
Chapter 6
Evolution and Biological Context of South
American Mammalian Carnivores During
the Cenozoic and the Biological Context

Abstract The process by which successive groups using the same resources
occupy the same geographic area through time is frequently attributed to compe-
tition. Several authors have argued that competitive displacement was the cause of
the decline and extinction of Sparassodonta, due to the introduction of carnivorans
into South America about 8–7 Ma, although this view has been recently criticized.
The diversity of Sparassodonta was low relative to that of Carnivora throughout the
Cenozoic. The greatest peak in sparassodontan diversity was during the early
Miocene (Santacrucian), with 11 species. After the late Miocene (Huayquerian),
sparassodont diversity decreased and the group became extinct in the mid-Pliocene
(*3 Ma, Chapadmalalan). In the late Miocene–mid Pliocene (Huayquerian–
Chapadmalalan), the fossil record shows that sparassodonts and carnivorans over-
lapped. During this time, carnivoran diversity consisted of four or fewer species;
thereafter, it expanded to more than 20 species in the early–Middle Pleistocene
(Ensenadan). Initially, Carnivora was represented by middle-sized, omnivorous
species, with large omnivores first represented in the mid-Pliocene
(Chapadmalalan). By contrast, over this period, Sparassodonta was represented
by both large and small hypercarnivores and a single large omnivorous species. We
review hypotheses of replacement using the available information and perform new
analyses to test the effect of sampling bias, ecological overlap between clades, and
the relevance of environmental and faunistic changes for the evolution of sparas-
sodonts. From this review of the fossil record, it is suggested that stochastic
mechanisms other than competitive displacement may have caused the decline and
extinction of Sparassodonta, possibly as part of a larger faunistic turnover related to
multicausal biological and physical factors. Similarly, at the Pleistocene/Holocene
boundary, an extinction event affected large mammals in South America, including
large carnivorans, in the context of a multicausal event that involved human
presence as well as collateral factors.
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Ecological replacement � Faunistic turnover � Multicausal event
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6.1 Introduction

The ecological interaction between species is one of the drivers of macroevolu-
tionary processes. Using the analogy of the Red Queen in Through the Looking
Glass, Van Valen (1973) proposed that organisms are in a constant evolutionary
battle to out-compete competitors. In this context, ecological competition refers to
the situation in which a local population of one species reduces the rate of
expansion of another (Sepkoski 2001). Competitive displacement (competitive
exclusion or active displacement, sensu Krause 1986) in the fossil record concerns
contexts in which one taxon wanes while other waxes—the so-called “double
wedge” pattern (Sepkoski 2001)—with the consequent extinction of one of the
species involved. Relevant studies include classical ecological pairs such as gas-
tropods and brachiopods (Gould and Calloway 1980; Sepkoski 2001), basal
archosauromorphs and dinosaurs (Brusatte et al. 2008; Langer et al. 2009), multi-
tuberculates and rodents (Krause 1986), creodonts and carnivorans (Van
Valkenburgh 1999; Friscia and Van Valkenburgh 2010), and different clades of
carnivorans (Silvestro et al. 2015).

In South America, the decline and extinction of the native mammalian predators
(Sparassodonta) was classically interpreted in relation to the arrival of placental
carnivorans (Carnivora), during the late Miocene–Pliocene (e.g., Simpson 1950,
1969, 1971, 1980; Patterson and Pascual 1972; Savage 1977; Werdelin 1987; Wang
et al. 2008). However, this hypothesis has been questioned and even rejected (e.g.,
Marshall 1977, 1978; Reig 1981; Bond 1986; Pascual and Bond 1986; Goin 1989,
1995; Ortiz Jaureguizar 1989, 2001; Marshall and Cifelli 1990; Alberdi et al. 1995;
Forasiepi et al. 2007; Forasiepi 2009; Prevosti et al. 2013; Zimicz 2014;
López-Aguirre et al. 2017).

Different models have been applied to try to understand the evolution of two
convergent clades occupying the same geographic area at the same time. The
simplest model to predict the possibility of competitive displacement is linear
decrease in diversity and/or abundance of one taxon, associated with increase in
diversity and/or abundance in another (Benton 1983; Krause 1986; Van
Valkenburgh 1999). Other predictions have coupled logistic functions describing
local population sizes of competing species in local environments (Sepkoski 1996,
2001; Sepkoski et al. 2000). Under this model, both groups increase their diversity/
abundance until a threshold is reached; subsequently, the out-competed taxon
declines. Another model implies that both groups persist for a long time until an
external perturbation occurs, when the diversity/abundance of one of them
decreases in favor of the other (“incumbent replacement” sensu Rosenzweig and
McCord 1991). Recently, new approaches have been made with Bayesian analyses
(e.g., Silvestro et al. 2015; Pires et al. 2015).

Similarly, environmental changes have been largely discussed in relation to the
extinction processes of different mammalian groups. In examples that have been
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studied, such as the “Grande Coupure” at the Eocene/Oligocene boundary in
Eurasia, not one but several taxonomic groups are affected, triggering a faunistic
turnover. In South America, this complex has been identified in relation to the
cooling of Patagonia also at the Eocene/Oligocene boundary (Goin et al. 2010,
2012), or Andean orogeny and Southern cone aridification by the mid-Miocene
(Pascual and Ortiz Jaureguizar 1990) (Chap. 2). In a similar context, our last
revision (Prevosti et al. 2013) suggested that the extinction of Sparassodonta was
related to environmental and faunistic changes occurring between the middle
Miocene and the Pliocene. In this chapter, we review the pattern of evolution of
carnivores in SA and evaluate the hypothesis of competitive displacement and the
role of environmental factors in faunal turnover.

6.2 Changes in Predator Diversity: The Last
Sparassodonts and First Carnivorans in South
America

Our revised dataset produced diversity curves very similar to ones presented earlier
(Prevosti et al. 2013; see also Chaps. 3–5; Fig. 6.1). During the earliest 20 million
years of the Cenozoic, until the middle Eocene (Casamayoran), sparassodont tax-
onomic diversity and ecological disparity were low. It is worth mentioning that the
phylogenetic position of the early Paleocene (Tiupampan) metatherians as sparas-
sodonts is still inconclusive (Chap. 3); however, as a means of expressing the idea
that the group was indeed present (e.g., de Muizon 1994, 1998; de Muizon et al.
1997, 2015), we include one Tiupampan metatherian for our analyses. The sub-
sequent Peligran Age has provided only one isolated astragalus that resembles in
size and shape of a fox-like borhyaenid (Goin et al. 2002). Unquestioned sparas-
sodonts were present by the early Eocene (Itaboraian Age), as demonstrated by
Patene simpsoni. The first peak in diversity is recorded by the middle Eocene
(Casamayoran) with nine species, but this number may be biased due to averaging
of faunal associations (Chap. 5). No or little record exists for the Mustersan–
Tinguirirican, Friasian–Colloncuran, or Mayoan. The major peak in sparassodont
diversity is recorded in the Santacrucian with 11 species (Fig. 6.2), followed by a
decrease after the Huayquerian (Fig. 6.3) until their last records in the
Chapadmalalan. Carnivoran diversity is low during the late Miocene–Pliocene, with
a notable increase in the early–Middle Pleistocene (Ensenadan) (Fig. 6.4). The
addition of Lazarus taxa to the analysis helps to reduce the effects of apparent
declines and missing records, but it does not completely eliminate biases (Chap. 5).

Seven late Miocene (Huayquerian Age; Fig. 6.3) sparassodont species were
included in our analysis: Stylocynus paranensis, Borhyaenidium altiplanicus,

6.1 Introduction 157



F
ig
.
6.
1

R
ep
re
se
nt
at
io
n
of

th
e
tim

e
sp
an
s
an
d
pe
ak
s
in

di
ve
rs
ity

of
th
e
m
aj
or

So
ut
h
A
m
er
ic
an

te
rr
es
tr
ia
l
pr
ed
at
or
s
th
ro
ug

h
th
e
C
en
oz
oi
c.

B
lu
e,
di
ve
rs
ity

as
ob

se
rv
ed

by
th
e
fo
ss
il
re
co
rd
.
G
ra
y,

L
az
ar
us

ta
xa
.
G
re
en
,
tim

e
sp
an

in
w
hi
ch

sp
ar
as
so
do

nt
s
an
d
ca
rn
iv
or
an
s
ov

er
la
p
in

So
ut
h
A
m
er
ic
a

158 6 Evolution and Biological Context of South American …



F
ig
.
6.
2

A
rt
is
t’
s
po

rt
ra
ya
l
of

a
la
nd

sc
ap
e
du

ri
ng

th
e
ea
rl
y
M
io
ce
ne

(S
an
ta
cr
uc
ia
n
A
ge
)
in

Pa
ta
go

ni
a.

O
n
th
e
le
ft
,
cr
ou

ch
in
g
B
or
hy
ae
na

(S
pa
ra
ss
od

on
ta
)

w
ai
tin

g
to

am
bu

sh
a
gr
ou

p
of

pr
ot
he
ro
th
er
iid

s,
Th

oa
th
er
iu
m

(L
ito

pt
er
na
),
al
so

ch
as
ed

by
a
te
rr
or

bi
rd
,
P
ho

ru
sr
ha

co
s
(P
ho

ru
sr
ha
ci
da
e)
.
In

th
e
ba
ck
gr
ou

nd
,

A
st
ra
po

th
er
iu
m

(A
st
ra
po

th
er
ia
).
A
rt
is
t
Jo
rg
e
B
la
nc
o

6.2 Changes in Predator Diversity … 159



F
ig
.
6.
3

A
rt
is
t’
s
po

rt
ra
ya
l
of

a
la
nd

sc
ap
e
du

ri
ng

th
e
la
te

M
io
ce
ne

(H
ua
yq

ue
ri
an

A
ge
)
in

Pa
m
pa
.
In

th
e
fo
re
gr
ou

nd
,
le
ft
to

ri
gh

t
th
e
ca
rn
iv
or
es

C
yo
na

su
a

(C
ar
ni
vo

ra
)
an
d
Th

yl
ac
os
m
ilu

s
(S
pa
ra
ss
od

on
ta
).
T
he

ce
nt
er

of
th
e
im

ag
e
is
do

m
in
at
ed

by
A
rg
en
ta
vi
s
(T
he
ra
to
rn
ith

id
ae
),
th
e
la
rg
es
te
xt
in
ct
fly

in
g
bi
rd
,w

ith
a

ca
7-
m

w
in
gs
pa
n.

In
th
e
di
st
an
t
le
ft
ba
ck
gr
ou

nd
,
th
re
e
ho

pl
op

ho
ri
in
e
gl
yp

to
do

nt
s
(G

ly
pt
od

on
tid

ae
)
an
d
a
gr
ou

p
of

X
ot
od

on
(N

ot
ou

ng
ul
at
a)
.
A
rt
is
t
Jo
rg
e

B
la
nc
o

160 6 Evolution and Biological Context of South American …



F
ig
.
6.
4

A
rt
is
t’
s
po

rt
ra
ya
l
of

a
la
nd

sc
ap
e
du

ri
ng

th
e
Pl
ei
st
oc
en
e
(E
ns
en
ad
an

A
ge
)
in

Pa
m
pa
.
Sm

ilo
do

n
(C
ar
ni
vo

ra
)
cr
ou

ch
es

ne
ar

a
gr
ou

p
of

A
nt
ife
r

(C
er
vi
da
e)
.
In

th
e
ba
ck
gr
ou

nd
,
on

e
G
ly
pt
od

on
(G

ly
pt
od

on
tid

ae
)
an
d
a
gr
ou

p
of

St
eg
om

as
to
do

n
(G

om
ph

ot
he
ri
id
ae
).
A
rt
is
t
Jo
rg
e
B
la
nc
o

6.2 Changes in Predator Diversity … 161



Borhyaenidium musteloides, Notictis ortizi, and Thylacosmilus atrox, as well as
Eutemnodus americanus (MACN-A 4975, 3990, 3991) and Borhyaena
sp. (MACN-PV 13207), represented by fragmentary material. The alpha taxonomy
of the last two taxa remains uncertain, but they nonetheless record the presence of
at least one more large-sized hypercarnivorous taxon in the late Miocene of
southern SA.

Late Miocene–early Pliocene carnivorans were represented by procyonids
(Cyonasua and Chapalmalania). Other lineages (mustelids, foxes) were represented
only since the Vorohuean (Prevosti and Soibelzon 2012; Prevosti et al. 2013). All
living groups (as well as certain fossil ones) have known Pleistocene representa-
tives. As was discussed in Chap. 4, the presence of felids (i.e., “Felis” pumoides,
Smilodontidion riggii) and a skunk (i.e., Conepatus altiramus) is not supported for
the Pliocene, but in some of our analyses, we explore the potential impact of these
dubious Pliocene records for our interpretations.

6.3 Diet, Body Size, and the Evolution of South American
Carnivore Faunas

In view of the estimates based on RGA index and body masses, we consider that
sparassodonts were mostly hypercarnivores, with the curve of hypercarnivory
mostly corresponding to taxonomic diversity (Tables 6.1, 6.2, 6.3 and 6.4). There is
only one mesocarnivore taxon in the Deseadan (Pharsophorus tenax), while
omnivores have low diversity throughout and are mostly restricted to the
Paleogene, with the exception of the Huayquerian and Laventan (Stylocynus
paranensis and Hondadelphys fieldsi, respectively; Table 6.1). Body mass esti-
mates indicate that middle-sized sparassodonts were few and restricted to the
Mustersan, Colhuehuapian, Laventan, and Chasicoan (Table 6.1). The opposing
extremes, small and large sparassodonts, were common, and their abundance fol-
lows the diversity curve. Body mass and RGA values together indicate that
sparassodonts were small and omnivorous until the Casamayoran, when large body
sizes and hypercarnivory were also the most frequent categories. The largest body
size (*200 kg, Proborhyaena gigantea) was recorded for the Deseadan, but other
large taxa (*100 kg, Thylacosmilus) managed to persist until the late Miocene–
Pliocene. Median body size reached ca. 20 kg in the Deseadan and remained near
or above this value until the extinction of the group. Median size dropped to ca.
6 kg in the Santacrucian when a high diversity of small taxa was present (Prevosti
et al. 2012; Ercoli et al. 2014), but recovered to ca. 13 kg in the Chasicoan
(Table 6.3). Relative grinding area (RGA) index range is greatest in the
Casamayoran (range *0.7–0), followed by the Huayquerian (range *0.6–0);
while it is *0.3 for most other ages (Table 6.3). In the Huayquerian, middle-sized
hypercarnivores were not in evidence but small and large hypercarnivores were
present; no mesocarnivore has been recorded, and there was only a single large
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omnivore. In the Montehermosan and Chapadmalalan, only hypercarnivores in the
small and large size ranges remained (Table 6.4).

During the late Miocene–Pliocene, the ecological disparity of SA carnivorans
was limited (Prevosti and Soibelzon 2012; Prevosti et al. 2013; Chap. 4). Broad
disparity in body size (0.23–900 kg) and diet (RGA between 0 and >1) existed from
the Ensenadan onward (Tables 6.1 and 6.2; the drop observed in the Bonaerian is
due to fossil record bias; see Chap. 5). New body size estimates classify Cyonasua
spp. as a middle-sized omnivore (contra small omnivore in Prevosti and Soibelzon
2012; Prevosti et al. 2013). Large omnivores (Chapalmalania spp.) were present
during the Chapadmalalan, and small omnivores and hypercarnivores (Lycalopex
cultridens and Galictis sorgentinii, respectively) in the Vorohuean (Tables 6.1 and
6.2, Chap. 4). After the Lujanian, large hypercarnivores became fewer as a con-
sequence of the Late Pleistocene–Holocene extinctions (see below).

As in the case of diversity, biases in the fossil record (Chap. 5) also affect the
distribution of ecological types. The inclusion of Lazarus taxa does not modify the
general pattern, but it certainly affects interpretation of the carnivoran fossil record
for the Bonaerian, making it more similar to the Lujanian and Ensenadan
(Table 6.2).

To compare and explore ecological variation within each age, we performed a
principal component analysis on the correlation matrix, with body size and diet
classes analyzed per age (Fig. 6.5). The first axis organizes taxonomically more
diverse faunas (Lujanian, Ensenadan, Platan) to the right and less diverse ones (e.g.,
Bonaerian, Marplatan Subages) to the left. The second axis orders the faunas by the
relative number of large hypercarnivores (positively correlated with axis 2 scores)
and mesocarnivores, omnivores, and medium-sized taxa (negatively correlated with
axis 2 scores). Ensenadan, Santacrucian, and Casamayoran Ages have the highest
scores on this axis, while Chasicoan, Huayquerian, and Platan are at the opposite
extreme (Fig. 6.5). The position of certain intervals (e.g., Bonaerian, Itaboraian,
and Marplatan Subages), lying at the negative extreme of axis 1 and the middle of
axis 2, is clearly conditioned by their low diversity, something that could be par-
tially explained by biases in the fossil record. This is clear for the Bonaerian,
because the inclusion of Lazarus taxa generates a similar morphospace, but this unit
is positive for axis 1 and axis 2 and thus more similar to the Lujanian and
Ensenadan. Other ages with low diversities do not change significantly when
Lazarus taxa are included, and this suggests that the low taxonomic diversity and
ecological diversity of some intervals (e.g., Marplatan Subages and the
Chapadmalalan in particular) is a real pattern. Other methods (e.g., ghost lineages,
Bayesian, capture–recapture; e.g., Liow and Finarelli 2014; Silvestro et al. 2015;
Pires et al. 2015; Finarelli and Liow 2016) should be considered to further evaluate
diversity and ecological characterization.

Finally, we explored the ecological “disparity” (i.e., the area occupied by a
morphospace, as well as, the morphospace area divided by the number of taxa) of
well-sampled ages (Table 6.5) using a morphospace generated by body size and
RGA (Fig. 6.6), and measuring spatial distribution using the software Past 2.17c
(nearest neighbor distance with Donnelly edge correction; Clark and Evans 1954;
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Hammer et al. 2001; Hammer 2016). We judged disparity according to the density
of the distribution of taxa. Our first measurement evaluates whether the taxa are
distributed in clustered, random, or ordered (or over-dispersed) pattern. Unlike
studies involving extant faunas, our analysis includes faunas at a continental scale,
over intervals of a few thousands to millions of years. Averaging may generate false
clustering if different taxa with similar ecological types are included. On the other

Fig. 6.5 First two principal components of the analysis of South American Ages, based on the
abundance of each body size and diet class excluding a or excluding or including b Lazarus Taxa.
TIUP Tiupampan; PELI Peligran; ITAB Itaboraian; RIOC Riochican; CASA Casamayoran; MUST
Mustersan; DESE Deseadan; COLH Colhuehuapian; SANT Santacrucian; FRIA Friasian; COLL
Colloncuran; LAVE Laventan; MAYO Mayoan; CHAS Chasicoan; HUAY Huayquerian; MONT
Montehermosan; CHAP Chapadmalalan; BaLob Barrancalobian; VOR Vorohuean; Sand
Sanandresian; ENSE Ensenadan; BONA Bonaerian; LUJA Lujanian; PLAT Platan; gra large size;
med middle size; sma small size; hip hypercarnivores; meso mesocarnivores; omni omnivores.
Green lines represent the loading of each ecological variable
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hand, bias in fossil preservation could mask spatial distribution patterns, something
that we try to minimize by analyzing only well-sampled faunas (see Chap. 5).

Unexpectedly, and because of data averaging, all the analyzed faunas showed
significant ordered (or over-dispersed) distribution patterns (nearest neighbor dis-
tance well above 1) congruent with a well-structured guild pattern in which sepa-
ration in body size and diet (RGA) acts to minimize competition between taxa.
Ercoli et al. (2014) found the same pattern for the Santa Cruz Fm. (Santacrucian)
using a similar approach, but including also locomotor habits, which minimized
predator overlap. Unfortunately, the data are insufficient to include this ecological
aspect in our analyses. The inclusion of inferences concerning carnivoran loco-
motion in Pleistocene and extant taxa may minimize overlap (Chap. 4).

Ecological disparity (Table 6.5) increases in the Deseadan due to a significant
increase in the maximum body size, and in the Huayquerian by an increase in the
range of RGA as well as body size (Table 6.5). In the Chapadmalalan, Ensenadan,
and Lujanian, the ecological disparity of the associations was broader, but during
the Platan, a decrease occurred, caused by the extinction of the largest carnivorans
at the end of the Lujanian. The standardization of the area of the morphospace by
the number of taxa provided a similar result, but the Platan possessed a lower
disparity than the Chapadmalalan, and the Huayquerian lower than the Deseadan
(Table 6.5). The use of covered morphospace for each Age as a disparity mea-
surement gives a similar pattern.

In summary, the analyzed faunas, whether consisting of sparassodonts, car-
nivorans, or in combination, revealed a well-structured guild organization within
the morphospace defined by diet and body mass, suggesting low intraguild

Table 6.5 Nearest neighbor distance (R) analysis of several South American Ages

Age R p Area Area/Taxa

Casamayoran 2.3573 <0.000000001 7.741 0.860

Deseadan 5.1261 <0.000000001 50.220 6.277

Santacrucian 2.4898 <0.00000001 6.817 0.620

Huayquerian 3.6299 <0.00000001 52.715 5.271

Chapadmalalan 2.1828 0.0000004 57.471 11.494

Chapadmalalan* 3.39 <0.00000001 86.957 10.870

Ensenadan 5.0943 <0.000000001 629.327 28.606

Lujanian 2.5816 <0.0000000001 478,424 13.290

Platan 2.8744 <0.000000001 206.297 8.970

p Probability that observed R comes from a random Poisson distribution; Area refers to the
morphospace covered by each fauna; Area/taxa is the morphospace covered by each fauna divided
by the number of taxa in each fauna. R below 1 indicates a clustered pattern of distribution, while
above 1 indicates an ordered (or over-dispersed) pattern. Chapadmalalan* includes the doubtful
Pliocene carnivorans (i.e., Conepatus altiramus, “Felis” pumoides, Smilodontidion riggii). The
following body mass (BM) and relative grinding area (RGA) of lower carnassial were assigned as
follows. Conepatus altiramus: BM, 2 kg and RGA, 1.1; “Felis” pumoides: BM, 50 kg and RGA,
0; and Smilodontidion riggii: BM, 150 kg and RGA, 0
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competition (see also Prevosti and Vizcaíno 2006; Prevosti and Martin 2013; Ercoli
et al. 2014). These faunas become more diverse from the late Miocene at least, due
to the appearance of small and large omnivores as well as hypercarnivores (in-
cluding saber-toothed sparassodonts), but especially in the Pleistocene
(saber-toothed cats, giant bears, large hypercarnivorous canids, as well as other
living ecological carnivoran types) (see Chap. 4).

The inclusion of “Felis” pumoides, Smilodontidion riggii, and Conepatus alti-
ramus in these Chapadmalalan does not modify the results, which show a good
ecological separation among predators (Fig. 6.6; Table 6.5).

6.4 Carnivorans Versus Sparassodonts: Competition?

Several authors have suggested that carnivorans competed with sparassodonts, and
that the former’s immigration to South America during the GABI caused the latter’s
extinction (e.g., Simpson 1950, 1969, 1971, 1980; Patterson and Pascual 1972;
Savage 1977; Werdelin 1987; Wang et al. 2008). This interpretation was informed
by the ecological equivalence thought to exist between these clades using general
descriptions of their anatomy (e.g., Marshall 1977, 1978, 1979, 1981), but
does not consider direct quantitative analysis nor possible overlap in time of key
clades in both groups. However, competition hypothesis was questioned by dif-
ferent authors (Marshall 1977, 1978; Reig 1981; Bond 1986; Pascual and Bond
1986; Goin 1989, 1995; Ortiz Jaureguizar 1989, 2001; Marshall and Cifelli 1990;
Alberdi et al. 1995; Forasiepi et al. 2007; Forasiepi 2009; Prevosti et al. 2013;
Zimicz 2014).

Diet, locomotion, and body mass have been the major paleoecological features
analyzed for sparassodonts, with inferences primarily based on qualitative com-
parisons between marsupials and carnivorans. Based on dental features, hathlia-
cynids and some borhyaenoids (Prothylacynus patagonicus and Lycopsis torresi)
were considered to have been predominantly omnivorous (Marshall 1977, 1978,
1979, 1981). Hathliacynids were compared with didelphids, mustelids, or canids,
while Prothylacynus patagonicus and Lycopsis torresi were compared with ursids
and procyonids. Large borhyaenids (Borhyaena tuberata, Acrocyon sectorius, and
Arctodictis munizi) were compared with canids and felids, being possibly able to
break bones, and thus resembling living scavengers (Marshall 1977, 1978; Argot
2004a; Forasiepi et al. 2004). Thylacosmilidae, at the time represented only by
Thylacosmilus atrox, was compared with saber-toothed cats (Machairodontinae;
Patterson and Pascual 1972; Marshall 1976, 1977, 1978), due to the hypertrophy of
the upper canines and associated cranial features. More recently, based on the shape
of the skull and jaw, T. atrox was compared with nimravids (Barbourofelis;
Prevosti et al. 2010).

More recently, statistical inferences are consistent with idea that about 90% of
sparassodonts were narrowly hypercarnivorous (Wroe et al. 2004; Zimicz 2012,
2014; Prevosti et al. 2013; López-Aguirre et al. 2017; Table 3.2). Even the molar
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structure of hathliacynids and some borhyaenoids with small talonids (e.g.,
Pseudothylacynus, Lycopsis, Prothylacynus, and Pseudolycopsis) are within the
range of living hypercarnivores. This feature is more evident in proborhyaenids
(e.g., Arminiheringia, Callistoe, Proborhyaena), borhyaenids (e.g.,
Australohyaena, Arctodictis, Borhyaena), and Thylacosmilus, all of which virtually
lack talonids and thus resemble hypercarnivorous Felidae and Nimravidae
(Table 3.2). The hypercarnivorous association of sparassodonts contrasts with
modern and past carnivoran communities, which are constituted by a larger pro-
portion of omnivores and mesocarnivores (e.g., Van Valkenburgh 1999, 2007).

Reduced disparity in dental morphology within Sparassodonta in comparison to
carnivorans was explained by the presence of phylogenetic constraints associated
with the pattern of tooth replacement in metatherians (Werdelin 1987; see Goswami
et al. 2011 for a different view). During ontogeny, lower molars erupt successively
and occupy the mechanically optimal position at the middle of the jaw, until the
mandible reaches adult size and the m4 assumes the most favorable site.
Consequently, during development, each lower molar functions as a carnassial, at
least temporarily. This form of carnassial specialization overtook specializations for
other activities, such as grinding and crushing food in a typical mortar-and-pestle
arrangement, as in the case of the m2–m3 in Carnivora (Werdelin 1987). However,
the dentition of some sparassodonts exemplifies different evolutionary strategies to
circumvent this plausible phylogenetic constraint. For example, it has been sug-
gested that the last upper premolar of thylacosmilids (i.e., Thylacosmilus and
Patagosmilus) is in fact the deciduous premolar at this locus, retained in the adult
dentition (Goin and Pascual 1987; Forasiepi and Carlini 2010). This unusual
ontogenetic condition, together with the hypselodont–hypertrophied upper canine,
is an example of heterochronic shifts that circumvent possible constraints,
increasing the morphological disparity of taxa via developmental mechanisms
(Forasiepi and Sánchez-Villagra 2014).

Broad talonids represent the plesiomorphic condition for Sparassodonta.
Consequently, current phylogenies tend to recover sparassodonts with broad talo-
nids (e.g., Patene simpsoni, Hondadelphys fieldsi, Stylocynus paranensis) in a basal
position in the tree (Forasiepi 2009; Engelman and Croft 2014; Forasiepi et al.
2015; Suarez et al. 2015). The late Miocene (Huayquerian) Stylocynus paranensis
has been classically compared with omnivorous taxa, such as ursids and procyonids
(Marshall 1978); however, cusps and crests are sharper in this species than in those
carnivorans (e.g., Marshall 1979; Babot and Ortiz 2008). As a result, RGA values
are lower in Stylocynus than in Cyonasua spp. which were contemporaneous in age
(Tables 6.1 and 6.2; Fig. 6.6).

The postcranial anatomy of sparassodonts (Argot 2003a, b, 2004a, b, c; Prevosti
et al. 2012; Ercoli et al. 2012, 2014) was quite generalized compared to carnivo-
rans, allowing for unspecialized forms of arboreal (e.g., Pseudonotictis), scansorial
(e.g., Cladosictis, Prothylacynus), and terrestrial activity (e.g., Thylacosmilus,
Borhyaena), but without marked adaptations for cursoriality, as in canids or felids.
The combination of a specialized hypercarnivorous dentition and a generalized
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postcranium is not commonly found among carnivorans, with the exception of
some mustelids (e.g., wolverine) and some viverrids (e.g., civet).

Our revised dataset accords with the analysis of Prevosti et al. (2013), especially
with regard to the temporal overlap between Sparassodonta and Carnivora during
the Huayquerian–Chapadmalalan (Fig. 6.6). Our new body size estimates for
Cyonasua (12–15 kg) place it among medium-sized carnivorans rather than small
ones, as classified by Prevosti et al. (2013), but this change does not increase the
ecological overlap with sparassodonts (Fig. 6.6). Cyonasua spp. remain as omni-
vores in our classification, which means that their only potential Huayquerian
competitor would have been Stylocynus (with a body mass of 31 kg; Chaps. 3 and 4
). However, note that based on actualistic evidence (Dickman 1986; Palomares and
Caro 1999; Donadio and Buskirk 2006; Oliveira and Pereira 2014), the larger
sparassodont would have been dominant in competitive situations with the smaller
carnivoran. A similar conclusion has been recently suggested by López-Aguirre
et al. (2017) based on a slightly different database averaged to generic level, and
multiple regression and beta diversity analyses.

Another possibility is that competitive displacement between these carnivore
clades might be masked by the imperfections of the fossil record, which do not
allow us to ecologically differentiate sparassodonts and carnivorans with
inferred similar habits (Chap. 5). We cannot completely dismiss the possibility that
future records will reveal that sparassodonts become extinct later in time than the
mid-Pliocene, or, alternatively, that large hypercarnivorous or omnivorous car-
nivorans appeared earlier in South America. Here we test the following proposi-
tions: (1) The sampling effort has affected recognition of apparent ecological
overlap during the late Miocene–Pliocene (see Chaps. 5 and 2) the inclusion of
doubtfully Pliocene taxa (“Felis” pumoides, Smilodontidion riggii, and Conepatus
altiramus) affects interpretation of first arrivals of these carnivoran ecological types.

In Chapter 5, we recognized important biases in the SA fossil record. In order to
test the possibility that the biases are obscuring the diversity and ecological pat-
terning between sparassodonts and carnivorans, we compared differences in the
abundance of observed ecological classes (a combination of diet and body size) in
each clade during the Huayquerian–Chapadmalalan (i.e., large hypercarnivores,
small hypercarnivores, medium omnivores, large omnivores), using a randomly
generated ratio to obtain the probability that an observed instance is larger than the
random estimate. This was performed twice, once using the proportion of the
number of localities in each age, and once using the number of specimens, up to the
size of each resampling. The observed abundance difference between sparassodonts
and carnivorans in the large hypercarnivore category is highly significant
(p = 0.0001) for the Huayquerian and Chapadmalalan, but not for the
Montehermosan (p > 0.05). This means that the randomly expected difference is
lower than the observed one. When the Santacrucian fauna is used for the resam-
pling, the observed difference in the number of specimens of large hypercarnivores
is significant for the Huayquerian (p < 0.0135) and Chapadmalalan
(p < 0.005107). The observed difference for medium omnivores was always lower
than randomly expected (p < 0.01). Similar results were obtained for small
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hypercarnivores, except for the Chapadmalalan when Huayquerian or Friasian–
Chasicoan faunas were used in the resampling (with both sample proxies), and for
the Huayquerian when Friasian–Chasicoan faunas were used in the resampling
(using the number of localities), with a non-significant pattern (p > 0.05). We use
the same procedure to test how the limited fossil record of the Marplatan Subages
could mask the overlap between large and small hypercarnivores (the ecological
types represented by the last sparassodonts) due to potential persistence of
sparassodonts or to an earlier immigration of large hypercarnivorous carnivorans
during the Marplatan. The Montehermosan includes very few localities; conse-
quently, the random expectation regarding the abundance of large hypercarnivores
among sparassodonts versus carnivorans is mostly not significantly different from
the observed absence of them in the Marplatan Subages. The only exceptions are
the Vorohuean and Sanandresian when the Friasian–Colloncuran faunas are used in
the resampling; in these cases, values are significantly lower (p = 0.03). On the
other hand, the random difference between small hypercarnivores is significantly
greater (p = 0.02) than the observed one.

With regard to the inclusion of dubious carnivorans in the Chapadmalalan (two
large hypercarnivores and one small omnivore), the difference between small
omnivores is not significant, except when the Friasian–Chasicoan faunas are used in
the resampling. In this case, the difference is significantly smaller than the random
expectation (p < 0.005). By contrast, the large hypercarnivore difference is highly
significantly larger than the random expectation (p = 0.0001), except when the
Santacrucian and number of localities are used. However, the exclusion of only one
of the dubious large hypercarnivores results in a significantly larger value
(p = 0.0344). This is relevant because even if a Pliocene age is accepted for “Felis”
pumoides, it is not possible to allocate it in any specific age within the Pliocene,
Chapadmalalan, or otherwise.

These results, in combination with arguments and analyses presented above and
in Chapter 5, suggest that competition between carnivorans and sparassodonts in
the Huayquerian–Chapadmalalan was absent, because the observed difference of
hypercarnivores is significantly larger than random expectation. A similar conclu-
sion can be made for large omnivores in the Huayquerian. One caveat is that faunal
structure during the late Miocene–Pliocene is different from that of the Pleistocene
and older Neogene epochs. The results obtained for some ecological classes (e.g.,
between-clade differences significantly larger than random for medium omnivores
and/or small hypercarnivores) are congruent with this possibility (Prevosti and
Soibelzon 2012; Prevosti et al. 2013). Although it is difficult to unambiguously
predict the effect of this caveat, if the inferred late Miocene–Pliocene absence of
hypercarnivore carnivorans and limited sparassodont diversity accurately mirrors
past occupancy of the predator guild, our sense of an absence of competition is only
strengthened.

Another relevant result of these analyses is that Ages with very small sample
sizes (either in number of specimens or localities; e.g., Montehermosan and
Marplatan Subages) provide only ambiguous or non-significant results and thus do
not permit rejection of between-clade competition. This is especially true for the
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Marplatan, where low sampling may mask an overlap of sparassodont and car-
nivoran hypercarnivores. Nonetheless, as discussed in Chap. 5, the available evi-
dence is insufficient to support the coexistence of these morphotypes and is in fact
more congruent with absence of competition.

If the presence of the three dubious carnivoran taxa record in the Pliocene is
eventually confirmed, judging from actualistic ecological studies of intraguild
competition (Dickman 1986; Palomares and Caro 1999; Donadio and Buskirk
2006; Oliveira and Pereira 2014), Smilodontidion riggii (=Smilodon sp.) is the only
taxon that could have actively displaced Thylacosmilus. However, these sabertooths
did not share the same morphotype or body mass (Wroe et al. 2013), and this
difference might have influenced their prey selection and predatory habits (Chap. 3
). In turn, “Felis” pumoides was comparable in size to a small puma (Puma con-
color) and thus much smaller than Thylacosmilus.

Summing up, data and analyses are more congruent with the absence of com-
petition between sparassodonts and carnivorans. More fieldworks and additional
analyses using new approaches to test competition, clade diversification, and
sampling effort (Liow and Finnarelli 2014; Pires et al. 2015; Silvestro et al. 2015;
Finarelli and Liow 2016) potentially will provide new insights to test this
interpretation.

6.5 Terror Birds and Carnivorous Didelphimorphian:
Other Cases of Competition?

Alternative competitive exclusion hypotheses affecting sparassodonts include the
possible role of “terror birds” (Phorusrhacidae; Marshall 1977, 1978, partim;
Marshall and Cifelli 1990; see also Croft 2006) and didelphimorphian marsupials
with carnivorous dentitions (Marshall 1977, 1978, partim; Goin 1989; Goin and
Pardiñas 1996).

Terror birds were flightless, cursorial predators that were present in South
America during most of the Cenozoic and included small to gigantic forms
(Degrange et al. 2012). The group also reached North America at the end of the
Neogene and was represented in the Pliocene by Titanis walleri (MacFadden et al.
2007).

Appraisal of the diversity of Phorusrhacidae in South America (Alvarenga and
Höfling 2003; Degrange et al. 2012) indicates that the number of species was low
during the Cenozoic, with peaks of only four species during Deseadan,
Santacrucian, and Huayquerian time (Fig. 6.1). The latest records with reliable
stratigraphic data are from the Chapadmalalan (Degrange et al. 2015), but material
from putative Pleistocene beds have been found in Uruguay (Tambussi et al. 1999;
Agnolin 2009). The most recent of these seemingly include a phorusrhacid from the
Late Pleistocene (Lujanian) (Alvarenga et al. 2009; Jones et al. 2016).
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Marshall and Cifelli (1990; see also Marshall 1977, 1978) suggested that terror
birds may have displaced large sparassodonts during the Paleogene, resulting in the
disappearance of proborhyaenids. Yet later, during the late Miocene–early Pliocene
when savannas, pampas, and open environments expanded, advantages for cursorial
carnivores like terror birds should have been even greater. However, biochron data
for phorusrhacids and diversity peaks are roughly similar to those of sparassodonts
(Fig. 6.1), indicating that competition was unlikely between these clades and,
minimally, that niches were at least partially segregated (see also Marshall 1978;
Bond and Pascual 1983; Argot 2004b; Prevosti et al. 2013; Ercoli et al. 2014).

Birds represent the second major group of terrestrial predators in the early
Miocene Santacrucian vertebrate association, with four phorusrhacids, one cari-
amid, one anatid, and two falconids (Degrange 2012; Degrange et al. 2012). The
largest species was the probable scavenger Brontornis burmeisteri, an anseriform
estimated to have weighed more than 300 kg (Tonni 1977). Among “terror birds,”
the largest phorusrhacid was Phorusrhacos longissimus, about 100 kg and an active
predator on large prey (Fig. 6.2). It possessed a rigid cranium, high bite force, and
stocky neck and limbs (Degrange 2012; Degrange et al. 2012). Smaller phorus-
rhacids were represented by Patagornis marshi (30 kg), Psilopterus lemonei
(10 kg), and Psilopterus bachmanni (4.5 kg). Comparing the body sizes of pho-
rusrhacids and sparassodonts, Patagornis marshi is within the range of Acrocyon
sectorius and Prothylacynus patagonicus. If the ecological impact of body size
(translated into prey size) can be taken as a comparable proxy between birds and
mammals, potential competition becomes a possibility (Ercoli et al. 2014).
However, long term competition (Croft 2001, 2006) and locomotory differences
would have favored the adoption of different predatory strategies on the part of
these taxa (Ercoli et al. 2014).

Sparassodonts were a group that failed to develop a strict cursorial morphotype.
While bone-crackers and other carnivores are commonly ecologically associated
with other more efficient predators that partially consume and abandon the carcasses
(Viranta 1996; Argot 2004b), this latter role could have been occupied by pho-
rusrhacids. Consequently, it seems highly probable that these terrestrial birds
occupied an ecological niche different from that of the sparassodonts (Argot 2004b;
Ercoli et al. 2014; López-Aguirre et al. 2017), and that consequently the phorus-
rhacids did not force their extinction.

Similarly, other non-mammalian predators were in a minority in terrestrial
ecosystems. The diversity of sebecid crocodiles and madtsoiid snakes was low
during the Cenozoic (Gasparini 1996; Albino 1996; Paolillo and Linares 2007; Riff
et al. 2010), and their extinction preceded that of sparassodonts (Fig. 6.1). During the
late Miocene–Pleistocene, several different carnivorous morphotypes developed
within didelphimorphian marsupials, some of which are still represented in the living
fauna. These were distributed in two main groups: Sparassocynidae (Hesperocynus
dolgopolae, Sparassocynus bahiai, S. derivatus, S. heterotopicus) and Didelphidae
(Didelphis albiventris, D. crucialis, D. reigi, D. solimoensis, Hyperdidelphys
dimartinoi, H. inexpectata, D. parvula, D. pattersoni, Lestodelphys halli, Lutreolina
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crassicaudata, L. tracheia, Thylatheridium cristatum, T. chapadmalensis, T. hud-
soni, T. pascuali, Thylophorops chapadmalensis, Th. lorenzinii, and Th. perplanus)
(Zimicz 2014). Sparassocynidae is an extinct family of carnivorous didelphimor-
phians (<1 kg in body mass; Zimicz 2014). Didelphidae includes omnivorous to
carnivorous forms. The latter filled the size range from small (body sizes of a few
grams) to medium (sizes up to about 10 kg; Zimicz 2014). The last hathliacynids
(Borhyaenidium altiplanicus, B. musteloides, B. riggsi, Notocynus hermosicus,
Notictis ortizi) overlapped with some carnivorous didelphimorphians during the
Huayquerian–Chapadmalalan (Sparassocynidae, Didelphis, Hyperdidelphys,
Lutreolina, Thylateridium, Thylophorops). This temporal and body size overlap,
together with the terrestrial to scansorial habits of several extinct carnivorous
didelphids, suggested a possible competitive interaction between small- and
medium-sized hathliacynids and the carnivorous didelphimorphians (Marshall 1977,
1978, partim; Goin 1989; Goin and Pardiñas 1996; Forasiepi 2009). However,
mesocarnivorous and hypocarnivorous, but not hypercarnivorous, diets have been
inferred for the didelphimorphians occurring within the period of temporal overlap
(Zimicz 2014). These differences point to the existence of a potential niche segre-
gation between these two metatherian groups, without competitive displacement
(Prevosti et al. 2013) or passive replacement (Zimicz 2014).

Correlation analysis (Spearman correlation coefficient) of the diversity of
sparassodonts versus that of phorusrhacids, sebecids, or madtsoiid snakes, indi-
vidually and in combination, support these interpretations, because most correla-
tions are not significant (p > 0.05). The exception is total diversity of
non-mammalian predators (R = 0.60, p < 0.05). However, the correlation is posi-
tive rather than negative, as would be expected in a competitive exclusion scenario.
There are only three Ages in which sparassodonts and carnivorous didelphids
overlap (Huayquerian, Montehermosan, and Chapadmalalan), making correlation
analysis irrelevant, but in any case the observed data do not show a clear pattern
that could be seen to support competition between sparassodonts and carnivorous
didelphimorphians (Prevosti et al. 2013; Zimicz 2014).

6.6 Paleoenvironments and Faunal Changes: Do These
Correlate?

The relevance of environmental changes and their impact on terrestrial mammalian
communities in connection with the demise of sparassodonts occasionally has been
addressed (see also Marshall 1977, 1978, partim; Marshall and Cifelli 1990, partim;
Forasiepi et al. 2007; Prevosti et al. 2013). As documents in Chapter 2 (see also
Pascual and Odreman Rivas 1971; Patterson and Pascual 1972; Pascual et al. 1985;
Pascual and Ortiz Jaureguizar 1990; Zachos et al. 2001; Barreda and Palazzesi
2007; Barreda et al. 2008; Dozo et al. 2010), Neogene global climate change
affected South America. In the middle Miocene–Recent, nonlinear but gradual
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global temperature decrease has been the rule, correlated with the establishment of
permanent ice sheets in western Antarctica and the onset of glaciation in
high-latitude Northern Hemisphere (Zachos et al. 2001). Rejuvenation of Andean
orogeny during the Neogene clearly modified prevailing conditions in the phys-
iography, climate, and biota of South America. Marine transgression, lacustrine
development, and widespread fluvial incision would have affected previous bio-
geographic patterns during the middle and late Miocene (Campbell et al. 2006;
Cozzuol 2006; Latrubesse et al. 2007; Marengo 2015).

For some regions of South America (e.g., Patagonia), there is evidence of the
onset of desertification, continuing up to the present. This process featured
replacement of forest by more open and xerophytic vegetation in the middle–late
Miocene; in particular, open dry forest, composed of Schinus (pepper trees),
Prosopis (algarrobos), and Celtis (nettle trees) with shrubs of Ephedraceae and
Asteraceae, is known for the late Miocene (Barreda and Palazzesi 2007; Barreda
et al. 2008; Dozo et al. 2010; Fig. 6.8). Floras featuring mixtures of C3–C4 species
have been recovered from localities situated between 21° and 35°S in Bolivia and
Argentina, suggesting the existence of extensive grasslands by 8 Ma (MacFadden
et al. 1996) throughout a large part of South America.

In the Neogene, the observed climatic and floral changes in Patagonia also
impacted mammalian paleocommunities, which experienced important composi-
tional changes, including the extinction of some native lineages (Pascual and
Odreman Rivas 1971; Patterson and Pascual 1972; Pascual et al. 1985; Pascual and
Ortiz Jaureguizar 1990). Several South American “native ungulates” (e.g.,
Astrapotheria, Leontinidae, Adianthidae, Notohippidae) became extinct during the
middle Miocene, although Toxodontidae and certain xenarthran taxa experienced a
radiation (Megalonychidae, Megatheriidae, and Mylodontidae; Marshall and Cifelli
1990). On the whole, “native ungulates” experienced a continuous decline from the
middle Miocene onward, with a steep reduction in the Pliocene and final disap-
pearance during the Pleistocene–Holocene (Marshall and Cifelli 1990; Bond et al.
1995). In the Pampean Region, where the vertebrate fossil record for the late
Miocene–Quaternary is relatively good, a faunal turnover has been detected for the
mid-Pliocene (e.g., Kraglievich 1952; Tonni et al. 1992). Some authors have argued
that this was related to environmental changes triggered by Andean orogeny rather
than competition with North American immigrants (e.g., Ortiz Jaureguizar et al.
1995; Cione and Tonni 2001), but a more recent hypothesis suggests that a meteor
impact in the Pampean Region during the late Chapadmalalan (ca. 3.3 Ma) drove
this faunistic change (Schultz et al. 1998; Vizcaíno et al. 2004).

In this context, the decrease in sparassodontan diversity and their extinction in
the mid-Pliocene appear to be part of a more general phenomenon of widespread
faunal turnover independent of clade affiliation, life history, or major adaptations
(Prevosti et al. 2013; Fig. 6.7). Sparassodonts, especially larger ones with a dietary
specialization toward hypercarnivory, may have been more vulnerable to extinction
than non-hypercarnivorous species (cf. Van Valkenburgh et al. 2004). Additionally,
if sparassodonts had imperfect homeothermy and lactation limited to the rainy
season, as do living marsupials (McNab 1986, 2005, 2008; Green 1997;
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Fig. 6.7 South American Ages, sparassodont (blue solid line) and carnivoran (red broken line)
diversity, temperature curve, climatic, environmental, and tectonic events (Modified from Prevosti
et al. 2013). Colored boxes correspond to different floral changes (darker is older). Antarctic ice
sheets: Dashed bar represents minimal ice (<than 50% of present ice volume), while gray
represents full glaciation (>50% of present ice volume; Zachos et al. 2001)
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Krockenberger 2006), the decrease in temperature and increase in aridity during the
late Miocene when xerophytic vegetation and open environments were established
in South America (Barreda and Palazzesi 2007; Barreda et al. 2008; see Chap. 2)
might have influenced the decline of the group. This is a plausible argument, but it
is unclear whether extrapolation from living marsupials to sparassodonts is justified.

To test the potential role of climatic and biological factors in the evolution of
sparassodonts, we performed simple correlation tests (Spearman coefficient)
between global temperature (median, minimum, maximum, and range of d18O for
each age, taken from Zachos et al. 2001; Table 6.6) against a range of variables
including systematic diversity, estimated body mass, body size abundance, dietary

Table 6.6 Global temperatures and prey body mass for South American taxa

Age T
med

T min T
max

T
range

Prey
med

Prey
min

Prey
max

Prey
range

Tiupampan 0.62 0.45 0.69 0.24

Peligran 0.63 0.38 0.86 0.48

Itaboraian 0.22 −0.38 0.45 0.83

Riochican −0.12 −0.28 0.14 0.42 50 48.68 400 351.32

Casamayoran 0.96 0 1.48 1.48

Mustersan 0.735 0.35 1.21 0.86

Tinguirirican 1.82 1.6 3 1.4

Deseadan 2.69 2.33 2.99 0.66 204 45 3500 3455

Colhuehuapian 2.08 1.96 2.24 0.28

Santacrucian 1.69 1.4 2.06 0.66 121.26 70 1021.63 951.63

Friasian 1.79 1.51 2.01 0.5

Colloncuran 1.76 1.43 2.21 0.78

Laventan 2.34 1.98 2.81 0.83

Mayoan 2.58 2.33 2.86 0.53

Chasicoan 2.74 2.43 3.06 0.63

Huayquerian 2.93 2.43 3.5 1.07 305.5 23.24 3000 2976.76

Montehermosan 3 2.59 3.46 0.87 300 27 3397 3370

Chapadmalalan 3.1 2.71 3.62 0.91 400 50 3000 2950

Barrancalobian 3.28 2.96 3.66 0.7 250 27 1344 1317

Vorohuean 3.41 2.97 3.88 0.91 160 27 3950 3923

Sanandresian 3.64 3.1 4.16 1.06 731 50 7580 7530

Ensenadan 3.89 3.07 4.98 1.91 600 50 7580 7530

Bonaerian 4.18 3.24 4.84 1.6

Lujanian 4.07 3 4.91 1.91 600 50 7580 7530

Platan 3.325 3.23 3.39 0.16 35 16 300 284

Temperatures were taken from the Zachos et al. (2001); d18O curve and prey body mass from
Vizcaíno et al. (2004, 2012), Villafañe et al. (2006), Reguero et al. (2010), Cassini et al. (2012),
and Forasiepi et al. (2016) (raw data available on request). T temperature; Prey prey body mass
(kg); med median; min minimum; max maximum; range observed range

180 6 Evolution and Biological Context of South American …



classes, and median, minimum, and maximum RGA of lower carnassials (Chaps. 3
and 4; Tables 6.1, 6.2, 6.3 and 6.4). For a limited set of faunas, we also included the
median, minimum, and maximum body size of medium and large prey species
(Table 6.6). Lazarus taxa are alternately included or excluded from the analysis of
systematic diversity, body size abundance, climate, and dietary classes.

By including Lazarus taxa, we try to ameliorate bias in the fossil record. In
contrast, the inclusion of ages lacking sparassodont fossils or Lazarus taxa explores
the possibility that these absences are real—a hard assumption to accept—given
that ghost lineages indicate that the taxa must have existed, even if their fossils are
(so far) unknown. Due to the large number of correlations, we adjust p values using
the False Discovery Rate procedure (Benjamin and Hochberg 1995).

Total diversity of sparassodonts is positively correlated with temperature
(Spearman R between 0.40 and 0.53, p < 0.05). However, it is only when Lazarus
taxa are included that this correlation is significant at the p level indicated by the
FDR correction (p = 0.0075), when minimal temperature shows a correlation of
0.53. Also, when Lazarus taxa are included, the abundance of omnivores and small
taxa shows a positive correlation with temperature (Spearman R 0.63–0.67 and
0.54–0.59, respectively, p < 0.0075), but when ages lacking omnivores and/or
small taxa are excluded, these correlations become non-significant even at p = 0.05.
The same pattern is observed when Lazarus taxa are omitted, but in this case the
correlation is lower (Spearman R 0.41–0.48, only significant at p = 0.05). Body
mass and RGA reveal a contrasting pattern, especially when Lazarus taxa are
included, with the first variable being negatively correlated (Spearman R 0.50–0.82)
and the second positively correlated (Spearman R 0.50–0.74) with temperature.
Most of these correlations are significant at the p level established by the FDR
correction (p = 0.0075). The same pattern was found when Lazarus taxa are
excluded, but few correlations are significant after FDR correction (e.g., median
body mass against median and minimum temperatures).

These correlations imply a possible connection between temperature change and
sparassodont evolution and extinction during the Cenozoic. Diversity, RGA, and
abundance of omnivores and small taxa all increase with rising global temperature,
while body size (median and maximum) increases with declining temperature. The
similar response of RGA and omnivore abundance is consistent with this picture,
since increase in the first variable indicates that sparassodont faunas are less car-
nivorous (or, alternatively, more omnivorous).

In relation to prey body mass distribution, the only significant correlations are
between range and maximum prey body size, as well as and range and maximum
sparassodont body mass, with or without Lazarus taxa or using the FDR correction.
Maximum sparassodont body size has the largest correlation (Spearman R 0.94–
0.95, p < 0.006). Range of sparassodont body mass also is positively correlated
(Spearman R 0.82), but is only marginally significant (p = 0.049).

Our results are congruent with the analyses of Zimicz (2012, see also Goin et al.
2016). They also detected a positive relationship between diversity and omnivore
abundance and temperature, but no correlation between body mass and temperature
(Zimicz 2012). In our results, the increase of body size with temperature decrease
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could be seen as another example of the Bergmann and/or Cope “rules,” but this
hypothesis should be tested in a phylogenetic context (e.g., Gould and MacFadden
2004). On the other hand, maximum prey size apparently influenced maximum
sparassodont body size, since a highly positive relationship was detected, at least in
regard to the faunas included in this analysis. Maximum prey body size apparently
decreased in the Barrancalobian (from 3 tons in the Chapadmalalan to ca. 1.5 tons),
though this could be partly due to a bias present in this Age. Later prey body size
experienced an increase to ca. 4 tons in the Vorohuean and to ca. 7.5 tons in the
Sanandresian–Lujanian, when the largest body size is achieved (Table 6.6). Thus, if
sparassodonts did not become extinct in the Chapadmalalan, we would expect an
increase in their maximum body size after the Vorohuean. But several factors could
modify this expectation, including a threshold in body size above which prey are
invulnerable to predation and, consequently, irrelevant to sparassodont evolution.
The large increment in prey body mass observed since the Sanandresian is gen-
erated by the immigration of gomphotheres, a lineage, and morphotype that did not
evolve together with sparassodonts. On the other hand, several native lineages
(“native ungulates”, glyptodonts, ground sloths) increase their body mass in the
Pleistocene, the largest being the ground sloth Megatherium americanum that had a
body mass of ca. 4 tons (Vizcaíno et al. 2012), 1 ton larger than the maximum
recorded in the Chapadmalalan. Thus, even excluding gomphotheres, at least a
modest increase in maximum sparassodont body size should be expected if other
factors were not involved.

Inclusion of Lazarus taxa significantly affected correlations. This may be taken
as an indication that the use of methods correcting for bias in the fossil record might
recover more relationships between sparassodont diversity and variables concerned
with environmental and faunistic factors. Reduction of global temperatures during
the late Miocene–Pleistocene may have had a negative impact on sparassodonts,
probably in correlation with the decline and extinction of South American native
ungulate lineages. Obviously, these results, based as they are on elementary cor-
relation analyses, should be taken as preliminary working hypotheses that should be
tested with more robust methods and a wider faunistic sample, including ones that
control for bias (e.g., Liow and Finarelli 2014; Silvestro et al. 2015; Pires et al.
2015; Finarelli and Liow 2016).

6.7 The Extinction of Sparassodonta: Competition
with Incoming Carnivorans, Environmental
and Faunal Changes, or a Combination Thereof?

Our data and analyses support the hypothesis that there was no competition
between sparassodonts and carnivorans inhabiting South America in the late
Miocene–Pliocene, because they did not overlap in ecological space. Dubious
records of some carnivorans in the Pliocene do not meaningfully support ecological
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competition between these clades. Other evidence points to environmental as well
as more general change in the South American mammalian fauna forced the decline
and demise of sparassodonts in the Pliocene. The available data are robust for the
decline of sparassodonts since the Huayquerian, but for the final loss of this clade,
the information is more ambiguous since Marplatan is not a well-sampled Age and/
or has a poorer fossil record.

A similar conclusion has been recently supported by López-Aguirre et al.
(2017), using a multivariate statistical approach. In their view, the extinction of the
Sparassodonta is related to faunal changes and ecological interaction with other
non-predator mammals. The authors provides less support to environmental chan-
ges (climate and Andean orogeny); however, the proxies used in their study to
record Andean rising only considered one section of the Andes, and they use a
global climatic scale that does not track changes at local scale.

We think that the hypothesis that Sparassodonta became extinct due to envi-
ronmental and faunal changes has the epistemological advantage of being more
vulnerable to falsification than its alternatives, such as interclade competition. We
hope that additional targeted fieldwork and the application of more refined
methodologies will provide useful tests (e.g., Liow and Finarelli 2014; Silvestro
et al. 2015; Pires et al. 2015; Finarelli and Liow 2016).

6.8 Carnivoran Impact on Pleistocene Faunas: Giant
Makers?

The immigration of placental predators to SA during the GABI impacted on the
communities of native prey, in some cases triggering their extinction (e.g., Marshall
1988). If correct, this illustrates on trophic interactions intervening and modulating
the dynamics of macroevolutionary processes. In this sense, Faurby and Svenning
(2016) have recently demonstrated that the asymmetry in the exchange of mammals
during the GABI, with NA clades more successful in SA, could be explained by
differential susceptibility to predation pressure between animals from the two
continents. But, does another biological response exist against the arrival of several
carnivoran lineages into SA during the early Pleistocene? In this regard, Soibelzon
and colleagues (Soibelzon et al. 2009, 2012; Zurita et al. 2010) argued that the
presence of large carnivorans produced an adaptive response in several native
herbivores due to predation pressure created by the newcomers. Gigantism
observed in several lineages during the Pleistocene (e.g., glyptodonts, ground
sloths, toxodontids, and macrauchenids), all of whom had body sizes larger than
1 ton (Vizcaíno et al. 2012; Fariña et al. 2013), behavioral changes (e.g., subter-
ranean dwelling; Soibelzon et al. 2009, 2012), and anatomical changes (e.g., thicker
carapace in some large glyptodonts; Zurita et al. 2010) could be correlated with
defenses against wholly new types of predators. These hypotheses were proposed to
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explain the coincident occurrence in the SA fossil record of the first large car-
nivorans and megaherbivores in the Ensenadan.

Another scenario explains the existence of a continent with a diverse community
of large mammals and megamammals with few large predators. This could have
given ecological space to the new Pleistocene carnivoran immigrants. This scenario
is congruent with the interpretation that the largest Pleistocene carnivorans (e.g.,
Arctotherium spp., Smilodon populator, Theriodictis platensis, Protocyon spp., and
“Canis” gezi) apparently had their origins in South America (Figueirido and
Soibelzon 2009; Soibelzon and Schubert 2011; Prevosti and Soibelzon 2012;
Mitchell et al. 2016).

These two hypotheses are not mutually exclusive. South America hosted large
mammals and megamammals during the Pleistocene, prior to the arrival of the large
carnivorans (Vizcaíno et al. 2012), which could have provided ecological space for
the development of large-bodied predators. In turn, the pressure exerted by these
predators could have favored larger body sizes among herbivores, in an
arm-race-like scenario (cf. Van Valen 1973; Dawkins and Krebs 1979).
Alternatively, this faunistic change and increasing body mass could be governed by
climatical–environmental changes (cf. Barnosky 2001; Raia et al. 2005).

Utilization of caves or dens in SA terrestrial environments by autochthonous
mammals predated the arrival of large carnivorans (De Elorriaga and Visconti 2002;
Genise et al. 2013; Cardonatto et al. 2016), but substantial enlargement of such
dwellings postarrival clearly reflects an increase in body sizes. Large caves of up to
1.5 m width, attributed to ground sloths, armadillos, glyptodonts, or mesotheriids,
are frequently encountered in late Miocene rocks (e.g., Cerro Azul Formation: De
Elorriaga and Visconti 2002; Cardonatto et al. 2016). Quaternary paleocaves sur-
passed this value, attaining in some cases as much as ca. 2 m in width (Vizcaíno
et al. 2001; Dondas et al. 2009; see also Fariña et al. 2013).

In 1996, Fariña and collaborators proposed the hypothesis that the Late
Pleistocene South American faunas were not in balance, with a larger biomass of
herbivores than predators (Fariña 1996; Fariña et al. 2014; see also Fariña et al.
2013; Fig. 6.8). This conclusion was reached using allometric relationships among
living mammals in relation to their estimated body masses. However, the
methodology was criticized, because it did not include comparative methods to
constrain phylogenetic effects in calculating allometric equations, adjustments for
taphonomic biases produced by time averaging of associations, or variability
observed in population density or biomass in living communities (Prevosti and
Vizcaíno 2006; see also Prevosti and Pereira 2014). Based on these criticisms,
another scenario was proposed: If the Late Pleistocene supported a large biomass of
herbivores, then it could have also supported a large density of predators (Prevosti
and Vizcaíno 2006; Fig. 6.8). In fact, in a more recent analysis, Segura et al. (2016)
suggested that the structure of the Late Pleistocene faunas of Buenos Aires
(Argentina) and Uruguay resembles modern faunas.

Prevosti and Vizcaíno (2006) also investigated prey–predator relationships by
means of allometric equations (and, more recently, by stable isotope analyses;
Prevosti and Martin 2013; Bocherens et al. 2016) and discussed intraguild
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relationships. The largest hypercarnivore occurring in SA Late Pleistocene asso-
ciations was Smilodon populator. This taxon is the most common carnivoran found
in fossil sites of this age, and its presence probably generated a top-down negative
cascade affecting other predators (Palomares and Caro 1999; Donadio and Buskirk
2006; Oliveira and Pereira 2014), with the possible exception of Arctotherium
angustidens, whose body mass could exceeded 1 ton (Chap. 4).

6.9 Carnivoran Extinctions During the Pliocene–
Holocene: Intraguild Competition, Human Impact,
or Another Cause Entirely?

An important change in carnivoran faunas occurred between the late Pliocene
(Vorohuean) and the early Pleistocene (Ensenadan), when the procyonid “heralds”
of the GABI became extinct and the carnivoran contingent of the “legions” of the
GABI appeared. The extinction of the large bear-like Chapalmalania at the end of
the Pliocene (Vorohuean) was suggested to be a consequence of the immigration
and radiation of bears in the Pleistocene, ca. 1.8 Ma (Kraglievich and Olazábal
1959; Prevosti and Pereira 2014). However, the coexistence of these clades remains
unconfirmed, with a gap of ca. 0.8 ka in the first appearances of these two groups in
South America (Table 4.1). A recent study based on ancient DNA suggested that
the origin of large scavenging bears was an independent development in North and
South America (Arctodus and Arctotherium), facilitated by the absence or limited
number of other large mammalian scavengers (Mitchell et al. 2016). A parallel
exists in the extinction of Cyonasua during the early Pleistocene and the presence of
new carnivorans in the Pleistocene (Soibelzon 2011), albeit with insufficient

Fig. 6.8 Schematic representation of the predator–prey “imbalance” hypothesis of Fariña (1996)
(a) and the alternative hypothesis proposed by Prevosti and Vizcaíno (2006) under which the high
diversity of large mammals and megamammals supported a great abundance of predators (b).
From Prevosti and Vizcaíno (2006)
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information to exclude other possibilities (e.g., environmental and faunal changes;
Prevosti and Pereira 2014).

A number of extinctions occurred at the end of the Ensenadan (ca. 0.5 Ma) when
12 taxa disappeared (e.g., Theriodictis platensis, Protocyon scagliarum, “Canis”
gezi, Lycalopex cultridens, Arctotherium angustidens, Cyonasua spp., Lyncodon
bosei, Stipanicicia pettorutii, Galictis hennigi, Smilodon gracilis, Homotherium
venezuelensis, “Felis” vorohuensis; Prevosti and Soibelzon 2012). This event
affected large and small hypercarnivores and omnivores (Prevosti and Soibelzon
2012). The degree to which these losses were actually coordinated in time is not
well understood; possibly, their apparently shared end-Ensenadan disappearance
date may be an artifact of analytic averaging of South American Land Mammal
Ages and the effect of taphonomic biases. Last appearance records for L. bosei and
Cy. meranii are dated to ca. 1 Ma (Soibelzon et al. 2008), indicating that they were
possibly extinct before other Ensenadan carnivorans. In addition, the Bonaerian
Age has a poor fossil record which may fail to include some Ensenadan carnivorans
(Chap. 5). The recent extension of the time span of Lycalopex ensenadensis and
Conepatus mercedensis into the Lujanian (Chap. 4) supports this interpretation.
The end-Ensenadan extinction is roughly coincident with the establishment of
wider climatic cycles of 100 ka, with colder glacials and warmer interglacials since
0.9 Ma (Rutter et al. 2012) and could be related to the faunistic changes observed
between this Age and the Bonaerian–Lujanian.

The Late Pleistocene–Holocene transition incorporates another mammalian
extinction event that also included large carnivorans, spawning a diverse set of
hypotheses over the last decades. These include environmental changes, human
hunting, introduced pathogens, meteoric impact, and the combination of all or any
of the above (Martin and Wright 1967; MacPhee and Marx 1997; Cione et al. 2003,
2009; Borrero 2009; Lima Ribeiro and Diniz Filho 2013; Prado et al. 2015;
Surovell et al. 2015; Villavicencio et al. 2016; Metcalf et al. 2016; Bartlett et al.
2016). In South America, this extinction occurred between 12 and 7 ka BP, with the
Pampean Region showing the latest completion date (Cione et al. 2003, 2009;
Steele and Politis 2009; Prado et al. 2015; Villavicencio et al. 2016; Metcalf et al.
2016; Politis et al. 2016). South American carnivorans followed a similar pattern to
other mammals, in that large mammals and megamammals became extinct, and
most large carnivorans disappeared (i.e., saber-toothed cats, large hypercarnivorous
canids, bears; Table 4.1; Fig. 6.9), leaving the puma Puma concolor, jaguar
Panthera onca, and spectacled bear Tremarctos ornatus as the only living large
carnivores on the continent (Cione et al. 2003, 2009; Prevosti and Soibelzon 2012).
Small carnivorans that became extinct in the Late Pleistocene (Lycalopex ense-
nadensis and Conepatus mercedensis) could have disappeared before the end of the
epoch (Chap. 4).

The disappearance of the large mammals and megamammals would have
impacted the larger carnivorans, resulting in their mutual extinction (Prevosti and
Vizcaíno 2006; Prevosti 2006; Prevosti and Martin 2013; cf. Van Valkenburgh
et al. 2015). Isotopic analysis of material of Smilodon populator and Protocyon
troglodytes from the Late Pleistocene of the Pampean Region indicated that they
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hunted in more open environments than the jaguar and could have suffered from the
warmer and wetter climate of the Holocene (Bocherens et al. 2016). Recently,
Villavicencio et al. (2016) considered that large carnivorans became extinct before
large megamammals in southern Patagonia, due to the appearance of humans.
However, when doubling the number of radiometric dates for megamammals in the
region, Metcalf et al. (2016) did not recover such a time-shift. These authors
calibrated the extinction for megamammals in Patagonia at *12.3 ka, correlated
with an abrupt warming phase, environmental changes, and human occupation. In
this context, large carnivorans could have gone extinct through direct persecution
by humans (cf. Villavicencio et al. 2016) or because humans caused a decline or
demise of carnivoran prey (Cione et al. 2009). In the latter case, the competitive
displacement and extinction of large carnivorans could have triggered a cascade of
secondary extinctions in the ecosystems (cf. Cione et al. 2009). Accordingly,
Whitney Smith (2009) proposed the “Second Order Predation Theory,” that humans
reduced predator populations, leading to a dramatic increase in megaherbivore
populations, with a consequent environmental exhaustion and faunal extinction.

Some authors have claimed that the use of domestic dogs could also have
contributed to the extinction of these populations under stress, as already hypoth-
esized for Europe and North America (Fiedel 2005; Shipman 2015). However, in
South America, the record of domestic dogs dates between 7.5 and 4.5 ka and it is
later than the time of the megafaunal extinction (Prates et al. 2010), suggesting that
it was not involved in this extinction event.

Unfortunately, there is insufficient evidence from the Late Pleistocene–early
Holocene faunas of South America to identify the exact sequence of events

Fig. 6.9 Taxon dates (calibrated 14C dates BP) of terrestrial extinct South American carnivorans
(black dots), presence of humans in South America, and paleoclimate proxy (West Antarctic
d18O). LIA little ice age; MWP medieval warm period; WAIS West Antarctic ice sheet. East
Antarctic refers to Vostok core, and temperature variation to past minus present temperature (°C).
Modified from Metcalf et al. (2016)
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(cf. Prevosti and Pereira 2014). Progress has been made with the recent large
number of dates published by Metcalf et al. (2016), revealing the simultaneity of the
extinction of several megamammals and large predators in southern Patagonia.
A conjunction of factors, such as an abrupt change in the climatic and environ-
mental conditions and human presence (along any number of vectors, including
hunting pressure, decreasing habitat range, diseases, importation of exotic animals),
could have pushed larger mammals to a tipping point leading to their sudden
extinction (MacPhee and Marx 1997; Cione et al. 2009; Van Valkenburgh et al.
2015; Metcalf et al. 2016; Fig. 6.9). In this context, the independent role of large
carnivores is not clear or discernible from the available data.

After the Late Pleistocene–Holocene extinction, the carnivoran communities of
South America survived nearly intact, at least in species composition at a conti-
nental scale, except for the extinction of the Dusicyon lineage. The last represen-
tatives of this genus were the Malvinas fox D. australis, which was hunted to
extinction during the late nineteenth century, and D. avus, which lived on the
continent. It disappeared during the last five hundred years, probably due to a
combination of environmental change and human impact (Prevosti et al. 2015;
Fig. 6.9).
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