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In this study, we focused on the exceptionally large mammals inhabiting the
Americas during the Quaternary period and the paramount role of body size
in species ecology. We evaluated two main features of Pleistocene food
webs: the relationship between body size and (i) trophic position and
(ii) vulnerability to predation. Despite the large range of species sizes, we
found a hump-shaped relationship between trophic position and body
size. We also found a negative trend in species vulnerability similar to
that observed in modern faunas. The largest species lived near the boundary
of energetic constraints, such that any shift in resource availability could
drive these species to extinction. Our results reinforce several features
of megafauna ecology: (i) the negative relationship between trophic posi-
tion and body size implies that large-sized species were particularly
vulnerable to changes in energetic support; (ii) living close to energetic
imbalance could favour the incorporation of additional energy sources,
for example, a transition from a herbivorous to a scavenging diet in the
largest species (e.g. Megatherium) and (iii) the interactions and structure of
Quaternary megafauna communities were shaped by similar forces to
those shaping modern fauna communities.

1. Introduction

Food web structure, dynamics and stability are related to the body size of the
interacting species involved [1,2]. The extensively documented body size hier-
archy in trophic relationships [3], with large animals consuming small ones,
determines systematic trends, such as increase in the number of prey and
reduced predation risk [4-6], the ability to feed in various local communities
[7], the integration of different energy channels [8] and the trends in trophic
position [9,10]. The central role of body size on food web structure sheds
light on the processes that moulded extinct faunas, in which community size
structure strongly departed from contemporary examples [11], even though
ancient and modern faunas share remarkable similarities [12]. Nevertheless,
exceptionally large body sizes of extinct species such as those observed in
Pleistocene mammals could give rise to unusual interaction patterns [13].

The South American Pleistocene megafauna, a singular array of numerous
giant mammals [11], is interesting from a food web perspective [13,14]. As
these species became larger, their diet richness and range of prey body sizes
consistently increased, as did their trophic positions [3,6,15]. However, the
increasing energetic demands of body size will compromise the viability of
large-sized species at higher trophic positions, where resources systematically
dwindle through trophic interactions [9]. Thus, species of intermediate body
size are expected to achieve higher trophic positions. Here we aim at elucidating
diet—body size relationships and their ecological consequences for that peculiar
megafauna [13] with lack of modern counterparts [16] and potential existence of
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a disproportionately low number of predators ([16—18], but
see [19]), based on their exceptional body sizes and the emer-
ging principles of trophic interactions observed in modern
biotas. Specifically, we analyse the relationships between
body size, and (i) the probability of being carnivorous and
(ii) the trend in species vulnerability to predation. However,
the existence of larger predators than those found in
modern fauna, such as sabre-toothed cats, also suggests
that the predation rate on Pleistocene herbivores was similar
to contemporary rates [13]. Indeed, it has been argued that
large mammals were subject to heavy predator control [19].
Here we intend to elucidate the trophic structure of large
Quaternary mammals.

2. Material and methods

We analysed body size and feeding habits in Pleistocene mammal
species found in Uruguay and Buenos Aires Province, Argentina,
possibly conforming interacting communities [13,14,16-18].
Detailed information on feeding habitats is not available for
Pleistocene mammals, thus species were classified according to
their feeding habits into two trophic positions: carnivorous or
non-carnivorous. We evaluated whether a linear increase or a
humped relationship could better explain the association between
trophic position and body size through three logistic regression
models: (i) linear, (ii) quadratic and (iii) segmented, ranked
using Akaike information criteria (AIC). The natural logarithm
of body mass (M) was the continuous explanatory variable and
the feeding categories were the dichotomous response (0-1).
All models were fitted in the statistical program R [20,21].

A linear model for the relationship between the natural logar-
ithm of extant predator body mass and prey body mass was
constructed using data from terrestrial endothermic predators
[3]. Large endothermic predators feeding on endothermic prey
tend to consume larger prey at a given size [22]; we, therefore,
chose to model the upper 95th conditional quantile distribution.
We defined the predator—prey size range (PPR) as the distance
between the 0.925 and the 0.975 conditional quantiles of prey
size at a given predator size. We then evaluated the congruence
between the PPR obtained in this manner and the PPR observed
for African megafauna [5], the most (and nearly the only) compar-
able modern megafaunal assemblage [11]. To that end, we used
data on the size range of prey eaten by modern mammal preda-
tors [5]. Finally, we calculated the species vulnerability of
Pleistocene mammals as the number of potential predators
expected for each species: we summed all predators for which
prey size was inferior to the upper limit of the PPR. The sum of
predators for which prey size was within PPR gives similar results
(not shown), except to the smallest rodent (approx. 27 g). It should
be noted that this statistical approach is robust to the trend in the
decrease of the number of species with body size.

3. Results and discussion

The trophic position-body size relationship was better
described by a hump-shaped relationship in which mammals
of intermediate body size had a higher probability of being
carnivorous (figure 1a). The quadratic and segmented logistic
models fit this distribution better than the linear model
(AAIC > 10; table 1). Indeed, large and small mammals had
almost zero probability of being carnivorous, as expected
due to gape and energy limitations [9] and also consistent
with the empirical evidence for modern faunas [4,6,10,23].
Theoretically, given that metabolic rate scales with body size
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Figure 1. (a) Probability of being carnivorous as a function of natural log-
arithm of body mass (g) for Pleistocene mammals (fitted models in table 1).
Blue line is an example of the range of potential prey for the sabre-toothed
@t (M~ 304 kg) estimated by the predator—prey range (PPR) model.
(b) Predator—prey body mass relationship for extant terrestrial endothermic
organisms. Superimposed triangles are minimum and maximum prey sizes in
modern African fauna [5], not used to construct the models. Vertical line
exemplifies the PPR estimated for the sabre-toothed cat. (c) Number of
potential Pleistocene predators as function of prey body size. (Online version
in colour.)

at a power of approximately 0.75 and a trophic transfer effi-
ciency between 1% and 40%, the predicted slope of the
transition at large sizes between carnivores and non-carnivores
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Table 1. Model statistics for the logistic regression model between carnivory (0—1) and the logarithm of body mass (M; g) for Pleistocene mammals. The
general model P(M) = €'/(1 + ¢) plus a Binomial error was fitted. bkp refers to break point estimated from segmented regression.

model structure
linear t=by+b—M
quadratic t=by+ by— M+ bW
segmented t=by+bM if M<bkp
t=b,+b;M if M > bkp
*p < 0.05.

is between —0.16 and —0.82 (see the electronic supplementary
material). The slope found (b;= —0.78, 95% CI= —0.24
to —1.3), representing the transition from carnivorous to
non-carnivorous, was consistent with theoretical expectations
[9,10]. This use of first principles to infer trophic structure in
past and present faunas [12,13] implies that Pleistocene
large-sized mammal populations were limited by energetic
constraints.

The range of prey size predicted from predator size
[3,6,15] fits the observed trend in modern African carnivores
(figure 1b), whose data were not used for model construction.
Based on the estimated PPR, we predicted the size range of
prey consumed by each Pleistocene predator species
(figure 1a). Our results agreed with previous estimates [13],
in spite of their large size, few Pleistocene species were free
from predation as adults (figure 1c). Thus, top-down forces
were probably more important than previously thought [19].

The vulnerability of Pleistocene mammals to predation
had a negative and nonlinear relationship with body size,
similar to that in modern African mammals [5,24]. Although
other mechanisms must be evaluated, this suggests that
similar forces shaped the structure of extinct and modern
mammal assemblages, with a consequentially decreasing
role of predation in large mammals. First, even a single pred-
ator species could impact the entire prey assemblage [25].
Second, large predatory mammals tend to prefer large prey
[22,26], which constitute a large proportion of their diet
[24]. Third, reduced guild diversity could increase the preda-
tion rate experienced by prey because of a reduction in
intraguild interference [27]. Fourth, the range of prey consumed
could be a more relevant metric for local communities than the
predator—prey richness [14]. Fifth, larger predators can domi-
nate carnivorous guilds, accounting for most of the predation
experienced by herbivorous mammals [24], a top-down
pressure observed in modern faunas [19]. Finally, robust
evidence supports the existence of top-down control by Pleisto-
cene megafauna and resource limitation for their predators [19].

Congruently, recent analysis of Pleistocene food webs
suggested a topological structure similar to modern food
webs; however, Pleistocene communities were more vulner-
able to disturbances caused by human invasion [13]. Our
results further support the existence of two fundamental
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In summary, despite the unprecedented range in body
size of Pleistocene mammals, a hump-shaped relationship
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with a food web structure that resembles that of modern
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Any shift in baseline conditions (e.g. resource availability)
or the appearance of a novel predator able to hunt these
organisms could lead this species into a highway to hell.
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