, and omnivory until
the Eocene; omnivory in our Mesozoic paleocommunities is
found only in mammaliaforms with pseudotribosphenic and
multicusp-row cheek teeth, and the sole herbivore is a medium-
sized (128-512 g), gliding haramyidan (multicusp-rows) from the
Jurassic. Body-size diversification was also constrained; only one
mammaliaform (a docodontan) falls in our large body-size cat-
egory (512-2,048 g) in the Jurassic communities, and the three
that fall in our large- to very-large categories (>512 g) in one of
the Cretaceous communities (LJT-JSG) are all carnivores from
the same group of eutriconodontans (Gobiconodontidae; SI
Appendix, Table S1). It is not until the Eocene Messel commu-
nity, consisting solely of tribosphenic eutherians and meta-
therians, that we see mammals above our medium body-size
(128-512 g) category take on diverse diets (SI Appendix, Table
S1). Given the temporal gaps in our sampling, it remains for
future studies to detail how dietary, locomotor, and body-size
diversity changed in mammaliaform communities during the
Late Cretaceous and Paleocene, but global-scale analyses do show
increases in larger, herbivorous forms (e.g., multituberculates and
metatherians) before the K/Pg boundary (11, 12, 73).

Factors Shaping Ecological Structure Through Time. Despite the
Mesozoic-to-Eocene ecospace expansion, none of the studied
communities closely match extant, small-bodied mammalian
communities. Particularly the Mesozoic ones are nonanalog in
their ecospace occupation as well as in their ecological disparity
and richness values (SI Appendix, Table S6). Although taphon-
omy can distort the paleoecological signal in the fossil record
(e.g., incomplete sampling might artificially deflate the numbers
of taxa), the resampled ecological structure of the extant com-
munities (SI Appendix, Tables S9 and S10) and the unique eco-
space occupation in the extinct communities (Fig. 2C and SI
Appendix, Table S13) indicate that preservation is not the only
cause for the differences in the ecological structure of the extinct
and extant, small-bodied mammaliaform communities.

We propose that several factors played a role in shaping these
ecological patterns. First, a key extrinsic factor is that the Me-
sozoic communities studied herein were part of ecosystems with
no or few angiosperms. The major, early taxonomic diversifica-
tion of crown-group angiosperms occurred by the late Early
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Cretaceous—nearly coeval with our Early Cretaceous commu-
nities but after those from the Mid-Late Jurassic (74-76). Per-
haps more importantly for this study, angiosperms did not
become abundant components in forests until the Late Creta-
ceous or early Paleocene (77-79). By the Eocene, angiosperms
were both diverse and dominant in the forest canopy and un-
derstory, as structural elements and as significant sources of food
for mammals and their prey (e.g., insects). Indeed, mammalian
reliance on plants, and in particular angiosperms, as habitat,
food, or both is not just evident from tooth morphology and
preserved gut contents in Messel mammalian specimens, but
plant-animal interactions are also supported by the high pro-
portion of Messel fruits and seeds with traits typically associated
with protection against (hard walls) or promotion of (fleshy
walls) consumption by animals (67).

The lack of angiosperms notwithstanding, Mesozoic commu-
nities contained mammaliaforms with tree-related life modes,
including arboreal, scansorial, and gliding forms and, rarely, even
herbivores (a Jurassic haramyidan; Fig. 2C and SI Appendix,
Table S1). These mammaliaforms likely relied on conifers or
other seed plants for habitat, and their leaves and possibly seeds
(e.g., of Ginkgoales) for food. However, by creating more com-
plex habitats (such as in multistratal forests) and offering more
rapidly proliferating, nutrient-rich leaves, fleshy fruits, seeds, and
tubers, angiosperms fundamentally changed terrestrial ecosys-
tems and opened up substantial regions of the ecospace for
colonization by a diversity of mammals and other forest-dwelling
animals. The Mid-Cenozoic rise to ecological dominance of
open-habitat grasses and other associated, arid-adapted angio-
sperms later established the granivore guild, spurring another
wave of changes in mammalian community structure (80).

A second extrinsic factor that potentially limited ecospace
filling by mammaliaforms in Mesozoic ecosystems is selective
pressure from other vertebrates. Predation by dinosaurs and
other larger-bodied vertebrates is often invoked to explain the
narrow range of body sizes among Mesozoic mammaliaforms
(mostly <5 kg; ref. 81). By limiting our comparative extant
dataset to small-bodied mammalian communities (<5 kg), we
acknowledge this apparent body-size upper limit in the Mesozoic
but cannot robustly test the factors that shaped it using the fossil
record. The small sizes of Mesozoic mammaliaforms would have
imposed physiological constraints to dietary specialization, but
these would apply equally to many extant, small-bodied mammals
(82-84). Other potential causes for differential ecospace filling of
small-bodied mammaliaform communities through time include
niche incumbency (85) and competition for food resources and
habitat (81, 86). In the Early Cretaceous Jehol biota, for example,
a number of vertebrates overlapped with resident mammaliaforms
in body size, diet, and habitat: small-bodied (~0.5 kg), insectivo-
rous squamates (e.g., Dalinghosaurus longidigitus) (87), carnivo-
rous dinosaurs that ranged between 1 and 3 kg in body mass (e.g.,
Jinfengopteryx elegans and Sinovenator changii) (88, 89), a small-bodied
(~1 kg), insectivorous pterosaur (Jeholopterus ningchengensis)
(90), as well as juveniles of large-bodied herbivorous dinosaurs
(e.g., Liaoningosaurus paradoxus) (91). We hypothesize that the
competitive dynamics among mammaliaforms, birds, and squa-
mates in Mesozoic communities were similar to what they ex-
perience today, and thus, would not have differentially affected
mammaliaform ecospace filling in the Mesozoic. In contrast,
small- and medium-sized nonavian dinosaurs and juveniles of
large-bodied dinosaurs represent a substantial departure from
modern ecosystems. Whereas most extant birds and squamates
are diurnal, some Mesozoic dinosaurs (herbivores and small
theropods) and pterosaurs are thought to have been nocturnal,
cathemeral, and/or crepuscular (92; but see ref. 93) and would
therefore have temporally overlapped with nocturnal Mesozoic
mammaliaforms. Inclusion of nonmammaliaform vertebrates,
particularly dinosaurs, into ecospace analyses or food web studies
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may shed more light on whether dietary niche incumbency or some
other unknown competitive advantage of these taxa influenced the
ecological structure of Mesozoic mammaliaform communities.

Mammaliaform dental evolution represents a third major
factor—but intrinsic rather than extrinsic—that potentially
influenced the ecological structure of mammaliaform commu-
nities through time. Mammals with tribosphenic molars arose by
the Mid-Late Jurassic in the northern hemisphere [94; but see
earlier appearance of Australosphenida in the southern hemi-
sphere (95)], but they were not taxonomically or numerically
abundant until the Late Cretaceous (96); nontribosphenic forms
predominated in earlier mammaliaform communities. We hy-
pothesize that the dental architectural types varied in their ca-
pacity for heritable phenotypic variation (i.e., evolvability; ref.
97) in a way that affected functional diversity and, in turn, the
expansion of dietary diversity through time. The high evolvability
of the tribosphenic molar is demonstrated by studies showing
that minor genetic or developmental modifications can produce
major phenotypic changes in mammal teeth (98-103); it is cor-
roborated by the extensive diversity of tooth shapes (104) and the
repeated, independent evolution of adaptive dental traits (e.g.,
hypocone; ref. 105), both of which are documented in extant and
extinct therians.

Although the genetic and developmental basis of tooth-shape
formation in extinct mammaliaform lineages is inherently less
knowable (but see refs. 106 and 107), our results support the idea
that nontribosphenic dentitions were more morphologically
constrained, and therefore restricted to certain dietary cate-
gories. The triconodont-triangular type, mainly capable of
puncturing and shearing, was limited to insectivory and carnivory
(108). The multicusp-rows type, especially when paired with a
posteriorly directed chewing motion, could achieve crushing and
grinding necessary for omnivory and herbivory (109), but were
nevertheless constrained in how these dietary adaptations were
achieved (as evidenced by the extreme enlargement of the
multicusped molars and associated reduction of the blade-like
premolars in the Paleogene taeniolabidids; ref. 11). In contrast,
the tribosphenic and pseudotribosphenic types had more internal
cutting ridges and a basin and could shear and crush insects in a
more efficient way than the triconodont-triangular type (63, 110
and references therein). Some pseudotribosphenics (doco-
dontans) had enhanced crushing for omnivory, and occlusal
simulations suggest that others may have even evolved a trans-
verse, grinding mode of chewing that made herbivory possible.
Shuotheriids (pseudotribosphenics) did not develop a grinding
function, but their fossil record is still sparse (111). Therians
(tribosphenics) were insectivorous for most of the Mesozoic, as
shown in our paleocommunities (Fig. 2), but by the Late Cre-
taceous some increased their crushing capacity by broadening
both the upper molar protocone and the occluding lower molar
talonid basin. Additionally, enhancement of the lingual phase of
chewing (i.e., phase II chewing; ref. 112) brought about grinding
function, which led to the omnivory and herbivory evident in the
Eocene Messel and extant mammalian communities. Phase II
chewing evolved perhaps as early as the mid-Cretaceous (Turonian,
ca. 90 Ma) in zhelestid eutherians of Middle Asia (113, 114),
and it was taxonomically and geographically widespread by the
latest Cretaceous—earliest Paleogene (ca. 66 Ma) in archaic
ungulates, plesiadapiform primates, and possibly the meta-
therian Glasbius (110, 115-118). Taken together, these three
factors as well as others less detectable in the fossil record (e.g.,
digestive physiology) may have worked jointly or in sequence to
shape mammaliaform ecospace filling through time. In a sep-
arate but revealing case, pretribosphenic mesungulatids from
the Late Cretaceous of South America independently evolved
the grinding function necessary for omnivory and herbivory
(114), supporting the idea that the interplay between ecological
opportunity (rise to dominance of angiosperms) and evolutionary
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Schematic diagram showing the relative timing of the expansion of mammaliaform communities along three ecological axes (this study), the eco-

logical rise to dominance of angiosperms (11, 75), and taxonomic diversification of nonavian dinosaurs (130). Note that expansion of mammaliaform com-
munities along these ecological axes resulted from evolution within multiple clades.

potential (dental evolvability) has been critical in shaping the
evolution of mammaliaform ecological structure.

Conclusion

In this paper, we quantified ecological structure in a large sample
of extant, small-bodied mammalian communities across diverse
biomes. Our results show that these communities occupy a lim-
ited volume of the theoretical ecospace. Within the realized
ecospace, variation in the ecological structure of communities is
linked to vegetation, which in turn depends on climate and other
abiotic/biotic factors. Accordingly, geographically distant com-
munities from similar vegetation/climate types have similar
ecological structure, despite differences in taxonomic composi-
tion resulting from distinct biogeographic histories (22). We also
show the converse, that climate/vegetation type is predictable
from the ecological structure of extant, small-bodied mammalian
communities, corroborating previous studies (22, 23). These re-
sults caution that studies of diversity through time with uneven
paleoenvironmental distribution of sampling efforts could yield
biased results (see refs. 119 and 120). As an example, a late
Maastrichtian mammalian community (e.g., Hell Creek Forma-
tion, United States) might have higher species richness and
ecological richness relative to a late Campanian community (e.g.,
Djadochta Formation, Mongolia) simply due to environmental
differences (wet subtropical environment vs. semiarid desert).
Our analysis of five exceptionally preserved small-bodied
mammaliaform paleocommunities shows that ecospace occupa-
tion of the Mesozoic communities was constrained and markedly
nonanalog relative to both that of the Eocene and extant com-
munities. Despite the deterministic relationship between vege-
tation/climate and ecological structure of modern communities,
our data indicate that major changes in evolutionary and eco-
logical boundary conditions impacted the expansion of ecospace
occupation of mammaliaform communities through time (117,
121). In the words of Hutchinson (122) modified by Bambach
and colleagues (29: p19), “the evolutionary play is not only
staged in the ecological theatre [...]; the ecological theatre itself
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evolves.” Specifically, we hypothesize that at least three factors
affected the ecological expansion of mammaliaform communities:
the rise to ecological dominance of angiosperms, the emergence
of grinding function (i.e., phase II chewing) in tribosphenic
mammals, both in the Late Cretaceous—early Paleocene, and the
extinction of nonavian dinosaurs at the K/Pg boundary (Fig. 3).
Furthermore, because the synergy of these intrinsic and extrinsic
influences (123) might have been crucial, the resulting ecological
assembly of mammalian communities came only after a substantial
macroevolutionary lag (124) relative to the origin of tribosphenic
mammals in the Jurassic. We conclude that the ecological structure
of small-bodied mammaliaform communities is a product of cur-
rent and historical intrinsic and extrinsic factors (123). A broader
understanding of such mammaliaform community dynamics through
time is critical to our understanding of the processes that govern
ecosystem assembly and maintenance—topics that are still hotly
debated (125, 126), but which directly bear on efforts to forecast and
mitigate the evolutionary and ecological consequences of our cur-
rent biodiversity crisis (127-129).

Materials and Methods

Full details of materials and methods are provided in S/ Appendix. In brief, we
compiled taxonomic and ecological data of 98 extant, nonvolant, small-
bodied mammalian communities from the primary literature. These com-
munities provide broad coverage of habitat, climate, and vegetation types
(Dataset S1). We selected five extinct mammaliaform communities (two Ju-
rassic, two Cretaceous, one Eocene) from Konservat-Lagerstatten (S/ Ap-
pendix, Table S1) and compiled their ecological data based on inferences
from well-preserved fossil remains. We categorized each species in each
community according to three ecological parameters: body size, dietary
preference, and locomotor mode (S/ Appendix, Table S2). We used five body-
mass categories for body size, six dietary-preference categories (carnivory,
insectivory, omnivory, granivory, frugivory, and herbivory), and eight
locomotor-mode categories (gliding, arboreal, scansorial, terrestrial, semi-
aquatic, semifossorial, fossorial, and saltatorial) to define the ecospace
(Dataset S1). These categorical data were transformed to numerical values
before analyses (see S/ Appendix for details). We quantified the magnitude
of the filled ecospace of each community using two indices: EDisp, which
measures the magnitude of ecological differences among species in the
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ecospace, and ERich, which measures the number of eco-cells occupied by a
community in the ecospace. We then compared ecospace occupation and
ecological structure indices of extant communities grouped according to
environmental types at three different levels: habitat openness, climate
type, and vegetation type. We conducted DFA and null model tests to assess
how well ecological structure discriminates among environmental types and
whether the patterns of ecospace occupation are significant across envi-
ronmental types, respectively. We incorporated the extinct mammaliaform
communities into the DFA and compared ecological structure indices to infer
past environmental type(s).
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