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abstract:The association between phenotype and ecology is es-
sential for understanding the environmental drivers of morpho-
logical evolution. This is a particularly challenging task when deal-
ing with complex traits, such as the skull, where multiple selective
pressures are at play and evolution might be constrained by onto-
genetic and genetic factors. I integrate morphometric tools, com-
parative methods, and quantitative genetics to investigate how on-
togenetic constraints and selection might have interacted during
the evolution of the skull in extant Canidae. The results confirm
that the evolution of cranial morphology was largely adaptive and
molded by changes in diet composition. While the investigation
of the adaptive landscape reveals two main selective lines of least
resistance (one associated with size and one associated with func-
tional shape features), rates of evolution along size were higher than
those found for shape dimensions, suggesting the influence of con-
straints on morphological evolution. Structural modeling analyses
revealed that size, which is the line of most genetic/phenotypic vari-
ation, might have acted as a constraint, negatively impacting dietary
evolution. Constraints might have been overcome in the case of se-
lection for the consumption of large prey by associating strong selec-
tion along both size and shape directions. The results obtained here
show that microevolutionary constraints may have played a role in
shaping macroevolutionary patterns of morphological evolution.

Keywords:morphometrics, natural selection, selection gradients,
Gmatrix, constraints, lines of least resistance.

Introduction

Ecomorphology has long been recognized as central to the
understanding of organismic biology. The study of the re-
lationship between morphology and ecology allows one
not only to infer function from phenotypic data but also
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to understand the origins and evolution of key innovations,
shedding light on macroevolutionary dynamics (Balisi
et al. 2018; Phillips et al. 2018; Piras et al. 2018). Studying
ecomorphology is particularly challenging in the case of
complex phenotypes involved in a wide array of functions,
such as the mammalian skull. The skull is formed by a
highly conserved number of anatomical elements (Schoch
2006; Esteve-Altava et al. 2012; Koyabu et al. 2012), whose
differential growth and tissue interactions determine thefi-
nal configuration (Hallgrímsson et al. 2009). Variation of
the skull anatomy correlates to diverse aspects of mamma-
lian biology, such as foraging behavior (Spencer 1998; No-
gueira et al. 2009; Therrien et al. 2016), perception (Heesy
2008; Finarelli and Goswami 2009; Pilatti and Astúa 2017),
and cognition (Finarelli and Flynn 2009; Finarelli 2010),
making the study of skull morphology a valuable tool for
understanding mammalian ecology and evolution.
Studies of form-function association in skull anatomy
are particularly plentiful for the family Canidae (Car-
nivora). Despite being highly morphologically conserved
in comparison to other carnivores (Werdelin and Wesley-
Hunt 2014; Michaud et al. 2018), Canidae shows a wide
variation in dietary ecology ranging from generalist om-
nivores and insectivores to specialized carnivorous forms.
Differences in diet are thought to correlate with various
aspects of skull form (e.g., Werdelin 1989; Van Valken-
burgh 1991; Van Valkenburgh and Koepfli 1993; Zurano
et al. 2017), suggesting that a significant amount of mor-
phological variation in the group was adaptive and can
be traced back to functional causes. Specifically, a great
deal of attention has been directed to morphological ad-
aptations related to subduing and consuming large ver-
tebrate taxa (mostly ungulates). These large-mammal spe-
cialist predators tend to be larger than omnivores and
show a suite of modifications, such as a longer carnassial
blade and shorter facial length, features associated with in-
creased bite force and biomechanical performance (Slater
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et al. 2009; Damasceno et al. 2013; Meloro et al. 2014). While
the association between largeprey consumption and size is
thought to be mostly indirect (i.e., through the action of
metabolic constraints; Carbone et al. 2007; Tucker et al.
2016), size can be under selection to increase predatorial
performance, since it correlates with biomechanical traits,
such as absolute bite forces (Greaves 1983; Damasceno
et al. 2013; Penrose et al. 2016).
Alternatively, because size usually corresponds to the
line of maximum genetic variance in mammals (gmax), it
could bias evolution by acting as a line of least resistance
(Schluter 1996; Marroig and Cheverud 2010). In that sce-
nario, selection on function-related features of the skull
would result in size changes not because size itself is un-
der selection but because it is genetically associated with
the targets of selection (Lande 1979). These genetic asso-
ciations act by aligning the response to selection in the
direction ofgmaxand away from the line of greatest in-
crease infitness (the gradient of selectionb), thus func-
tioning as a constraint to the evolution of multivariate
systems (Marroig and Cheverud 2005; Renaud et al. 2006;
Blows and Walsh 2009; Marroig et al. 2009; Marroig and
Cheverud 2010). Even though these constraints were orig-
inally thought to be overcome with time (Felsenstein 1988;
Schluter 1996; Arnold et al. 2001), we have recently seen a
plethora of results suggesting that genetic and ontogenetic
constraints might affect large-scale macroevolutionary pat-
terns (Marroig and Cheverud 2004; Firmat et al. 2014;
Simon et al. 2016; De Azevedo et al. 2017; Houle et al. 2017;
McGlothlin et al. 2018). This has instigated a resurgence
of interest in the effect of intrinsic constraints on macro-
evolution (Melo et al. 2016; Jablonski 2019). Therefore, how
constraints might have affected morphological adaptation
is an issue that requires further attention.
Here I investigate how ontogenetic and genetic con-
straints embedded into skull trait covariances have af-
fected morphological adaptations in Canidae. To do that,
Ifirst conduct an analysis of the association between skull
morphology and a newly compiled catalog of canid diet,
which considers not only the amount of vertebrate meat
consumed but also different food sources, such as inver-
tebrates and plant material. I then reconstruct past selec-
tive pressures and interpret general patterns in light of bio-
mechanical demands. Last, I evaluate how these selective
pressures interacted with multivariate constraints, specifi-
cally the line of least phenotypic variancepmaxas an ap-
proximation ofgmax, to shape rates of dietary evolution in
the family. If constraints to evolution had only a transient
effect on the ecological adaptation of the group, one would
expect tofind no association between constraints and the
rate of ecological evolution within Canidae. On the other
hand, ifgmax had a long-lasting effect on the patterns of
morphological evolution of the group, one would expect
constraints to have a negative impact on the rate of ecolog-
ical adaptation.

Material and Methods

Sample

I investigated osteological specimens from mammal col-
lections of the following 11 institutions: Museu de Zoo-
logia da Universidade de São Paulo (MZUSP, São Paulo),
Museu Nacional (MN, Rio de Janeiro), Museu Paraense
Emílio Goeldi (MPEG, Belém), Museo Argentino de Cien-
cias Naturales Bernardino Rivadavia (MACN, Buenos
Aires), Museo de La Plata (FCNyM, La Plata), American
Museum of Natural History (AMNH, New York), Na-
tional Museum of Natural History of the Smithsonian In-
stitution (USNM, Washington), Museum of Comparative
Zoology (MCZ, Harvard), Field Museum (FMNH, Chi-
cago), and Academy of Natural Sciences of Drexel Univer-
sity (ANSP, Philadelphia).
I measured skulls from 1,499 adult individuals (based on
tooth eruption and suture closure) belonging to 39 Canidae
taxa, covering almost all living species except forVulpes
cana. The phylogeny used for comparative analysis was
based on a recent total evidence maximum parsimony
analysis (Zrzavý et al. 2018). Because Zrzavý et al.’sclad-
ogram lacks a formal dating, here I used 29 nuclear and
mitochondrial genes and fossil calibrations to estimate
branch lengths and divergence times for their topology
(fig. 1). See the supplemental PDF (available online) for
details on the molecular analysis, including model selec-
tion (table S1; tables S1–S7 are available online) and fossil
calibrations (table S2). The complete list of genes used is
available as part of the data deposited in the Dryad Dig-
ital Repository (https://doi.org/10.5061/dryad.m63xsj3z9;
Machado 2020).

Morphometrics

For morphometric analyses, I digitized 43 anatomical
landmarks (nine on the midline and 17 on each side of
the skull;fig. A1;figs. A1, S1–S3 are available online) with
a Microscribe MLX system. Measurements were obtained
as linear interlandmark distances to measure localized
changes in skull form. The list of measurements was
based on Machado et al. (2018) but was expanded to in-
clude the orbit and teeth regions, specifically the length
of the canine and of the fourth premolar (the carnassial).
Bilateral measurements were averaged between sides,
producing a set of 40 measurements (table S3). All mea-
surements were log transformed for further analyses.
See Machado et al. (2018) for further details on data pro-
cessing and repeatability of measurements. Table 1 sum-
marizes the main variables used in this study, their
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symbols, how they were measured, and their biological
interpretation.
To explore the effect of genetic constraints embedded
into the covariance patterns, one needs to obtain theGma-
trix, which contains the additive genetic variance and co-
variance among traits (Cheverud 1984; Arnold 1992). Given
thatGis usually not available for nonmodel organisms,
one common practice is to employ sample phenotypic
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Figure 1:Phylogenetic hypothesis used for comparative methods. Sample sizes are shown in parentheses. Shades of gray represent the three
Caninae grades: light graypVulpines; dark graypCerdocyonina; medium graypCanina. myapmillion years before present. A color
version of thisfigure is available online.



Table 1:Variables investigated in this study
Symbol 
Type 
Measure 
Meaning
Pw
 Square
matrix
(p#p)
Pooled within-group phenotypic variance-
covariance matrix
Patterns and magnitude of variation and covari-
ance among traits within a population. Used as a
surrogate for the covariance matrix of additive
genetic effects (G).
pmax
 Vector
(p#1)
First principal component ofPw
 Linear combination of traits that explains the large
portion of phenotypic variance within a group.
For Canidae, this vector represents a size vector.
Used as an approximation of the genetic line of
most variationgmax, or the genetic line of least
resistance.
Dz
 Vector
(p#1)
Time-standardized PICs of
morphological variables
Direction and amount of phenotypic change for
each morphological variable. Because PICs are
time standardized, entries on the vector are
point estimates of rates of evolution for each
trait.
B
 Square
matrix
(p#p)
Mean squares and mean cross
product of the matrix ofDz
Among-species divergence matrix. Contains rates
of evolution for each trait on the diagonals and
rates of coevolution on the off-diagonal.
b
 Vector
(p#1)
P21wDz
 Selection gradients on each morphological vari-
able, describing the intensity and direction of
selection acting upon each individual trait.
Dd
 Vector
(k#1)
PICs of ecological variables 
Direction and amount of phenotypic change for
each dietary variable. SeeDzfor further detail.
FFXFF
 Scalar 
Norm of vectorX
 Size of a given vector. ForDzandDd,itisthe
multivariate rate of evolution. Forb, it gives the
strength of selection.
Dzdiet
 Vector
(p#1)
Partial regression coefficients of the
nonparametric multivariate regression
analysis of morphology on diet (RRPP)
Directions of the morphometric space that are
more associated with changes in specificfood
items.
bdiet
 Vector
(p#1)
P21wDzdiet
 Hypothetical selection gradients necessary to gen-
erate change along the directions most associ-
ated with each food item (Dzdiet).
Q
 Square
matrix
(p#p)
Mean squares and mean cross
product of the matrix ofb’s
Matrix describing the distribution of adaptive
peaks on the realized adaptive landscape of a
lineage.
qi
 Vector
(p#1)
EigenvectoriofQ
 Linear combination of traits that gives theith
SLLR.
r→(X,Y) 
Scalar 
Vector correlation (dot product)
between the normalized vectors
XandY
Alignment of two vectors. For individualbdietand
qi, it indicates how aligned a hypothetical se-
lection for a food item is in relation to a SLLR.
Constraint (c) 
Scalar 
Vector correlation betweenDzandpmax
 Measures how aligned a particular evolutionary
response is in relation to the genetic line of least
resistance, measuring the constraining effect
thatgmaxhad on the evolutionary response.
Evolvability (e)
 Scalar
 bTPwb
 Amount of variance available on the direction ofb,
indicating the ability of a population to respond
to selection.
Note: Shown are variables investigated in this study, their symbols, their type (matrix, vector, or scalar) and dimensionality (in parentheses), how they were

measured, and their biological interpretation.pp number of craniometric traits;kp number of dietary items; PICp phylogenetic independent contrast;

SLLRp selective line of least resistance.
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covariance matrices, orP, as a surrogate forG.Thisisof-
ten justified in the presence of direct or indirect evidence
thatPandGcan be used interchangeably (Lofsvold 1986;
Kohn and Atchley 1988; Roff 1995). In a previous article
(Machado et al. 2018), my colleagues and I have shown
that Canidae has a stable phenotypic covariance structure
for cranial traits. BecausePmatrices are a sum of genetic
and environmental factors, stablePs are more likely ex-
plained by the presence of stableGs (Arnold and Phillips
1999; Marroig and Cheverud 2001). This suggests not
only that individual species’Pmatrices are similar to their
correspondingGs but also that species’Gs will behave
similarly among species (Hubbe et al. 2016). Here I use
this rationale to adoptPas a surrogate forGin a macro-
evolutionary framework (Turelli 1988).
Pwas obtained by calculating the residuals of a linear
model controlling for nuisance factors, such as subspecies
and sex (table S4). Residuals obtained from all species were
then pooled together, and a single within-group pheno-
typic covariance matrix, orPw, was calculated for the full
sample to produce more reliable covariance estimates (Lofs-
vold 1986; Cheverud 1988). This assumes not only the inter-
changeability ofPwandGbut also thatPmatrices (and
thereforeG) are relatively stable throughout the evolution
of the group.Pwwas subjected to a principal component
analysis (PCA), and thefirst eigenvector ofPw,orpmax,is
takenasanapproximationofgmax (Marroig et al. 2009).
To evaluate whetherpmaxrelatestosizeornonsize(shape)
variation, I calculated the vector correlation (r

→
) betweenpmax

and an isometric vector (Jolicoeur 1963).
Adaptive Evolution

As afirst step to test ecomorphological associations, I
evaluated whether observed patterns of divergence dif-
fered from what is expected under the null hypothesis
of genetic drift (Lande 1979; Lofsvold 1988). To test this,
I employed the eigenvalue regression approach (Acker-
mann and Cheverud 2002), which is based on the expec-
tation that, in the absence of natural selection, among-
species divergence will be proportional to the pattern of
additive genetic covariation as follows:

Bp
t

Ne
G, ð1Þ

whereBis the among-species divergence matrix,tis time
in generations, andNeis the effective population size
(Lande 1979). Ackermann and Cheverud (2002) have
shown that equation (1) can be rewritten in log scale and
that the proportionality betweenBandGcan be evaluated
as follows:

log(varB)pa1b[log(l)], ð2Þ
wherelare the eigenvalues ofG(Pwin the current case),
varBare the variances ofBprojected onto the eigenvectors
ofG,aplog(t=Ne), and the slope parameterbis the pro-
portionality factor among matrices. Equation (2) estab-
lishes the rates of evolution at each PC (varB) as a function
of the amount of available genetic/intraspecific variance at
those same PCs (l). If no selection occurred, rates of evo-
lution will be proportional to within-group variances, and
bp1. Ifbis significantly different from 1, then the null
hypothesis of proportionality is rejected, suggesting that
drift is not enough to explain the observed pattern of mor-
phological evolution (for more details, see Ackermann and
Cheverud 2002; Marroig and Cheverud 2004).
Bwas calculated in a phylogenetic context by obtain-
ing time-standardized phylogenetic independent contrasts
(PICs) of the morphological variables and calculating the
matrix of average cross products among them.Bcalculated
in this way contains the expected rates of evolution (diag-
onals) and of coevolution (off-diagonals) of the traits un-
der evaluation (Revell et al. 2007). To build a null distri-
bution, I used equation (1) to simulate 10,000 rounds of
multivariate drift on the phylogeny of the group. After each
round, I extractedland varBand calculated their respec-
tiveb. The null hypothesis was rejected if the observedb
value fell outside the 95% interval for simulated values.
Dietary Data and Ecomorphology

To evaluate the association between diet and morphol-
ogy, I produced a diet database for all canid species. In-
formation on diet was obtained from a literature survey
focusing on descriptions that associate each food item
with its relative importance for a species. The main
source of information was Sillero-Zubiri et al. (2004),
complemented by mammalian species accounts (Mech
1974; Bekoff 1977; Dietz 1985; Sillero-Zubiri and Gottelli
1994; Clark 2005; Clark et al. 2008; Lucherini and Luengos
Vidal 2008; Dalponte 2009; Cossíos 2010; Moehlman and
Hayssen 2018) and information available from the Animal
Diversity Web database (Myers et al. 2018). A semantic
analysis was performed following Kissling et al.’s(2014)
methodology, where a list of terms was used to associate
a food item with a specific rank of importance. Because
the main sources are reviews and aggregates of informa-
tion, only descriptions with citations that could be checked
were taken into account.
Diet categories were as follows: large mammal, small
mammal, bird, herptile,fish, egg, carrion, hard-bodied in-
vertebrate, soft-bodied invertebrate, seed, fruit, root, and
leaf. Rank 1 was associated with occasional food items,
rank 2 with secondary food items, and rank 3 with pri-
mary food items. Items that were not present in the descrip-
tion received rank 0. Note that this ranking order is
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inverted in relation to Kissling et al. (2014), where rank 1
is associated with primary items and rank 3 with occa-
sional items. Ranks were inverted here in order to treat
diet as an ordinal variable in nonparametric analysis. Terms
such as“consists mainly,”“feeds mostly,”“most frequently
consumed,”or“almost exclusively”were considered to es-
tablish a food item as a primary food source, while terms
such as“occasionally,”“sometimes,”“small amounts,”and
“supplemented by”were used to define a food item as an
occasional food source. See Kissling et al. (2014) for a full
list of terms associated with each rank. Those terms are
general guidelines, and the context of the text was taken in-
to account in order to rank specific food items. For exam-
ple, it was common tofind descriptions that said that the
diet consists mainly of a list of different items ranging
from vertebrate prey to invertebrates and plant material. In
those cases, not all items were ranked as 3 unless there
was a good indicator that the species relied primarily on
those food sources. Medians and consensus (Tastle and
Wierman 2007) of ranks were offered as a summary for
each category. Consensus is a measure of statistical disper-
sion of ordinal data that measures the similarity of entries,
with values ranging from 0 (no consensus; ranks are differ-
ent among species) to 1 (full consensus; all ranks are equal
among species).
Because of the recent description ofCanis lupasteras
distinct fromCanis aureus(Koepfli et al. 2015), the diet
of the former was based on information that originated
from observations from Africa, and the diet of the latter
from observations from Europe and Asia (Sillero-Zubiri
et al. 2004). The diet ofCanis lycaonwas set to be equal
to that ofC. lupusbecause of their niche overlap, partic-
ularly when it comes to the consumption of large prey
(Rutledge 2010). The diet forDusycyon australiswas
mainly based on the prey available for that species on the
Falkland Islands (Myers et al. 2018). A sensitivity analysis
of downstream results showed that they are robust to
perturbations in the ranking protocol (see the supplemen-
tal PDF for more information).
I tested the influence of diet on morphology using the
phylogenetic multivariate linear model approach imple-
mented in the package RRPP (Collyer and Adams 2018).
This method has various desired properties (Adams 2014;
Collyer et al. 2015). First, it allows one to account for the
phylogenetic dependence among species in a generalized
linear model context. Second, it is specifically designed
for high-dimensional analyses, where the number of var-
iables might exceed the number of observations. Third, be-
cause it produces a null distribution by a permutation pro-
cedure, it allows the analysis of nonnormal data, such as
the diet data set. Morphological traits were standardized
by the inverse of the square root ofP. This standardization
produces a space where Euclidean distances are equal to
the Mahalanobis distance among observations in the orig-
inal space (Mitteroecker and Bookstein 2011). Food items
were considered as additive factors, using a type II sum
of squares. The null distribution of effect sizes based on
Cohen’sFwas built using 9,999 permutations.
Mapping Past Selection

Directions and magnitudes of selection were quantified
by calculating selection gradients (b) for each node of the
Canidae phylogeny as follows:

bpG21Dz, ð3Þ

whereG21is the inverse of the genetic covariance andDz
is the vector of morphometric changes (Lande 1979; Lofs-
vold 1988) calculated as PICs for each node (Felsenstein
1988). The selection gradient represents the directions of
the morphospace for which the increase infitness is the
greatest and is a measure of selection independent of the
patterns of covariation among traits. I applied the exten-
sion method to minimize the effect of sampling noise in
the calculation ofb’s (Marroig et al. 2012). This approach
consists in artificially inflating the smallest eigenvalues in
order to underplay their importance in the inverted matrix
while still maintaining full rank. Following Marroig et al.
(2012), the variance of the second derivative of eigenvalues
was used to identify the noisefloor region ofPw. When the
variance of the second derivative reached afloor level
(!1E28), all subsequent eigenvalues were substituted by
the last reliable one (the one immediately before the noise
floor region is reached). The extended matrix was used
with equation (3) to obtainb’s relative to each node.
b’s calculated in this way are the sum of selective pressures
that happened during the divergence of the sister lineages
referenced by each node (Turelli 1988) and are not to be
taken as an expression of selection happening exclusively
at the nodes.
I calculated the main selective lines of least resistance
(SLLRs) to summarize the patterns of selection (Hohen-
lohe and Arnold 2008). SLLRs are the lines that have been
most privileged by selection during evolution, or the ei-
genvectors of the effective adaptive landscape (Q), which
is defined as (Marroig and Cheverud 2010)

QpG21BG21: ð4Þ

BecauseBcan be obtained as the average cross product of
Dz(Felsenstein 1988), the adaptive landscape can be ob-
tained as

QpG21DzDztG21
1

n
, ð5Þ

wherenis the number of contrasts. According to equa-
tions (3) and (5), it is easy to see thatQcan be obtained
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as the average cross product of theb’s. Gradients were
scaled following Hansen and Houle’s (2008) multivariate
standardization to improve comparability among trait
loadings. The leading eigenvectors ofQ(qi) were then inter-
preted as the main directions of selection (Marroig and
Cheverud 2010). BecauseQis estimated from a sample of
b’s, it can suffer from the usual sampling bias for covari-
ance matrices, namely, overestimation of the leading ei-
genvalues (Marroig et al. 2012). To evaluate whether the
inferred pattern of selection could be retrieved in the ab-
sence of selection, I employed the same multivariate simu-
lation procedure described previously for the eigenvalue
regression. After each round of simulation, the produced
Dz’s were scaled to have the same amount of variance as
the empirical ones. Thenfirst empirical eigenvalues ofQ
that were proportionally larger than 95% of the simulated
ones were then considered to be the main directions of se-
lection (qi, withip1,:::n). Additionally, eachqiwas
compared withpmaxthrough vector correlation (r

→
) to eval-

uate whether selection was being applied along the main
direction of phenotypic/genotypic variation.
The SLLRs (qi) were further described in terms of di-
etary pressures by obtaining dietary-specific selection
gradients (bdiet). These gradients were calculated by em-
ploying equation (3) and using the partial regression
slopes produced by the RRPP regression analysis as ide-
alized dietaryDz’s(Dzdiet). EachDzdietindicates the direc-
tion in which the rate of change in morphological variables
is most associated with the rate of change in the impor-
tance of a particular food item. These vectors were multi-
plied by the square root ofPwto restore them to the orig-
inal log(cm) scale before calculating their corresponding
selection gradients. The resultingbdietvectors were stan-
dardized and compared withqithrough vector correlation
(r
→
). Significance was assessed by confronting the observed

value against the correlation obtained betweenqiand 1,000
randomb’s drawn from a sphericalQmatrix. Thebdiet
vectors were also projected onto the significantqito visu-
alize the association between diet and the SLLRs.
Constraints and Structural Equation Modeling

To evaluate the effect of constraints on a multivariate sys-
tem, one must be able to properly disentangle aspects per-
taining to the direction and magnitude of selection and
evolution. The reason for this is that even in the presence
of strong constraints (i.e., attraction exerted bygmax), the
rate of evolution of a multivariate system will not neces-
sarily slow down. In fact, the rate of evolution will mostly
be a function of the total amount of additive genetic vari-
ance in the direction of selection (i.e., evolvability) and the
strength of selection (Hansen and Houle 2008). On the
other hand, if constraints are at play, the misalignment
of selection and evolutionary response might negatively
affect the adjustment of the phenotype to functional de-
mands, leading to maladaptation in spite of high rates of
evolution.
Here, I quantified constraints (c) as the amount of at-
traction exerted bygmax on the evolutionary response.
This was done by obtaining the vector correlation of the
evolutionary response withpmax as a substitute forgmax
(r
→
(Dz,pmax); Renaud et al. 2006; Marroig et al. 2009).
Evolvability (e) was calculated as the amount of variance
inPwin the direction of each node-specificb(Hansen and
Houle 2008). Rates of evolution were measured as the
norm of the vectors of multivariate PIC for both mor-
phology (FFDzFF) and dietary data (FFDdFF). The norm
gives the size of a multivariate vector as the square root of
the sum of its squares. In an unscaled contrast vector (or
any difference between two points in the morphospace),
the norm would give the amount of difference between
the two points according to the Pythagorean theorem. Be-
cause the vectors here are time standardized, norms of
these vectors are time standardized as well, producing a
single estimate of multivariate evolutionary rates for a
given node. Similarly, the strength of selection was mea-
sured as the norm of each selection gradient (FFbFF).
Strength of selection was quantified only for the SLLRs
considered significant according to the simulation ap-
proach described in the previous section. This was done
by projecting eachbon the significantqi(back scaled
to be on the same scale as the node-specificb) and calcu-
lating the norm in this reduced space. Last, to evaluate the
influence of the main lines of selectionqion the adaptive
evolution of the group, I calculated the vector correlation
between each selection gradient and each SLLR (r

→
(b,qi)).

By calculating both strength and direction of selection
only for the significantqi, I ensure that both statistics are
comparable. All statistics were calculated for each node of
the phylogeny based on independent contrasts. By doing
so, I ensure that any analysis of association among these
statistics is considered within a phylogenetic comparative
context.
Because of the complex theoretical connections be-
tween those variables, I employed the structural equation
modeling (SEM) approach to explicitly model the rela-
tion among factors. As stated above, rates of morpholog-
ical evolution are mostly a function of evolvability and
strength of selection and were therefore modeled as such
(jjDzjj∼e1jjDbjj). Because the effect thatpmaxexerts
on the evolutionary response can also be highly influ-
enced by the direction of selection (Simon et al. 2016),
constraints were modeled as a function of the alignment
of the selection gradients with each SLLR (c∼r

→
(b,q1)1

r→(b,q2)1⋯1r
→
(b,qn)). To inspect the effect of con-

straints on ecology, I modeled the rates of dietary evolution
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as a function of both the rates of morphological evolution
(as would be expected if ecology and morphology co-
evolve) and constraints (jjDdjj∼jjDzjj1c). Thus, if con-
straints were at play, one would expect to see a negative
coefficient of regression for the association between the
deflection exerted bypmax(c) and the rates of dietary evolu-
tion (FFDdFF). Finally, I allowed all lower-level indepen-
dent variables (e,FFbFF, andr

→
(b,qi))to covary with each

other.
Ecology was modeled as a function of morphology
because if constraints are at play, they will impede eco-
morphological adaptation (morphology-ecology associa-
tions) without stopping all morphological change (Blows
and Walsh 2009). Nevertheless, additional models that
considered the relationship betweenjjDdjjandjjDzjjas
a covariance instead of a regression were also tested and
confronted with the simpler model above using the Akaike
information criterion (AIC; Akaike 1974).
All variables were log transformed, with the exception
of vector correlations, which were Fisherztransformed
to ensure normality. Variables were further centered and
scaled to have 1 standard deviation. By doing this, all co-
efficients of the SEM are comparable to each other. The
model wasfit to the data using both maximum likelihood
(Rosseel 2012) and Bayesian (Merkle and Rosseel 2018)
approaches. The Bayesian version was run with default
noninformative priors, three Markov chains, 500,000 inter-
actions, 10% burn-in, and 10,000 samples.
Results

Adaptive Evolution

The PCA of thePwmatrix shows that the variation is
highly concentrated on thefirst PC,pmax, which explains
31.63% of the total intraspecific variance. The second,
third, and fourth PCs explain 10.07%, 7.18%, and 5.02%,
respectively, of the variance, with all subsequent PCs ex-
plaining less than 5% of the variation. Vector correlation
analysis shows that among all PCs, PC1 was the only one
strongly associated with an isometric size vector (r

→
p

0:965), suggesting thatpmaxfor Canidae represents a size
component.
The analysis of the variance of the second derivative
of eigenvalues ofPwshows that the noisefloor region is
reached after the thirtieth eigenvector (fig. S1), suggesting
that all further PCs are dominated by sampling noise. If
this is the case, then any matrix inversion performed on
Pwwould lead to a matrix dominated by noise and would
thus be unreliable for estimating past selection gradients.
A simulation analysis was conducted to both confirm this
interpretation and evaluate the usefulness of the extension
approach in correcting for this issue. The results of this
simulation show that nonextended matrices produce un-
reliable selection gradient estimates, while extended ma-
trices significantly improve the procedure (see the sup-
plemental PDF;fig. S2). Therefore, the extended version
ofPwwas used for all downstream analyses that required
matrix inversion. Furthermore, I evaluated only thefirst
30 PCs in the eigenvalue regression analysis. Excluding
the last 10 PCs led to a negligible loss of variance at both
intraspecific(∼1.05%) and interspecific(∼0.13%) levels.
The inspection of the relationship between intraspe-
cificvariance(Pweigenvalues, orlP) and rates of evolu-
tion (PC variance of varB) shows a very strong positive
association (fig. 2), with the leading PCs ofPwpresenting
higher rates of evolution than smaller PCs. Evolutionary
simulations under drift produced a distribution of coef-
ficients of proportionalitybwith a mean and median of
0.999, a minimum of 0.861, and a maximum of 1.119.
The empirical estimate ofbbetween varBandlPwas
1.244, falling outside the 95% interval for the null expecta-
tion (Q0:025p 0:924,Q0:975p 1:075;fig. 2). Most of the
signal, however, was produced by the leading eigenvalue,
which refers topmax. The removal of the leading eigenvalue
led to a decrease in the value of the coefficient of propor-
tionality (bp1:001), falling within the expectation under
drift.
Dietary Data and Ecomorphology

The literature review showed that canids have a widely
varied diet. Median ranks for most dietary items were 2,
with a few exceptions with lower ranks such as 1 and 0 (ta-
ble 2). No single item had a median of 3, suggesting that
canids do not heavily rely on any single food source. The
consensus statistic was similar for all food items, ranging
from 0.55 to 0.61, with the exception of large mammals,
which had a consensus of 0.735. Overall, dietary ranks
seem to be idiosyncratically dispersed along taxonomic
groups, with the exception of large mammals, which shows
low ranks for Vulpines and Cerdocyonina and higher
ranks in a few taxa in Cerdocyonina (Speothos venaticus
andDusycyon australis) and in Canina, specifically in the
generaCuon,Lycaon, andCanis. Vertebrate food items
had higher medians, with the exception of large mammals
andfish, both of which had a median rank of 0. Among
invertebrate items, hard-bodied prey had a higher median
rank (2) than soft-bodied ones (median rank of 0). Among
plant items, all median ranks were low (0), with the excep-
tion of fruit (median rank of 2).
The nonparametric RRPP regression showed that 10
out of 13 food items were significantly associated with
morphology, explaining 39.81% of the total variation (ta-
ble 3). The only food items not associated with morphol-
ogy were small mammals, birds, and carrion. Among the
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significant items, nonvertebrate food items (plants and
invertebrates) had the largest effect sizes (Z-scores). Among
vertebrate items, the consumption of large mammals had
the largest effect size. Furthermore, the consumption of
large mammals also explained the largest amount of vari-
ance among all dietary items (R2p0:059). Diet-specific
morphological changes (Dzdiet) and selection gradients
(bdiet) can be found in the supplemental PDF (Machado
2020).
Mapping Past Selection

Evolutionary simulations revealed that only thefirst two
eigenvalues of the adaptive landscapeQwere greater than
expected by drift (fig. S3). Among all axes,q1was the only
one strongly associated withpmax (r

→
(q1,pmax)p0:854).

Thefirst axis (q1) depicts a coordinated selection on all
cranial traits that is generally in the same direction and
of similar intensity (fig. 3; see table S3 for numeric val-
ues), with the exception of some optic and basicranial
traits, which showed values close to zero. Taken together,
both the direction of selection and association withpmax
suggest that this axis basically corresponds to a selection
for increase and decrease in overall size of the skull. Vec-
tor correlations betweenq1andbdietshow that this axis
is mainly associated with changes in the importance of
nonvertebrate dietary items (table 3;fig. 3). Specifically,
this analysis suggests that selection for size increase is
positively associated with selection for increased consump-
tion of fruit, roots, eggs, and soft-bodied invertebrates and
negatively associated with selection for consumption of
seeds, leaves, hard-bodied invertebrates, and herptiles. Se-
lection for consumption of large and small mammals was
moderately associated with this axis with opposite signs
(positive association with the former and negative asso-
ciation with the latter;fig. 3).
The second axis (q2) depicts strong negative selection
on characters representing overall facial length and posi-
tive selection for increased facial and skull height (fig. 3).
Selection on optic traits was ambiguous: while antero-
posterior dimensions were negatively associated withq2,
dorsoventral dimensions and the distance between the
posterior portion of the orbit and the neurocranium were
positively associated with this axis. Last, traits associated
with mastication, like teeth size and the size of the zygo-
matic arch, were positively associated withq2. Vector cor-
relations show that this direction of selection is mostly as-
sociated with the importance of vertebrate taxa in the diet.
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Figure 2:Eigenvalue regression test for proportionality between patterns of intra- and interspecific variation (PwandB, respectively).lPp
eigenvalues ofPw;varBp variances ofBprojected onto the eigenvectors ofPw, or the rate of evolution of the principal components ofPw.
Numbers refer to the retained principal components ofPw. Black linepleast squares linear regression. Gray linespsimulated regressions
under no selection (genetic drift).
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Specifically,q2is positively associated with selection for
the consumption of large mammals—as well asfish to a
lesser degree—and negatively associated with selection
for other terrestrial vertebrate items, particularly birds
and carrion (table 3;fig. 3). Because these two vectors
were the only ones considered significant in the evolu-
tionary simulation approach, they are the only ones used
for the computation of direction and magnitude of selec-
tion in the SEM analyses.

Constraints and Structural Equation Modeling

Among the SEM models tested, the one modeling the rela-
tionship between ecological rates and morphological rates
as a regression had the lowest AIC in the maximum likeli-
hood analysis (AICcovariancep679:081, AICregressionp675:431).
An inspection of the coefficients shows that general inter-
pretations drawn from both models are similar (table S5),
so here I discuss only the regression model.
Coefficients of regression and covariances estimated
for the SEM model were similar between maximum like-
lihood and Bayesian analyses (table S6), and therefore I
focus on the latter for simplicity (fig. 4). The covariance
estimates suggest that there is a positive connection be-
tween evolvability (e) and the alignment of selection with
thefirst SLLR (r

→
(b,q1)). The same was not true for the

alignment of selection with the second SLLR (r
→
(b,q2)),

which seems to be positively associated with strength of
selection (FFbFF) instead. A negative association between
r→(b,q1)andr

→
(b,q2) was also detected, suggesting that
selection gradients cannot be strongly aligned with both
SLLRs at the same time.
The regression coefficients show that both strength of
selection and evolvability are good predictors of the rate
of morphological evolution (jjDzjj), as expected, with a
large portion of the variance ofjjDzjjbeing explained
by those two factors (R2p0:687). On the other hand,
alignments with thefirst SLLRs could only partially ex-
plain the attracting influence ofpmax(i.e., constraints,c).
While r

→
(b,q1) showed a positive influence onc,onlya

small portion of the variance inccould be explained
by this factor (R2p0:192). Despite this, bothcand
jjDzjjwere associated with the rate of dietary evolution
(jjDdjj), explaining a moderate amount of the variance
ofjjDdjj(R2p0:462). As expected, these factors had dif-
ferent associations withFFDdFF: whileFFDzFFwas pos-
itively and strongly associated withjjDdjj, the contribu-
tion ofcwas moderate and negative. In other words, the
rate of morphological change was more important in de-
termining the rate of dietary evolution, but the presence
of a negative association between the direction of mor-
phological evolution and the evolution of diet suggests
the action of constraints on the system.

Discussion

The role of the association among parts in shaping mac-
roevolutionary patterns has always been a topic of in-
tense debate (Gould and Lewontin 1979; Maynard Smith
et al. 1985; Jablonski 2019). While covariances between
Table 3:Relationship between diet, selection, and morphology
Diet
Linear model 
Vector correlations
df 
SS
 R2
 F
 Z
 P
 q1
 q2
Large mammals 
1 
52.296 
059 
3.153 
3.106
 .001 
.529 
.630

Small mammals 
1 
19.250 
.022 
1.160 
1.382 
.090
 2.444
 2.211

Birds 
1 
20.640 
023 
1.244 
1.558 
069 
.177
 2.634

Herptiles 
1 
25.677 
029 
1.548 
.901
 .039
 2.817
 2.190

Fish 
1 
30.178 
034 
1.819 
2.338
 .013
 .165
 .538

Eggs 
1 
36.056 
041 
2.174 
2.641
 .007 
.818
 .098

Carrion 
1 
19.440 
022 
1.172 
1.609 
064 
.180
 2.523

Hard-bodied invertebrates 
1 
34.724 
039 
2.093 
.647
 .006
 2.706
 .187

Soft-bodied invertebrates 
1 
35.396 
.040 
2.134 
2.734
 .005 
.823
 2.153

Seeds 
1 
39.303 
.045 
2.369 
2.979
 .003
 2.725
 .152

Leaves 
1 
49.171 
056 
2.964 
3.492
 .001
 2.844
 2.009

Roots 
1 
27.722 
032 
1.671 
2.651
 .008 
.659
 2.233

Fruit 
1 
19.528 
022 
1.177 
2.068
 .027 
.735
 .098

Residuals 
25 
414.701 
472

Total 
38 
879.222
Note: Linear model shows results of the nonparametric RRPP multiple regression of the relationship between morphology and diet. SSp type II sum of

squares;R2p coefficient of determination.Fp pseudoF-statistic;Zp standardizedZ-scores based on Cohen’sF;Pp probability of the observedZ-score

given the null hypothesis of no association. Values in bold are significant (a!0:05). Null distribution built with 9,999 permutations. Vector correlations are

between diet-specific selection gradients (bdiet)andthefirst two eigenvectors of the adaptive landscapeQ.
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traits are expected to constrain immediate evolutionary
responses (Lande 1979), these effects are usually thought
to be erased over longer timescales (Schluter 1996; Arnold
et al. 2001). The results shown here contradict this hypoth-
esis, showing that rates of evolution in Canidae were sim-
ilar to patterns of intraspecific phenotypic variance (fig. 2),
which suggests the influence of constraints on a macro-
evolutionary scale. Additionally, patterns of morphologi-
cal evolution were shown to not conform to what was
expected under drift (fig. 2) and are partially explained
by differences in diet (table 3). Inspection of the SLLR of
the adaptive landscape indicated that selection acted on
both size and shape (nonsize) components (fig. 3). While
most hypothetical dietary selective gradients align them-
selves with size, selection for the consumption of large
mammals was associated with selection for both size and
shape features of the skull (fig. 3; table 3). Last, SEM
showed that alignment of selection with size had a con-
straining effect on morphological evolution, which in turn
hindered ecological adaptation in the group (fig. 4). To-
gether, these results show that not only can genetic and
developmental constraints affect evolutionary patterns
on larger timescales but also they can slow down ecological
adaptation.
The proposition that ontogenetic constrains interfere
with macroevolutionary patterns is not exclusive to canids.
Specifically, recent work has recurrently shown that mac-
roevolutionary rates of evolution (Bhere) tend to mimic
intraspecific patterns of variation (Pwhere) in a wide vari-
ety of taxa, ranging fromDrosophila(Houle et al. 2017) to
amphibians (Simon et al. 2016), lizards (McGlothlin et al.
2018), and mammals (e.g., Marroig and Cheverud 2004;
Firmat et al. 2014; De Azevedo et al. 2017). Works on highly
multivariate systems show that the leading eigenvector
of within-group covariance (pmaxor size here) tends to be
an effective source of constraints for evolution (Marroig
and Cheverud 2010; Simon et al. 2016). This is further
evidenced here by the fact thatpmaxshowed rates of evolu-
tion that were proportionally higher than those expected
under drift (proportionality betweenBandPw;fig. 2).
lammaMegraL
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Figure 3:First two eigenvectors of the adaptive landscape matrixQ.Canis lupusskulls display the normalized coefficient of selection on
each of the interlandmark traits associated with positive selection along each axis. Positive values are depicted with black lines and negative
values with white lines. Arrows represent the projections of diet-specific selection gradients onto thefirst two eigenvectors.
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The channeling of morphological evolution alongpmax,
however, does not allow one to discern between evolution
aligned withpmaxas a product of direct selection on size
or as a by-product of indirect selection on shape (nonsize)
variables plus the action of intraspecific multivariate con-
straints (Marroig and Cheverud 2010). In thefirst scenario,
evolutionary responses would not be deflected away fromb
given that selection is already aligned withpmax=gmax.Fur-
thermore, because these lines are the directions in which
evolvability is highest, rates of evolutionary responses would
be potentialized (Hansen and Houle 2008). In the second
scenario, selection is not aligned withpmax=gmax, and con-
straints force the evolutionary response to align withpmax=
gmax (Schluter 1996). The reconstruction of past selective
regimes suggests that both factors might have acted in
shaping morphological diversity in Canidae. While the
main SLLRq1is indeed aligned with size, the evolution-
ary modeling approach was also able to recover a second-
ary SLLR,q2, associated exclusively with shape changes
(fig. 3). Morphological features associated withq2are
readily interpretable in terms of performance and ecolog-
ical demands. For example, the shortening of facial length
reduces strain in the skull due to biting struggling prey
or crushing bones (Werdelin 1989; Covey and Greaves
1994; Slater et al. 2009), while larger zygomatic arches
would support greater bite forces (Ellis et al. 2009; Dam-
asceno et al. 2013; Penrose et al. 2016). Increase in tooth
size supplements these demands, as enlarged canines would
increase the efficiency of kill-bites (Van Valkenburgh and
Koepfli 1993; Therrien 2005), and larger carnassial teeth
could improve the performance in processing meat and
bones (Greaves 1983; Van Valkenburgh 1988; Werdelin
1989; Biknevicius and Ruff 1992; Therrien 2005). An in-
crease in the height of the rostrum could compensate for
the loss of turbinate area due to reduction of the rostrum,
maintaining or even increasing olfactory capacity (Green
et al. 2012). Finally, more forward-facing, convergent orbits
would enhance stereoscopic vision and depth perception
(Heesy 2008).
Because selection for functionally related traits seems
to be a major aspect of the morphological evolution in
Canidae, one would expect morphology and ecology to
be tightly associated within the group. Here I have found
that nearly 40% of the total variance in cranial morphol-
ogy is associated with size, as expected (table 3). How-
ever, an inspection of the hypothetical dietary selection
gradients (bdiet) shows that the majority ofbdietvectors
are more aligned with size (q1)thanwithshape(q2;ta-
ble 3;fig. 3). Additionally, most of the items with high-
est effect sizes (invertebrates and plants) are more aligned
with size, suggesting that their large influence on morphol-
ogy is probably due to changes in size (table 3). Further-
more, the SEM analysis shows that the alignment of selec-
tion withq1is positively related to the attraction imposed
bypmax=gmax(or constraint), which in turn has a negative
effect on rates of ecological evolution (fig. 4). In other
words, even though selection for size is associated with se-
lection for consumption of various food items, changes
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produced as a consequence of selection will mostly result
in size variation and not necessarily ecological changes.
This is consistent with the idea that Canidae are consid-
ered to be functionally conserved among the Carnivora
families (Werdelin and Wesley-Hunt 2014; Michaud et al.
2018).
Despite the constraining effect of trait covariation on
the ecomorphological evolution of canids, some species
exhibit morphological adaptations for hypercarnivory that
largely agree with the ones described forq2here (Van
Valkenburgh and Koepfli 1993; Slater et al. 2009; Green
et al. 2012; Damasceno et al. 2013). This suggests that
selection for the consumption of large mammalian prey
is being translated into morphological changes despite
the presence of constraints, as suggested by the fact that
large mammals were the main dietary item influencing
the skull form (table 3). Curiously enough, selection for
large mammal consumption was the only dietary item that
was significantly aligned with both SLLRs (table 3). Addi-
tionally,bdietfor large mammals was the largest (fig. 3), sug-
gesting that the strength of selection was greatest along this
direction. While the alignment withq1might have acted
negatively on the ecological evolution along these lines,
an increased strength of selection might have caused in-
creased rates of morphological evolution, leading to ecolog-
ical adaptation (fig. 4).
It is worth noticing that the directions of selection es-
timated here, both SLLR andbdiet, are estimated for the
whole clade, a fact that might mask selective pressures
that happened at a smaller scale. In the case of the con-
sumption of large mammals, this might mean that the
selection in the directions of size (q1) and shape (q2)
have acted in different moments: it is possible that initial
selection for consuming large mammals was less intense
in the direction ofq2, ensuring that both direct selection
for size and constraints on shape selection would pro-
duce size increases. However, as canids increase in size,
they usually get disproportionately larger faces (Wayne
1986; Penrose et al. 2016; Machado et al. 2018; Machado
and Teta 2020), a fact that would result in poorer biome-
chanical performance and bite forces (Radinsky 1981;
Van Valkenburgh and Koepfli 1993; Ellis et al. 2009; Slater
et al. 2009; Damasceno et al. 2013). This conflict might not
be relevant until species reach a certain size threshold,
where energetic demands and foraging cost scale greatly,
requiring a switch to a specialized hypercarnivorous diet
in order to balance the energetic budget (Vézina 1985;
Carbone et al. 1999, 2007; Clauss et al. 2010; Tucker et al.
2016; De Cuyper et al. 2018). Because increasing in size
might be too energetically costly at that point, large pred-
ators might be under more intense selection to change
shape (q2), not size (q1), in order to improve performance
(Segura et al. 2020). Given that selection for shape is not
aligned withgmax, stronger selection might be necessary to
overcome constraints (figs. 3, 4), putting large predators on
a higher populational strain than nonspecialists or smaller
species (Villmoare 2013). In conjunction with the fact that
larger carnivores tend to present smaller population sizes,
this would make large specialist canids susceptible to popu-
lation decline and ultimately to higher rates of extinction
(Van Valkenburgh et al. 2004). Alternatively, ecomorphol-
ogical specialization might lead to a reduction of the mor-
phospace occupied by hypercarnivores, ultimately reducing
the capacity of a clade to adapt to different environmental
pressures (Holliday and Steppan 2004). Together, these pro-
cesses could help explain why hypercarnivory specifically—
or a specialized ecology in general—is detrimental to spe-
cies longevity in the fossil record (Balisi et al.2018).
The conclusion that Canidae morphological evolution
was affected by multivariate constraints may seem at odds
with previous evidence showing that the group in fact has
an increased evolutionary potential in the facial region
(Machado et al. 2018, 2019). This apparent conflict might
be explained by at least four hypothesis. First, the in-
creased evolutionary potential of Canidae seems to be as-
sociated with increases in the allometric relation between
size and facial traits (Machado et al. 2018). This means
that the increasedflexibility observed for Canidae is cor-
related with size through allometry, suggesting that selec-
tion for localized shape changes in the facial region could
still produce associated size changes through the action of
constraints. Second, it could be the case that ecological
opportunities do not align with those increased evolu-
tionary potentials, producing evolutionary responses that
are still highly constrained (Segura et al. 2020). Third, be-
cause canid morphology is well suited to a variety of eco-
logical roles, strong selection on shape variables may be
necessary in only extreme cases, such as in hypercarnivore
taxa, making it harder to identify the signal of selection for
shape features. In other words, broadscale comparisons such
as the one presented here mightfail to evaluate morpholog-
ical evolution that is happening at a more restricted taxo-
nomic level (Van Valkenburgh and Wayne 1994; Machado
and Teta 2020). Fourth, extant species of canids occupy only
a small portion of the morphospace for the family, thereby
hiding much of the ecomorphological signal that can be re-
trieved (Wang 1994; Wang et al. 1999; Tedford et al. 2009).
Because the fossil record of the group is rich with diverse
kinds of predatory forms (Van Valkenburgh 2007; Slater
2015), it might be the case that a more thorough inspection
of extinct species will reveal a more complex selective re-
gime. More investigations on the fossil record of the group
along with comparisons with different taxa might help us
to understand the relative importance of each of these fac-
tors in shaping morphological evolution in the presence of
multivariate constraints.
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