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ABSTRACT
i Popular comparative phylogenetic models such as Brownian Motion, Ornstein-Ulhenbeck,
> and their extensions, assume that, at speciation, a trait value is inherited identically by the
s two descendant species. This assumption contrasts with models of speciation at the
« micro-evolutionary scale where phenotypic distributions of the descendants are
s sub-samples of the ancestral distribution. Various described mechanisms of speciation can
s lead to a displacement of the ancestral phenotypic mean among descendants and an
; asymmetric inheritance of the ancestral phenotypic variance. In contrast, even
s macro-evolutionary models that account for intraspecific variance assume symmetrically

o conserved inheritance of the ancestral phenotypic distribution at speciation. Here we

-

o develop an Asymmetric Brownian Motion model (ABM) that relaxes the hypothesis of
u  symmetric and conserved inheritance of the ancestral distribution at the time of

1 speciation. The ABM jointly models the evolution of both intra- and inter-specific

—

s phenotypic variation. It also allows the mode of phenotypic inheritance at speciation to be

+ inferred, ranging from a symmetric and conserved inheritance, where descendants inherit

-

15 the ancestral distribution, to an asymmetric and displaced inheritance, where descendants
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s inherit divergent phenotypic means and variances. To demonstrate this model, we analyze
7 the evolution of beak morphology in Darwin finches, finding evidence of character

s displacement at speciation. The ABM model helps to bridge micro- and

v macro-evolutionary models of trait evolution by providing a more robust framework for

» testing the effects of ecological speciation, character displacement, and niche partitioning

2 on trait evolution at the macro-evolutionary scale.

» Key words: Phylogenetic Comparative Methods, Phenotypic evolution, Speciation,

» Character displacement

2 Models describing the evolution of phenotypic traits along phylogenetic trees (also
» called Phylogenetic Comparative Methods - PCM) are crucial to understanding processes
» that shaped present biodiversity. Most of these models can be described as multivariate

= stochastic processes using the phylogenetic tree to describe covariance between species

» (Lande, 1980b; Felsenstein, 1985). The plethora of new PCM developed in recent years

» illustrate the importance of these methods in modern macroevolutionary research and

» allows modelling trait evolution as neutral (Brownian motion, Felsenstein (1973)), drifting
« towards one or several optima (Ornstein-Ulhenbeck, Hansen (1997); Khabbazian et al.

» (2016)), varying with a trend (Silvestro et al., 2019) or drifting away from interacting

» clades (Drury et al., 2016). Models are also able to incorporate evolutionary rates variation
% through time (Harmon et al., 2010a), among clades (Beaulieu et al., 2012; Castiglione

s et al., 2018), or with respect to environmental changes (Clavel and Morlon, 2017), other

% traits (Hansen et al., 2021) or substitution rates (Lartillot and Poujol, 2011).

57 One underlying and often neglected assumption of these models is the symmetric

% and complete inheritance of the ancestors’ phenotype by its descendants at a branching

» event. This assumption is rooted in two characteristics of the PCM. First, phylogenetic

» trees represent speciation as an instantaneous event in time (Mendes et al., 2018). Second,

2 PCM generally models the evolution of mean phenotypes, ignoring the intraspecific
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THE ASYMMETRIC BROWNIAN MOTION 3

» variation. Models incorporating intraspecific trait variance either treat it as a measurement
» error (Harmon and Losos, 2005) or model its evolution independently of the trait mean

« (Kostikova et al., 2016; Gaboriau et al., 2020).

" Given these structural constraints, it is challenging to consider within the current

« PCM the progressive nature of the speciation process and its effect on the trait

«» distribution of the descendants. This assumption contrasts with the classic description of
» speciation at the micro-evolutionary scale (Simpson, 1953; Mayr, 1963; Lande, 1980a;

o Gavrilets, 2014), in which accelerated trait divergence is often associated with speciation
s (cladogenetic change). In the context of neutral divergence, descendant species are

= sub-samples of the parent species population. Differences between incipient species

» phenotypic distributions are therefore expected by chance (Duchen et al., 2021), especially
s in the case of peripatric and parapatric speciation where one of the incipient species

= originates as a small fraction of the parent population size with therefore more chances to
s diverge from the ancestral trait distribution (Schwammle et al., 2006; Kopp, 2010).

s Alternatively, the speciation process can directly cause trait divergence. For instance,

= dispersing to a new region or environment can increase the probability of speciation

s because of reduced gene flow and trait divergence by local adaptation and ecological

s opportunity (Simpson, 1953; Mayr, 1963; Eastman et al., 2013). Island radiations provide
o striking empirical evidence of this scenario (Losos et al., 2003; Grant and Grant, 2008)

« with accelerated phenotypic divergence at the time of speciation (Eastman et al., 2013).

« Other ecological opportunities, such as the extinction of potential competitors or the

s emergence of a key innovation, are also expected to cause rapid divergence by disruptive

« selection, leading to sympatric speciation (Gavrilets, 2003; Ackermann and Doebeli, 2004).
s Given this range of speciation scenarios (Fig. 1), the assumption of equal inheritance of a
e trait at speciation is likely to be violated, and simulations show this can lead to biased

& macroevolutionary estimates (Duchen et al., 2021).

68 Several works proposed testing the Simpsonian evolution tempo at the
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Fig. 1. Different scenarios of ancestral distribution’s inheritance is expected depending on the processes that caused
segregation. Each line represents a different speciation mechanism from the same ancestral population (top left)
with intraspecific variation. The central column represent how ancestral and descendant species distributions
change through time. Lines represent the evolution of the mean, and shaded polygons represent the 95% interval of
each species distribution. The ancestral is represented in black and the descendants in orange and blue.

» macroevolutionary scale by modelling anagenetic rates variation (Blomberg et al., 2003;
» Harmon et al., 2010b) or evolutionary jumps (Landis et al., 2013; Eastman et al., 2013;

n Duchen et al., 2017). Although they can detect changing rates of phenotypic evolution or
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» phenotypic jumps, those models do not consider cladogenetic changes and might fail to

» capture its signal. Other attempts proposed modelling the decoupling between anagenetic
= change and cladogenetic change. The x statistic tests the relationship between branch

» lengths and evolutionary rates, with x < 1 indicating a faster phenotypic change at

% speciation than near the tips (Pagel, 1999). Another method proposed to independently

~» model anagenetic and cladogenetic evolutionary rates while incorporating the probability
» of speciation events masked by extinction, (Bokma, 2008). However, whether these

» methods identify the signal of cladogenetic changes or capture periods of accelerated

o anagenetic evolution is still being determined.

a1 An alternative approach to modelling trait evolution uses measurements across

» multiple individuals per species as input data to jointly infer the evolution of the trait

s mean across species and of its intraspecific variance (Kostikova et al., 2016; Gaboriau

s« et al., 2020). While this approach unlocks the possibility to model explicitly how the

s ancestral trait distribution divides between descendent species, its current implementation
s makes the simplifying assumptions that 1) trait means and variance evolve independently
& and 2) they identically inherit the ancestral distribution at speciation.

s Here, we posit that cladogenetic changes due to asymmetric inheritance at

» speciation leave a signature in present species trait distribution. Thus, a joint analysis of
o the evolution of trait mean and variance can reveal the mode of cladogenetic trait

o inheritance (Fig. 1). We develop a new method to model both cladogenetic and anagenetic

» changes of phenotypic distribution.

o3 MATERIALS AND METHODS
o Model definition
o We model the evolution of a phenotypic trait’s intraspecific distribution across a

s phylogenetic tree with alternative inheritance scenarios at speciation. Specifically, we want

©
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o to model the situation in which the two incipient species do not inherit the entire

s Pphenotypic distribution of the ancestral species. Instead, the process should allow for a

o continuum between the alternative scenarios presented in Fig. 1. We assume that the

w trait’s intraspecific distribution is normally distributed. Along branches, we independently
w model the evolution of the intraspecific phenotypic means and log variances following

w  standard PCM approaches. At the time of a speciation event (7), represented as a

s bifurcation in a phylogenetic tree, we first make the hypothesis that the ancestral

o distribution (X,) shares its 5 and 95" percentiles respectively with at least one of the

s descendants’ distributions (X, X, Fig. 1).

Q0.05(Xa) = min(Qo‘%(Xls), Q0.05(X25))
Q0.95(Xa) = max(@o‘%(Xls), Q0.95(X25))
106 We calculate the 5% and 95% quantiles of a normal distribution (X ~ N (u,0))

w using the inverse error function (erf™'(+)) :

Qo.os(X) =p—07'o
Qo.o5(X) =p+ 0 o
e with @71 = v/2erf1(0.9)
w  We can define the quantiles of an ancestral species’ distribution as a function of the two

o descendant species’ variances:

ta — P o, =min(u, — P oy, po, — P loy,) (0.1)
fo + @ o, = max(p, + @ oy, po, + P loy,) ‘
w  where p, is the mean of the ancestral distribution at the time of speciation, o, is the
. standard deviation of the ancestral distribution at the time of speciation, and (pu1,, u2,)
w and (0y,,09,) are the means and standard deviations of the descendants’ distributions at

ue  the time of speciation. This equation ensures that at least one of the descendants’

us  distributions respectively shares the 5th and 95th quantiles of the ancestral distribution.
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116 Second, we postulate that the descendants’ distributions might inherit the ancestral
w variance asymmetrically. Asymmetry between trait variances of the two descendants is

us  denoted by v € [0,1) as follows:

y = D1 T 50, (0.2)

Oq

ne where the switch parameters S, € {—1,1} and S,, = —5,, are indicators to specify which
o descendant inherits the larger part of the ancestral variance. Under this definition, a value
1z of v = 0 indicates a symmetric inheritance of the ancestral variance, while asymmetry

12 grows when v becomes closer to 1. This equation further constrains the difference between
13 the descendants’ variances to be lower than the ancestral variance. This constraint ensures
e that each descendant’s variance is lower or equal to the ancestral variance.

125 Third, character displacement might occur at speciation. We measure this process
ws by introducing a parameter w € [0, 1], which represents the displacement between

w descendants’ mean trait values such that:

— Swll‘l’ls + SUJQ/’LZS

d-1(2 —v)o, (03)

128 The switch parameters S, € {—1,1} and S,, = —S,, indicate, again, which of the
1 two descendants inherits the highest mean value. Under this definition, w = 0 indicates no
1w displacement between descendants, while w = 1 represents the maximum possible

»  displacement, given Eq. 0.1. The term ®~1(2 — v)o, ensures that the expression of w is

1 compatible with our first hypothesis. If there is asymmetry (v > 0), displacement has to be
15 lower than the ancestral distribution’s 95% interval for the descendants’ distributions 5%
= and 95% quantiles to remain in that interval. This way, descendants’ means are

s constrained by the ancestral variance and cannot lie outside the ancestral distribution.

s These equations (Egs 0.1, 0.2, 0.3) cover a continuum between alternative inheritance

wr scenarios of the ancestral distribution at speciation (Fig. A2).
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138 Likelihood of the interspecific distribution
1390 We derive the likelihood of phenotypic means and variances across species given a

uw phylogenetic tree and one or more trait observations per species. We start by showing the
w calculations on a simple tree with two species sharing a common ancestor. Using Eqn. 0.2
w and 0.3, we can express the descendants’ mean and variance as a function of ancestral

ws values, v, and w (see the complete derivation in supplementary methods):

oi, = oq X S(Su,)
(0.4)
Mig = Ha + 04 X M(SVH Swz)
w  where
S(5.,,) =1 % (24 min(0, S,,v + w(2 — v)) + min(0, S, v — w(2 — v)))
M(S,,;, Su;) = 3071 x (min(0, S, v + Su,w(2 — v)) — min(0, S,,v — S,w(2 — v)))
(0.5)

S(5,,) € (0,1] determines the proportion of ancestral variance inherited by descendant 4.
In the case of asymmetry, S,, controls whether species ¢ inherits the smaller (S,, = —1) or
bigger (S,, = 1) proportion of ancestral variance. Its sister clade will inherit a proportion
of ancestral variance equal to S(—S,,). Similarly, M(S,,,S,,) € [—1.96, 1.96] determines
the distance between the ancestral mean and descendant ¢ mean in terms of ancestral
standard deviation units. If S,, = —1, p; is smaller or equal to the ancestral mean, if

Sw; = 1, p; is bigger or equal to the ancestral mean. We consider that means and variances
of each species evolve independently along the phylogenetic tree branches following a
Brownian motion process (Felsenstein, 1985). We model the evolution of the logarithm of
the standard deviation (log(o), hereafter noted () and the trait mean following the JIVE
algorithm (Kostikova et al., 2016; Gaboriau et al., 2020). At a speciation event,
represented by a node in the phylogeny, we inherit descendants’ distributions and obtain

the expectations of (1, (o, 11 and ps for extant species under this model using Eqn. 0.4:

E[CZ] ga +10gS(SV1)
E[Mz] = g+ 0gq X M(Sl/wswi)
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Even though asymmetry and displacement modify expectations for our variables, their
variances are not affected by the deterministic process. Thus, we can derive variances from

the standard Brownian process:

where ; is the branch length leading to species 7, and ag and ai are evolutionary rates of
¢ and p, respectively. These terms allow us to calculate the probability of o1, 09, 1 and o
given w, v, 0,4, la., 03 and ag along a phylogenetic tree (Hansen, 1997). For a binary
phylogenetic tree with n extant species and n — 1 ancestral nodes all characterized by their
trait distribution X; ~ N (u;, 0;), we make the simplifying assumption that v and w are
constant across every node with a different value for S,, and S,,. By applying (0.4) to each

node and a BM process to each branch, we obtain (see the proof in supplementary

methods):
J
E[C@] = Croot + Z 1Og S(SVJ) (06)
Jj=1
b
J
E[,Uz] = fhroot + Z UajM<SVj7 SOJj) (07)
j=1

with J being the number of branches between the root and species i and o,; being the
standard deviation of j’s direct ancestor at speciation. We note that, with fixed o;, S,, and
S.;, the variance of p and ¢ remains constant across nodes, allowing us to use the
standard phylogenetic variance-covariance matrix in our calculations. Using

Elwi], E[¢], Vi) and V[(;] we can calculate the likelihood functions of p and ¢ as
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multivariate normal distributions (Hansen, 1997).

£(0|V7w70-;21,70-g2“7,ur00t7ClvsU7Sw77)
X P(C)|V7w7 O-fu 0-27 CI’ Sl/a Swa’)/)
X P(N|V7w70-zao-gmurootvC/75V7Sw)7)

s« where pu and ¢ are observed means and log standard deviations. ¢’ and - indicate the

155 vector of all ancestral log standard deviations and branch lengths, respectively.

156 Parameter estimation
157 The Bayesian estimation of asymmetry (v), displacement (w) and evolutionary rates
158 (Jﬁ, 02) depend on the approximation of ancestral states ({’, ttro0t) and switch parameters

o (S,,S,). These parameters can be estimated using Gibbs sampling by calculating their

w conditional distributions on v, w, ai and ag. Specifically, we can show that, for any node k,
e the ancestral intraspecific log standard deviation (i is a linear function of its descendants’
e ( (see supplementary methods for the proof). Therefore, for every node k with I, extant

s descendants and Jj descending edges, we have:

G ~ N(E[G], VIG]), with

LA 1

ElG] =S —(E[¢] + ~C) and

[Ck] ;Qm( [Gi] 5 ) an 08)
B

VIG] = Z Ewé
j=1

e Where n; and n; are, respectively, the number of nodes between node k£ and ¢, j, and C'is a
s constant for fixed w and v. For every node with direct descendants a and b we can also
we  Write:

P(Sy, =1) < P(Ca =G > 0)

(0.9)
Xi ~ N(E[G] = ElG], V] + VIG])

167 The variable X; can be used to calculate the conditional probability of S,, = 1.
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168 After the sampling of ¢’ and S, from their respective conditional distributions, we
o can calculate the conditional distribution of g/ and S,,. Similarly, for mean values, we can
w show that for any node k, py is a linear combination of its descendants’ p (see

w supplementary methods for the proof). Therefore, for any node k with I}, descendants and

w Ji descending branches, we have:

poe ~ N (B[], Vp])

Bl = Y (Bl [ [ ws) om0
Vip] = zk: w30,

m where w; is a constant for fixed w, v and s,, (see proof in supplementary methods). For

s every node with direct descendants a and b, we can also write:
P(Su, = 1) o Ppta — pp > 0)
(0.11)
Yo ~ N(Elps) — Elpio), Vpa] + Ve])
ws The variable Y; can be used to calculate the conditional probability of S,, = 1. These
s expressions of conditional distribution for ancestral means, variances, and switch
v parameters on w, ¥, froots Croot ) aﬁ and 02, allow us to explore our model’s parameter space

s using Gibbs sampling. We used multiplier proposals for evolutionary rates and uniform

o sliding windows w, v and variance and mean at the root.

180 Model validation

181 We used simulations to test the ability of our model to differentiate between

1w evolutionary processes and to determine whether the estimation of our model’s parameters
s was accurate. We simulated the random evolution of a trait’s mean and log standard

s deviation along a set of random phylogenetic trees and simulated asymmetric inheritance
s at every node with random switch parameters (S, S,). We simulated five alternative

s scenarios that represented different evolutionary processes at speciation: (1) Symmetric
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w7 and Conserved Inheritance (v = 0,w = 0, top left panel of Fig. 1); (2) Symmetric and

s Displaced Inheritance (v = 0,w = 0.5, top centre panel of Fig. 1); (3) Asymmetric and

w  Conserved Inheritance (v = 0.5,w = 0, bottom left panel of Fig. 1); (4) Asymmetric and

w Displaced Inheritance (v = 0.5,w = 0.5, bottom right panel of Fig. 1); (5) Intermediate

i Inheritance (v = 0.2,w = 0.2), bottom centre panel of Fig. 1).

102 We simulated each scenario on a set of phylogenetic trees containing a different

s number of species (n = {20,50,100}) and different evolutionary rates

w (07, =07 ={0.1,0.5,1}). We generated trees using the phytools package based on a

s birth-death process (Revell, 2012). We simulated phenotypic distributions using the bite

s package (Gaboriau et al., 2020) with the addition of ancestral distribution’s inheritance

w7 process as described above. In total, each set of (w, v, n, Ji, 02) was simulated 100 times

s leading to 4,500 simulations.

199 We analyzed simulated datasets by running 500,000 MCMC iterations, sampling

20 every 100 iterations and using uniform priors (14(0.0.99)) for w and v and gamma priors

o (I'(1.1,0.1)) for evolutionary rates. We verified the convergence of the chains using Tracer
x. v1.7.1 (Rambaut et al., 2018) and estimated the means and 95% credible interval of our

xs  parameters after removing the first 50,000 iterations as a burn-in. To test whether w and v
x  significantly exceed 0 (under the null hypothesis of a fully symmetric and conserved

»s inheritance), we implemented a Bayesian variable selection algorithm where v and w are

»s multiplied indicators (I, I, € {0,1}) (see Silvestro et al. (2019) and Pimiento et al. (2020)
2«7 for a similar implementation). The role of the indicators is thus to remove the effect of w or
s v when set to 0 (in which case the model reduces to a standard Brownian motion), leaving
x» them unaltered when they are set to 1. The value of the indicators is assumed to be

a0 unknown and sampled along with the other parameters via MCMC. We set the prior

a1 probability to P(I = 1) = 0.05, meaning that we place a 0.95 probability on a regime with
2 symmetric and conserved inheritance. Based on the posterior sampling frequencies of the

23 indicators, we can estimate Bayes factors to assess the support for models with w > 0 or
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a0 v > 0 using posterior odds divided by prior odds (Kass and Raftery, 1995).

_ P(L,=1)9) P(l,=1)
1-P(, = 1|9)/1 —P(I,=1)

BF (0.12)

s A 2log(BF) > 6 supports the relevance of w and v being different from 0 against a

N
=

a6 symmetric and conserved inheritance (w = v = 0) at speciation.

217 We also performed a series of control simulations to assess the presence of potential
a5 biases. We simulated the effect of an Ornstein-Uhlenbeck model (Hansen, 1997) on ¢ to

20 test the ability of our model to reject asymmetric and displaced inheritance in a dataset

= generated by an Ornstein-Uhlenbeck process. We also tested the effect of extant species’

» undersampling by resampling the simulated datasets with heterogeneous sample sizes. We
» resampled five individuals for 25% of the species and 100 individuals for other species and
» recalculated species means and variances from those samples. Finally, we simulated the

2 effect of process heterogeneity along the tree. We mapped regimes along the trees using

» two alternative methods. We generated the first dataset by simulating the evolution of a
» binary trait with symmetrical transition rates. We generated three datasets with different
2 transition rates ¢ = {0.2,0.5,0.8}. The binary trait represented a transition between classic
»s BM and ABM regimes. The second dataset was generated by randomly assigning regimes
2 to the tree’s nodes. We generated three datasets with different proportions of nodes under
20 a classic BM regime p = {0.2,0.5,0.8}. For all these control simulations, we ran MCMC

»n  chains and estimated Bayes Factors and parameters as described above.

252 Application

233 Ecologists and evolutionary biologists often use Darwin’s finches and other

= Coerebinae to illustrate adaptive radiation driven by character displacement (Grant and

= Grant, 2008). From a single granivore ancestor, the Coerebinae rapidly diversified in the

» (Galapagos into a diverse clade and covered as many diets as the rest of the Thraupidae

= family (Reaney et al., 2020) thanks to their considerable diversity of beak shapes. Previous

x  works often link the ecological opportunity brought by the colonization of oceanic islands
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2 with this rapid diversification (Grant and Grant, 2008; Reaney et al., 2020; Tobias et al.,
x0  2020). However, it remains unclear whether the speciation process is associated with

2« accelerated evolutionary rates of beak shape caused by competition or whether it remained
« constant during Coerebinae diversification (Tobias et al., 2020). We use the ABM model to
«s test for accelerated evolutionary rates at speciation in Coerebinae. We obtained data for

x  the beak morphology of Coerebinae’s individuals from each extant species (total culmen,
xs  beak nares, beak depth and beak width, Fig. 2) (Pigot et al., 2020) and a time-calibrated
xs  phylogeny of the clade (n = 14)(Burns et al., 2014). We ran two independent MCMC

«7 chains for 2,000,000 iterations, sampling every 1,000 iterations for each trait. To determine
»s  whether our data shows a signal of asymmetric or displaced inheritance, we employed the
xo variable selection approach for ¥ and w and estimated Bayes factors. We ran two

» independent chains with fixed indicators for parameter estimation according to the model
x  selection procedure described above. We then calculated mean posterior estimates of our

» parameters after removing an appropriate burn-in.

253 RESULTS
254 Performance of the ABM model
255 Our simulations showed that the signal of different modes of cladogenetic trait

» inheritance, including trait asymmetry and displacement, can be correctly identified with
»» the ABM model using Bayes factors tests. While most analyses reached convergence, about
x  20% struggled to yield high ESS values. Indeed we found that for simulations with high

» evolutionary rates (O‘i = 1), 40% of the chains failed to reach convergence with many

x fluctuations on evolutionary rates’ estimation (Fig. A14). These non-convergent runs often
« lead to overestimating evolutionary rates and rejecting asymmetric or displaced

x> inheritance.

263 Our simulations showed type I and type II error (hereafter indicated with o and 3,

x  respectively) lower than 0.05 at low evolutionary rates for both v and w (Fig. 3).
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Fig. 2. Beak morphology distributions per species in Coerebinae. The left represents the time-calibrated phylogeny
of Coerebinae and the right panels represent estimated trait distributions from individual observation (dots) for
each species and each trait used in the analysis
% Simulations with symmetric inheritance (i.e. v = 0) showed a slightly higher type II error
% (< 0.1) for v even with low levels of asymmetry and high evolutionary rates. However,
% the model was less reliable in consistently rejecting asymmetry in simulations with v = 0
x and high evolutionary rates (o = 0.31). Error rate further increased in the case of
» stabilizing selection for intraspecific variance (OU model, a = 0.62), an evolutionary mode
a0 currently not implemented in the ABM framework. Simulations in the absence of
a1 displacement (i.e. w = 0) presented a low type I error for w, while results for w > 0 were
o» more contrasted. In the case of symmetric inheritance (v = 0), displacement was correctly
s identified, while higher levels of asymmetry increased the chances of incorrect rejection of
o displaced inheritance for high evolutionary rates (8 = 0.14). The number of tips had a
= negligible effect on model identification. In conclusion, model testing through Bayes factors

z correctly identified instances of cladogenetic asymmetries and displacement (or their
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. absence) in cases of relatively low evolutionary rate. In contrast, high evolutionary rates

x5 appeared to weaken the signal.
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Fig. 3. Variable selection results on the simulated datasets. The upper panel represents the 2log(BF') of displaced
vs conserved inheritance in function of the simulated scenarios. Most simulations involving displacement led to a
log(BF,) > 6. The lower panel represents the 2log(BF') of asymmetric vs symmetric inheritance in function of the
simulated scenarios. Most simulations involving asymmetry led to a log(BF,,) > 6. Simulations with high
evolutionary rates led to less accurate model selection. ACI : Asymmetric and Conserved Inheritance
(v =0.5,w = 0); ADI : Asymmetric and Displaced inheritance (v = 0.5,w = 0.5); INT : Intermediate scenario
(v =0.2,w = 0.2); OU : SCI with Ornstein-Ulhenbeck on the ¢ (v = 0,w = 0); SCI : Symmetric and Conserved
Inheritance (v = 0,w = 0); SDI : Symmetric and Displaced Inheritance (v = 0,w = 0.5).

The accuracy of parameter estimation varied depending on the simulation scenarios,
but in most cases, the estimation of w, v and root state was accurate and unbiased (Fig. 4).
The accuracy of parameter estimation decreased with increasing evolutionary rates leading
to either over or under-estimation depending on the parameter. In particular, we observed
that w tends to be underestimated for high levels of displacement, asymmetry and
evolutionary rates. We also observe more correlation between variables in the MCMCs ran
with this scenario (Fig. A15, A17, A16, A18). With high evolutionary rates, it becomes
impossible to differentiate whether a fast change in phenotypic distribution is due to
anagenetic or cladogenetic changes. Additionally, in the case of stabilizing selection for the
intraspecific variance (OU), we observed an overestimation of v and oi. Here again, the

number of tips did not affect parameter estimation. The Gibbs sampling procedure

accurately estimates ancestral states and switch parameters at the tree’s internal nodes,
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. despite increased uncertainties for simulations with high evolutionary rates.
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Fig. 4. Parameter estimation on the simulated datasets. Each panel represent mean parameter estimation in
function of the simulated scenario. The grey dashed lines represent the parameter value used to simulate the
dataset. ACI : Asymmetric and Conserved Inheritance (v = 0.5,w = 0); ADI : Asymmetric and Displaced
inheritance (v = 0.5,w = 0.5); INT : Intermediate scenario (v = 0.2,w = 0.2); OU : SCI with Ornstein-Ulhenbeck
on the ¢ (v =0,w = 0); SCI : Symmetric and Conserved Inheritance (v = 0,w = 0); SDI : Symmetric and Displaced
Inheritance (v = 0,w = 0.5).

202 Coerebinae evolution

203 The ABM model detected consistent displaced inheritance for three of the four beak
»e trait distributions with log BF comparing models with w = 0 or w > 0 being higher than 6,
»s indicating strong support for cladogenetic displacement (Tab. 1). Specifically, we found

»s evidence for displaced inheritance of total culmen, bill nares and bill depth, although the

27 estimated values of w for the first two were low. In contrast, we found a consistent
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Variable  2log(BF,) 2log(BF,) @ 7 oot Oroot o2 o?
Total cul- 6.24 —4.35 0.09 - 14.53 13.60 0.96 0.37
men
Bill nares  6.14 —4.78 0.08 - 9.33 10.75 0.67 0.31
Bill width  1.10 —6.19 - - 5.06 0.55 1.19 0.17
Bill depth  6.32 —5.25 0.91 - 6.36 14.93 1.18 0.42

Table 1. Results of the ABM model fitted on Darwin’s finches beak shape traits. The log(BF) columns represent
the results of MCMC chains ran with the variable selection algorithm. Estimated parameters (mean posterior) are
calculated from MCMC chains ran with selected variables from the previous approach.

»s rejection of asymmetric inheritance for all traits with negative log BF values indicating

= strong support for v = 0 (Tab. 1). We also observe values of similar magnitude across all

w  traits for the estimates of firo0r, 07, and o¢, while the estimated (oo are much lower for bill

s width than for any other traits relative to observed ( in present species.

302 DiscussioN

303 Evolutionary processes are all constrained by the ability of individuals to transmit
w  their genes to the next generation. Most forces affecting evolution (e.g. selection) therefore
»s unfold their effects at the individual level (Lande, 1976; Hallgrimsson and Hall, 2005;

w Kaliontzopoulou et al., 2018). Nevertheless, current phylogenetic comparative methods

o attempting to estimate these forces at a macro-evolutionary scale make the simplifying

w  assumption that species, not individuals, are the fundamental unit of evolutionary

xo mechanisms driving trait evolution. This assumption is rounded on reducing mathematical
20 complexity rather than on theoretical expectations and can lead to biased estimates

a1 (Duchen et al., 2021). Using the species as the unit of phenotypic variation does not allow
2 for considering drift, mutation and recombination, which are thought to be the main forces
a5 generating variation at the microevolutionary scale (Mayr, 1963; Lande, 1976) and recent
s methodological developments showed that incorporating intraspecific trait variance in the

s model can substantially improve our understanding of traits within and among species
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26 (Kostikova et al., 2016; Gaboriau et al., 2020). However, even these models assume that
a7 speciation is an instantaneous event and that the ancestral lineage’s full range of trait

ss values is passed to the descendants without modifications. This assumption limits the

20 possibility of testing for the effect of divergence on trait evolution (Schluter, 2000; Turelli
20 et al., 2001; Bokma, 2008; Duchen et al., 2021).

s21 In this study, we presented a model that relaxed some of these assumptions,

2 providing a framework to infer how a trait (and its intraspecific variation) may be

» asymmetrically inherited by descendent species, reflecting different magnitudes of trait

2 displacement. Even though our model is not individual-based, it incorporates multiple

»s measurements per species. It allows us to model the evolution of a trait mean and

» variance, thus approximating intraspecific variation.

7 It thus studies the same system as micro-evolutionary models but does it at a

»s different scale. Results from our ABM can then capture the signal of different mechanisms
= of trait segregation at speciation, such as trait-based segregation, random segregation or
s segregation caused by environmental gradients. In turn, experts can use their knowledge
s regarding such mechanisms as prior information for the ABM. Second, the ABM considers
s the effect of ancestral intraspecific variation on character displacement between

s descendants at speciation. As such, estimated cladogenetic changes are constrained and

s represent realistic mechanisms. The ancestral distribution inheritance process allows the
»  modelling of fast character displacement realistically in the light of the modern synthesis
s instead of considering stochastic cladogenetic jumps. It reproduces the effect of several

s micro-evolutionary processes associated with the speciation process. For instance,

s character displacement with low overlap between descendants distribution can be the effect
= of disruptive selection associated with assortative mating (Dieckman et al., 2004;

s Seehausen and Van Alphen, 1999; Bolnick, 2001; Gavrilets, 2003; Dijkstra and Border,

w1 2018; Tobias et al., 2014). Alternatively, the isolation of small populations following a

w2 colonisation event can lead to an asymmetric inheritance of the ancestral variance. In turn,
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ws local adaptation can cause rapid evolution of remote populations leading to significant

x  displacement (Simpson, 1953; Losos and Ricklefs, 2009; Wagner et al., 2012; Mahler et al.,
ws  2013). In this scheme, the ancestral variance does not represent the realised variance of

x ancestral populations but more the evolvability of ancestral species (Wagner and

w  Altenberg, 1996; Abzhanov, 2017; Payne and Wagner, 2019), meant here as the genetic

xs potential to create diversity as a response to selection drift and recombination. Because

w evolvability depends on genetic and structural constraints (Pigliucci, 2008), it can be seen
s as a heritable trait and modelled as a diffusion process (Kostikova et al., 2016; Gaboriau
= et al., 2020). Furthermore, speciation events associated with character displacement and
s specialisation can reduce the evolvability of descendant species and lead to the realised

s phenotypic variance that we observe today.

354 Model performance

355 Our simulations suggest that the ABM model can identify homogeneous regimes of
s cladogenetic asymmetric inheritance of the variance and displaced inheritance of the mean.
s Our variable selection algorithm allows rejecting the hypothesis of asymmetry (v) or

s displacement (w) when their signal is absent or weak. However, high anagenetic

s evolutionary rates can mask the signal of asymmetric or displaced inheritance, leading to
s model misidentifications. The rejection of displacement is conservative, meaning that the
s ABM model does not typically find spurious evidence. In contrast, the signal of

s asymmetric inheritance bears the same signal as high evolutionary rates. However, rates of
% anagenetic evolution that mask the signal of symmetric and displaced inheritance are high
s and generate the same signal as white noise, erasing the covariance between species. We

w  also show that the effect of stabilising selection on the log variance, modelled here as an

s OU process, undersampling and heterogeneous process, also decreases the power of our

s model while increasing the uncertainty ranges in the estimated parameters.

368 We also found that the number of tips considered has a low effect on the parameter
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w0 estimation or variable selection procedure. We base this observation on simulations of a

s constant v and w across all nodes. With empirical datasets, the chances that this

s hypothesis is violated increase with the number of tips, as heterogeneous evolutionary

s regimes are more likely in larger datasets. However, it is essential to note that standard

s PCMs also make the hypothesis that trait inheritance at speciation is homogeneous across
s all nodes and that it is symmetric and conserved. As such, the ABM improves the

s standard BM process and opens promising perspectives in integrating individual-level

w  processes in macro-evolutionary analyses.

s Phenotypic evolution in Darwin’s finches

w78 The ABM model identified consistent character displacement and variance

s partitioning in traits associated with beak shape in Darwin’s finches. This finding indicates
w0 that speciation in this well-known group of birds is associated with cladogenetic divergence
= of beak shape, likely linked to niche partitioning (Felice et al., 2019). It also demonstrates
w that the intra- and interspecific variation in Darwin’s finches’ beak shape is not only driven
% by anagenetic changes but is also the result of local adaptation happening simultaneously
w  with allopatric speciation (Tobias et al., 2020) or divergence driven by competition or

s other interactions. This pattern is consistent with previous studies finding an association
w  between elevated speciation rates and fast morphological evolution in Darwin’s finches

% (Reaney et al., 2020). It further provides indirect evidence of the link between speciation
% and niche partitioning at the macroevolutionary scale for this clade.

389 Although the estimated values for w might appear small, the displacement of

w0 descendants’ mean phenotypes during speciation represents a ~ 10% of the ancestral 95%
= interval (or more if we consider the frequent underestimation of w detected in our

w» simulations). It is thus likely that displacement and variance partitioning are higher than
xs  estimated. We also observed that estimated variances at the root are much higher for the

w  three traits under a regime of w > 0. This difference comes from the assumption of the
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x5 ABM model that the regimes are constant through all nodes. A model with w > 0 or v > 0
w6 thus assumes that the intraspecific variance divides at each node. The high morphological
w7 variation in Darwin’s finches has often been associated with their high cranial shape

» modularity (Tokita et al., 2017; Abzhanov, 2017) and the high variability in their

» development (Mallarino et al., 2012). The high ancestral variance estimated can thus be

w0 associated with that evolutionary potential (i.e. evolvability) progressively constrained by

w1 competitive interactions every time a new species arises.

a02 Future tmprovements to the ABM model

403 With the current implementation, the ABM only considers constant and neutral

« anagenetic evolution. Allowing other existing modes of anagenetic evolution

o (time-variation, selective optima, density dependence, evolutionary trend) would increase
ws the flexibility of the model and could tackle some issues, such as the effect of stabilising
w  selection on the log variance and the underestimation of w. The ABM model also assumes
ws currently homogeneous regimes of cladogenetic trait inheritance. This assumption is

w0 unlikely to hold in nature as many factors are involved in the speciation processes that can
a0 generate heterogeneous patterns of trait distribution inheritance at the time of speciation.
a1 Therefore it can only identify broad tendencies without being precise about that

a> heterogeneity. One straightforward solution to circumvent this issue could be to allow for
a3 several regimes of cladogenetic trait distribution inheritance in the same way as existing
as  comparative methods. Those regimes could be introduced a priori using alternative

a5 knowledge about the clades evolution (Beaulieu et al., 2012; Zhang et al., 2022) or found
as based on the data (Uyeda and Harmon, 2014). Alternatively, we could extend this model
a7 to allow for the dependency between v and w on predictor variables. For instance, the

as  effect of present geographical overlap could be used as a predictor of character

as  displacement, while species densities could predict asymmetry.

20 Finally, the model assumes that every speciation event is observed in the phylogeny,
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= ignoring the effect of extinction. Incorporating speciation and extinction rates and the

= effect of hidden speciation events would likely improve the predictions of the ABM model
o (Bokma, 2008). Furthermore, the asymmetric inheritance process represents a discrete

« realisation of a continuous event: speciation. The asymmetric and displaced inheritance

»s described by the model is thus an abstraction of a continuous process of divergence from
2 the ancestral distribution into two independent descendant distributions. This abstraction
7 has some limitations, as it assumes that every speciation event happens at the same pace.
2 'This assumption can be problematic as we expect a causal link between descendants’

2 distributions divergence and time to complete speciation. Introducing the concept of

=0 protracted speciation (Rosindell et al., 2010; Hua et al., 2022) in the ABM framework

= would allow taking into account the gradual nature of the speciation process and model a
= gradual divergence of daughter species distributions. However, the identification of this

s process might be difficult.

- Overall, the ABM brings comparative methods one step closer to integrating

s individual variation into macro-evolutionary models. This is timely because phenotypic

= and phylogenetic datasets are growing in size and completeness, making it increasingly

& easy to obtain information about individual variation in traits for entire clades (see Tobias
s (2022); Schleuning et al. (2023)). The unprecedented accessibility of individual-level data
s across large numbers of species gives us the opportunity to incorporate individual variation
w at the macro-evolutionary scale. It highlights the need for a new generation of models

w1 designed to test individual-level predictions. By addressing one aspect of this challenge, we
« hope that the ABM can inspire further progress in developing the models required to

ws  explore emerging patterns in macroevolutionary diversification.
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o APPENDIX
624 Likelihood of the interspecific distribution
625 The goal of this section is to estimate the likelihood of the means and variances of

os Observed species given a phylogenetic tree. We start with a simple tree with two species
o sharing a common ancestor. Using (0.2) and (0.3) we can express the variance and mean of

e the descendants as a function of each other:

620 { 01, i 02, — guzyaa Ui, = U2, — Sw2w(2 — V)CI)_IO'Q (Al)
92 T LT ontla po, = p, — Suw(2—v)®lo,
s Combining (A1) with (0.1) we get:

po — @ to, =min(p, — @ o, — @ oy, — S,w(2—v)® lo, + 5,vPlo,)
po + @ Lo, =max(py, + @ Loy, p, + @ oy, — S,,w(2—v)® o, — S, vd to,)

o1 which simplifies to:

. _ . -1
{,ua b o, i, — P o, + P o,my (A2)

lo + P o, = M, + @‘1018 — oo, M,
e with m1 = min(0, S, v — S,,w(2 —v)) and M; = min(0,S,,v + S,,w(2 — v)). Solving this
a3 set of equations for pq, and oy gives us an expression of the first descendant’s mean and

s« variance in a function of v,w, S,,, S,,:

1
= 0,2+ M
{ 01, B 201( + 1 + ml) (A?))
Hi, = fat 3
e with the same method for species 2 we get:
{ Oo, = %0'(1<2+M2+m2)
fia, = fla+ 527
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oo with m2 = min(0,S,,v — S,,w(2 —v)) and My = min(0,S,,v + S,,w(2 — v)).

63 We note :
oi, = o, x S(S,,)
(A5)
i, = Ha + 0 X M(S,,, Su,)
s where
S(S,,) =1 % (24 min(0, S,,v + w(2 — v)) + min(0, S, v — w(2 — v)))
M(S,,;, Su;) = 3071 X (min(0, S, v + Su,w(2 — v)) — min(0, S, v — S,w(2 — v)))

(A6)
s S(S,,) € (0,1] determines the proportion of the ancestral variance inherited by descendant
«0 1. In the case of asymmetry, S,, controls whether species ¢ inherits the smaller (S,, = —1)
e« O bigger (S,, = 1) proportion of the ancestral variance. Its sister clade will inherit a
« proportion of the ancestral variance equal to S(—5S,,). Similarly,
s M(S,,,S.,) € [—1.96,1.96] determines the distance between the ancestral mean and
« descendant ¢ mean in terms of ancestral standard deviation units. If S,, = —1, u; is smaller
«s or equal to the ancestral mean, if S, = 1, p; is bigger or equal to the ancestral mean.
646 We consider that species means and variances evolve independently along branches
o7 following a Brownian motion. We model the evolution of the logarithm of the standard
«s deviation (¢) for the variance following the JIVE algorithm; At each node, we apply the
e asymmetric and displaced inheritance process described above. We can calculate the

s expectations of (1, (s, p11 and pg at present according to this model using (A3 and A4):

{ﬂ@: Ca +10g(S(Sy,))
E[:u'l] = Hq t+0q X M(SVH SUJ'L)

651 Even thought it modifies the expectations for our variables, the ancestral
s distribution inheritance process does not affect their variances for fixed v and w. We thus

e have standard variances derived from the BM process:
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s 7y; being the length of the terminal branch leading to species i and a? and ai being
s respectively the evolutionary rates of ¢ and . We can then calculate the probability of

oo 01,09, 1 and pe given w, v, 04, fa. ai and 02 and obtain the likelihood of the tree.

Fig. A1l. Summary of the notations on the phylogenetic trees: Extant species phenotypic distribution is represented
at the tips, ancestral species distribution at the time of speciation is represented at the nodes, branch lengths and
inheritance switch parameters are represented along branches. The clade in green represents the initial species
complex used to present the ancestral distribution inheritance process.

657 To calculate the variances and expectations for a slightly more complicated tree
s (Fig. A1) we make the hypothesis that v and w are constant across every node while we

s allow every node to have a different value for S,, and S, :

E[¢] = E[¢s] +1og(S(S.,))
with
E[¢s] = ¢4 +10g(S(S.,))

leading to

E[G] = Ca+10g(8(5,,)) +10g(S(Sw;))

Similarly we have

El)] = Ca +10g(8(5))

As mentioned earlier, the variances are not affected by the inheritance process and

{ ElG] = G +10g(S(5.,)) +1og(S(5))
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are the standard variances of a BM process:

( ViG] = (75 +m)o?
ViG] = (15 +72)0¢
VIG] = V307
Cov|C1, G] = V50¢
COU[CM C3] = 0
\ COU[<27 C3] = 0

Following the same method, we can find expressions E|u;| as a function of 4, w, v

and S, S, for every node.

E[Ml] = 4t U4M(SV57 Sw5) + U5M(SV17 SUJI)
E[MQ] = M4 + 04M(SV57 Sw5) + 0-5'/\/{(81/27 Swg)

Elpn] = poa + 04 M(S,,, Suy)
and
( Vil = (35 + 7)o
Vip] = (5 +12)ap,
Vips] = 730,%
Covlpy, po] = V50,
Cov [Mla /‘L3} = 0
| Covlug, ps] = 0

s Now if we consider a dichotomous phylogenetic tree with n extant species and n — 1

e ancestral species all characterized by their trait distribution X; ~ N (u;, 0;). Every extant
o2 and ancestral species, except the root species, is also characterized by switch parameters
e (Su;, Sw,) that controls how it inherited its ancestral distribution at the time speciation and

« Dy the length of its ascending branch v; (Fig. Al).

65 By applying (A3) and (A4) to each node and a BM process to each branch we get :
J
E[Cz] = Croot + Z logS(Sl/J) (A7>
j=1
J
E[Nz] = froot + Z Oq; X M(Sl/]’7 SUJ]’) (A8>
j=1

o with J being the number of branches between the root and species i and o,; being the
o standard deviation of the direct ancestor of j at the time of speciation. However, with fixed

w04, Oy, and S,,, the variance of g and ¢ remain constant across nodes, allowing the use of a
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s standard phylogenetic variance-covariance matrix. Using E|w;], E[(;], V] and V]o;] we

a0 can calculate the likelihood functions of pu and ¢ as multivariate normal distributions.

£(€|V7 wa 0-37 0-27 :U"I‘OOt7 C’J SI/7 Sw; 7)
X P(C|V7 CU, O-lzu 0-2'7 C,7 SV7 S(.U7 7)

X P([,L|I/, W, 0-;2u 0-42‘7 :uTOOtJ Clv SV7 Sw7'7)

o With p, ¢, ¢’ and « being respectively observed means and log standard deviations,

o ancestral log standard deviations and branch lengths.

673 Parameter estimation

674 The Bayesian estimation of the asymmetry (v), the displacement (w) and the

2

s evolutionary rates (o},

a?) is dependant on the approximation of ancestral states (¢’ froot)
& and switch parameters (S,, S, ). These parameters can be estimated using Gibbs sampling
e by calculating their conditional distributions on v, w, o7 and ¢¢. For our example

e highlighted in green (Fig. Al), in order to get the conditional distribution of (5 on (i, (s, v

e and w, we can add the expressions from (A3) and (A4) :

G+ G2 =2G + S8(5u,) + S(50,)
G =5 (G + G+ 8(S1) + S(5)

680 Because S,, = —S,,, the sum §(5,,) + S(S,,) does not vary according to S,,. It is

e therefore a constant for a fixed v and w across all nodes that we note C' = S(—1) + S(1)

G =56+ G +0)
Ca :%(%((1 +G+C)+G+C)

G=3(G+G) + 56+ 3C
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We can then write (5 and (4 as a linear combination of normal distributions:

G ~ NG (BIG] + BlG]) + C, 2 (VIG] + ViG))

G~ NGELG) + ElG]) + L BIG]+ 56, (VIa) + ViG] +3VIG)

« Using it we can show that for any node k, (; is a linear combination of its descendants’ (.

«s Therefore for every node k£ with I; extant descendants and Jj descending edges, we have:

~

1 1
ElG] = 2 o (ElG] +50)
" 1 (A9)
VG| = E%U?
j=1

« with n; and n; respectively the number of nodes between the node k and 4, j. For every

s node with direct descendants a and b we can also write:

P(Sy, =1) xx P(C— ¢ > 0)
(A10)
X~ N(E[Ca] - E[Cb]a V[Ca] + V[gb])

After the sampling of ¢’ and S, in their respective conditional distributions, we can
calculate the conditional distribution of p’ and S,,. In our example, we want to calculate
the conditional distribution of 5 on py, o, v,w,S,, and S,,. In order to get it we want to
write an expression of us as a weighted mean of u; and ps. The weights represent the

influence of the ancestral distribution inheritance on the descendants means:

M5 = Wiy + Wa il
with w; +wy = 1. Using (A3) and (A4), we get:
ps =wi(ps + 05 M(Syy, Suy)) + walps + o5 M(S,,, S0,))
ps =(w1 + w2)ps + (Wi M(Sy,, o) + waM(Su,, Suy))os
0 =wiM(S,,, Su,) + waM(S,,, S.,)

Then we get:

wlM(‘SVl? Sun) + (1 - wl)'M(_SVl? _SM) =0
(1 — Wo M(—SI,Q, —Sw2> + w2M<SV2, Sw2) =0
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Which simplifies to :
W — —M(=Suy,—Su;)
{ L= M(Su; 5w, )= M(=Su; ,—Suwr)
— —M(=Svy,— 5wy
W2 = RSy ,5u )= M(—S0y,—S8g)

for v > 0 and w > 0. For w = 0 or v = 0 the descendants’ means or variances variances are

equal so we have w; = wy = % We then have:

_ —M(=Sv;,=Suw;) —M(=Suy,—Sus) .
{ H5 = RS S0 )= M(Sor =S50 M1+ (5,5 80, =M (=S, —5y) H2 if v>0 and w>0

Ly = %ul—{—%,ug if v=0 or w=0

686 We can show that w; and w, are constant for a fixed v,w and S,,, so we can

6

®

; calculate the conditional distribution of 5 as a linear combination of p; and py which are

e normally distributed:

pis ~ N(Elus), Vps))
Elus] = w1 B[] + we Elps)

Vps] = wiV ] + w3V [po]

669 Similarly, for p, we find:

M4 = Wsfbs + W33

M4 = WsW1 b + WsWallo + W3 [li3

690 We can show that for any node k, p is a linear combination of its descendants’ p.

e Therefore for any node k with I descendants and J; descending branches, we have:

pie ~ N (B[], Vp])

I T
Elu) =Y (Bl [Twy)
p ; (Al1)
Jk
Vi) = wiyion
j=1
602 For every node with direct descendants a and b we can also write:

P(Sy, = 1) < P(pta — 15 > 0)
(A12)
Yo ~ N(E[] — Elps], Va] + V)
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603 Supplementary figures
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Fig. A2. Alternative scenarios covered by the Asymmetric and Displaced Inheritance Process
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Fig. A3. Example of simulated distributions with the different modes of trait distribution inheritance at the time of
speciation and (J‘i = O‘g = 0.1. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and
Conserved inheritance v = 0.5,w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric
and Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A4. Example of simulated distributions with the different modes of trait distribution inheritance at the time of
speciation and 0‘2 = 0‘? = 0.5. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and
Conserved inheritance v = 0.5,w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric
and Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A5. Example of simulated distributions with the different modes of trait distribution inheritance at the time of
speciation and O‘i = O‘? = 1. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and
Conserved inheritance v = 0.5,w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric
and Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A6. Proportion of simulations for which asymmetry has been rejected in function of the number of tips and
evolutionary rates. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and Conserved
inheritance v = 0.5, w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric and
Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A7. Proportion of simulations for which displacement has been rejected in function of the number of tips and
evolutionary rates. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and Conserved
inheritance v = 0.5, w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric and
Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2


https://doi.org/10.1101/2023.02.28.530448
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.28.530448; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Simulated model : SCI
1.0 |
0.8 —
0.6 —
1>
0.4 —
T
02 - ! T
L]
00 3; . A!!A 55!
20 50 100
number of tips
Simulated model : ACI
1.0 =
0.8 —
0.6 — T
b +hE  cdd <ed
1y
04 —
0.2 —
0.0 ~
20 50 100

number of tips

Fig. A8. Distribution of mean estimates of v from homogeneous simulations in function of the number of tips and
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evolutionary rates. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and Conserved
inheritance v = 0.5, w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric and
Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A9. Distribution of mean estimates of w from homogeneous simulations in function of the number of tips and

evolutionary rates. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and Conserved

inheritance v = 0.5, w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric and
Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A10. Distribution of mean estimates of 6 from homogeneous simulations in function of the number of tips and
evolutionary rates. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and Conserved
inheritance v = 0.5, w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric and
Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2


https://doi.org/10.1101/2023.02.28.530448
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.28.530448; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

REFERENCES 47

Simulated model : SCI Simulated model : OU Simulated model : SDI

i
- - -
.__:___.

—-—

r——-—*———c
i~

— - -

)———.“———l

8 — 8 — 8 —
20 50 100 20 50 100 20 50 100
number of tips number of tips number of tips
Simulated model : ACI Simulated model : INT Simulated model : ADI

.
|

.

e - #
1
|
1

- - — — . - —
—

s — 8 s
20 50 100 20 50 100 20 50 100
number of tips number of tips number of tips

B ’=01 B *=05 B o*=1

Fig. A11. Distribution of mean estimates of §,, from homogeneous simulations in function of the number of tips and
evolutionary rates. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and Conserved
inheritance v = 0.5, w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric and
Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A12. Distribution of mean estimates of J? from homogeneous simulations in function of the number of tips and
evolutionary rates. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and Conserved
inheritance v = 0.5, w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric and
Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A13. Distribution of mean estimates of ai from homogeneous simulations in function of the number of tips and
evolutionary rates. SCI: Symmetric and conserved inheritance v = 0,w = 0, ACI: Asymmetric and Conserved
inheritance v = 0.5, w = 0, SDI: Symmetric and Displaced inheritance v = 0,w = 0.5, ADI: Asymmetric and
Displaced inheritance v = 0.5,w = 0.5, INT: intermediate scenario v = 0.2,w = 0.2
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Fig. A14. log Estimated sample size (ESS) of ABM parameters estimated from the outputs of the MCMC

algorithm applied on the first dataset. The dashed lines represent an ESS = 200
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Fig. A15. Correlation between parameters in one example simulation with n =20 v =0, w = 0 and ai = ag =0.1
Right panels represent the statistic and p-value of Spearman ranked test. Diagonals represent the posterior
distributions
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Fig. A16. Correlation between parameters in one example simulation with n = 20 v = 0.5, w = 0 and O'i = a? =0.1
Right panels represent the statistic and p-value of Spearman ranked test. Diagonals represent the posterior
distributions


https://doi.org/10.1101/2023.02.28.530448
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.28.530448; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

REFERENCES 53

00 02 04 06 0.0 0.2 0.4

-0.007 -0.036 — 0.4

0.0

-0.0065 -0.015

— 0.20

**k*

0.074 — 0.10

— 0.05

— 0.00

00 02 04 06 0.00 0.10 0.20

Fig. A17. Correlation between parameters in one example simulation with n =20 v =0, w = 0.5 and ai = a? =0.1
Right panels represent the statistic and p-value of Spearman ranked test. Diagonals represent the posterior
distributions


https://doi.org/10.1101/2023.02.28.530448
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.28.530448; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

54 REFERENCES

— 0.8
* k%
— 0.6
-0.15 — 04
— 0.2
— 0.0
%* % %
-0.46
R T IR — 0.7
***— 0.6
— 0.5
042 [*
— 0.2
— 0.1
— 0.0
w

00 02 04 06 08 00 02 04 06
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posterior distributions


https://doi.org/10.1101/2023.02.28.530448
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.28.530448; this version posted March 1, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

REFERENCES 55
Total culmen (mm) Beak Nares (mm)
120 —
25 —
100
20
80 —
> >
g 151 g
o o
10 A =
40
5 - 20 -
0 - 0 - — '
| | | | | | |
10 15 20 25 10 15 20
Total culmen Beak Nares
Beak width (mm) Beak depth (mm)
120 — 200 -
100 —
150 —
> 80 4 >
() (&)
C C
(9] Q
3 >
g 60 - g 100 —
L [T
40
50 —
20 4
0 - 0 -
| | | | | | | 1 | | | |
2 4 6 8 10 12 14 16 5 10 15 20
Beak width Beak depth

Fig. A19. Distribution of individual phenotypic measurements in Coerebinae
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Fig. A20. Posterior distribution of estimated parameters using the ABM for total culmen
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Fig. A21. Posterior distribution of estimated parameters using the ABM for bill depth
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Fig. A22. Posterior distribution of estimated parameters using the ABM for bill width
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Fig. A23. Posterior distribution of estimated parameters using the ABM for bill nares
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