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Late Pleistocene megafauna extinction leads to missing pieces
of ecological space in a North American mammal community
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The conservation status of large-bodied mammals is dire. Their decline has serious con-
sequences because they have unique ecological roles not replicated by smaller-bodied
animals. Here, we use the fossil record of the megafauna extinction at the terminal
Pleistocene to explore the consequences of past biodiversity loss. We characterize the
isotopic and body-size niche of a mammal community in Texas before and after the
event to assess the influence on the ecology and ecological interactions of surviving spe-
cies (>1 kg). Preextinction, a variety of C4 grazers, C3 browsers, and mixed feeders
existed, similar to modern African savannas, with likely specialization among the two
sabertooth species for juvenile grazers. Postextinction, body size and isotopic niche
space were lost, and the 8'°C and 8"°N values of some survivors shifted. We see meso-
carnivore release within the Felidae: the jaguar, now an apex carnivore, moved into the
specialized isotopic niche previously occupied by extinct cats. Puma, previously absent,
became common and lynx shifted toward consuming more C4-based resources. Lago-
morphs were the only herbivores to shift toward Cy4 resources. Body size changes from
the Pleistocene to Holocene were species-specific, with some animals (deer, hare)
becoming significantly larger and others smaller (bison, rabbits) or exhibiting no change
to climate shifts or biodiversity loss. Overall, the Holocene body-size-isotopic niche was
drastically reduced and considerable ecological complexity lost. We conclude biodiver-
sity loss led to reorganization of survivors and many “missing pieces” within our com-
munity; without intervention, the loss of Earth’s remaining ecosystems that support
megafauna will likely suffer the same fate.
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Across the globe today, populations of large-bodied mammals are in rapid decline
(1-5). This is a continuation of an extinction event that has been ongoing for more than
100 ky. As humans became increasingly abundant and dispersed around the globe over
the late Quaternary, a temporally and spatially transgressive extinction of large-bodied
mammals followed (6-9); the degree of size selectivity was unprecedented in the Ceno-
zoic fossil record (8). Moreover, extinction rates in the modern have accelerated and are
now 10 to 100 times greater than the normal background rates recorded in the geologic
record (10-13). Indeed, more than 40% of mammals have lost at least 80% of their
historical range (5) and domesticated animals now make up most of contemporary verte-
brate biomass on Earth (14, 15). Predictions for the future are sobering (13). For exam-
ple, if all North American mammals currently at risk eventually do go extinct, ~30% of
species will have been lost relative to the late Pleistocene (8).

The transition of the biosphere from a natural to heavily human-modified system has
important implications for ecosystem function (14, 9, 11, 15, 16). Widespread biodi-
versity loss is more than species extinction; it also leads to the loss of ecological function,
which may be realized at local, regional, or even global scales. Large-bodied wild mam-
mals, in particular, play an important role within ecosystems through the transport of
nutrients and biogeochemical cycling, modification of vegetation composition and
structure, ecological interactions with other animals, and even feedbacks with climate
(3, 17-23). Hence, there is growing concern that the ongoing loss of large-bodied wild
mammals may lead to the unraveling of ecosystems because these complex ecological
roles are not generally replicated by domesticated or smaller-bodied animals (14, 11).
Because mammals interact with their environments in both direct and indirect ways, it
can take decades before the full impact of extirpations is revealed. Yet, waiting for the
results of long-term studies is at odds with the time-critical nature of extinction risk
(1-5). One promising strategy is to integrate paleoecology into conservation biology
(15, 16, 23); by quantifying the ecological consequences of earlier extinctions on taxa
and community structure and function, we can gain insights relevant to the ongoing
biodiversity crisis. Thus, we focus on the terminal Pleistocene of North America, where
the arrival of early humans ~13 ky precipitated a massive size-selective extinction
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(24-26), continuing the long-term shift from a world domi-
nated by wild animals to one largely composed of humans and
their livestock (8, 14, 15).

At the terminal Pleistocene, the mammal assemblage of
North America was diverse and included large-bodied species such
as camelids (Camelops and Palaeolama), mammoth (Mammuthus),
ground sloth (Paramylodon and Megalonyx), mastodon (Mammus),
glyptodont (Ghyptotherium), bison (Bison spp.), and numerous
horses (Equus spp.). While there has been a long and rancorous
debate about the culpability of humans in this extinction
(7, 24-27), we do not focus on causation. What is not in
debate is that the extinction of >65 species of large-bodied
mammals in North America—and another >70 species in
South America—Ied to a massive reorganization of ecosystems
in the New World, which has only recently begun to be inves-
tigated (9, 15-23, 28, 29).

Here, we examine the ecological consequences of the extinc-
tion for a nonvolant terrestrial mammal community in the
Edward’s Plateau of central Texas with an abundant and well-
resolved fossil record. We hypothesized that loss of large-bodied
mammals at the terminal Pleistocene profoundly altered the ecol-
ogy of surviving mammals, disrupting predator—prey pairs and
causing shifts in resource use and morphology. Hence, we
addressed two fundamental questions: 1) How unique was the
functional role played by large-bodied mammals in this terrestrial
ecosystem? Are there “pieces” of functional space that remain
unfilled today? and 2) What was the ecological legacy of this
extinction? Did the loss of large-bodied congeners result in die-
tary or body-size shifts among the surviving mammals to exploit
newly accessible resources? Were predator—prey relationships
altered in the wake of the loss of top consumers? We anticipated
that surviving herbivores would move toward Cy-based resources
after the loss of almost all grazers in the community and might
also increase in body size as a physiological adaptation to better
exploit fibrous vegetation (30). Finally, we expected to find that
smaller-bodied carnivores experienced ecological release after the
extinction of the top predators in the system. We included all
mammals >1 kg in our analyses; while smaller-bodied mammals
were also likely to have demonstrated sensitivity to the commu-
nity and vegetation shifts at the terminal Pleistocene, they were
less likely to directly compete or interact with the extinct large-
bodied species.

To address these questions, we focused on metrics that are
readily measured with fossil materials: body size and the isotopic
niche that primarily reflects the functional role(s) of organisms.
Body size is a fundamental attribute of an organism, which influ-
ences most life processes, ecology, and interactions with both the
abiotic and biotic environment (30). Stable isotope analysis pro-
vides information about resource and habitat use that is indepen-
dent of morphology; it has been extensively used to examine the
ecology of ancient mammals and to reconstruct Pleistocene food
webs (e.g., refs. 31-38). At the base of the food web, variation
in carbon isotope (8'°C) values is largely driven by different
photosynthetic pathways used by primary producers. Trees, most
shrubs, and grasses in cool-growing seasons employ the C; path-
way, while most tropical and subtropical grasses that grow in
warmer environments use the C4 pathway (34, 39) Thus, mea-
suring 8'°C of consumers allows differentiation between differ-
ent herbivore guilds (i.e., browsers versus grazers) in ecosystems
where both photosynthetic pathways contribute to primary pro-
duction. In contrast, 8'°N values are positivelgl correlated with
trophic level (40). By measuring 8'C and 8!°N values of con-
sumers and their resources, we can characterize isotopic niches at
different levels of ecological organization from the individual to

https://doi.org/10.1073/pnas.2115015119

the community and quantify the relative consumption of plant
and prey functional groups across the food chain (41).

The use of both body mass and stable isotopes in our analysis
provides powerful information for recreating ancient ecosystems.
For example, while stable isotopes quantify the use of Cs- vs. Cy-
based resources and trophic level, they provide incomplete infor-
mation about how species coexist in diverse ecosystems. Body size
mediates how an herbivore uses a C5 or C4 resource. While a
mammoth or mastodon can forage at the level of an entire plant,
bush, or tree, smaller-bodied herbivores feed on parts of the plant
(i.e., flowers, seeds, grass heads, or leaves), and the smallest herbi-
vores can selectively feed on the cell contents of the leaves them-
selves, avoiding fibrous portions (42). While there can be isotopic
differences between photosynthetic and nonphotosynthetic tissue
types in Cj plants, these differences are relatively small (1 to 3 per
mil), highly variable, and may not be found in C4 plants (43).
Thus, despite feeding on different parts of a plant, herbivores may
have only slightly different isotopic values and resource partition-
ing could be difficult to detect without the additional information
gained by using body size. Such fine-scale resource partitioning
has been shown to support a wide diversity of herbivores in the
savannahs of Africa today (44, 45) and may have been important
in ancient ecosystems as well.

Results

Herbivore Isotopic and Body Size Changes. Preextinction, our
community contained a diversity of Cy4 grazers, C;5 browsers,
and mixed feeders, occupying the entire spectrum of C5 to Cy4
resources (Fig. 14 and SI Appendix, Table S1). The browser
guild included mastodon, deer, antelopes, llama, tapir, and
lagomorphs (Mammuz, Odocoileus, and Navahoceros, Antilocapra,
Tetrameryx, and Capromeryx, Palaeolama, Tapirus, Sylvilagus, and
Lepus), while the grazers included multiple species of bison, mam-
moth, and horses (Bison, Mammuthus, and Equus); mixed feeders
such as peccary, camels, and gomphothere (Pecari and Platygonus,
Camelops, and Cuvieronius) were also present. We were unable
to obtain isotopic data for several extinct taxa (Megalonyx,
Glyptotherium, and Bootherium). Large-bodied mammals occu-
pied all trophic niches; thus, the size-selective terminal Pleisto-
cene megafauna extinction influenced diversity across the
entire carbon isotopic spectrum. Indeed, 71.4% of browsers,
89% of grazers, and 80% of mixed feeders >1 kg were extir-
pated (SI Appendix, Table S1 and Fig. 1B). Fewer carnivores
and omnivores were lost, 27.7% and 17%, respectively.
Despite including specimens from multiple sites, the carbon
isotopic composition of taxa did not significantly differ among
locations. Body size was also constrained across sites with the
exception of deer, where Holocene animals from Sheep Shelter
were significantly larger than at some of the other Holocene
locations (ANOVA degrees of freedom [df] = 8/114, F = 6.98,
P < 0.001).

The mean (+ SD) 8'>C value of the single surviving Holocene
grazer, Bison bison (—10.3 + 1.49,,), was not different from Pleis-
tocene bison (—10.8 + 2.19; SI Appendix, Tables S1 and S7
and Fig. 24) despite a highly significant difference in average
body mass between these species (Pleistocene bison = 779 kg vs.
Holocene bison = 477 kg; two-sample # test df = 119.0, r =
—6.93, P < 0.001). The two surviving large-bodied browsers,
deer (Odocoileus) and antelope (Antilocapra), also remained within
the same narrow isotopic space over time (Pleistocene pooled
enamel/collagen §'°C: —19.9 + 1.1%,, —18.9 + 0.3%,; Holo-
cene pooled 8'°C: —19.2 + 1.4%,, —19.0 + 1.6%,, respectively)
but varied in their body mass response. While deer became
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Fig. 1. Mean 8'3C and 8'°N values of species within the mammalian community at Hall's Cave. (A) Holocene and (B) Pleistocene. Error bars represent SD.
All mammals >1 kg were included. For species where mean &'3C values were determined based on enamel (indicated by superscript “en”), the mean §'°N
value for the functional group (e.g., browser, mixed feeder, grazer) or guild (Felidae) was used as a surrogate for the nitrogen isotope composition. Enamel
5'3C values were corrected to corresponding collagen values using standardized offsets (S/ Appendix). See SI Appendix, Tables S1 and S5 for isotope data.

significantly larger in the Holocene (73 kg vs. 61 kg; two-sample
t test df = 137.3, r = 3.01, P < 0.01), pronghorn became
slightly but not significantly smaller (52 kg vs. 58 kg; two-
sample ztest df = 14.5, r= —0.64, P> 0.05). After the extinc-
tion, the mean 8'>C value of both the jackrabbit (Lepus) and
cottontail (Sylvilagus) significantly increased in the Holocene
(two-sample # test df = 71.4, r = 3.53, P < 0.001; Fig. 24).
This was accompanied by an increase in size among jackrabbits
(4.5 kg vs. 2.8 kg; two-sample # test df = 24.1, r = 3.07, P <
0.01; Fig. 2C) and a decrease in size among cottontails (0.8 kg
vs. 1.0 kg; two-sample  test df = 134.9, r = —3.55, P <
0.001). Interestingly, the jackrabbit was the only taxon to sig-
nificantly diminish in mass from the Holocene to the modern
(4.5 kg vs. 2.6 kg; two-sample # test df = 20.7, t = 4.42, P <
0.001). Although there were slight mass changes in cottontails
between the Holocene and modern time periods (Sylvilagus
Holocene = 0.8 kg, modern = 1.3 kg; two-sample ¢ test df =
104, t = —2.26, P < 0.05), this was not significant after a
Bonferroni correction (S/ Appendix, Table S7). Morphological
changes in herbivorous taxa were unlikely to be driven largely
by climate; only bison and cottontails significantly decreased in
body size as predicted by Bergmann’s rule.

Carnivore Isotopic and Body-Size Changes. In the Pleistocene,
carnivore families occupied distinct isotopic niches, which
reflected different types of C5 vs. C4 prey and differing levels of
carnivory vs. omnivory (S/ Appendix, Table S1 and Fig. 1).
Among families, Ursidae had the lowest mean 8N value
(7.8 + 1.8%,), while Mephitidae (9.8 + 2.29%,) and
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Procyonidae (8.7 + 0.79,,) had slightly but not significantly
higher nitrogen isotope values. The 8"°N values of Canidae
(10.6 + 1.6%,) were higher than these groups, but this was
driven largely by wolves, who had a significantly higher mean
nitrogen isotope value (12.3 + 0.6%,) than other canids. Feli-
dae had the highest mean 8'°N value (11.9 + 0.8%,) among
carnivore families, with the extinct felid species exhibiting the
highest values found within the community (13.9 + 0.5%,).
The two species of extinct sabertooth cats (the dirk-toothed
Smilodon and the scimitar-toothed Homotherium) occupied dis-
tinct, and in the case of Homotherium very narrow, isotopic
niches, suggesting a high level of prey specialization. Their
8'°C values indicated a diet composed exclusively of grazers,
likely bison and mammoth (Fig. 1B). They also had particularly
high 8"°N values. In this community, grazers had significantly
higher mean (+ SD) 8N values than did browsers (8.1 +
1.8%, vs. 5.7 + 1.69,), reflecting differences in the nitrogen
isotope composition of Cj3 vs. C4 vegetation (47, 48). However,
both Smilodon and Homotherium had 8'°N values that were
elevated by ~6Y,, over that of grazers. While this may have
been driven by large trophic discrimination values, which can
be 4 to 59, for terrestrial hypercarnivores (47, 48), it may also
have reflected consumption of juvenile nursing herbivores (49).
Because nursing mammals essentially consume their lactating
mothers, their 8'°N values are enriched relative to adults (49).
Indeed, when we examined the mixing space of extinct cats, it
was clear an important source was missing (Fig. 34); adding
imaginary nursing juveniles to the mixing space resolved the
issue (Fig. 3B). Browsers and mixed feeders were likely a very
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Fig. 2. Change in the dietary isotopic space and body size of mammals at Hall's Cave across the Pleistocene to Holocene. (4) Change in 8'3C, (B) '°N, and
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rection (S/ Appendix, Table S7). Enamel values were corrected to corresponding collagen values using standardized offsets (S/ Appendix, Table S6). Legend is

the same as Fig. 1.

minor component of the diet (Fig. 3). In contrast, the wider
carbon isotopic niche of the American cave lion (Panthera leo
atrox) suggested a more generalist diet including both grazers
and mixed feeders. However, the low sample size for this taxon
(n = 2) and lack of collagen-derived 8'°N data mean this inter-
pretation is tentative (Fig. 1B and S/ Appendix, Fig. S1). The
two other felids present, jaguar (Panthera onca) and lynx
(Lynx rufus), likely fed on mixed feeders and/or browsers (Figs.
1 and 3). However, after the extinction, the jaguar became an
apex carnivore and moved from this generalized diet (Fig. 34)
into the specialized isotopic niche focused on consumption of
C, grazers previously occupied by the sabertooth cats (Fig. 3B).
Jaguar mean pooled 8'3C values shifted from —15.6 + 1.8%,
before the extinction to —10.3 + 0.3%,, with a smaller but
marginally significant increase in 8'°N (Figs. 1-3). The puma
(Puma concolor), previously absent in the community, became
widespread with a broad isotopic niche, while lynx (L. rufus)
had significantly higher 8'°C and 8'°N values after the extinc-
tion (Figs. 1 and 2) Unfortunately, a lack of samples precluded
analyzing body-size changes for these species from the Pleisto-
cene to the Holocene.

https://doi.org/10.1073/pnas.2115015119

Ursids had a mean (+ SD) 8">C value indicative of reliance
on Cs-based resources (—17.7 = 1.19%,). The isotopic niche of
black bear completely overlapped with those of browsing herbi-
vores (i.e., pronghorn, deer, and cottontail), suggesting a diet
composed largely of vegetation (Fig. 1). The single short-faced
bear (Arctodus simus) in our dataset had an intermediate 8"°N
value (9.7%,) similar to those of striped skunks (Mephitis
mephitis; 9.6%,). Interestingly, new insights from Rancho La
Brea also suggest this extinct bear might have been more
omnivorous than previously recognized and/or at least more
flexible in diet (46). The single ursid species that survived the
extinction, the black bear, exhibited no change in either body
size or isotopic niche over time (Figs. 1 and 2).

Central Texas in the late Pleistocene supported a diversity of
canids, although not all could be reliably identified to species.
In particular, it was not always possible to differentiate dogs
(Canis familiaris), which accompanied early humans and were
certainly present by the terminal Pleistocene, from similar-sized
coyotes (Canis latrans), leading to a “Canis latrans/familiaris’
category (SI Appendix, Table S1). Nonetheless, in the Pleisto-

cene there was clear isotopic separation between foxes, coyote/
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domestic dogs, and wolves, with a trajectory toward more meat
consumption and greater reliance on Cy-based resources with
increasing body mass in this family (e.g., C. latrans to Canis
lupus o Canis dirus, Fig. 1). Broadly, Canidae were generalists,
with a wider carbon isotopic niche than most other carnivores
(Figs. 1 and 3 and S7 Appendix, Fig. S1). An exception were the
dire wolves, whose isotopic niche was more constrained and
overlapped in 8'°C values with several of the now-extinct cats
(Fig. 1). Unlike other canids, grazers likely made up a substan-
tial portion of the diet of dire wolves (Fig. 3). After the extinc-
tion of the much larger dire wolf, both the coyote and surviving
gray wolf shifted slightly toward consumption of Cy-based
resources, although not significantly so, and neither changed
significantly in body mass from the Pleistocene to Holocene
(Fig. 2 and SI Appendix, Table S7).

Mesocarnivores all shifted slightly toward consumption of
Cy-based resources during the Holocene, perhaps tracking lago-
morphs or other prey that had shifted in a similar fashion, but
mesocarnivore 8" N values did not significantly differ over
time (Figs. 1 and 2 and SI Appendix, Tables S1 and S7). The
raccoon (Procyon lotor) was larger in the Holocene than in the
Pleistocene (7.1 kg vs. 5.8 kg, respectively), but this mass dif-
ference was not significant after Bonferroni correction. Other
mesocarnivores did not vary significantly in body mass over
time; note data were lacking to compare body mass or isotopic
niche of the badger (7axidea taxus) or ringtailed cat (Bassariscus
astutus) over time.

Community-Scale Body Size and Isotopic Niche Space. The
community-scale relationship between body size and isotopic
niche space changed over time (Fig. 4). The Pleistocene
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contour plot exhibited a complex topography of body size
across 8'°C and 8'"°N isotopic niche space (Fig. 44). Notably,
Cy specialists were both larger and consumed resources that
varied more in their nitrogen isotope composition than con-
sumers that specialized on Cj-based resources. The contours
were steepest among Cj specialists, suggesting a diverse array of
body sizes were packed into a relatively small isotopic niche
space. In comparison to the Pleistocene, the Holocene was sub-
stantially truncated in both isotopic niche space and body-size
topography (Fig. 4B). The starkest difference between the
Holocene and Pleistocene was found on the Cy4 end of the iso-
topic spectrum, although topographical complexity was lost
throughout. Most of the “missing pieces” of the body-size iso-
tope space consisted of large Cy-based specialists across multiple
trophic levels (primary and secondary consumers) (Fig. 40).

Discussion

Our analysis clearly demonstrated that the Holocene mammal
community was vastly different from that present before the
terminal Pleistocene megafauna extinction. This should not be
surprising given the magnitude and size-selective nature of the
extinction event (8, 25). However, what our combined body-
size and isotopic analysis revealed was that the community was
also functionally distinct (Fig. 4). We found little evidence of
compensation in the response of herbivores to the loss of their
larger-bodied congeners. Rather, the ecological legacy of the
extinction was a strikingly truncated mammal community lack-
ing much of its former ecological complexity; the Holocene
had many “missing pieces,” each representing absent body size
and isotopic niche space (Fig. 4C). For example, the Pleistocene
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Fig. 4. Mammal body size, 5'3C, and 5'°N isotopic niche over time for
meso- and mega-mammals within the Hall's Cave community. (A) Pleisto-
cene. (B) Holocene. (C) The “missing ecological pieces.” Mean species values
were used for all plots instead of individual specimens because isotopic
and body size data were not always matched and moreover we lack a
method for measuring abundance. Species average body masses are inter-
polated across the maximum convex hull of §'3C and §'°N isotope space.
Contours thus represent the relationship of body mass to 8'3C and 5'°N
composition within the Texas mammal community. Contours located close
together (i.e., “peaks”) represent portions of isotopic space where animals
of divergent body size were found together; although they had very similar
5'3C and 8'°N values, they were likely partitioning resources in some fash-
jon—structurally, temporally, or spatially. For example, note the C3 peak
(~—19%,) where multiple browsers of different body size cooccurred. C
includes only the species that went extinct at the terminal Pleistocene and
thus represents all the functional space lost with the extinction—both the
complexity of the body size contours as well as the truncation of isotopic
niche space. The convex hull from the Holocene is superimposed on C
(indicated by the dashed outline). Interestingly, the Holocene displays a
small slice of novel isotopic space relative to the Pleistocene because of
slight isotopic or body size shifts of surviving carnivores or lagomorphs.

community contained a rich grazer guild of mammoth and
multiple horse and bison species, well-differentiated in com-
bined body size and isotopic niche space (Fig. 1A4). Nearly all
of these taxa went extinct with only a single grazer, B. bison,
occupying this isotopic niche space in the Holocene (Fig. 1B).
The Pleistocene browser guild was particularly diverse with
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many species overlapping substantially in isotopic space (Fig.
1A4). However, when they overlapped isotopically, they tended
to diverge in body mass (i.e., overlap of mastodon and cotton-
tails, mountain deer and jackrabbits, and tapirs and dwarf
pronghorn), leading to considerable ecological topographical
relief (Fig. 4A4). This suggests a strong role for body size in par-
titioning resources within the Pleistocene community, like that
found in modern African savannahs (44, 45). In contrast, sur-
viving browsers in the Holocene were much more similar in
body mass (Fig. 1B and SI Appendix, Table S1). By targeting
both Cs- and Cj-dependent large-bodied herbivores and most
of their predators, the size-selective terminal Pleistocene extinc-
tion removed much of the functional complexity and redun-
dancy present in the mammal community (50), which is also a
key trait of modern mammal ecosystems in Africa. A loss of
functional redundancy is of concern as it has been implicated
as a key determinant of ecosystem resilience (51).

We had anticipated that the extirpation of virtually all large-
bodied herbivores at the terminal Pleistocene would lead to iso-
topic niche shifts by the survivors to exploit newly available
resources. Yet, strikingly, we see essentially no difference in the
average 8'°C values of the largest surviving herbivores—deer,
pronghorn, or bison—after the extinction (Fig. 2). Deer and
pronghorn had largely invariant §'°C values over time and
moreover overlapped almost completely in the Holocene (S7
Appendix, Table S1 and Figs. 1 and 2). Bison, the sole surviving
grazer, had the same isotopic niche space as did earlier species
of bison in the Pleistocene (SI Appendix, Table S1 and Fig. 1).
While the isotopic niche did not alter, the body size of these
animals shifted: Bison and pronghorn became smaller, while
deer became larger (Fig. 2). The significantly larger body mass
of deer, which is in the opposite direction as that expected
from thermal selection in accordance with Bergmann’s rule
(52), may have facilitated resource partitioning and ameliorated
interspecific competition between deer and the other remaining
browser, pronghorn. The smaller body size of bison was unex-
pected, because large body size facilitates digestion of fibrous
materials (42) and there was no longer any competition for C4
(grass) resources. We suspect this may well reflect adaptation to
warming conditions (53). Another likely response of surviving
herbivores was numerical: Taxa may have increased in abun-
dance to exploit newly available food resources. Certainly, there
is good evidence that bison herds were extensive during the late
Holocene, which may have been a response to resource avail-
ability (54). However, abundance is notoriously difficult to
characterize in the fossil record, and we have no current way of
assessing this as a likely response to terminal Pleistocene biodi-
versity loss at our site.

In sharp contrast to the large-bodied herbivores, there was a
highly significant shift in the 8'°C isotopic niche of the surviv-
ing meso-herbivores. Both cottontails (Sylvilagus) and jackrab-
bits (Lepus) shifted significantly toward Cy-based resources.
This was accompanied by body size changes in both taxa: Lepus
became ~60% larger and Sylvilagus, 20% smaller (Fig. 2).
Indeed, by the early Holocene, the lagomorphs at our site had
transitioned from browsers into mixed feeders and were more
divergent in body mass than they had been in the Pleistocene.
Only for cottontails was this shift in the direction predicted by
Bergmann’s rule. The early Holocene changes in both diet and
body mass suggest greater flexibility in resource selection or
sensitivity to environmental or ecological factors among meso-
herbivores than in their larger-bodied congeners. Interestingly,
for Sylvilagus this may have been driven by changes in species
abundance and/or composition and not by in situ adaptation.
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Because of difficulties in accurately identifying lagomorph fossils,
our analyses were necessarily conducted at the generic level.
Today, two species of Sylvilagus are found in sympatry within a
~600-km vicinity of Hall’s Cave: the desert cottontail, Sylvilagus
audubonii (~0.9 kg) and the eastern cottontail, Sylvilagus floridanus
(~1.2 kg). The similarities between the average body mass of
these taxa and the size changes we report from the Pleistocene
to Holocene—a small but significant shift in average mass from
1.0 to 0.8 kg—may reflect changes in the relative abundance of
S. floridanus and S. audubonii over time. However, the only
large-bodied leporid reported from the vicinity of Hall’s Cave
is Lepus californicus (55); thus, the isotopic and body size
changes we observed in Lepus likely do reflect in situ ecological
and morphological adaptation.

Many of the most striking changes from the Pleistocene to
Holocene occurred among the particularly diverse carnivore
guild at the site. Prior to the terminal Pleistocene extinction,
there was a clear hierarchy in 8'°C and 8'°N isotopic niche
space among the different carnivore families (Fig. 1). Felidae
had the highest §'°N values, followed by Canidae and Mustelidae,
while Ursids were largely indistinguishable from herbivores.
Moreover, the degree of carnivory and specialization appeared
to be related to body size within families (45, 56, 57). For
example, Homotherium had an exceptionally narrow isotopic
niche, suggesting a high degree of specialization. Indeed, at our
site, both sabertooth species appeared to largely consume juve-
nile grazers, particularly mammoth and bison (Figs. 1 and 3).
This interpretation is consistent with paleontological studies of
fossil remains from cave sites in the region (58, 59). For example,
recent work at Friesenhahn Cave employing dental microwear
texture analysis along with stable isotopes, concluded that
Homotherium preferentially consumed juvenile mammoths (59).
Certainly, "’N-enriched juvenile herbivores were probably con-
sistently abundant because lactation continued for at least 3 y
in megaherbivores such as mammoth (60). Moreover, trackway
analysis suggests mammoth herds were a mix of adults, suba-
dults, and nursing juveniles (61).

Similarly, among the Canidae the extinct dire wolf had a
narrower isotopic niche than did other smaller-bodied canids,
although all consumed a broader variety of prey than did most
felids. We did find evidence of similar prey types shared
between dire and gray wolves, although the relative proportions
of each likely differed substantially (Fig. 3). There was overlap
in isotopic values, and thus presumably diet, between dire
wolves and the extinct cats, particularly Smilodon and perhaps
the cave lion (Fig. 1). This suggests some level of intraguild
competition between dire wolves and the extinct cats, as has
been reported elsewhere (47, 62). The varying results found
among studies (e.g., refs. 47 and 62-64) highlight the dietary
flexibility of carnivores, which responded to both local resource
availability and the presence of conspecifics.

Ecologists have argued for a strong role of apex predators in
structuring ecosystems (e.g., refs. 3, 65, and 66). The extirpa-
tion of large-bodied predators can result in the population
expansion of medium-bodied competitors; a phenomenon
known as “mesocarnivore release” (66, 67). How common this
pattern is, or indeed how important top-down control is within
ecosystems, remains an ongoing area of research (3, 65, 66,
68-70). Here, we find strong evidence of mesocarnivore release
among the Felidae following the extinction of the three largest
cats at the terminal Pleistocene. The smaller-bodied jaguar
(P. onca, ~92 kg) significantly shifted its diet by more than
5%, and moreover went from consuming a broad variety of
prey to a narrow range of grazers (Fig. 3 A and O), essentially
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moving into the same isotopic niche space once occupied by
extinct felids. While earlier cats had a variety of large-bodied
grazer species to consume, the jaguar had only one (i.e., bison) in
the Holocene. Intriguingly, the isotopic values of Holocene jagu-
ars were higher in §"°N and lower in 8'°C than we would expect
if only bison and their calves were consumed (Fig. 3C), suggest-
ing another contributing source. This was perplexing because
there were no other Cy-based sources during this time frame.
However, we noted that our Holocene jaguar samples—all from
our main Hall’s Cave site—dated to a narrow temporal window
right at the terminal Pleistocene/Holocene boundary. This raised
the possibility that relict populations of some Pleistocene grazers
were still present, although Smilodon and Homotherium had
already been extirpated in the community. Regardless of what
exactly jaguars were eating, our results indicate the absence of
larger felids led to a rapid competitive release.

The smaller-bodied mountain lion (P. concolor, ~52 kg),
which was scarce in Pleistocene assemblages, became widespread
during the Holocene and moved into the generalized isotopic
niche space previously occupied by the jaguar in the Pleistocene.
The habitats and dietary niche occupied by mountain lions dur-
ing the Pleistocene in Texas remain unclear; however, dental
microwear texture analysis from the La Brea Tar Pits in southern
California confirms a generalized diet with moderate levels of
durophagy (71). The other surviving felid in the community, the
bobcat (L. rufus) also responded significantly. Bobcats transi-
tioned from 8'C values reflecting consumption of mostly brows-
ers in the Pleistocene to those indicating a greater reliance on
mixed feeders in the Holocene. In addition, the mean 8'°N val-
ues of bobcats increased significantly, as did body size (Figs. 1
and 2). While the various isotopic and body-size shifts observed
in surviving felids during the Holocene suggest exploitation of
newly vacated ecological space, their much smaller body sizes led
to different functional roles than those of the extinct large-bodied
sabertooth cats (56, 72, 73). Studies of modern ecosystems sug-
gest that medium-bodied carnivores pose less of a perceived threat
to potential prey and/or competitors (72, 73).

The evidence for mesocarnivore release among canids was
inconclusive, at least partially because of low sample sizes for the
Pleistocene. While surviving canids shifted toward Cg-based
resources after the extinction of the dire wolf (C. dirus), their
8'°N values either did not change or decreased. The isotopic
shift by coyotes may have been facilitated by the movement of
surviving wolves toward increased consumption of Cg-based
resources. Other studies have found that competition between
coyotes and wolves influenced space use, diet composition, and
even morphology in the late Quaternary (63, 64, 74, 75); our
site-specific body masses diverge from the Pleistocene to Holo-
cene, but not significantly so (SI Appendix, Table S1). In the
Holocene, gray wolf 8'°C values increased by 29%,, which was
accompanied by a decrease of similar magnitude in 8'°N (Figs.
1 and 2). The lower 8'°N value of wolves in the Holocene was
unlikely to have been solely the result of a baseline shift; while
mean 8'°N values of some surviving herbivores decreased (deer,
hare), others increased (cottontails; SI Appendix, Table S1).
Moreover, the decrease in 8'°N values of canids was of higher
magnitude than changes in herbivores, suggesting greater reliance
on plant matter in the Holocene. Alternatively, it is possible that
scavenging and/or the availability of large-bodied herbivore
carcasses from kills by extinct felids—perhaps including
""N-enriched juvenile herbivores—were important dietary
inputs in the Pleistocene for wolves (76). High frequencies of
tooth breakage, found among many Pleistocene carnivores, has
been interpreted to mean more extensive use of carcasses and
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bones (62, 70, 77). Foxes appeared to have exhibited a slight
niche release, increasing in body size in the Holocene, consistent
with the conclusions of other studies (75). Overall, the Holocene
community no longer demonstrated strong isotopic differentia-
tion among carnivore families; only the jaguar exhibited a dietary
isotopic niche distinct from canids or other carnivores (Fig. 14).
A similar Holocene homogenization of carnivore diet has been
reported elsewhere (64).

Note that with the possible exception of wolves we were
unlikely to have included all of the potential dietary inputs for
the smaller-bodied carnivores in our analyses. Rodents become
increasingly important as a food resource as carnivore body size
decreases. For example, coyote coprolites preserved at Hall’s
Cave have revealed the consumption of woodrats (Neoroma
spp.), gophers (Geomys spp.), pocket mice (Chaetodipus), and
rabbits [Sylvilagus spp. (55)]; only the latter taxa were included
in our analyses. However, rodents in this community tend to
fall on the C5 or mixed C3/Cy4 portion of the §'°C spectrum.
For example, Neotoma were browser/mixed C3/Cy foragers with
8'°C values ranging from —19.5%, to —17.8%, during the
Pleistocene and early Holocene (78). Even Sigmodon, which is
generally assumed to be tightly associated with grassland habi-
tats, had 8'°C ranging from —15.6%, to —14.1%, over this
time frame (79). Thus, directional shifts by wolves or coyotes
toward Cy-based resources were unlikely to be driven by
increased rodent consumption. Indeed, given the location of
wolves along the C5-C4 spectrum, the most parsimonious
explanation is greater consumption of bison, the sole surviving
grazer in the Holocene ecosystem.

We largely attribute the changes in body size and isotopic
niche from the Pleistocene to the Holocene to biodiversity loss
and not climate change. While climate change did occur over
this time interval, our data are temporally averaged for both
periods and thus unlikely to reflect specific climatic events. In
general, Texas became progressively warmer and drier during
the early to mid-Holocene (80), which should have selected for
a general pattern of body size dwarfing (52). We did not find
this in our community; while temperature influenced the body
size of some taxa, especially small-bodied mammals (e.g., refs.
78 and 79), we found no consistent pattern among the larger-
bodied species examined here. Indeed, only bison and jackrab-
bits changed morphologically in the direction predicted by
Bergmann’s rule, suggesting that biotic interactions were a
stronger driver than temperature for most taxa. Isotopic shifts
seen in browsers and mixed feeders may have been influenced
by changing climate and associated shifts in vegetation. Gener-
ally, aridity is associated with higher carbon isotope values in
C; plants, which should also be reflected in the 813C values of
browsers and mixed feeders (81). While some herbivores
showed a slight (0.1%, to 0.5%,) positive shift in mean 8'°C
values over time (S Appendix, Table S1), most species were
invariant across the extinction. This suggests that climate-
driven vegetation changes from the terminal Pleistocene to early
Holocene were relatively modest at this site, consistent with
previous work from Texas (82). Alternatively, the species we
examined may have shifted microhabitats to track preferred
vegetation types and/or consumed different vegetation but
maintained the same general location along the C3—Cy spec-
trum. By extension, the large ~2 to 5%, shifts in 8'°C values
observed in many carnivore species over time are unlikely to
have been driven by climate.

Our study provides an important baseline for modern conser-
vation efforts by quantifying the significant changes in ecological
function and organization that occurred with the terminal
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Pleistocene biodiversity loss. We find that the functional role
played by large-bodied mammals was unique and that there are
pieces of unfilled ecological space (e.g., 83-94). Moreover, the
ecological legacy of the extinction is still evident today (95). For
example, we found that surviving large-bodied herbivores did not
systematically increase in body size with the loss of larger-bodied
congeners, nor did they expand or shift their isotopic niche to
exploit newly available resources. Instead, the functional role of
the extinct herbivores simply went “missing” (Fig. 40); the
reduced complexity we found in the Holocene (Fig. 4B) repre-
sented lost ecological function in the Hall’s Cave community
across the isotopic-body-size spectrum. In contrast, the loss of
apex consumers led to significant ecological reorganization of the
remaining carnivore guild and greater isotopic overlap among sur-
viving taxa. Indeed, the Holocene community no longer demon-
strated strong isotopic differentiation among carnivore families.
Thus, the loss of large-bodied mammals at the terminal Pleisto-
cene profoundly altered the behavior of surviving carnivores, dis-
rupting predator—prey pairs and causing shifts in resource use.
Our findings are consistent with continental-level studies demon-
strating a decline in the importance of biotic interactions after
the megafauna extinction and a homogenization of ecosystems
(28, 29).

With the exception of a few locations, such as African savan-
nah ecosystems, the world has continued to lose much of its
large animal biodiversity over the Holocene (4, 10, 94, 96, 97).
Wildlife have been largely replaced with domesticated animals
(14, 19), and remaining natural areas are under threat. Our
study suggests that even after thousands of years, surviving
small-bodied species do not compensate for lost large-bodied
ones. Moreover, we can expect that ecological interactions
between surviving species will be disrupted in the future. Thus,
continued biodiversity loss will not only truncate the range of
ecological function within communities but will also further
reduce the complexity of natural ecosystems (84-96). To the
extent that complexity equals resilience (51), continued body size,
functional, and trophic downgrading may lead to further unan-
ticipated and unwelcome effects. By incorporating a deeper
understanding of ecological interactions over millennia, our
work highlights the critical importance of maintaining body size
and dietary complexity within natural communities as wildlife
managers and conservationists strive to preserve ecosystems.

Materials and Methods

study Region and Mammal Communities. We reconstructed the Pleisto-
cene and Holocene mammal communities on the Edwards Plateau based on the
faunal lists from the Hall's Cave fossil site (Texas Memorial Museum site 41229)
and surrounding paleontological localities. These materials are all housed at the
Texas Memorial Museum (TMM) in Austin, TX. The initial faunal list for Hall's
Cave was compiled by Toomey (55); our ongoing efforts over the past 4 y with
the unidentified fossil materials and recent ancient DNA analysis of sediment
(98) from this site have resulted in additional species being recovered (S
Appendix, Table S1) (20).

Our reconstructed Pleistocene and Holocene mammal communities con-
tained 52 and 24 mammal taxa, respectively (S/ Appendix, Table S1). This was a
consenvative estimate of the true diversity because several taxa were only ana-
lyzed at the generic level. For example, although multiple species of Equus were
present in the Edward's Plateau during the Pleistocene, their identification and
taxonomic status remain unsettled. Here, we combined all equid species and
considered them at the generic level; this was unlikely to conflate our analyses
because of the considerable overlap in body size and diet among the individual
species. We focused on the medium- and large-bodied mammals, which we
defined as larger than 1 kg. This included the lagomorphs (Lepus and Sylvila-
gus), large-bodied herbivores, and most skunks (Spilogale and Mephitis spp.),
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even though some species within these genera may have mean masses slightly
less than the ~1-kg threshold.

Estimation of Body Mass from Fossils. Site-specific body size was quantified
using fossils housed at TMM (S/ Appendix). We measured 2,124 molar and post-
cranial elements and were able to obtain temporally and spatially constrained
estimates of body mass for 2,086 animals within our community (S/ Appendix,
Table S2). Elements measured included those commonly used for estimating
size, such as the length and/or width of molars, tooth rows, astragali, calcanea,
humeri, radii, and other postcranial material. For animals the size of lagomorphs
or smaller, we photographed specimens using a Dinoscope or high-resolution
DSLR camera (20.4 MP Canon EOS 70D or 50.6MP Canon EOS 5DS R), and mea-
sured elements using ImageJ (https://imagej.nih.gov/ij/download.html) soft-
ware; larger specimens were measured using digital calipers, or as in the case of
mammoth long bones, a calibrated string. We used allometric regressions devel-
oped on extant species to translate these various measures into estimates of
body mass; all data, equations, and sources are provided in S/ Appendix, Tables
§2-S7. Because allometric regressions were not available for all elements to
translate into body size, we developed our own as necessary using modem
museum specimens (S/ Appendix).

Isotopic Analyses. We measured the carbon (5'3C), nitrogen (8'°N), and/or
oxygen (8'30) isotope values of 1,006 fossils from Hall's Cave and the surround-
ing sites (S Appendix, Table S5). We also included 257 isotopic measurements of
large-bodied mammals reported in the literature (31, 82, 99), for a total initial
dataset of isotope values for 1,257 fossil specimens. Most samples were bone col-
lagen, which provides an integrated multiyear estimate of diet (34, 36). For some
taxa and sites with poor preservation of bone collagen, we extracted apatite from
tooth enamel (100), which records a shorter time window than does collagen. We
computed a "collagen equivalent” for each enamel-derived value by first calculat-
ing the apatite to collagen &'>C spacing for ruminants, nonruminants, and cami-
vore families (canids and felids) using data from Codron et al. (45) and then
applying these mean (+ SD) offsets to our data (S/ Appendix, Table S6): rumi-
nants (8.8 + 2.2%,), nonruminants (8.8 + 1.8%,), canids (5.0 + 1.2%,), and fel-
ids (4.4 + 1.2%,). A series of ANOVAs with Bonferroni corrections were used to
check for potential biases introduced by sampling from different bone and tooth
elements and/or from using corrected 8'C values from tooth enamel vs. bone
collagen. We found no difference in the average &'C or 8N values for taxa
when using different elements or even molar positions, nor did we find a differ-
ence between collagen equivalents and measured collagen values when we had
both for a taxon (SI Appendix, Tables S9 and S10). Detailed information on colla-
gen extraction, preparation, and analytical protocols can be found in S/ Appendix.

Isotopic results are reported in delta () notation using the equation 8'C or
615N = 1:000*[(Rsample/Rstandard) - 1]1 where Rsample and Rstandard are the
B3C:2C or NN ratios of the sample and standard, respectively. The interna-
tionally accepted standards for 8'C and 8N analysis are respectively Vienna-
Pee Dee Belemnite limestone (V-PDB) and atmospheric N; 5'%0 data were
calibrated using the V-SMOW intemational standard. The units are expressed as
parts per thousand, or per mil (%,). As a control for the quality of our ancient col-
lagen samples, we calculated the atomic percent [CJ:[N] ratio from measured
weight percent [C1[N] values. See SI Appendix for further details.

Data Analysis. We calculated the mean, median, and SD of §°C and "N val-
ues for each species (S/ Appendix, Table S1) and the change in values (if any)
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