




in Borophaginae, potentially explaining the twofold increase in ex-
tinction rate at c. 15 Ma (Figs. 2B and 3D). This shift follows the
mid-Miocene Climatic Optimum (c. 17–14 Ma), after which
global temperatures began to decline (Fig. 3A). During this
cooling period, North American vegetation experienced sub-
stantial changes, with the appearance and expansion of grass-
dominated open habitats replacing Eocene and early Miocene
forests (31). Such environments were possibly less favorable to
the hunting behavior of late Borophaginae lineages, which had
limited adaptations to running (11, 24).
In contrast, our results provide very strong evidence that clade

competition played a major role in the diversification dynamics
and clade replacement in North American canids (Fig. 4 A and B).
Although clade competition did not affect the diversification dy-
namics of Caninae (Fig. 4B and SI Appendix, Table S13), changes
in speciation and/or extinction rates of the two extinct canid
subfamilies are strongly correlated with diversity changes of mul-
tiple putative competitors (Fig. 4B and SI Appendix, Table S13).
The increased extinction rate through time found in Hespero-

cyoninae is largely attributed to competition with Borophaginae
(Fig. 4D). Although our analytic framework in its current imple-
mentation is unable to infer changes in the strength of competition
through time [SI Appendix, Multiple Clade Diversity Dependence
model (MCDD)], this competition was probably mostly a result

of the late, larger, and exclusively carnivorous lineages of
Borophaginae, rather than the earlier, smaller, and hypocarnivorous
species. As Borophaginae diversified, they progressively increased
their body size overlap with Hesperocyoninae (Fig. 3A) and
eventually evolved hypercarnivory, similar to Hesperocyoninae
(23, 24). This suggests an increase in ecologic similarity and
stronger competition between the two clades toward the second
half of the existence of Hesperocyoninae (24). This is confirmed
by significantly higher extinction rates of Hesperocyoninae be-
tween 20 and 10 Ma (Fig. 2A), when they coexisted with similar,
hypercarnivorous Borophaginae. The immigration of Felidae and
Barbourofelidae from Eurasia (SI Appendix, Figs. S7 and S8) (11)
intensified clade competition by both suppressing speciation rates
and increasing extinction rates of Hesperocyoninae (Fig. 4 C and
D). Because Felidae and Barbourofelidae only overlapped during a
short time with Hesperocyoninae, the moderate competition effects
inferred for those two Feliformia clades probably represent an ef-
fect toward the very end of the existence of Hesperocyoninae.
Although the changes in Borophaginae diversity clearly af-

fected the speciation and extinction rates in Hesperocyoninae,
our results show that neither speciation nor extinction rates in
Borophaginae correlate with diversity changes in Hesperocyoninae
(Fig. 4 C and D). Previous work suggested that the extinction
of large Hesperocyoninae opened niches for animals of large
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body size and allowed the diversification of Borophaginae (22),
but our results clearly suggest that the unidirectional inter-
actions between Hesperocyoninae and Borophaginae conform
to an active displacement driven by Borophaginae, rather than to
a passive replacement (SI Appendix, Fig. S19 and Passive replacement
and active displacement). The vacancy left by the demise of Hes-
perocyoninae did not result in an increased speciation rate (or
decreased extinction rate) of Borophaginae (SI Appendix, Figs.
S17 and S18), as would be expected if Hesperocyoninae were an
incumbent clade (5, 13, 17) (SI Appendix, Passive replacement and
active displacement). Instead, the diversification dynamics of
Borophaginae were only affected by competition with clades that
either originated or immigrated after their origin. Competition
with Felidae, Caninae (most likely with the later hypercarnivorous
species), and to a lesser extent, Barbourofelidae increased their
extinction rate (Fig. 4D). Thus, active competition among multiple
clades has played a substantial role also in the demise and evo-
lutionary displacement of Borophaginae.
Previous criticisms against the active role of competition as a

driver of clade displacement stem from the hypothesis that di-
versity is not limited (15). However, evidence suggests diversity

equilibrium for North American mammals (26), and for carnivores
at a global scale (32). Our results strongly indicate that competi-
tion among several clades of canids and other carnivores drove the
changes in diversification rates and the replacement of entire
clades. Previous evidence of clade replacement has also been
shown among higher taxa (e.g., genus or family) in marine in-
vertebrates for pairs of clades (10, 14), between a focal clade and a
collection of clades (33), and between multiple “faunas” (34).
Those studies investigated clade replacement by modeling how the
diversity trajectories of multiple clades are coupled under com-
petitive interactions (14, 33, 34) and laid out key conceptual foun-
dations in the study of clade replacement. Our approach, through
the explicit integration of competition in birth–death processes,
allowed us to identify, quantify, and further explore properties of
clade replacement that could not be assessed with previous meth-
odologies. For example, we find that the competitive effects are
not symmetric with respect to clade identity (e.g., between Hes-
perocyoninae and Borophaginae) and that competition may affect
speciation and extinction rates differently. Similar birth–death
processes have been developed in phylogenetic methods, but
based on the idea that competition only occurs within clades
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(35). We show here that, at least for the two extinct canid
subfamilies, diversity dependence within each subfamily is
considerably smaller (Fig. 4 and SI Appendix, Fig. S16) than
competition generated by multiple clades, which have either in-
vaded North America with already similar ecologies (e.g., Felidae)
or undergone similar evolution toward larger body size and similar
ecology (e.g., Borophaginae and Caninae). Competition among
multiple clades involving distantly related, but ecologically interact-
ing, species may therefore be a much more common and important
mechanism driving biodiversity changes than previously recognized.

Methods
Fossil Data Sets. We compiled a data set of all fossil occurrences for North
American Canidae retrieved from the Paleobiology database (paleobiodb.org;
accessed between January and March 2014) and split the data into three
subsets based on taxonomic assignment to the subfamilies Hesperocyoninae,
Borophaginae, and Caninae. Body size information for extinct Canidae (esti-
mated from the length of the first lower molar) was retrieved from the Pa-
leobiology database, accessed through the web-based portal Fossilworks
(fossilworks.org) and from Tedford et al. (25). For extant canid species, we used
estimates from Smith et al. (36), using the specific estimate for North America
when available. We also compiled fossil data for five additional carnivore
clades for competition analyses: Amphicyonidae (extinct) and Ursidae from the
Caniformia suborder, and Nimravidae (extinct), Barbourofelidae (extinct), and
Felidae from the Feliformia suborder. These clades were chosen as the main
carnivore lineages that are or have been potentially competing for resources
with Canidae species, as suggested by (at least partial) similarities in their diet
(11, 13), the fact that they possess or have evolved toward large body sizes,
their temporal and spatial overlap (SI Appendix, Figs. S1–S8), and previous
hypotheses (13, 22). We included in the final data sets only fossil occurrences
found in North America and identified to a species level. We incorporated the
uncertainties associated with the age of the fossil occurrences by replicating
100 times all the analyses described here, after resampling the fossil ages from
the respective temporal ranges (SI Appendix, Fossil data sets).

Analysis of the Fossil Data. We carried out the analyses of the fossil data sets
using a Bayesian framework recently developed, tested, and validated on
both simulated and empiric data sets (27). We modeled fossil occurrences as
the result of two processes: preservation, which includes the fossilization
and sampling of organisms, and speciation and extinction, which generate
and shape species diversity. In an initial set of analyses, we used the original
implementation of the approach (27) to analyze the fossil data sets under a
birth–death model with time-varying rates. For each clade, we estimated the
parameters of the preservation process (the expected number of fossil oc-
currences per lineage per million years), the times of speciation and ex-
tinction of each species, and the speciation and extinction rates and their
variation through time [Fig. 2 and SI Appendix, Figs. S10–S12, and Birth-death
model with shifts (BDS)]. We used the estimated times of speciation and
extinction of all species to carry out the diversification analyses outlined
here [SI Appendix, Birth-death model with shifts (BDS)]. All methods shown
here are implemented within the open source program PyRate (37).

Body Mass Correlated Diversification. We tested whether the diversification
dynamics of canid clades may be linked with changes in body mass, using the
Covar birth–death model (37). Under this model, changes in speciation and
extinction rates correlate with changes in (log-transformed) body mass
through the correlation parameters (αλ, αμ), which are estimated from the
data. The birth–death rates are therefore transformed on a lineage-specific

basis, rather than through time. Thus, α > 0 indicates a positive correlation
between the trait value and the birth–death rates, α < 0 indicates a negative
correlation, and α ∼ 0 indicates no correlation [SI Appendix, Body mass
correlated diversification (Covar model)].

Temperature-Dependent Diversification. We used a birth–death model with
time-varying rates to test for a correlation between speciation and extinc-
tion rates in canids and changes in global temperature through time. The
temperature data were derived from stable isotope proxies (30). The model
is based on the temperature-dependent birth–death model originally de-
scribed in a phylogenetic framework (38). The parameters γλ and γμ quantify
the correlation between changes in birth–death rates and temperature
changes. Thus, γ > 0 indicates positive correlation between the trait value
and the birth–death rates, and γ < 0 indicates negative correlation [SI Ap-
pendix, Temperature dependent BD model (BDT)].

Competition Among Clades. To assess the effect of competition on the di-
versification of canids, we developed amodel in which speciation and extinction
rates are linearly correlated with the diversity trajectory of a clade. Under
competitive interactions, increasing species diversity has the effect of sup-
pressing the speciation rates and/or increasing the extinction rates. Such birth–
death models are generally referred to as diversity-dependent models (e.g., ref.
35). Although in phylogenetics, diversity dependence is typically tested within a
single clade, our model allows for competition to take place not only among
the species of a given clade but also among species that are not closely related
but share similar ecology. Therefore, we extended the diversity-dependent
birth–death model to assess the effects of competition within and between
clades. We named this model Multiple Clade Diversity Dependence and used
Bayesian variable selection [SI Appendix, Multiple Clade Diversity Dependence
model (MCDD)] to jointly analyze all clades and estimate the baseline speciation
and extinction rates for each clade, the marginal probability of competition for
each clade, and competition parameters that quantify the intensity of the di-
versity dependence between each pair of clades [Fig. 4 and SI Appendix, Figs.
S16–S18 and Multiple Clade Diversity Dependence model (MCDD) and Com-
petition and positive interactions (MCDD model)]. Each competition parameter
expresses a diversity dependence relationship between the diversity of a clade
and the speciation or extinction rates of the other clade. Thus, the model is able
to infer directionality of the reciprocal interactions between two clades. Even
though we do not expect positive interactions to be present among carnivore
clades, we incorporated this possibility in our model to increase its flexibility and
usefulness for other systems. Increasing diversity of a clade can therefore cor-
relate with higher speciation rates or lower extinction rates in another clade [SI
Appendix,Multiple Clade Diversity Dependence model (MCDD) and Tables S5–
S13]. We tested the performance of the Multiple Clade Diversity Dependence
model through the analysis of simulated data sets and found that our ap-
proach is very robust against spurious diversity dependence effects (“false
positives”; SI Appendix, Robustness of the MCDD model).
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