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1 Fossil data sets

We included in the final data sets only fossil occurrences found in North America and iden-
tified to a species level. Because we focused on a single continent, in some cases a species
appearance might be the result of a migration event (i.e., the species originated elsewhere
and subsequently dispersed into North America) and a species disappearance can be a local
extinction (i.e. the species survived, but elsewhere). Although this is a general issue in
diversification analyses based on fossil data, in this case it likely has a small effect since
canids originated and diversified in the largest part in North America (I, 2)

The ages of most occurrences were provided with a temporal range, which reflects the
uncertainty associated with the age of the fossil records and generally relies on the estimated
boundaries of stratigraphic units (3). As an additional quality filter on the raw data, we
excluded from the analyses the occurrences with temporal range larger than 15 Myr, which
correspond to only about 5% of the data (Fig. .

The final Canidae data sets included: 29 Hesperocyoninae species (269 occurrences), 68
Borophaginae species (829 occurrences), and 23 Caninae species (388 occurrences). The
final data sets for putative competitor clades included (in addition to the Canidae subfami-
lies): 34 Amphicyonidae species (129 occurrences), 27 Ursidae species (205 occurrences), 13
Nimvravidae species (55 occurrences), 5 Barbourofelidae species (17 occurrences), and 36
Felidae species (338 occurrences). We treated the temporal ranges of the fossil occurrences
as uncertainties around their estimated age. In order to account for age uncertain-
ties in our subsequent analyses, we generated 100 randomized data sets for each
clade, by resampling the age of each occurrence uniformly within the respective
temporal range, following the procedure described by Silvestro et al. (4, [5). All the data
are accessible from the Paleobiology database (http://paleobiodb.org) and the input files
used for diversification rate analyses (see Supplementary Methods) are available from the
authors (and will be provided at http://sourceforge.net/projects/pyrate/ upon acceptance

of the paper).



2 Detailed methods and analysis settings

We carried out the analyses of the fossil data sets based on the Bayesian framework im-
plemented in the program PyRate (4, [6). We first analyzed the fossil data sets under a
birth-death model with time-varying rates and estimated for each clade: 1) the parameters
of the preservation process, 2) the times of speciation and extinction of each species, and 3)
the speciation and extinction rates and their variation through time (section 2.1). We then
used the estimated times of speciation and extinction of all species to carry out three addi-
tional sets of analyses to test whether speciation and extinction rate dynamics correlate with
1) changes in body mass (section 2.2), 2) global temperature as a proxy for environmental
changes (section 2.3), 3) competition and/or positive interaction between species through
diversity dependence (section 2.4).

In the following sections we present the models used and provide flowcharts
outlining the workflow followed in each analytical step to highlight the most
relevant input, methodological details, and output. All methods shown here are
implemented within the open source program PyRate (), which is available at

https://github.com/dsilvestro/PyRate.



2.1 Birth-death model with shifts (BDS)

(sections 1.1 and 1.2)

v

Am@ﬂy@ﬁ@ [ Birth-death model with rate shifts

Um[@@@ data EFossil occurrences: 100 randomized data sets}

(BDS; section 2.1)

for each species extinction rates (RTT plots)

!

Temperature dependent
birth-death analysis
(BDT; section 2.3)

Results [ PEsERE T [EiEs } [Speciation and extinction times} E Time-varying speciation/ }

Body mass correlated
birth-death analysis
(Covar; section 2.2)

Multiple clade diversity
dependent birth-death
analysis (MCDD; section 2.4)

Following
steps

We analyzed the fossil occurrence data sets using PyRate (4, [6) to jointly estimate the
preservation rate, the times of speciation and extinction for all species, and the
speciation and extinction rates through a Markov Chain Monte Carlo (MCMC) algorithm. In
all analyses, we used the birth-death MCMC algorithm (BDMCMC; 4, [7) to simultaneously
estimate the number and magnitude of shifts in speciation and extinction rates. Thus, the
times of speciation and extinction used in all the subsequent analyses (sections 2.2-2.4) were
obtained while accounting for the heterogeneity of preservation, speciation, and extinction

rates.

Preservation process and the times of speciation and extinction

The preservation process was modeled as a non-homogeneous Poisson process (NHPP), in
which the rate parameter is a function of time and the mean rate equals ¢ and quantifies the
expected mean number of fossil occurrences per lineage per million years (Myr). To allow
for preservation heterogeneity among lineages, we used the Gamma model (4)), which sets
the rate of preservation to vary according to a gamma distribution with mean ¢ and shape
parameter . Decreasing values of the shape parameter indicate increasing rate heterogene-
ity, e.g. with a = 20 the gamma distribution has a variance of 0.05 whereas with o = 0.5

the variance is 2.



Based on the NHPP model of preservation, we estimated, along with the parameters ¢
and «, the times of speciation and extinction (s and e) of N species using the following

likelihood function (4)):

N E P TSy €ns ¢, Q)
NHPP ni{°on, tn; Y,
P(Xls,eq.0) =[] 3 - (1)
n=1 k=1

where X = {x1,%s,...,2n} is a set of fossil occurrences for the N species, x, a vector of
fossil occurrences assigned to species n, and K is the number of discrete categories used to

approximate the gamma distribution (in our analyses we used PyRate’s default value K = 4

(4, 8)).

Speciation and extinction rates

We used a birth-death process with time-varying speciation and extinction rates as a prior on
the times of speciation and extinction s, e (4)). The parameters of a constant rate birth-death
process are the speciation and extinction rates (A and pu, respectively) and can be estimated

through the following likelihood function:
P(s,e|X, p) = APpPe s (2)

where B and D are the numbers of speciation and extinction events and S represents the

total time lived by the N species (9)), i.e. the sum of species lifespans:

S:an—en. (3)

We incorporated temporal variation of speciation and extinction rates by using a
birth-death model with shifts (BDS), in which rates change across different time frames.
The parameters estimated under this model are the vectors of speciation and extinction rates

A, M and the temporal boundaries defining a vector of timeframes 7. The number of time



frames is also jointly estimated by the BDMCMC algorithm. For a given set of 7' time

frames the likelihood of a birth-death process is

P(s,elA, M,T) = H [/\ET exp (_)\TS’T>:| H [M?T exp (_NTST)] (4)

where, for each time frame 7, B, and D, are the respective numbers of speciation and
extinction events, A\, and pu, are the speciation and extinction rates, and S, is the fraction

of the total time lived (Equation [3|) observed within 7 (4)).

Analysis settings

We analyzed each data set (3 canid clades and 5 additional carnivore clades) independently
under a birth-death model with rate shifts (BDS). We ran 1,250,000 BDMCMC iterations,
discarded the first 250,000 as burnin, and sampled every 1, 000" to obtain posterior estimates
of the parameters. We monitored chain mixing and effective sample sizes by examining
the log files in Tracer (10). Proposal distributions and priors followed the default settings
implemented in PyRate (6l [8). We replicated the analyses on the 100 randomized data
sets of each clade (see section 1) and calculated estimates of s and e as the mean of the
posterior samples from each replicate. Thus, we obtained 100 posterior estimates of
the times of speciation and extinction for all species and used them as input data
in all the subsequent analyses (sections 2.2-2.4), which, therefore, focused exclusively
on the estimation of the birth-death parameters (i.e. without re-modeling preservation and
re-estimating times of speciation and extinction). This procedure reduced drastically the
computational burden, while allowing us to account for the preservation process and the
uncertainties associated with the fossil ages.

The analyses performed under the BDS model also served to infer the temporal dynamics
of the speciation and extinction rates, without any specific a priori hypothesis. We calculated

the marginal speciation and extinction rates within 1 Myr time bins, while incorporating



model uncertainty, and summarized the results in rates-through-time (RTT) plots (Fig. 2;

S10/S12) (4, ).

2.2 Body mass correlated diversification (Covar model)

Hm[@@]ﬁ data Speciation and extinction times for Body mass estimates per
each species (from BDS; Section 2.1) species (Section 1.1)

v

Analysis Body mass correlated birth-death
Yy (Covar; Silvestro et al. 2014b)

v v

Baseline speciation and extinction Correlation between changes in
rates body mass and birth-death rates

Results

In the COVAR model, changes in speciation and extinction rates correlate with changes in
body mass through the correlation parameters (ay, o), which are estimated from the data
(6). The birth-death rates are transformed on a lineage-specific . Thus, given a vector B
of estimated body masses, we obtained the speciation and extinction rates of the 7" species

with the following transformations:

A(B;) = exp (log(Ao) + ay log(Bi)), w(B;) = exp (log(uo) + ay log(Bl-)) (5)

where A, pip are estimated baseline speciation and extinction rates, and the parameters
ay, oy, € Rrepresent the coefficients of correlation between the rates and the log-transformed
trait. We rescaled the body mass values by dividing them by their mean prior to the analyses,
to obtain baseline speciation and extinction rates that represent the rates for a species of
body mass equal to the mean size of all species within the clade (6)). The likelihood of the

COVAR birth-death process (Eqn. [2)) is:

N
P(s, e, B|/\0’ o5 Qs a#) = H {)\(BZ)M(BZ)Q [A(Bi)+ﬂ(8i):| (si—ei) | (6)

(2



Analysis settings and parameter interpretation

We analyzed each of the three canid data sets independently under the COVAR model and ran
100 analyses fixing the times of speciation and extinction to the ages estimated from the 100
replicated data sets under the BDS model (Section 2.1). We used the default gamma priors
on the baseline speciation and extinction rates and normal priors A (0,2) on the correlation
parameters oy and o, (8). We ran 1,250,000 MCMC iterations with sampling frequency
of 1,000 and combined the posterior samples of the parameters from the 100 replicates
after excluding the first 250 samples as burnin. Posterior samples of the parameters were
summarized over all replicates as mean values and 95% HPD. We considered the correlation
to be statistically significant when 0 was not included within 95% of the highest posterior
density (HPD) of « (e.g. [11]).

2.3 Temperature dependent BD model (BDT)

each species (from BDS; Section 2.1) (Zachos et al. 2008)

v v

A[ﬁ]@ﬂySﬁS [ Temperature dependent birth-death (BDT) }

v v

[Baseline speciation and extinction} [ Correlation between changes in J

U[m[@ﬂﬂﬁ data E Speciation and extinction times for} [ Global temperature curve }

Resultts rates temperature and birth-death rates

We developed upon the birth-death model with time-varying rates described in Equa-
tion to implement a correlation between speciation and extinction rates in canids and
changes in global temperature through time, derived from stable isotope proxies (12). In
this temperature-dependent birth-death model (hereafter referred to as BDT model) speci-
ation and extinction rates for a given time frame 7 are calculated based on the following

transformations:

Ar = Ao exp(nbr) and pur = 19 exp(7,6-) (7)
where 6, is the temperature value at time 7, A\, o are estimated baseline speciation and

10



extinction rates, and vy, 7y, are the parameters quantifying the correlation between changes
in birth-death rates and temperature changes (13). We rescaled the temperature values by
dividing them by their mean over the past 50 Ma (0,,e4n), S0 that A(@pmean) = Ao exp(ya) and
1(Omean) = po €Xp(V)-

In the BDT model, the time frames T' of Equation are not estimated from the data,
but dictated by the time resolution of the temperature curve, in this case 0.1 Myr. The
likelihood of the BDT model is therefore:

T T
P(S7 e7 @’)‘07 /’LOJ 7)\7 ’7#) - H [)\f‘r eXp (_)\TST)} H [M‘?T eXp (_MTST)} (8)

where s and e are the speciation and extinction times for each species (as estimated from

the BDS analyses; Section 2.1) and © is the vector of rescaled temperature values.

Analysis settings and parameter interpretation

We analyzed each of the three canid data sets independently under the BDT model and
ran 100 analyses fixing the times of speciation and extinction to the ages estimated from
the 100 replicated data sets under the BDS model (Section 2.1). We used gamma priors
on the baseline speciation and extinction rates and normal priors A (0,2) on the correlation
parameters v, and v, (8). We ran 1,250,000 MCMC iterations with sampling frequency
of 1,000 and combined the posterior samples of the parameters from the 100 replicates
after excluding the first 250 samples as burnin. Posterior samples of the parameters were
summarized over all replicates as mean values and 95% HPD. As for the parameters of the
CovAR model, we considered the correlation to be statistically significant when 0 was not

included within the 95% HPD of 7, and ~,,.

11



2.4 Multiple Clade Diversity Dependence model (MCDD)

ﬂm[@@]@ data Speciation and extinction times for Diversity trajectories for
each species (from BDS; Section 2.1) different clades
Amnalysis EMuItipIe clade diversity dependent birth-death (MCDD)}

Marginal probability of
competition and positive
interaction for each clade

Diversity dependence parameters
(i.e. intensity of competition or
positive interaction

Baseline speciation and extinction

Results rates

We implemented a birth-death model with diversity dependence (I4]) by combining the
time varying birth-death model (Equations with the diversity trajectories of sampled
species (see below). We allowed for competition to take place not only among the species of
a given clade, but also among species which 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 and named this model Multiple
Clade Diversity Dependence (MCDD). Estimating diversity dependence under the MCDD
model involved the joint analysis of the three canid clades along with the five additional
carnivore clades (Section 1). We obtained the diversity trajectories of sampled species for
each clade by calculating at every point in time the number of living species (Fig. 4A;
based on the times of speciation and extinction (s, e) estimated under the BDS model
(Section 2.1). We calculated 100 diversity trajectories from the 100 replicated analyses under
the BDS model (Section 2.1) The estimation of past species diversity might be biased by
low preservation rates, taxonomic uncertainties, instances of anagenetic speciation (I5HI9).
However, such trajectory curves are likely to provide a reasonably accurate representation of
the true diversity changes in carnivore clades (20), in particular in North America, where the

fossil record of mammals has been intensively sampled, studied, and revised (e.g. 2, 2TH24]).
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Birth-death with diversity dependence

The MCDD model assumes that the birth-death rates of a clade varies through time as a
function of its own diversity and/or the diversity of other competing clades. We indicate
a trajectory curve of a clade i by d;, so that J;(¢) represents the number of species from
clade 7 that are living at time ¢. The speciation and extinction rates of a clade are linearly
transformed as described by Etienne et al. (14]). Thus, if we consider a set of C' clades with
trajectory curves D = {41, da, ..., ¢}, the speciation and extinction rates for a given clade i

at time ¢ are obtained by the following transformations:

Ai(t) = max {0, A — i A [@(t)gjj] } (9)

and

p1(t) = max {0, i + ZC: i [5j(t)g£‘j] }

j=1
where \;, u; are baseline speciation and extinction rates of clade i, and gi’\j, gfj are the diversity
dependence parameters transforming speciation and extinction rates, respectively. In the
case of 1 = j, the diversity dependence parameter measures the effect of the diversity of
a clade on its own speciation and extinction rates (self diversity dependence). Each g¢
parameter expresses a diversity dependence relationship between the diversity
of a clade and the speciation/extinction rates of another clade. Thus, the model is
able to infer directionality of the reciprocal interactions between two clades, since they are
modeled by two independent parameters (e.g. gij, gji)-

Competition under the MCDD model results in a reduction of a clade’s speciation rate
and an increase of its extinction rate (14). This translates into gy > 0 and gi; > 0 indicating
that the diversity of clade j negatively correlates with the speciation rate of clade ¢ and causes
the opposite (i.e., positive) effect on its extinction rate. On the contrary, g?j < 0 and gl‘»‘j <0

indicate a positive interaction between clades, so that increasing diversity of a clade j

13



correlates with higher speciation rates and lower extinction rates in clade ¢. Finally, gi)‘j =0
and g;; = 0 imply that no diversity dependent effects are detected and the diversification
dynamics of clade ¢ are independent of the diversity of clade j. In the case of clades with
only partial temporal overlap (e.g. Borophaginae and Felidae; Fig. 4A), competitive effects
or positive interactions can only occur when the diversity of both clades is greater than 0
and g # 0. The rates outside of the overlap time window or with g = 0 equal the baseline
rates, based on Equation @D Thus, the baseline rates represent the speciation and
extinction rates for a clade in the absence of diversity dependence (competition
or positive interaction).

Based on the definitions given by the Equation @, the intensity of diversity dependence
(9) quantifies the proportion of rate change associated with the addition of one species in
the competing clade. For instance, the competing effects given by g?j = 0.1 and gfj =0.2
imply that the addition of one species in clade 7 will decrease the speciation rate in clade 7
by 10% of the baseline rate (\;) and increase its extinction rate by 20% of the baseline rate
(1;). Conversely, the extinction of a species in clade j will increase clade’s i speciation rate
and decrease its extinction rate by 10 and 20%, respectively. Opposite effects result from
positive interaction, that is with g < 0.

In the MCDD model the birth-death likelihood function is based on the time varying
birth-death model (Equation , where the time frames 71" are not estimated from the data,
but determined by changes in the diversity trajectories. The likelihood of the MCDD model

for a clade 7 is therefore:

T T
P(s,e, DI\, i, g g") = [ [ [V exp (=A-S0)] [ | [#97 exp (—p1--55)] (10)

where s and e are the speciation and extinction times for each species (as estimated from the
BDS analyses; section 2.1), D = {1, da, ..., ¢ } is the set of diversity trajectories of all clades,

A- and p, are the speciation and extinction rates at time 7 transformed according to Equation

14



@D, and g*, g* are vectors of diversity dependence parameters, e.g. ¢* = {g}, g%, -, i}

for a set of C clades.

A hierarchical model with Bayesian variable selection

We designed an MCMC algorithm that samples the parameters of the MCDD model from

their posterior distributions based on the following considerations:

1. The number of diversity dependence parameters (pc) increases more than linearly with
the number of clades (pc = 2C?, for C' > 2) and for a large number of clades there is a
risk of over-parameterization (e.g. with the 8 clades analyzed here: C' = 8 pc = 128).
Furthermore, the definition of appropriate priors for the parameters of the MCDD
model can greatly affect the dimension of the sampled parameter space. The use of
a hierarchical Bayesian model with hyperprior distributions on the priors
is an appropriate way to potentially reduce the effective parameter space

(5, 25).

2. Competition or positive interaction might come from several clades simultaneously.
Additionally, different clades can have similar diversity trajectories and potentially
result in similar effects on diversification rates. Thus, a joint analysis of all clades
is preferable over pairwise analyses. This allows us to assess if competitive effects or
positive interactions have an overall significant impact on the diversification dynamics
of each clade, while accounting for the combined effects of multiple clades. Joint and
hierarchical parameter estimation is also an efficient way to avoid the risks

of false positives that could result from multiple comparisons (26)).

3. The complexity of the model and a high number of potentially interacting clades make
it difficult to assess whether there is significant evidence for competition and render
explicit model selection impractical for the purpose, since too many alternative models

would have to be tested. The question of finding which and how many clades affect

15



the dynamics of speciation and extinction rates of each clade can be seen as a ques-
tion of selecting the variables in a regression problem. Hence, the use of Bayesian
variable selection provides a powerful tool to explore potentially all mod-
els and jointly estimate the probability and the intensity of each diversity

dependence parameter (27)).

Based on these considerations, we implemented the MCDD model using the Bayesian vari-
able selection algorithm originally developed by Kuo and Mallick (28)) within the PyRate
analytical framework. We transformed the parametrization of the MCDD model by decom-
posing the diversity dependence parameters (g) into two auxiliary variables, the indicator

variable I and the effect size of diversity dependence k (27, 28), so that

gij = Iijkij fOl" Z,j S C (1].)

The indicator variable (1;;) can only take values equal to 0 or 1, thus denoting whether or
not the birth-death rates of clade ¢ are affected by the diversity of clade j. The effect size
(kij) represents the intensity of the effect of clade j’s diversity on speciation/extinction rates
of clade ¢ when I = 1. Thus, there is a competitive effect when I = 1 and k > 0, whereas
positive interaction results from I = 1 and k < 0.

We treated the two auxiliary variables as independent a priori and estimated them from
the data (28). Since the indicators can only take two values, we assigned the following prior
probabilities

P(I;; = 0) = n;, (12)

P(IZ]:]_):]_—’I'}Z,fOI".]GC

Thus, for a given clade ¢, each of the indicators I;, ..., ;o equals 0 with prior probability n;

and it equals 1 with prior probability 1 — ;. We considered the prior probability 7; as an

16



unknown hyperparameter and estimated it from the data. The hyperparameter n measures
the prior probability that the diversification process of a clade is not affected by diversity
dependence from any of the analyzed clades.

The novel parameterization outlined above presents several desirable features. First, it
allows the exploration of many potential models ranging from the simplest case in which a
clade diversifies under constant birth-death rates in the absence of diversity dependence (e.g.
with 7; = 1, gi1,...,gic = 0) to the most complex scenario in which each clade is subject
to either competition or positive interactions from all clades (i.e. gi1,...,gic # 0). While
all these models have identical parameterization, the effective parameter space can differ
greatly depending on the values of the indicator variables I that can potentially remove
entirely the effect of diversity dependence on speciation and extinction rates. Thus, the use
of Bayesian variable selection reduces the risk of overparameterization, since both
I and 7 are estimated from the data (27) (see also simulations below).

Second, this method allows us to readily assess whether there is significant ev-
idence for diversity dependence (competition or positive interactions) based on
the posterior samples of the g parameters, thus avoiding expensive calculations of the fit
of alternative models, e.g. by Bayes factors (29). Indeed, the posterior probabilities that a
clade i is subject to diversity dependent birth-death dynamics (by competitive or positive
effects) can be calculated directly from the sampling frequencies of ¢ > 0 and g < 0 (see
below).

Finally, the decomposition of the diversity dependence parameters (Equation into the
auxiliary variables effect size (k) and indicator (I) helps to avoid the excessive shrinkage
towards small values of the competitive/positive effects that are supported by
the data, while removing negligible effects (background noise) (27, [30} 31]). This feature is
desirable because a clade might be subject, for instance, to strong competition (i.e. large k)
from some of the clades considered in the analysis, whereas several other clades do not play

any role in the clade’s diversification.

17



Implementation and (hyper)priors

We implemented the MCDD model in a hierarchical MCMC algorithm that jointly estimates,
for each clade i, the baseline speciation and extinction rates (A;, i;), the diversity depen-
dence parameters (g1, ...gic) through their effect size (k;1,...kic) and indicator components
(Ii1, ... I;c), and the hyperparameter 7;. For the baseline speciation and extinction rates of
all clades we used an exponential prior with scale parameter estimated in the MCMC as a
hyperparameter (with exponential hyperprior with mean equal to 10). The prior probabili-
ties for the indicators are given in Equations (see above) based on the hyperparameters
n, which were assigned uniform hyperprior distributions P(n;) = U[0,1]. Finally, we used
a uniform prior distributions for the effect size parameters P(k;;) = U[—0.3,0.3]. Hence,
the addition of one species in the diversity trajectory of clade j can decrease or increase
the speciation and extinction rates of clade i by up to 30% of its baseline rates (based on
Equation @ We selected the boundaries of this prior after empirical testing with the data
set to allow all plausible values, while maintaining good mixing of the MCMC.

We used sliding window proposals with reflection at the boundaries to update the effect
sizes, and the hyperparameters and multiplier proposals for the baseline speciation and
extinction rates (32). Proposals for the discrete indicator variables (/) were generated by
random updates where 0 and 1 had equal probability. The effect size parameters k were
updated even when the respective indicator was set to 0, in which case the acceptance was

only determined by their uniform prior probability (see above) (28)).

MCDD output

The most important results generated by the MCDD model are: 1) the baseline
speciation and extinction rates for each clade, 2) the marginal probability of
competition or positive interaction for each clade, and 3) the intensity of the
diversity dependence between each pair of clades. The baseline rates and intensity

of the diversity dependence are directly sampled in the MCMC, based on the MCDD birth-

18



death likelihood (Equation [10).

The marginal probability of competition or positive interaction is a measure of statistical
support for these effects and can be calculated from the posterior samples of the g param-
eters. In order to assess whether a clade’s diversification history is significantly affected
by competition or by positive interactions, we computed, for each clade i, the frequency at
which positive or negative diversity dependence parameters from at least one of the C' clades
was sampled across the MCMC iterations. The marginal probability of competition is

St 2

Promyli) = 21

(13)

where M is the number of posterior samples, and Z% = 1 when at least one of the diversity
dependence parameters for clade i indicates competition (i.e. max{gi,...,g.c} > 0) and
Z+ = 0 when all diversity dependence parameters equal 0 or indicate positive interaction (i.e.
max{ g1, ..-gic} < 0). Note that such marginal probability of competition includes the effects
that a clade’s own diversity can have on its speciation/extinction rate (g;;). Conversely, the
probability of positive interaction is
M o,

Prosi(i) = % (14)
where Z—~ = 1 when at least one of the diversity dependence parameters is negative (i.e.
min{g;,...,gic} < 0) and Z,, = 0 when all the indicators diversity dependence parame-
ters equal to 0 or positive (i.e. min{g,...,gic} > 0). Such frequencies thus represent the
marginal probabilities that the birth-death process correlates (by competition or positive
interactions) with any of the trajectory curves D, regardless of which or how many clades
are involved in the diversity dependence (cf. consideration 2 above). These marginal prob-
abilities are calculated independently for speciation and for extinction (based on ¢* and g*,
respectively), thus allowing us to pinpoint which aspects of the diversification process are

more likely to undergo diversity dependence.
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Analysis of empirical data sets

After some test runs aimed at assessing the extent of burnin and the sampling efficiency,
we ran 30,000,000 MCMC iterations with sampling frequency of 10,000 to obtain posterior
parameter estimates. We repeated the analyses on the 100 replicates, using the times of
speciation and extinction estimated under the BDS model (see section 2.1). For each of the
8 carnivore clades we computed mean and 95% HPD of the baseline speciation and extinction
rates (\;, i1;), the hyperparameter 7; and the diversity dependence parameters g2, g!'. We used
the mean of the sampled diversity dependence parameters (e.g. g;;) as a measure of intensity
of competition (if positive) or positive interaction (if negative) between each pair of clades.
The respective probabilities of competition or positive interaction between pairs of clades
were calculated as the sampling frequency of positive or negative values. Finally, we obtained
the marginal probabilities of competitive effects and positive interaction (Promp, Pposi) for
both speciation and extinction using Equations . We considered competition or
positive interaction to be significant when they obtained marginal probabilities

above 0.95 (Fig. 4).

2.5 Robustness of the MCDD model

We assessed the robustness of our MCMC algorithm with Bayesian variable se-
lection by three sets of 1000 simulations. The complexity of diversity dependence
among multiple clades renders the simulation of data the under MCDD model unfeasible.
Instead, we used standard birth-death simulations (4)) to quantify the frequency of find-
ing significant competition or positive interactions from randomly diversifying clades (false
positive rate).

In the first set of analyses, we simulated clades under a constant rate birth-death model,
which we considered as a null model, since the MCDD reduces to constant rate birth-death
when removing the effect of competition and positive interactions (Equation @ We simu-

lated 1,000 independent clades aimed to match the size, rates, and lifespan of the carnivore
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clades in our empirical data set. For each clade we drew the root age randomly from a
uniform distribution ¢[15,40] Ma (reflecting the temporal range of clade origins in our data;
Figs. [S13HS15) and sampled speciation and extinction rates from uniform distributions
U[0.01,0.4] (similarly to the range of rates estimated from our empirical data set under
BDS; Figs. [S10HS12)). We also constrained the size of the simulated clades to range between
5 and 70 species to resemble the clade sizes in our empirical data set. We analyzed the
clades under the MCDD model after grouping them in random groups of 8 clades. For each
analysis we ran 15,000,000 MCMC iterations with sampling frequency of 5,000 and then
calculated the marginal probabilities of competition and positive interaction (Promp, Pposi)
for both speciation and extinction in each clade (Equations . Based on a threshold
of 0.95 we calculated the frequency of finding significant diversity dependence overall clades
(Feomp, Fposi), which we considered as a ‘false positive’. The ‘false positive’ frequencies
were below 2% for both competition and positive interaction, indicating that the
MCDD model is robust against type I error. The frequencies of significant diversity de-
pendence were From,(A) = 0.018 and Flpmy (1) = 0.008 for competition, and Fys(A) = 0.003
and F,s; (1) = 0.003 for positive interaction.

We performed a second set of simulations (1,000 independent clades), in which we ac-
counted for an amount of variation in speciation and extinction rates, reflecting the amount
of rate variation reconstructed from the 8 carnivore clades (Figs. [SI0HS12). We introduced
rate variation through rate shifts, i.e. using the BDS model (section 2.1). Since in most
of the empirical clades analyzed here we found evidence for either constant rates or for one
shift in speciation and/or extinction (Table[S2)), we randomly drew the number of rate shifts
for each simulated clade from a Poisson distribution with rate parameter equal to 1. This
assigns the highest probabilities to zero shifts (constant rates) and one shift, but allows for
higher numbers of rate shifts. We sampled the temporal placement of the shifts (if any)
from random uniform distributions between the root and the present and the speciation and

extinction rates between shifts from random uniform distributions ¢/[0.01,0.4]. The other
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settings (root ages, clade sizes) were maintained as in the first set of simulations. The ran-
dom birth-death settings used in these simulations can generate casual diversity dependence,
since the diversity trajectory of a clade can randomly correlate with rate changes in another
clade. The frequencies of significant diversity dependence from this set of simulations were
nevertheless below 5% for both competition and positive interaction: Fim,,(A) = 0.041 and
Foomp(t) = 0.037 for competition, and Fpus(A) = 0.016 and Fjes () = 0.024.

Finally, we tested the performance of the MCDD model in a scenario in which speciation
and extinction rates undergo very frequent variations through time. We simulated under
BDS model 1,000 independent clades following the settings described above, but drawing
the number of rate shifts from a Poisson distribution with rate parameter equal to 10.
This yields on average 10 rate shifts in speciation and 10 in extinction, which is about 20
times more rate variation than estimated from the 8 carnivore clades analyzed here. Since
diversity dependence implies rate changes correlated with diversity changes of a clade, we
expect this simulation scenario to increase even further the chances of random correlations
between rates and diversity trajectories of clades. The frequencies of significant diversity
dependence were in this case higher than in the other simulations, although they remained
below 10%: Fiomp(A) = 0.084 and Fiomy(p) = 0.064 for competition, and Fpus(A) = 0.024
and Fjoi(p) = 0.044. These frequencies are likely to capture casual diversity dependence
correlations, showing that, when clades diversify under highly variable (but random) birth-
death rates, the chances of fortuitously reproducing diversity dependence increase slightly.
However, given the limited amount of rate variation found across the clades in our data set

(at most one rate shift), we consider this possibility as unlikely to affect our results.
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3 Supplementary results and discussion

3.1 Preservation, speciation, and extinction rates (BDS model)

The mean preservation rates, averaged over 100 replicates, ranged across clades between 0.67
and 8.04 expected fossil occurrences per lineage per Myr, and the estimated heterogeneity
parameters indicated considerable rate variation among the species of most clades (Table.
Under this range of preservation rates, we can expect speciation and extinction
rates to be reliably inferred in the birth-death analyses, as shown through extensive
simulations by Silvestro et al. (4).

The BDS analyses identified rate shifts of both speciation and extinction
rates in the two extinct clades, Hesperocyoninae and Borophaginae. Indeed, both a
decrease in speciation rates and an increase in extinction rates were inferred throughout their
evolutionary history (Figs. 1, . We did not find evidence of significant rate variation
through time in the subfamily Caninae, despite large uncertainties on the rate estimates
during the initial phase of their diversification (until around 18 Ma), and a weak tendency
towards increased extinction rates toward the present (Figs. 2, [S10). Among the other
carnivore lineages included in the analyses, we found one shift in the speciation rate of
Amphicyonidae (rate decrease at ca. 19 Ma) and one shift in the extinction rate of Felidae
(increased extinction in the past 4 Myr). Rates were roughly constant in all other cases
(Figs. [S11] [S12)). The sampling frequencies of birth-death models with estimated number of
rate shifts are provided in Table [S2]

3.2 Diversification and body mass evolution (Covar model)

Body mass appears to have increased through time in each of the three canid subfamilies (Fig.
3A), although a relatively large range of body sizes was maintained over time. Large species,
however, seem to have appeared at different times in the three clades. Some Hesperocyoninae

species exceeded 10 Kg around 35 Ma, whereas similar sizes were reached by Borophaginae
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only around 25 Ma. The latter reached sizes of 40 Kg between 20 and 8 Ma. Moderately
large species of Canidae (> 10 Kg) appeared around 13-10 Ma.

The birth-death analyses under the Covar model did not recover evidences
of correlations between speciation/extinction rates and changes in the body size
(Fig. 3B; Table . This was evident from the correlation parameters (o, and «,,), which
we found to be approximately centered on zero in all clades, with HPDs intervals spanning

both positive and negative values.

3.3 Correlations with climate change (BDT model)

The BDT model based on a global temperature curve revealed a trend towards positive
correlation with speciation rates (i.e. v, > 0) and negative correlation with extinction rates
(i.e. 7, < 0) in all three canid subfamilies (Fig. 3D). However, the correlation was not
significant in most of the cases, based on the 95% HPD intervals (Table . The only
significant correlation was found with the extinction rate of Borophaginae, suggesting that
its increase through time (Fig. might be associated with the global cooling that started

after the Middle Miocene Climatic Optimum (ca. 18-16 Ma).

3.4 Competition and positive interactions (MCDD model)

The MCDD model applied to the 8 North American carnivore clades involved the estimation
of the diversity dependence parameters (g) correlating the speciation and extinction rates
of each lineage with the different diversity trajectories. The reconstructed diversity trajec-
tories for each clade, obtained from the BDS analyses, are shown in Figs. 4A; [SI3HSI5
The marginal probabilities of positive interaction calculated for speciation and for extinc-
tion rates were lower than the 0.95 significance threshold in all clades (Table [SE). Thus, we
did not find evidence suggesting that the diversification of a clade profited from
the diversity of any of the 8 clades. This result conforms to our expectations, since all

the clades considered here belong to the broad category of large mammalian carnivores, and
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are thus expected to share similar ecology and potentially compete among each others. In
contrast, the MCDD model detected strong competitive effects on both specia-
tion and extinction rates in canid subfamily Hesperocyoninae and on extinction
in Borophaginae, with marginal probabilities greater than 0.95. We found much lower
marginal probabilities of competition in Caninae and no evidence of significant competition
among the other clades (Table . We emphasize that positive interaction and competition
are not mutually exclusive in the joint analysis of multiple clades. For instance, the diversi-
fication dynamics of a given clade could be positively correlated to the diversity of another
clade, while being subject to significant competition from a third clade.

The evidence that 2 of the 3 canid subfamilies have their dynamics affected by compe-
tition, as obtained from the MCDD model, implies that the respective speciation and/or
extinction rates significantly correlate with one or more diversity trajectories (diversity de-
pendence). We summarized the entire set of parameters estimated under the MCDD model
for each clade in the Tables The intensity of diversity dependence among clades
(i.e. competition when g > 0, positive interaction when g < 0) shows that there is a large
heterogeneity in the strength of these interactions and that different relationships link the
dynamics of speciation and extinction rates, respectively (Figs. 1, . Additionally, the
probabilities of the individual competitive effects between clades (independently of their in-
tensity), are usually moderate or low (Tables [S6HS13| columns P(g < 0), P(g > 0)) even
in clades where significant competition is supported by marginal probabilities. This uncer-
tainty might reflect the difficulty to tease apart the effect of individual clades with similar
diversity curves and can be the result of weak and sparse signal of diversity dependence
from different clades. On the other hand, the use of Bayesian variable selection and the
hierarchical structure of the MCDD model ensure that such uncertainty be fully maintained
in the credible intervals of the parameters (26-28). The effect of ‘self-diversity dependence’,
here intended as within-clade competition (I4)), appears to be overall quite weak, except for

speciation rates in Barbourofelidae (where, however, competition is not overall significant;

25



Figs. Table [S12)), and is negligible in all clades for extinction rates.

Rate changes induced by competition

In order to visually assess the amount of rate variation induced by competition, we plotted
the effects of 1 to 10 species of each clade on the speciation and extinction rates of Hespero-
cyoninae, Borophaginae, and Canine, using the estimated baseline rates and the intensities
of diversity dependence. We calculated both the absolute rate variation (Fig. and the
relative variation, expressing the change as a percentage of the baseline rate (Fig. .
We emphasize that these plots only represent theoretical rate changes considering only the
effects of each individual clade, i.e. ignoring the combined effect of all clades that is in-
stead accounted for in the MCDD model (see Equation @ These plots help visualizing
which clades have the most important competitive effects and how large are the
effects. For instance, the addition of one species of Borophaginae correlates with an 4%
decrease in the speciation rate of Heperocyoninae (Table and addition of one species of

Felidae correlates with a 13% increase in extinction rate of Borophaginae (Table [S7)).

3.5 Passive replacement and active displacement

The sequential succession of competing clades in life history has been traditionally explained
by two main biological mechanisms: passive replacement and active displacement (2], 33H35]).
In the case of passive replacement, an incumbent clade initially prevents a com-
peting clade from radiating. The latter clade can diversify at high net rates only after
the incumbent clade declines, for instance due to extrinsic factors such as climate change,
thus freeing ecological niche space. In contrast, active displacement occurs when the
rise in diversity of a clade drives the decline of another clade by outcompeting it
on limited resources. The hypotheses of passive replacement and active displacement be-
tween co-occurring clades have been discussed in terms of how much temporal overlap there

is between potential competitors, suggesting that highly overlapping clades should indicate
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an active competition process, while passive replacement might be characterized by a lag
between the decline of the incumbent clade and the rise of the more recent clade (33)). How-
ever, the two processes should also leave different signatures on the speciation and extinction
rates. Under passive replacement, we predict that the decline of the incumbent clade corre-
lates with an increase of net diversification rate (by increased speciation and/or decreased
extinction; Fig. in the competing clade, which has the ecological and evolutionary op-
portunity to expand and diversify. Conversely, active replacement involves a decrease of net
diversification rates in a clade (by decreased speciation and/or increased extinction) linked
to the raise of another clade, from which it is actively outcompeted. Thus, the diversification
of the latter clade might remain unchanged (Fig. . Distinguishing between these two
alternative processes is difficult by only looking at the diversity trajectories of clades and
their overlap. For instance, if we considered only the diversity trajectories of Borophaginae
and Caninae (Fig. , we could imagine that, as Borophaginae declined, they left empty
niche space that could be filled by Caninae , leading to a recent radiation. Alternatively
the decline of Borophaginae could have been caused by the increasing diversity of Caninae,
which in turn might show no simultaneous increase in their net diversification rates.

A process-based approach that models the correlation between diversity and speciation
and extinction rates, such as the MCDD model, can help us to better understand the evolu-
tionary replacement of clades. Although the MCDD model does not explicitly model
the two scenarios outlined above as different processes, it still allows us to dis-
tinguish between passive replacement and active displacement. This is possible
by examining both the estimated correlation parameters and the diversity trajectory of the
clades. If we consider two temporally sequential but overlapping clades, e.g. clades 1 and 2
in Fig. [S19 a passive replacement should result in a diversity dependent relation between
the diversity trajectory of the declining incumbent clade 1 and the net diversification rate
of the new clade (go1 > 0). In this scenario the negative net diversification rate driving the

decline of the incumbent clade does not correlate with the diversity trajectory of clade 2

27



(912 = 0). On the contrary, in the case of active displacement, the net diversification rates of
the older clade should decrease with the rising diversity of competing clade 2 (g12 > 0). In
this case, the increasing diversity of clade 2 does not need to be a consequence of diversity
dependence mechanisms (g9 ~ 0).

Our results strongly support the role of active displacement within the Canidae
family, where older clades undergo a decrease in speciation rates and increase in extinction
rates both correlating to the diversity trajectories of more recent clades. This is observed for
Hesperocyoninae, which appear to be actively displaced by Borophaginae and Felidae, and
for Borophaginae, which itself experienced active displacement especially from Caninae and
Felidae (Figs. , . In contrast, diversification rates of Caninae did not appear to profit
from the decline and extinction of the older clades Hesperocyoninae and Borophaginae, as

they had essentially constant speciation and extinction rates through time and we detected

no competition from older clades (Figs. [S10} [S16]).
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4 Supplementary Figures (S1-S19)

45 -35Ma 35-25Ma

25-15Ma

Figure S1: Fossil occurrences of Hesperocyoninae plotted in five time slices, based on the
present geographic coordinates of the sampling localities and on their age estimates.

29



25-15Ma

Figure S2: Fossil occurrences of Borophaginae plotted in five time slices, based on the present
geographic coordinates of the sampling localities and on their age estimates.
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25-15Ma

Figure S3: Fossil occurrences of Caninae plotted in five time slices, based on the present
geographic coordinates of the sampling localities and on their age estimates.
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25-15Ma

Figure S4: Fossil occurrences of Amphicyonidae plotted in five time slices, based on the
present geographic coordinates of the sampling localities and on their age estimates.
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25-15Ma

Figure S5: Fossil occurrences of Ursidae plotted in five time slices, based on the present
geographic coordinates of the sampling localities and on their age estimates.
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25-15Ma

Figure S6: Fossil occurrences of Nimravidae plotted in five time slices, based on the present
geographic coordinates of the sampling localities and on their age estimates.
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25-15Ma

Figure S7: Fossil occurrences of Barbourofelidae plotted in five time slices, based on the
present geographic coordinates of the sampling localities and on their age estimates.
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25-15Ma

Figure S8: Fossil occurrences of Felidae plotted in five time slices, based on the present
geographic coordinates of the sampling localities and on their age estimates.
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Figure S9: Temporal ranges of the fossil occurrences of all clades, quantifying the degree of
uncertainty around the respective age estimates. Highlighted in red are the occurrences that
were excluded from the analyses as low quality data.
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Figure S10: Speciation, extinction, and net diversification rates through time of the three
Canidae subfamilies (only North American species) estimated by BDS analysis (4) under
the birth-death shift model of diversification. Posterior estimates are averaged over 100
replicates to account for the uncertainties associated with the ages of the fossil occurrences.
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Amphicyonidae
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Figure S11: Speciation, extinction, and net diversification rates through time of Caniformia
families Amphicyonidae and Ursidae (only North American species) estimated by BDS analy-
sis (4) under the birth-death shift model of diversification. Posterior estimates are averaged
over 100 replicates to account for the uncertainties associated with the ages of the fossil
occurrences.
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Figure S12: Speciation, extinction, and net diversification rates through time of Feliformia
families Nimvravidae, Barbourofelidae, Felidae (only North American species) estimated by
BDS analysis (4) under the birth-death shift model of diversification. Posterior estimates
are averaged over 100 replicates to account for the uncertainties associated with the ages of
the fossil occurrences.
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Figure S13: Diversity trajectories of the three Canidae subfamilies (only North American
species) reconstructed under the BDS model. The curves are obtained from the times of
speciation and extinction of each species estimated by modeling the preservation process
(section 2.1). The trajectories derive from 100 data sets that incorporate the uncertainties
associated with the fossil ages (section 1). The mid-points and temporal ranges of the first
and last appearances of each clade are displayed below the dashed line.
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Figure S14: Diversity trajectories of Caniformia families Amphicyonidae and Ursidae (only
North American species) reconstructed under the BDS model. The curves are obtained from
the times of speciation and extinction of each species estimated by modeling the preserva-
tion process (section 2.1). The trajectories derive from 100 data sets that incorporate the
uncertainties associated with the fossil ages (section 1). The mid-points and temporal ranges
of the first and last appearances of each clade are displayed below the dashed line.
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Figure S15: Diversity trajectories of Feliformia families Nimvravidae, Barbourofelidae, Fe-
lidae (only North American species) reconstructed under the BDS model. The curves are
obtained from the times of speciation and extinction of each species estimated by model-
ing the preservation process (section 2.1). The trajectories derive from 100 data sets that
incorporate the uncertainties associated with the fossil ages (section 1). The mid-points

and temporal ranges of the first and last appearances of each clade are displayed below the
dashed line.
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Figure S16: Posterior estimates of the diversity dependence parameters g (Equations |§|,
between the eight North American carnivore clades included in the Multiple Clade Diversity
Dependence analysis (MCDD; sections 2.4, 3.4). Among the competitive effects, only those
affecting Hesperocyoninae (speciation and extinction) and Borophaginae (extinction) were
found to ave an overall significant probability (Fig. 4; Table . None of the positive effects
received significant support (Table .
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Figure S17: Rate changes induced by the diversity dependence correlations estimated in the
three canid subfamilies under the MCDD model. The rates are obtained from the transforma-
tion of baseline rates based on the estimated competition parameters under the competitive
pressure of 0 to 10 competing species for each of the 8 carnivore clades considered. Filled
circles highlight the effects that were found to be overall significant based on their marginal
probabilities (Fig. 4B; Table , i.e. competitive effects suppressing speciation rates in Hes-
perocyoninae and increasing extinction in Hesperocyoninae and Borophaginae. Open circles
indicate positive or competitive effects which did not receive an overall significant support

(Table [SH).
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Figure S18: Reconstructed proportion of rate variation in the three canid subfamilies un-
der the MCDD model. The rate changes caused by competition from different clades (see
Fig. are given as percentage of the baseline speciation and extinction rates.Filled cir-
cles highlight the effects that were found to be overall significant based on their marginal
probabilities (Fig. 4B; Table , i.e. competitive effects suppressing speciation rates in Hes-
perocyoninae and increasing extinction in Hesperocyoninae and Borophaginae. Open circles
indicate positive or competitive effects which did not receive an overall significant support

(Table [S5).
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Figure S19: Predictions regarding the trends in net diversification rates under passive re-
placement and active displacement of clades. Under passive replacement, the decline of the
incumbent clade correlates with an increase of net diversification rate (by increased spe-
ciation and/or decreased extinction) in the competing clade, which has the ecological and
evolutionary opportunity to expand and diversify. Under active replacement the diversifi-
cation of a new competing clade drives the decrease of net diversification rates in an older
clade (by decreased speciation and/or increased extinction).
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5 Supplementary Tables (S1-S13)

Table S1: Posterior estimates of the preservation rate (expected number of occurrences per
lineage per Myr) and heterogeneity parameter (shape parameter of the Gamma distribution)
estimated under the BDS model. Lower and upper bounds of the 95% HPDs are provided
in parentheses.

Clade Preservation rate Heterogeneity parameter
Hesperocyoninae 4.279 (3.502 — 5.07) 0.42 (0.314 — 0.545)

Borophaginae 1.896 (1.59 — 2.216) 1.318  (0.977 — 1.683)
Caninae 6.952 (5929 ~8.009)  0.571  (0.304 — 0.88%)
Amphicyonidae  0.807 (0.548 — 1.095) 2.44 (0.68 — 5.749)
Ursidae 8.044 (5.8 —10.266) 0.539  (0.338 — 0.762)
Nimvravidae 155 (0756 — 2.555)  3.756  (0.244 — 11.326)
Barbowrofelidae ~ 0.674 (0.273 ~ 1.179)  10.319 (1.779 — 19.524)
Felidae 5702 (4.669 — 6.795)  0.823  (0.647 — 1.012)
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Table S2: Sampling frequencies of the number of rates (k) and k,) estimated by BDMCMC
under BDS model for the three canid subfamilies and averaged over 100 replicates (standard
deviation across replicates is given in parentheses). Numbers in bold highlight the number
of rates with the highest probability.

Clade Parameter Sampling frequency (number of rates)
1 2 3 4
Hesperocyaninae A 0.184 (0.134) 0.764 (0.127) 0.050 (0.019) 0.001 (0.001)
] 0.175 (0.158)  0.744 (0.147) 0.078 (0.051) 0.003 (0.003)
Borophaginae A 0.058 (0.048) 0.589 (0.094) 0.301 (0.086) 0.049 (0.039)
L 0.036 (0.033) 0.635 (0.120) 0.298 (0.121) 0.028 (0.013)
Caninae A 0.704 (0.126) 0.258 (0.109) 0.036 (0.016) 0.003 (0.002)
] 0.630 (0.152) 0.218 (0.068) 0.133 (0.102) 0.018 (0.015)
Amphicyonidae A 0.376 (0.155) 0.561 (0.137) 0.06 (0.025)  0.002 (0.002)
] 0.792 (0.079) 0.170 (0.057)  0.033 (0.029) 0.004 (0.006)
Ursidae A 0.853 (0.038) 0.107 (0.013)  0.032 (0.024) 0.007 (0.01)
] 0.877 (0.032) 0.098 (0.013) 0.022 (0.022) 0.003 (0.006)
Nimvravidae A 0.924 (0.023) 0.075 (0.022) 0.002 (0.002) 0
1 0.897 (0.027) 0.101 (0.027) 0.002 (0.002) 0
Barbourofelidae A 0.666 (0.118) 0.322 (0.116) 0.012 (0.012) 0
] 0.558 (0.145) 0.432 (0.147)  0.010 (0.005) 0
Felidae A 0.850 (0.036) 0.131 (0.028) 0.018 (0.014) 0.002 (0.002)
] 0.139 (0.122)  0.743 (0.108) 0.110 (0.024) 0.008 (0.004)
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Table S3: Posterior estimates of the parameters ay, v, quantifying the correlation between
species-specific body mass and speciation and extinction rates (COVAR model). 95% HPDs

are given in parentheses.

Clade Correlation parameters (95% HPD)

ay a,
Hesperocyaninae -0.140 (-0.952 — 0.664) -0.140 (-0.942 — 0.669)
Borophaginae -0.072  (-0.257 — 0.109) -0.073 (-0.255 — 0.107)
Caninae -0.136  (-0.703 — 0.415) -0.042 (-0.692 — 0.597)
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Table S4: Posterior estimates of the parameters 7, v, quantifying the correlation between
global temperature dynamics and speciation and extinction rates (BDT model). 95% HPDs
are given in parentheses. The value in bold highlights the parameter displaying a significant
correlation, i.e. 7 significantly different from 0.

Clade Correlation parameters (95% HPD)

A T
Hesperocyaninae 0.584 (-2.105 — 3.353) -1.701  (-3.839 — 0.572)
Borophaginae 1.523 (-0.069 — 3.194) -2.695 (-3.813 —-1.539)
Caninae 0.446 (-1.015 - 1.897) -1.458  (-3.207 — 0.238)
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Table S5: Marginal probabilities of positive interaction and competition indicated as Pps;
and Py, respectively (MCDD model). The marginal probabilities are given for each clade
and calculated separately for speciation and extinction based on Equations . Values
in bold highlight significant probabilities (at a 0.95 threshold).

Pposi Peomp

Clade Speciation Extinction Speciation Extinction
Hesperocyoninae 0.794 0.868 0.962 0.950
Borophaginae 0.811 0.622 0.885 0.990
Caninae 0.515 0.437 0.349 0.509
Amphicyonidae  0.509 0.463 0.911 0.779
Nimravidae 0.607 0.561 0.589 0.739
Felidae 0.520 0.565 0.368 0.593
Barburofelidae 0.870 0.932 0.911 0.888
Ursidae 0.351 0.266 0.455 0.454
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Table S6: Posterior parameter estimates for Hesperocyoninae under the MCDD model. The
clades are here numbered as follows: 1) Hesperocyoninae, 2) Borophaginae, 3) Caninae, 4)
Amphicyonidae, 5) Nimvravidae, 6) Felidae, 7) Barbourofelidae, 8) Ursidae.

Parameter Mean 95%HPD Pos. interaction Competition
P(g<0) P(g>0)

Baseline rates A\;  0.234  0.052  0.502
py 0.087 0.013  0.227

Hyperprior m  0.469 0.003 0.845

Competition g3, 0.018 -0.056 0.122  0.088 0.395
parameters g1y 0.042  -0.001 0.166 0.016 0.556
g1z 0.01 -0.239 0.3 0.246 0.296
gy -0.041 -0.266 0.07 0.355 0.091
grs -0.049 -0.3  0.091  0.375 0.124
g5 0.063 -0.184 0.3 0.16 0.454
gy 0024 -021 0.3 0.205 0.325
g1y -0.051 -0.3 0.08 0.379 0.116
gy -0.029 -0.228 0.068 0.33 0.086
g 012 0.0 0285  0.009 0.693
gl 0.018 -0.222 0.3 0.223 0.315
g, 0.0 0.246 0.257  0.227 0.232
gs -0.061 -0.3 0.183 0.467 0.163
gls 0.063 -0.161 0.3 0.145 0.455
g, 0.028 -0.207 0.3 0.198 0.341
gls 0.028 -0.159 0.3 0.172 0.32
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Table S7: Posterior parameter estimates for Borophaginae under the MCDD model. The
clades are here numbered as follows: 1) Hesperocyoninae, 2) Borophaginae, 3) Caninae, 4)
Amphicyonidae, 5) Nimvravidae, 6) Felidae, 7) Barbourofelidae, 8) Ursidae.

Parameter Mean 95%HPD Pos. interaction Competition
P(g<0) P(g>0)

Baseline rates X,  0.122 0.033 0.215
e 0.086  0.036 0.143

Hyperprior 7o 0.616 0.245 0.944

MCDD g5, -0.011 -0.169 0.098  0.144 0.092
g 0.01 0.0 0.069  0.019 0.22
g5y 0.012 -0.163 0.257  0.122 0.224
g5, -0.086 -0.281 0.0 0.5 0.012
gps -0.048 -0.3  0.05 0.328 0.077
gy 0.029 -0.029 0.201  0.052 0.324
g5, 0.054 -0.039 0.3 0.069 0.42
gy -0.048 -0.3  0.036  0.32 0.07
gb, -0.006 -0.077 0.023  0.13 0.041
gb, 0.003 -0.021 0.032  0.034 0.067
ghs 0.119 0.0 0.296  0.031 0.592
gb, 0.005 -0.061 0.117  0.068 0.107
ghs -0.051 -0.3  0.057  0.354 0.079
ghs 0.13 0.0 0.293  0.022 0.665
gb, 0.036  -0.055 0.3 0.083 0.279
ghs 0.006 -0.185 0.3 0.167 0.192
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Table S8: Posterior parameter estimates for Caninae under the MCDD model. The clades
are here numbered as follows: 1) Hesperocyoninae, 2) Borophaginae, 3) Caninae, 4) Amph-
icyonidae, 5) Nimvravidae, 6) Felidae, 7) Barbourofelidae, 8) Ursidae.

Parameter Mean 95%HPD Pos. interaction Competition
P(g<0) P(g>0)

Baseline rates A3 0.231  0.043 0.38
us  0.186  0.038  0.331

Hyperprior ns 0.746 0.204 1.0

MCDD g3 -0.043 -0.268 -0.0 0.265 0.017
g3 -0.01 -0.14 0.046  0.105 0.037
g3 0.023 -00  0.28 0.038 0.176
gy -0.012 -0.296 0.057  0.139 0.072
g3s -0.018 -0.3  0.096  0.178 0.086
gy -0.022 -0.244 0.0 0.159 0.029
g3, 0.001 -0.197 0.217  0.104 0.115
gy -0.016 -0.3  0.042  0.149 0.068
gty 0.042 0.0 0.27 0.018 0.254
ghy -0.006 -0.086 0.0 0.124 0.024
gk 0.038 0.0 0273 0.023 0.23
gh, 0.012  -0.059 0.299  0.075 0.139
gks 0.014 -0.115 0.3 0.093 0.164
gk -0.009 -0.22 0.071  0.126 0.066
gk, -0.015 -0.3  0.125  0.18 0.096
ghs  0.009 -0.087 0.3 0.086 0.131
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Table S9: Posterior parameter estimates for Amphicyonidae under the MCDD model. The
clades are here numbered as follows: 1) Hesperocyoninae, 2) Borophaginae, 3) Caninae, 4)
Amphicyonidae, 5) Nimvravidae, 6) Felidae, 7) Barbourofelidae, 8) Ursidae.

Parameter Mean 95%HPD Pos. interaction Competition
P(g<0) P(g>0)

Baseline rates A\, 0.228 0.067 0.413
e 0.154  0.038  0.265

Hyperprior ny  0.661 0.231 1.0

MCDD gy -0.014 -0.147 0.04 0.143 0.037
g5 0.003  -0.0 0.038 0.021 0.109
gy 0034 -0.121 0.3 0.106 0.274
gy 0014 -0.028 0.161 0.037 0.202
g3 -0.024 -0.3 0065 0212 0.086
g% 0.122 0.0 0.295 0.029 0.62
g 0.055 -0.045 0.3 0.071 0.345
g% -0.033 -0.3 0.006 0.24 0.054
gy -0.02  -0.212 0.018 0.219 0.043
gy 0.002  -0.085 0.053 0.074 0.075
gy 0.025 -0.116 0.3 0.104 0.235
gy 0.041  -0.0 0.274 0.026 0.267
ghs 0.014 -0.145 0.3 0.124 0.192
ghe 0.062 0.0 0.293 0.039 0.368
gz 0.03  -0.088 0.3 0.091 0.25
ghs 0.064 -0.0 0.296 0.042 0.368
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Table S10: Posterior parameter estimates for Nimvravidae under the MCDD model. The
clades are here numbered as follows: 1) Hesperocyoninae, 2) Borophaginae, 3) Caninae, 4)
Amphicyonidae, 5) Nimvravidae, 6) Felidae, 7) Barbourofelidae, 8) Ursidae.

Parameter Mean 95%HPD Pos. interaction Competition
P(g<0) P(g>0)

Baseline rates A5 0.275 0.052 0.523
ps  0.197  0.031  0.412

Hyperprior 75 0.639 0.098 1.0

MCDD g -0.021 -0.24 0.062  0.182 0.07
g% 0.018 -0.053 0.255  0.064 0.188
g% 0.005 -0.205 0.3 0.168 0.194
g3, -0.025 -0.292 0.05 0.212 0.079
g% 0.018 -0.14 0.3 0.119 0.223
g 0.002 -0.215 0.298  0.176 0.186
g2, 0.0 -0.217 0.297  0.18 0.181
g% -0.038 -0.3  0.059 0278 0.081
gt 0.017 -0.139 0.3 0.123 0.216
gk, 007  -0.0 0286  0.025 0.405
gty 0.0 -0.268 0.248  0.178 0.181
gk, 0.017 -0.143 0.3 0.125 0.217
gt 004  -0.07 0.3 0.083 0.289
gk 0.004 -0.209 0.3 0.171 0.189
gt 0.0 -0.217 0299  0.18 0.18
gty -0.017 -0.3  0.166  0.223 0.134
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Table S11: Posterior parameter estimates for Felidae under the MCDD model. The clades
are here numbered as follows: 1) Hesperocyoninae, 2) Borophaginae, 3) Caninae, 4) Amph-
icyonidae, 5) Nimvravidae, 6) Felidae, 7) Barbourofelidae, 8) Ursidae.

Parameter Mean 95%HPD Pos. interaction Competition
P(g<0) P(g>0)

Baseline rates A\g 0.227 0.031 0.375
e 0.179 0.034  0.337

Hyperprior ne 0.738 0.232 1.0

MCDD gsy -0.023 -0.3  0.005  0.183 0.052
gpy -0.015 -0.144 0.008  0.136 0.012
gaz -0.018 -0.231 0.034  0.141 0.037
gay -0.023 -0.297 0.001  0.189 0.049
ges -0.003 -0.3 0172  0.136 0.123
gos 0.007  -0.051 0.194  0.057 0.127
gar 0.002 -0.186 0.2 0.097 0.111
gy -0.02  -03  0.026  0.16 0.062
gb, -0.023 -0.3  0.062  0.202 0.074
gy -0.005 -0.074 0.0 0.11 0.019
gks 0.034  -0.037 0.3 0.062 0.25
gb, 0.01  -0.123 0254  0.091 0.123
gks -0.002 -0.3  0.178  0.136 0.126
ghs  0.034 0.0 0273  0.03 0.222
gk, -0.027 -0.3  0.086  0.242 0.079
gbs  0.024  -0.069 0.3 0.075 0.201
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Table S12: Posterior parameter estimates for Barbourofelidae under the MCDD model. The
clades are here numbered as follows: 1) Hesperocyoninae, 2) Borophaginae, 3) Caninae, 4)
Amphicyonidae, 5) Nimvravidae, 6) Felidae, 7) Barbourofelidae, 8) Ursidae.

Parameter Mean 95%HPD Pos. interaction Competition
P(g<0) P(g>0)

Baseline rates Ay  0.373  0.007 1.2
ur o 0.385  0.018 1.015

Hyperprior ny 0.418 0.0 0.871

MCDD g -0.048 -0.3  0.189  0.426 0.178
g% -0.04 -0.253 0.05 0.345 0.078
g3 0015 -0.227 0.3 0.24 0.329
g2, -0.047 -0.3  0.144  0.41 0.144
g2s 0.001 -0.248 0299  0.288 0.293
g% 0.033 -0.124 0.3 0.146 0.361
g2, 0125 -0.105 0.3 0.097 0.66
g -001 -03 0231  0.305 0.261
gb, -0.014 -0.3 0236  0.326 0.259
gby -0.082 -0.268 0.0 0.626 0.03
gbs 0.058  -0.155 0.3 0.153 0.447
gb, -0.061 -0.3 0.2 0.481 0.189
gbs -0.001 -0.275 0.273  0.293 0.289
gbs  0.109 0.0 0.3 0.049 0.601
gb- 0.009 -0.237 0.3 0.27 0.31
ghs 0.044 -0.188 0.3 0.185 0.406
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Table S13: Posterior parameter estimates for Ursidae under the MCDD model. The clades
are here numbered as follows: 1) Hesperocyoninae, 2) Borophaginae, 3) Caninae, 4) Amph-
icyonidae, 5) Nimvravidae, 6) Felidae, 7) Barbourofelidae, 8) Ursidae.

Parameter Mean 95%HPD Pos. interaction Competition
P(g<0) P(g>0)

Baseline rates Ag  0.348 0.081 0.691
us  0.239  0.067 0.384

Hyperprior ns 0.794 0.339 1.0

MCDD gy 0.01  -0.005 0.199  0.038 0.124
g2y -0.005 -0.053 0.004  0.069 0.015
gay -0.003 -0.077 0.056  0.069 0.042
gay -0.035 -0.254 -0.0 0.214 0.011
ggs 0.027  -0.0  0.29 0.044 0.193
gas -0.003 -0.064 0.029  0.062 0.034
ga; 0.008 -0.072 0.27 0.065 0.114
gas 003 0.0 0219  0.024 0.248
gk, 002 -0.0 0239  0.025 0.144
gty 0.007  -0.006 0.079  0.014 0.082
gks 0.018 -0.0  0.246  0.027 0.126
gk, 0.027 0.0 0.255  0.022 0.182
gks -0.001 -0.221 0.176  0.093 0.085
gks -0.005 -0.181 0.047  0.08 0.049
gk, -0.005 -0.286 0.088  0.107 0.075
gke 0.033 -0.0 0271  0.023 0.197
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