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A central challenge for biology is to reveal how different levels of biological variation interact and shape diversity. However,

recent experimental studies have indicated that prevailing models of evolution cannot readily explain the link between micro-

and macroevolution at deep timescales. Here, we suggest that this paradox could be the result of a common mechanism driving

a correlated pattern of evolution. We examine the proportionality between genetic variance and patterns of trait evolution in

a system whose developmental processes are well understood to gain insight into how such alignment between morphological

divergence and genetic variation might be maintained over macroevolutionary time. Primate molars present a model system by

which to link developmental processes to evolutionary dynamics because of the biased pattern of variation that results from the

developmental architecture regulating their formation. We consider how this biased variation is expressed at the population level,

and how it manifests through evolution across primates. There is a strong correspondence between the macroevolutionary rates

of primate molar divergence and their genetic variation. This suggests a model of evolution in which selection is closely aligned

with the direction of genetic variance, phenotypic variance, and the underlying developmental architecture of anatomical traits.

KEY WORDS: Adaptive landscape, development, macroevolution, variation.

One of the primary factors considered to enable evolution at the

microevolutionary scale is the existing genetic variance within a

population. In particular, if one imagines a scenario in which ge-

netic drift alone is operating on a population, genetic variance

(G) is predicted to have a direct and proportional impact on evo-

lutionary change, where a larger G would permit proportionally

higher rates of phenotypic trait change in the population. Accord-

ingly, several studies have demonstrated that the evolutionary di-

vergence of traits between species occurs most rapidly in the di-

rection of the highest genetic variance of a given trait within a

species (Schluter 1996; Hunt 2007; Claverie and Patek 2013).

In this way, the relative genetic variance of a trait can be

useful for predicting the kind of evolutionary change that it may

undergo. Over short timescales, this is demonstrably true (e.g.,

Arnold and Phillips 1999; Blows and Higgie 2003). However,

the proportionality between genetic variance and rates of evo-

lutionary divergence is theoretically predicted to break down in

response to directional selection (∆θM) over longer timescales.

Paradoxically, recent experimental studies have demon-

strated that the relationship between genetic variance and trait

change can persist millions of years longer than the current the-

oretical framework would seem to suggest (Houle et al. 2017;
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McGlothlin et al. 2018). One explanation for this persistence

could be that the traits in question were not under natural selec-

tion (i.e., evolving only by genetic drift). However, this proposed

explanation does not appear to be biologically realistic for func-

tionally significant traits over timescales that range over millions

of years (Lynch 1990).

This indicates that prevailing models of evolution cannot

readily explain the link between micro- and macroevolution

(Houle et al. 2017). Therefore, the apparent correlation between

genetic variation and rates of trait evolution over deep time may

not be the direct result of genetic constraint, but rather is most

likely the result of a common mechanism that drives both the dis-

tribution of variation and the pattern of evolution. One possibil-

ity is that the adaptive landscape shapes the apparent correspon-

dence between divergence and genetic variation by acting on the

underlying developmental architecture of the traits in question

(Alba et al. 2021). Indeed, recent studies suggest that epistatic

interactions can potentially mold the structure of variation

from mutation (and therefore the resulting G-matrix) to align

with the adaptive landscape (Jones et al. 2014; Melo et al.

2016). However, these statistical models are largely detached

from our knowledge of the underlying developmental archi-

tecture of the traits in question. Here, we evaluate how pro-

portionality between divergence and genetic variation might be

maintained over macroevolutionary time in a biological system

whose developmental processes are known to structure varia-

tion. Specifically, we estimate rates of evolution along the mo-

lar developmental axis, and then test matrix proportionality be-

tween an evolutionary rate matrix (�) with approximations of

the additive genetic variance/covariance matrix (G) for dental

traits.

Role of Development
Development serves as the link between the genotype and the

phenotype by channeling the variation that is exposed to natural

selection (Wagner 1988). Frequently, this variation is nonran-

dom. For example, in developmental processes that proceed

segmentally along an axis, such as limbs and vertebrae, it has

been demonstrated that an element’s position in the developmen-

tal sequence can impact its phenotypic (and inferred genetic)

variation (Young et al. 2015). Traits with more genetic variation

are expected to evolve at a faster rate (i.e., be more “evolvable”)

than those with less variation (Wagner 1988), which suggests that

developmentally biased variation could impact rates of evolution

at a macroevolutionary scale.

Although much is known about the principles that govern

each of the individual levels of biological variation (i.e., devel-

opmental, population genetics, macroevolution), most studies

address only one or two of these levels. A central challenge

for biology is to reveal how these different levels of variation

interact and jointly shape diversity (Jernvall and Jung 2000).

Here, we consider how the biased variation generated by devel-

opmental processes is expressed at the population level, and how

population-level variation and genetic variance manifest through

evolution across species.

Mammalian molar teeth present a model system for linking

developmental processes to evolutionary dynamics because of the

biased pattern of variation that results from the regulation of their

formation (Polly and Mock 2017). Like other serially patterned

anatomical structures, molars develop sequentially (mesially to

distally). The development of mammalian teeth is initiated when

the dental lamina begins to form as a thickened strip of epithelium

above the underlying mesenchymal tissue (Jernvall and Thesleff

2000). Within the molar region, the epithelial signaling center

(i.e., the primary enamel knot) of the first molar (M1) is the first

to develop within the dental lamina (Jernvall and Thesleff 2000).

The primary enamel knot of the M2 then begins to form in the tail

of the dental lamina posterior to the M1, a process that sequen-

tially repeats until the last molar is initiated (Jernvall and Thesleff

2000).

Kavanagh et al. (2007) have demonstrated experimentally

that the sequential initiation of each molar is dependent on the

previous molar through a reiterative process of intermolar in-

hibition and mesenchymal activation. According to this model,

the surrounding mesenchymal tissue produces activation fac-

tors for molar growth, whereas the primary enamel knot pro-

duces inhibitory factors that limit the growth of subsequent teeth

(Kavanagh et al. 2007). This cascading relationship of signaling

molecules has been deemed the “Inhibitory Cascade” (IC).

A key prediction of the IC model is that molar size propor-

tions are determined by the relative strengths of activating and

inhibitory interactions, such that weak levels of inhibition with

high levels of activation produce a pattern of M1 < M2 < M3,

whereas high levels of inhibition paired with low levels of activa-

tion produce a pattern of M1 > M2 > M3 (Kavanagh et al. 2007).

Others have found that the relative strengths of activating and in-

hibitory interactions also predict relative molar complexity, with

lower levels of inhibition resulting in a linear increase in com-

plexity moving distally along the tooth row (Selig et al. 2021).

In addition to patterning size proportions and complexity along

the molar row, this developmental pattern of repeated activation

is predicted to produce cumulative variation in later developing

segments (Jernvall and Jung 2000; Selig et al. 2021).

The resulting pattern of dental variation, whereby earlier de-

veloping molars are less variable than those that develop later,

has long been observed at the species level across a wide range of

mammals (e.g., Butler 1939; Hlusko et al. 2011; Gómez-Robles

and Polly 2012). This pattern is exemplified by the modern hu-

man dentition, which shows almost no variability in the presence
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LINKING MICRO- AND MACROEVOLUTION OF PRIMATE MOLARS

Figure 1. Distributions in panel (a) depict population-level phenotypic variation in the M1–M3. Distributions were linearly transformed

to center on 0 to demonstrate overlap of variance along the x-axis. The distributions in panel (b) are the posterior distributions of the rates

(σ2) of primate molar evolution (M1–M3, MD dimension). These rates were estimated for each molar using a reversible-jump Brownian

motion model. For the rates of M1–M3 evolutionary divergence to be directly proportional to the phenotypic and genetic variances, this

suggests a common mechanism in which the macroevolutionary landscape simultaneously shapes the selective forces driving rates of

divergence (arrow 1) and mutational variation (arrow 2); possibly via direct selection on the developmental architecture of the inhibitory

cascade (arrow 3).

of the first molar but considerable variability in the presence or

absence of the third (the “wisdom tooth”).

Importantly, however, evolution happens at the population

level. So, although it is significant that this pattern of dental

variation has been observed broadly across different mammalian

species, it is essential that it also be observable within a popu-

lation for it to have relevance for evolution by natural selection

(Hlusko 2004; Hlusko et al. 2016).

Materials and Methods
SEQUENTIAL ACCUMULATION OF GENETIC

VARIANCE

To establish population-level variation, phenotypic variances (Vp)

were extracted from a recent study that investigated dental ge-

netic architecture in a breeding population of hamadryas baboons

(Hlusko et al. 2011). This provides a window to examine whether

dental variance in a population increases along the axis of de-

velopment. These data demonstrate that, despite the high genetic

covariance among molars, phenotypic variance of both mesiodis-

tal length (MD) and buccolingual breadth (BL) is lowest in the

M1 (BL Vp = 0.28; MD Vp = 0.33), intermediate in the M2

(BL Vp = 0.49; MD Vp = 0.66), and highest in the M3 (BL

Vp = 0.63; MD Vp = 1.58) (reported variances calculated from

measurements [mm] of left side molars; Fig. 1a).

Building on these developmental and population-level

insights, we tested whether the IC structures the evolvability

of molar teeth on a macroevolutionary scale. This analysis

spans the clade of anthropoid primates (Old World monkeys,

New World monkeys, apes) which encompasses approximately

52 million years of evolution (Steiper and Seiffert 2012). The

phylogenetic relationships of these taxa are represented by a

Bayesian posterior distribution of trees constructed from aligned

molecular sequence data (Arnold et al. 2010; Fig. S1).
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C. S. MONGLE ET AL

Trait data in this study consist of standard MD and BL

measurements of primate mandibular molar crowns. These were

taken from a large dataset (N > 3200 individuals) of physical

measurements provided by Plavcan (1990), who preferentially

recorded measurements from the right side. These data were log-

transformed and then summarized into species means that were

used in subsequent analyses. After matching the phylogeny to

the trait data, the final dataset consisted of 105 anthropoid pri-

mate species. These mean values, along with their standard er-

rors, are provided in Table S1.

We calculated the phylogenetic signal of the traits using the

multivariate extension of the Bloomberg’s K statistic (K-mult;

Adams 2014). Because K-mult assumes a Brownian motion (BM)

model of evolution, it can be used to infer the adequacy of BM to

model phenotypic evolution (see below). Low values of K-mult

imply a lack of phylogenetic signal under BM, whereas values

closer to 1 are expected under a BM model of evolution. To ac-

count for phylogenetic and sampling uncertainty, we performed

a parametric bootstrap procedure by drawing species means and

standard errors 1000 times. Each draw was then paired to a sam-

ple of the posterior distribution of trees, resulting in a distribu-

tion of K-mult values. For this analysis, we excluded species with

missing M3s.

We log-transformed the phenotypic and genetic variances

from Hlusko et al. (2011) with the formula σ
2
ln = ln(σ2/z̄2

+ 1),

where σ
2 is the raw scale variance and z̄ is the raw scale mean.

The BL and MD measurements were analyzed independently for

each tooth in a set of univariate analyses, and then in a multi-

variate framework together with estimates of the additive genetic

variance of each trait. Using this two-pronged approach, we were

able to first simplify parameter space and consider just the se-

quential accumulation of genetic variance and evolutionary di-

vergence across the three molars, and then subsequently examine

the role of trait interaction and potential sources of uncertainty

(e.g., measurement error, phylogenetic uncertainty, and estimates

of trait covariance and heritability [h2]) in a more complex set of

models.

MACROEVOLUTIONARY RATES OF MOLAR

EVOLUTION (UNIVARIATE)

In the univariate analyses, trait evolution was modeled as a

random-walk BM process (Felsenstein 1973), and rate was es-

timated as the magnitude of undirected, stochastic variance (σ2).

As such, traits with more developmental variation are expected

to evolve at a faster rate, but there is no a priori prediction about

the specific trajectory of evolution that will be followed. Rather,

a greater value in this parameter (σ2) simply equates to a greater

accumulation of trait change over time (e.g., greater phylogenetic

variation). We employed three different univariate approaches to

model this process:

Constant-variance Brownian motion

This represents the standard BM model, which assumes that av-

erage trait change is proportional to the square root of time and

that the rate of evolution is stochastically constant such that it has

a single mean and variance across all branches on the phylogeny.

This procedure, implemented in the R package “phytools,” uses

a Bayesian Markov chain Monte Carlo (MCMC) to sample from

the posterior distribution for the states at internal nodes in a tree

that is based on available phenotypic and phylogenetic informa-

tion at the terminal tips (Revell 2012). This analysis was con-

ducted separately for each individual molar measurement (BL

and MD of M1–M3). In each molar analysis, the MCMC was run

for 10 million generations, with 20% burn-in discarded. Rate was

estimated as the mean from the posterior distribution of tree-wide

σ
2 values.

Reversible-jump Brownian motion

This implementation of a BM model allows for variable rates

of evolution by using a reversible-jump MCMC procedure to

estimate the number of different rates across a tree (Pagel and

Meade 2007). In this analysis, implemented in the software

“BayesTraits,” the MCMC chain was run for 10 million genera-

tions with 20% discarded as burn-in. This analysis was conducted

separately for each individual molar measurement (M1–M3 MD

and BL). Chain convergence was assessed in Tracer version 1.6.0

(Rambaut et al. 2014). Following the reversible-jump Brownian

motion analysis, a tree-wide evolutionary rate (σ2) was estimated

for each molar from the average branch-specific sigma-squared

values.

Permutation test

Finally, rates of evolution were directly compared between

molars (M1 vs. M2, M2 vs. M3, and M1 vs. M3) using a

permutation test. This method, which was also conducted within

a BM framework, calculates the rate of evolution from the sum

of the squared Euclidean distances between the phylogenetically

transformed trait values at the tips of the tree and the estimated

ancestral state at the root of the tree. To compare rates of evolu-

tion among different traits, we followed the procedure outlined

by Denton and Adams (2015) in which statistical differences

are estimated by simulating data across the tree under the null

hypothesis of a single rate. These were then compared using

observed and simulated rate ratios between traits. This procedure

was implemented in the R package “geomorph.”

PROPORTIONALITY OF GENETIC VARIANCE

(MULTIVARIATE)

To test for genetic constraint in the trajectory of anthropoid

molar evolution, we compared the evolutionary rate matrix (�)

with approximations of the additive genetic variance/covariance
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LINKING MICRO- AND MACROEVOLUTION OF PRIMATE MOLARS

matrix (G) for dental traits recorded by Hlusko et al. (2011). � is

a square matrix, which summarizes the rates of evolution (diag-

onals) of each trait and the covariance of rates among traits (off-

diagonals) under a multivariate BM model (Felsenstein 1988). G

is also a square matrix that summarizes the amount of additive

genetic variance of each trait (diagonals) and covariance (off-

diagonals) among traits. A close correspondence between � and

G would be expected if the patterns of genetic variation among

traits constrain the macroevolutionary patterns of diversification

(Felsenstein 1988, 2008; Houle et al. 2017).

For anthropoid teeth, correlations among traits estimated

from phenotypic distributions have been shown to be good

approximations of genetic correlations (Hlusko and Mahaney

2009; Hardin 2019, 2020), a phenomenon that has been re-

ferred to as the “Cheverud Conjecture” (Cheverud 1988; Roff

1995). Although genetic constraint models (see Houle et al.

2017) make predictions based on either G or the mutational

variance-covariance matrix M (which is unavailable), it is less

clear whether, in practice, G or P will be more predictive of

macroevolutionary divergence. This is because genetic variation

may vary over time, and a single point estimate of G from one

species may be less representative of long-term average values

than pooled P matrices. In addition, although nonheritable en-

vironmental variances are not expected to affect genetic drift or

response to selection, functional adaptive landscapes could fa-

vor developmental architectures that channel environmental vari-

ation into regions of morphospace that maintain functional in-

tegration. This could also result in P being more predictive of

evolution on those landscapes than G. In practice, disentangling

these possibilities is challenging (e.g., distinguishing estimation

error from evolutionary stochasticity). Therefore, we use multiple

approaches to test for the correspondence within-species covari-

ance and divergence. We employed estimates of the phenotypic

variance/covariance matrix (P) as an initial approximation of the

full multivariate G, combined with direct estimates of trait her-

itability from Hlusko et al. (2011). It should be noted that this

approach assumes that P is shared across the species included in

our sample or, alternatively, that the pooled average estimates the

long-term value over macroevolutionary time. Details of the pro-

cedure to estimate P and the approximation of G are provided in

the Supporting Information.

To compare estimates of G and P to the BM evolutionary

rate matrix �, we modeled � as being either proportional to

a target matrix (henceforth “proportional model”), or fully es-

timated (henceforth “full model”) through maximum likelihood

(Hohenlohe and Arnold 2008; Revell and Harmon 2008). We fit-

ted proportionality and full models under two conditions. First,

we estimated the diagonal elements of � (henceforth “diagonal

models”) and second, we modeled a full � with the diagonal

and off-diagonal elements (henceforth “covariance models”). Al-

though the first focus on the central prediction of the IC (i.e., that

variance increases along the molar row), the second evaluates the

possible effects of covariances on trait evolution. Models were fit

using the PCMFit package (Mitov et al. 2019; Mitov et al. 2020),

which uses species average phenotypes, measurement errors, and

a phylogenetic hypothesis to calculate optimal model parame-

ters under a maximum likelihood framework. Because the pro-

portionality models were not implemented in the basic PCMFit

pipeline, we developed an add-on package that incorporates this

model (PCMkappa; https://github.com/FabioLugar/PCMkappa).

To account for phylogenetic uncertainty, we performed the

analysis on 1000 samples from the posterior distribution of phy-

logenies provided by Arnold et al. (2010). For the proportional

models, each posterior sample of the P and G was randomly

paired with one sample from the tree distribution, resulting in

1000 tree-P/G combinations that incorporate phylogenetic, vari-

ance, and h2 uncertainties. We obtained likelihoods for each of

the 6000 resulting fits (1000 full model, 1000 proportional to

P, and 1000 proportional to G, as well as 1000 for each of the

covariance and diagonal models). Model comparisons were per-

formed using the Bayesian information criterion (BIC) as the

Akaike information criterion (AIC) can spuriously favor more

complex models as the amount of data increase (Dennis et al.

2019). The resulting distribution of � was compared to the distri-

bution of Gs and Ps using Principal component similarity (Melo

et al. 2015), which compares covariance matrices according to

the alignment of their principal components and similarity in the

distribution of variance along those components. Values close to

0 indicate that the matrices do not share any structural similar-

ity, whereas values close to 1 mean that matrices are similar in

both the direction and in the distribution of variation. Similar-

ity of variance distribution means that matrices’ eigenvalues are

roughly in the same order, but not necessarily proportional. In

other words, two matrices can have a value of 1 if they share the

same eigenvectors and their eigenvalues are sorted in the same

order.

To evaluate if the proposed tests have sufficient power to

reject the proportionality between G/P and �, we examined the

likelihood surface in the case of the diagonal model using only

MD or BL dimensions separately (Supporting Information). This

was done to simplify power simulations over the parameter space,

and because the diagonal models were the only ones that failed

to reject proportionality (see Results).

Finally, because the IC predictions are based on the overall

area of molars, rather than linear measurements, we approx-

imated the rates of evolution and variances (phenotypic and

genetic) for the areas of each molar. On the logarithmic scale,

the area variance can be approximated as σ
2
a = σ

2
BL + σ

2
MD +

2σBLMD, where σ
2
BL and σ

2
MD are the variance for BL and MD,

respectively, and σBLMD is the covariance between BL and MD.
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C. S. MONGLE ET AL

Because this requires the covariance between linear measure-

ments, this calculation was only done for � estimated on the full

covariance model and on the pooled within-group P obtained

from the Plavcan (1990) dataset and the G approximated from P.

Results
RATES OF EVOLUTION INCREASE ALONG A

DEVELOPMENTAL AXIS

The dental metrics used in this study display high phylogenetic

signal, with the 95% interval of the bootstrapped values falling

between 1.080 and 1.414. This justifies the use of BM as the

model of evolution. Concordant with predictions, the evolution-

ary rate analyses demonstrate that variance increases along the

molar row (Table 1). Results show that the earliest developing

molar (M1) evolves at the slowest rate across taxa, the second

molar (M2) was found to evolve at a slightly faster rate than the

M1, and the last developing molar (M3) was found to evolve at

the fastest rate. These results hold independent of the method

used, for both univariate and multivariate approaches (Table 1).

The distribution of variance is consistent with the levels of ge-

netic variance estimated from Hlusko et al. (2011), which also

increases sequentially along each molar M1–M3, even on the log-

arithmic scale (Table 1; Fig. 2).

RATES OF EVOLUTION ARE PROPORTIONAL TO

GENETIC AND PHENOTYPIC VARIANCE

In the analysis where only the diagonal entries of the matrix

were evaluated, BIC comparisons failed to differentiate between

the full model and the proportional models in which rates were

constrained to be proportional to either the genotypic or phe-

notypic variances (Fig. 2). Indeed, estimates of the evolution-

ary rates on the full diagonal model are remarkably close to the

within-population variances (Table 1). However, when we eval-

uated the multivariate models that include trait covariances, the

full model outperforms the proportionality models, even after ac-

counting for parameter inflation through BIC (Fig. 3). Despite

this, the comparison between the evolutionary rate matrices for

the full covariance model and Ps and Gs showed high similar-

ity values (Fig. 4). This implies that the main directions of vari-

ance distribution are shared between matrix types. Furthermore,

the evolutionary rates (diagonal entries) for the full covariance

model are very similar to within patterns of variation, for indi-

vidual molar dimensions (Table 1; Fig. 1) as well as for molar

areas (Fig. 2), suggesting that the differences lie in the magni-

tude of association between traits (covariances) (see Supporting

Information).
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LINKING MICRO- AND MACROEVOLUTION OF PRIMATE MOLARS

Figure 2. Violin plots depicting the posterior distributions of rate

estimates (σ2) from each of the multivariate Brownian motion

models that were fit to the log-molar areas. The rate estimates

from the full model (BM) are shown in light blue, whereas esti-

mates from the model proportional to the P-matrix (� ∼ P) are in

yellow, and rate estimates from the model proportional to our es-

timate of multivariate G (� ∼ G) are in dark blue.

estimates obtained from the divergence data were nearly identical

to those directly estimated from a model where rates are propor-

tional to phenotypic variances (Table S2). When these estimates

are plotted on the likelihood surface for the macroevolutionary

data (Fig. S2), the likelihood surface specifies a relatively small

area of fit from the comparative data for which proportionality

fails to be rejected. Estimates of genetic and phenotypic variances

are both found within this area, even after accounting for errors

in estimation.

Discussion
The results of this study suggest that there is a strong correspon-

dence between macroevolutionary rates of evolution and pheno-

typic variation at the population level. This holds irrespective of

the type of analysis (univariate or multivariate), the complexity

of the model (diagonal or covariance classes of models), or the

incorporation of within-species parameter estimation and phylo-

genetic errors (Table 1). Model selection approaches show that

rates of evolution are directly proportional to both genetic and

phenotypic variance (Fig. 3). The incorporation of information

about trait covariance breaks the direct proportionality between

within-species variation and macroevolutionary rates (Fig. 3),

but does not significantly alter the correspondence between trait

variance and evolutionary rates (Table 1; Fig. 2). Furthermore,

rate matrices (�) and within-population patterns of variation

(G and P) share high structural similarities (eigenvector and

eigenvalue structures; Fig. 4), suggesting that evolution occurs

principally along the lines of genotypic and phenotypic variation

(Schluter 1996).

The present findings provide a link between different scales

of biological variation and suggest that developmental processes

may play a role in maintaining proportionality between genetic

variation and evolutionary divergence over macroevolutionary

time. Specifically, our results could be interpreted as demonstrat-

ing that the evolvability of anthropoid molar teeth has been biased

by the inhibitory cascade, whereas the trajectory of evolution has

occurred in the direction of genetic variance. However, it is sur-

prising that these simple genetic constraints could bias functional

traits under selection over millions of years. Quantitative genetic

studies in mice have demonstrated the existence of segregating

variation in quantitative trait loci that can alter the relationship

among molars away from what is predicted by the inhibitory cas-

cade model (Navarro and Maga 2018). This suggests that genetic

variation can overcome such constraints. Furthermore, bias in the

production of variation imposed by genetic and ontogenetic as-

sociations among traits is expected to be relatively short lived

(Schluter 1996), raising the question of how these constraints are

expressed over longer timescales. This kind of direct proportion-

ality between rates of divergence and genetic variance is expected

to exist transiently during an adaptive walk, or under pure genetic

drift, but is not expected to affect the diversification of function-

ally important molars under constant selection. Our results sug-

gest that the close concordance of evolutionary divergence with

genetic variance is driven by a common mechanism, in which

the macroevolutionary landscape simultaneously shapes the se-

lective forces that drive rates of divergence (Fig. 1, arrow 1) and

mutational variation (Fig. 1, arrow 2). This mechanism is possi-

bly via direct selection on the developmental architecture of the

inhibitory cascade (Fig. 1, arrow 3).

Such a mechanism is consistent with the theory that pheno-

typic diversity over macroevolutionary timescales is shaped by

selection to conform to the adaptive landscape (McGlothlin et al.

2018). Interestingly, phenotypic variances show stronger propor-

tionality than genetic variances to macroevolutionary rates (Ta-

bles 1 and S2). This could be because phenotypic variances are

estimated with less uncertainty, or it could reflect a real biolog-

ical signal where phenotypic variances are more predictive of

macroevolutionary rates. Indeed, on the log scale, genetic vari-

ances for successive molars (Hlusko et al. 2011) do not appear

to increase as substantially from M1–M3 as phenotypic vari-

ances (or macroevolutionary rates). Instead, the increase in phe-

notypic variance appears to be driven primarily by increased
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C. S. MONGLE ET AL

Figure 3. Violin plots showing comparisons of multivariate Brownian motion models fit to log-molar areas using the full model (BM)

and two proportional models, one proportional to the P-matrix (� ∼ P) and the other proportional to our estimate of multivariate

G (� ∼ G). Models were evaluated for a reduced diagonal model, including only variances, and a covariance model, accounting for the

full covariance matrices. Violin plots show distribution of BIC values after accounting for phylogenetic and matrix uncertainty.

Figure 4. Principal component similarity values between a sam-

ple of the distribution of rate matrices and samples of P and G

matrices. For simplicity, we only show the pairwise values for 100

randomly selected pair of matrices for each comparison.

environmental (i.e., nongenetic) variation for each successive

tooth. This makes sense from a developmental perspective, par-

ticularly in species with extended periods of time between the

formation and eruption of successive molars. It also suggests that

the developmental pathway of the inhibitory cascade reinforces

sequential increases in genetic, environmental, and phenotypic

variation.

Although previous empirical and simulation studies have

demonstrated a concordance between genetic variation and

macroevolutionary divergence (Jones et al. 2014; Houle et al.

2017; McGlothlin et al. 2018), these studies have lacked a mech-

anistic appreciation of the process of development itself, which is

also under selection. By studying anthropoid molars and the well-

understood inhibitory cascade, we can better understand what

drives the concordance of variation across scales. It has been sug-

gested that early stages of development are subject to higher lev-

els of purifying selection (and are consequently more conserved)

because fundamental stages of embryogenesis must proceed cor-

rectly for an organism to survive (Piasecka et al. 2013). For exam-

ple, Roux and Robinson-Rechavi (2008) demonstrated that genes

expressed in early stages of embryogenesis are under higher con-

straint, and that these constraints are progressively more relaxed

over the course of development. Theoretically, early stages of re-

iterative signaling pathways may be under similar constraint if

early perturbations in the pathway result in deleterious down-

stream effects. In this scenario, earlier developing structures may

be more developmentally canalized, and therefore less evolvable.

This accords with observed patterns of developmental abnormal-

ities in the human dentition, in which agenesis of the mandibu-

lar first molar is exceedingly rare, whereas agenesis of the M3 is
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LINKING MICRO- AND MACROEVOLUTION OF PRIMATE MOLARS

frequent enough to be considered within normal variation (Polder

et al. 2004).

We can also consider variation in the M3 in terms of

functional occlusal relationships and biomechanics of the jaw

(Glowacka and Schwartz 2021), and how this might constrain the

mutational matrix (quantified as the amount of phenotypic vari-

ance created by mutation per generation; Houle et al. 2017). For

instance, if selection on the M3 is relaxed because it is less func-

tionally constrained than the M1 and M2, it would be predicted

to have a higher mutation rate and therefore be more evolvable

(Bolstad et al. 2014; Jones et al. 2014) or permit higher levels

of environmental variation. In the typical mammalian dentition,

the upper molars occlude one half step behind the homologous

lower molars (Fleagle and Kitahara-Frisch 1984). Consequently,

there is no lower tooth with which the distal half of the upper M3

can occlude if all molars are approximately the same size and

shape. To maintain occlusion between the distal-most molars, se-

lection can either shorten the upper M3 or elongate the lower M3

(Fleagle and Kitahara-Frisch 1984). As a result, one might expect

that adaptive peaks among species may change more rapidly for

the M3 than the other molars because it is less functionally con-

strained, and thus its adaptive peak may take on many different

values (or be wider along that axis). Therefore, relaxed selection

on a particular axis of the adaptive landscape for a trait could

lead to greater standing genetic variation, relaxed selection on

the mutation rate, and/or higher levels of environmental variation

on successive molars, because these are not as constrained and

subject to less stabilizing selection.

However, how macroevolutionary divergence and selection

can shape the input of mutational variation directly (Fig. 1, ar-

row 2) seems paradoxical given the nature of evolution, which

emphasizes the current rather than the future function of traits

(Wagner and Altenberg 1996; Watson and Szathmary 2016). Be-

cause developmental architecture serves as the intermediary be-

tween the genotype and phenotype, different regulatory networks

can generate strong changes in the structure and alignment of mu-

tational and environmental variance (Uller et al. 2018). These

changes can potentially result in alignment of these variances

and the adaptive landscape (Pavlicev et al. 2011; Hether and

Hohenlohe 2013), particularly if the functional constraints re-

flected over ontogeny are mirrored by constraints that shape the

macroevolutionary landscape (Riedl 1977; Uller et al. 2018).

Our results support the possibility that the inhibitory cas-

cade biases divergence with “positive constraints” (Gould 1989)

along macroevolutionarily divergent adaptive peaks, and that this

axis of variation is aligned with the functional adaptive landscape

for molar occlusion. As such, adaptation may have refined and

shaped the developmental genetic architecture of the inhibitory

cascade so that mutational and environmental variation is chan-

neled along this same adaptive landscape. One prediction from

such a hypothesis is that species that have experienced a history

of selection gradients orthogonal to genetic variation might show

evidence of changes in the regulation and/or timing of molar de-

velopment that break these mechanisms promoting developmen-

tal bias, and thereby change the input of mutational and environ-

mental variation (Navarro and Maga 2018).

Regardless of the precise mechanism, the developmental

processes of molar teeth appear integral to understanding their

patterns of macroevolutionary phenotypic variation (Wagner and

Misof 1993; Wagner and Altenberg 1996). We argue that focus-

ing on traits with well-understood developmental genetics can

potentially elucidate the reasons for the apparent tendency for de-

velopment to align with patterns of divergence between species.

The results of this study lend support to the hypothesis that devel-

opmental processes have played a role in shaping the divergences

of multiple anatomical regions across numerous vertebrate lin-

eages, ranging from the avian cranium to tetrapod limbs (e.g.,

Sears et al. 2006; Weatherbee et al. 2006; Mallarino et al. 2011;

Felice and Goswami 2017). This provides a key link for under-

standing how developmental processes and genetic variance im-

pact evolutionary dynamics on a macroevolutionary scale, and

enables predictions about the distribution of anatomical variation

and how that variation interacts with evolutionary processes over

deep time (Hlusko et al. 2016).
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Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Table S1. Species sample sizes and means and standard errors for each molar measurement.

Table S2. Comparison between direct estimates of genetic variance in baboon molars (Hlusko et al., 2011) and maximum likelihood estimates of the

evolutionary rates estimated for the tooth dimensions (BL and MD) independently. Models in bold indicate the best-fitting constrained models for each

molar measurement, with neither differing significantly from the more complex free model (D statistic and p-values from a likelihood ratio test).

Figure S1. Bayesian posterior distribution of anthropoid trees constructed from aligned molecular sequence data (Arnold et al., 2010)

Figure S2. Ternary plot depicting likelihood surface for macroevolutionary model (contour plot) surrounding the estimate for the best-fitting macroevo-

lutionary model (+) for A) Buccolingual width and B) Mesiodistal length
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