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The lower carnassial tooth (ml) is a key innovation underlying the
ecological diversification of Carnivora. However, their exceptionally
diverse phenotypes result from both functional adaptation and
phylogenetic inertia which challenges ecomorphological inferences. We
investigate patterns of morphological convergence in the carnassial teeth
of 142 extant carnivoran species spanning all terrestrial families and major
dietary strategies. We compare the performance of occlusal topographic
metrics (Relief Index, Dirichlet Normal Energy, and Orientation
Patch Count rotated) and high-density three-dimensional geometric
morphometrics (HD3DGM) in distinguishing ecomorphological signal at
high taxonomic level, a key element of large-scale diversity analyses. Our
results show that HD3DGM recovers a stronger and more consistent
dietary signal than topographic metrics, particularly across dissimilar
morphologies and at higher taxonomic levels. Within omnivory,
insectivory and frugivory, species sharing the same dietary strategies
exhibit clear patterns consistent with morphological convergence in the
geometric data, while it is only true for frugivory when using topographic
metrics. We show that many-to-one topography behaviour weakens the
quality of ecomorphological inference at higher taxonomic scales. Our
results reframe the context in which each method is most appropriately
applied.

1. Introduction

Among the numerous physiological and anatomical singularities of mam-
mals, the complexity and diversity of their dentition are of particular interest;
in addition to a generally pronounced heterodonty and diphyodont devel-
opment, the interspecific morphological diversity of dental crowns is also
unique among vertebrates [1,2]. This wide variety of dental shapes can be
used to infer taxonomic identity [3,4] but is also indicative of diet and feeding
strategies [2,5,6]. In this regard, mammalian molars, especially lower molars,
are often studied for the strong dietary signal they are thought to retain
[7,8]. Among extant placental mammals, Carnivora is the only clade to have
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evolved a distinctive, blade-like first lower molar. Together with the upper P4, they are referred to as the ‘carnassial complex’ —a n
defining trait of their order. This morphology is associated with masticatory behaviour such as slicing through flesh and
tendons and is often regarded as a key element in understanding their evolutionary success [4,9,10]. From the hypercarnivorous
lion to the herbivorous giant panda, carnivorans have achieved a dietary diversity known in few other mammalian orders [11].
Macroevolutionary transitions into such a wide variety of niches are associated with secondary modifications in the morphol-
ogy of their carnassial teeth such as bicuspid architecture in felids or simplification towards a conical shape in pinnipeds [12]
leading to an extensive diversity of shapes.

There are two main approaches to quantifying tooth crown phenotype in mammals: (i) geometric morphometrics, describing
the shape of the crowns by extracting cartesian coordinates from collections of individual landmarks and semi-landmarks [13];
and (ii) topography of the occlusal surface that distills information about the complexity and anisotropy of those teeth. The
general geometry of carnassial teeth can be variable among species of the same family, yet many exhibit a clear phylogenetic
signal that usually allows unambiguous taxonomic identification as well as dietary classification [4,9,14-16]. As topographic
tools have been shown to reliably recover diet in multiple mammalian clades such as rodents, primates and carnivorans
[7,9,17,18], it can be hypothesized that greater morphological convergence would be found in occlusal topography than in tooth
geometry among taxa sharing similar diets. However, this hypothesis is based on localized analyses made on intra-generic or
intra-familial taxa that may respond differently than analyses made at higher scales.

While several authors have discussed the morphological convergences—and divergences—between extant and extinct clades
[17,19-26], no study to our knowledge, has thoroughly investigated the question of multi-level adaptation in carnivoran
carnassial tooth anatomy in relation to diet. Such large-scale quantitative analysis needs to be conducted in extant taxa with
established dietary preferences, so that future analogous application in the fossil record beneficiates from ecomorphological
validation. In this study, we focus on the lower carnassial tooth (ml) to investigate whether geometry and occlusal topogra-
phy each capture synergistic versus conflicting ecomorphological signals in extant carnivorans. By combining high-density
geometric morphometrics, topographic analyses and phylogenetic comparative methods, we address two main questions:
(i) what signals do geometric and occlusal topographic features convey about ecomorphological traits? and (ii) which shape-
describing method best reflects trophic ecology among modern carnivorans? Finally, we present theoretical insights into these
approaches and discuss their associated challenges and opportunities in order to define their ideal scope of application.
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2. Material and methods

(a) Morphological dataset

We gathered a dataset of three-dimensional models of lower carnassials from 142 extant carnivoran species, representing 52% of
recorded species when excluding pinnipeds [27]. Because of their particular ecological niche and dental morphology (exhibiting
almost homodont post-canine morphology), pinnipeds are not considered in this study (see the electronic supplementary
material, S1 for complete list of specimens). All 13 terrestrial families of carnivorans are sampled and, of the 108 genera
recognized by Burgin et al. [27], 92 are present in our dataset (85%). The mean body mass of each species was obtained from the
CarniFOSS database [28].

(b) Phylogeny and taxonomy

To assess the phylogenetic signal in the geometry and topography of the lower m1, we used the time-scaled total evidence
phylogeny of carnivoramorphans from Faurby et al. [29]. We generated a single tree, based on all 1000 trees contained in
the appex1.nex file by following a maximum clade credibility approach using the “‘maxCladeCred” function from the phangorn
package [30]. We then pruned it to match the species in our dataset and renamed the tips to follow the most recent taxonomical
considerations.

(c) Diets

Extant carnivorans were classified into diet categories modified from Van Valkenburgh [4]. We used multiple types of dietary
data present in the literature such as stomach and scat content as well as feeding observations. The categories are established
based on percentage of biomass intake or, if not available, feeding occurrence. A complete list of the references used for dietary
attribution can be found in the electronic supplementary material S1. The categories are as follows:

(i) hypercarnivorous: greater than 80% of vertebrates (muscle, organs or bones of vertebrates);
(ii) mesocarnivorous: 80-50% of vertebrates;
(iii) piscivorous: greater than 50% fish;
(iv) insectivorous: greater than 50% land invertebrates;
(v) omnivorous: less than 80% plants and less than 50% vertebrate flesh or invertebrates;
(vi) herbivorous: greater than 80% plants;
(vii) frugivorous: greater than 80% fruits, honey, or nectar
(viii) molluscivorous: greater than 50% of molluscs, crustaceans and echinoderms.

Though sometimes approximative considering that species may exhibit geographical and/or temporal variability in their diet,
these categories fit well for capturing dominant dietary trends. Additionally, we created an index to categorize the carnivory
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level of each species. It classifies species based on the proportion of vertebrate flesh matter in their diet. Following the diet [ 3]
categories previously established, frugivorous and herbivorous taxa were classified as level 0, omnivorous, insectivorous and
molluscivorous taxa, who occasionally prey on vertebrates, as level 1 and piscivorous, meso- and hypercarnivorous as level 2.
As diet was not sufficiently documented for 13 out of the 142 species (see the electronic supplementary material, S11); analyses
relying on the diet were performed on a subset of 129 taxa. Accordingly, level 3 reflects the species whose diet is not sufficiently
known and were excluded from such analyses.

(d) Model acquisition and scanning

Lower carnassial three-dimensional meshes were obtained via surface digitization, computed tomography (CT)-scan recon-
structions or downloaded from MorphoSource (see the electronic supplementary material S1). Most of the specimens digitized
for this project were scanned using the Artec Space Spider three-dimensional scanner (three-dimensional point accuracy of 50
um and three-dimensional resolution of 100 um). Meshes recovered from scans conducted by colleagues or external institutions
were obtained using surface, medical and CT scanners. Owing to the variety of technologies used, the resolution of the meshes
obtained varies. To avoid biases, resolution-sensitive analyses were performed on standardized meshes (see §2g). Similarly,
because centroid size could not always be recovered from our scans, the body mass was used instead as the size estimator.
Information relative to model processing can be found in the electronic supplementary material.

(e) High-density three-dimensional geometric morphometrics

00709707 :€62 9705420l qsy/BioBuysygndigapospefor

Every carnassial model was initially landmarked with anchoring points using Lanpmark v. 3.0.0.6. Our method consists of 12
fixed landmarks on the surface of the crown. The complete protocol can be found in the electronic supplementary material,
figure S1. After the placement of the fixed landmarks, 4000 surface pseudolandmarks [31] were automatically generated on
the surface of the three-dimensional template in R using a protocol modified from Fischer ef al. [32]. First, we placed the same
12 fixed landmarks as in our carnassials dataset on a template. An idealized Vulpavus sp. (stem carnivoramorphan) left lower
molar model was chosen to serve as a general template (see figure 1), with the idealization process consisting of a smoothing
step followed by a straightening of the edge of the tooth to dissipate any possible circumvoluted base. Then, the point clouds
forming the mesh of the template is homogenized through geodesic distance maximization sampling by using the vcgSample
function [33] with geodes = TRUE. Afterwards, the fastKmeans function [33] is used to generate n number of equidistant surface
pseudolandmarks depending on the desired precision of anatomical sampling (i.e. 4000 in this study). Following this, the
template with the 12 fixed landmarks and the 4000 generated pseudolandmarks were combined in the ‘createAtlas” function
of the ‘Morpho” package in R to create an atlas (see figure 1). These points were then projected on each specimen using the
placePatch function of the Morpho package [33] as described by Fischer et al. [32] (see figure 1) with the fixed landmarks acting
as anchors for the positioning of the projected pseudolandmarks. All data treatment and analyses were made on the RStupro
interface (R v. 4.5.1).

(f) Generalized Procrustes and principal component analyses

A generalized Procrustes analysis (GPA) was applied on the whole set of three-dimensional coordinates (4012 points per
specimen) using the gpagen function of the geomorph package [34] with the semi-landmarks defined as sliders through the
‘surface’ argument of the gpagen function. The Procrustes coordinates from the GPA were then subjected to a principal
component analysis (PCA) using the gm.prcomp function from geomorph to represent the main axes of variation in carnassial
shape and construct the morphospace. Computation cost and requirements can be found in the electronic supplementary
material, S3.

(g) Topographic and crown complexity analyses

To conduct occlusal surface analyses on each species without including resolution or defect biases, all three-dimensional
meshes were standardized following this routine: (i) orientation of the occlusal plane as positively following the z-axis in Wrap
Geomagic; (ii) minor “Taubin” smoothing (1 iter) using vcgSmooth; (iii) cutting of the base using the plyPlaneCut function; and
(iv) standardization of the mesh to 8000 vertices with vcgQEdecim. All these functions were drawn from the Rvcg package [33].
Then, using the molaR package in RStup1o [35], we calculated three metrics describing occlusal complexity and topography
(hereafter referred to as ‘topographic data’): the Relief Index (RFI), the Orientation Patch Count rotated (OPCr) and the Dirichlet
Normal Energy (DNE). Together, these three metrics are the most common dental topography metrics used to reconstruct
diet. The RFI is a scalar obtained by dividing the three-dimensional surface of a model by its two-dimensional imprint from
an occlusal perspective, following Boyer [31]. The RFI is indicative of the overall elevation profile of the tooth and carries a
significant dietary signal in primates [36]. We used ‘findAlpha = TRUE’ for 137 species out of 142 resulting in a common alpha
of 1. As ‘findAlpha’ could not recover an effective value by itself for the remaining five species, we tested several values and
chose an alpha of 0.5 to ensure precise definition of the base. The OPCr is a scalar determined by compiling patches of a
mesh surface that share general orientation and sums the number of unique patches iteratively after rotating mesh a selected
number of degrees around the z-axis [17,35]. It is usually regarded as a good indicator of the proportion of meat ingested, with
hypercarnivorous taxa exhibiting the lowest values to fully herbivorous taxa exhibiting the highest values [17]. The function was
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Figure 1. Workflow for topographic and geometric analyses: (a.1) topographic and occlusal complexity protocol (a.2) high-density three-dimensional geometric

morphometrics modified from [32], and (b) phylomorphospace. Silhouettes from www.phylopic.org.

used with the following standard argument set-up ‘steps = 8, step size = 5.625, minimum faces = 3, minimum area = 0’. The DNE is a
scalar that is calculated by counting changes in normal vectors of a surface to characterize its curvature and was shown to be a
good indicator of diet in euarchontans, while also being less methodologically sensitive than OPCr [36]. For DNE, outliers were
excluded separately within convex and concave regions to avoid bias from extreme sharpness in one curvature class using the
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oex = ‘s’ argument. To conserve as much information as possible, the discard boundary argument of the same function was set [ 5 |
up as ‘Leg’, so that only vertices which have a segment on the edge were disregarded.

(h) Phylogenetic generalized least squared analyses

To explore the relationship between diet and topography, we used phylogenetic generalized least square (PGLS) methods
against diet and the carnivory index (0-2). We used muvgls from the ‘mvMORPH’ package [37] and compared several models
(Brownian Motion, Ornstein Uhlenbeck, lambda...), iteratively. The body mass of each species was also added as an explicative
variable of the model log;g(body mass), with and without assuming interaction between topography and body mass. We then
selected the best model by inspecting the Akaike information criterion values. After adjusting the model with mugls, we
followed with a manova.gls [37] to test it. For both mugls analyses based on dietary categories, the lambda model fitted best,
without interaction between topographic/geometric metrics and body mass. For the muvgls analyses explained by carnivory
level (0-2) and body mass, the lambda model with interaction between carnivory level and logjo(body mass) fitted the best in
topographic data, while the lambda model without interaction was better supported in geometric data. The manova.gls analyses
were followed by an effect size estimate through the effectsize function of the ‘mvMORPH’ package [37]. Tests and results are
reported in the electronic supplementary material, S3.

(i) Geometric and topographic disparity analysis

00709707 €67 § 205470l qdsi/biorBuysqndaaosiefos

To investigate geometric (Procrustes coordinates from high density three-dimensional geometric morphometrics (HD3DGM)) and
topographic (RFI, DNE and OPCr) disparity, we used the function dispRity from the homonym package [38]. Within each
family (electronic supplementary material, figure S2) and dietary category, disparity was quantified as the mean variance of
Procrustes coordinates or topographic metrics calculated across species. Given the high taxonomic coverage of the dataset, these
analyses were conducted to estimate realized extant disparity across families and dietary categories rather than to perform
null-hypothesis significance testing. Disparity values are therefore reported as descriptive point estimates and interpreted in
light of group sample sizes. To account for the potential contribution of body mass-related variance, reflecting allometric
scaling, we repeated the analyses on residuals of regressions of shape or topographic metrics against logjg-transformed body
mass. This was performed using the procD.Im function from the geomorph package [34] for Procrustes coordinates, and the
standard Im function from stats for OPCr, DNE and RFI metrics. Because the three topographic metrics differ in magnitude, each
was first standardized (z-scores), and residuals were computed separately. Residuals from the three metrics were then combined
into a single matrix and analysed using dispRity following the same procedure as for geometric data.

(j) Convergence analyses

To test for the presence of morphological convergences between species within the same diet category, we used the search.conv
function (RRphylo package) developed by Castiglione et al. [19] on both topographical and geometrical data. Results of this
function when investigated ‘within state’ (i.e. search for convergence between species sharing a similar trait) contains four
metrics: (i) O: the mean angle (in degrees) between the phenotypic vectors of all pairwise species comparisons within the
state. The angle can vary from 0° to 180°, reflecting the similarity of the variables (close to 0° meaning high resemblance,
while values close to 180° indicating oppositional phenotypes); (ii) p: the p-value associated with this angle; (iii) Otime: a value
corresponding to the mean angle between the species belonging to the state divided by the mean phylogenetic distance among
these species; and (iv) piime: the p-value associated with Ogme estimated by permutation. Ultimately, pime corresponds to the
proportion of randomly generated species-groups that exhibit a convergence signal equal or superior to the one observed in
the studied state. Just as for the disparity analyses, we also tested how allometry (based on body mass) impacts convergence
signals (see the electronic supplementary material, tables S1 and S2). Therefore, we first performed the search.conv analyses on
the data obtained through PCA of the Procrustes coordinates, then performed the same PCA analysis on the residuals of the
linear model exploring body mass explained variance, similarly as for the disparity analysis. However, we used a phylogenetic
approach in this model as we assumed that the impact of body mass on dental change may be different depending on taxa.
Therefore, we used ProcD.pgls [34] for geometric data as it is designed to be robust against multivariate and interdependent
data. For the independent topographic data, we substitute it by the phylolm function [39]. In both analyses, the conventional
PCA and the PCA on residuals, we kept the first 16 principal components (PCs) to reduce the number of dimensions and
consequent instability while maintaining =95% of explained variance (95.17% for raw geometric data and 94.99% for mass
free geometric data). Topographic data were standardized before analysis. The search.conv function does not test convergence
sensu stricto but identifies cases of phenotypic similarity exceeding Brownian expectations given phylogenetic distance [40].
Significant 6 values therefore indicate either convergent evolution, parallelism or evolutionary conservatism. Only when Otime
is also significant can similarity be interpreted as unlikely to result solely from shared ancestry. In our analyses, we used the
‘declusterization” argument to minimize the impact of closely related species on the retrieved signal. Consequently, although
search.conv does not formally demonstrate reduction of phenotypic distance through time, our results do identify patterns
consistent with convergence. Additionally, because some diet categories have relatively few species (e.g. n = 4 for molluscivo-
rous and herbivorous), we used a high number of permutations (i.e. nsim = rsim = 9999) to reduce Monte-Carlo error and ensure
stable estimation of permutation-based p-values.
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(k) Phylogenetic signal analysis

To recover the phylogenetic signal of the geometric and topographic data, we used the physignal function from the Geomorph
package [34] with 999 iterations. We used it separately on the Procrustes coordinates and on the vector combining the three
topographic metrics.

3. Results
(a) Phylomorphospace

The phylomorphospace (figure 1) resulting from the first two PCs (PC1 = 53.92%, PC2 = 15.07%) reveals two main zones of
occupation. PC1 is mainly driven by the relative development of the talonid, which is reduced in lower values and more
developed in higher values, whereas PC2 is driven by the aspect ratio, with low values being associated with compact morphol-
ogies. The first zone corresponds to a dense cluster in the negative values of PC1 and PC2 and is occupied almost exclusively
by felids, reflecting a highly derived and constrained bicuspid morphology. The second zone is wider; spanning the whole PC2
values while restricted to higher values of PC1. Within this region, canids appear quite constrained, whereas other families such
as mustelids and euplerids occupy a wider area; even though the latter are represented by a limited number of specimens (n
= 5). The highest values on PC1, corresponding to the stronger development of the talonid, are found in procyonids followed
by mephitids, herpestids and badgers. The lowest values on PC2 are mostly observed in herpestids. Finally, two regions of the
morphospace are sparsely occupied among sampled modern carnivorans; those correspond to the lowest values of PC1 with
extreme values on PC2 (lower and upper left corners), suggesting that both morphologies are absent in extant taxa.

(b) Phylogenetic least squares

PGLS analyses demonstrated notable differences between fine scale three-dimensional geometric and occlusal topographic
metrics. First, when dietary categories were used, diet better explained geometry (&2 = 0.218, p << 0.01) than it explained
topography (&2 = 0.054, p << 0.01). Despite this, logjg(body mass) remains a stronger predictor of morphology for both geometry
(&2 = 0.3163, p << 0.01) and topography (&2 = 0.157, p << 0.01). Replacing dietary categories with carnivory level substantially
improved trophic explanatory power, particularly for topographical data. Carnivory level explained 14.1% of topographical
variance (p << 0.01), representing a near threefold increase compared with diet-based models, while logjg(body mass) accounted
for a comparable proportion of variance (14.2%, p << 0.01). A significant interaction between carnivory level and body mass
was detected for topography (£2 = 0.068, p = 0.034), indicating that the effect of carnivory level varies across body mass scales.
For geometric data, carnivory level also explained a greater proportion of variance than diet (31.39%, p << 0.01), though no
significant interaction with body mass was supported. Logig(body mass) remained a slightly stronger predictor of geometric
variation, explaining 31.5% of the variance (p << 0.01). Detailed statistical outputs are provided in the electronic supplementary
material.

(c) Disparity by diet

Our disparity analyses do not recover the same relative ranking between geometry and topography. In the latter, insectivorous
taxa exhibit the highest disparity, with a low allometry impact. Molluscivorous, omnivorous and frugivorous species show
rather similar values although the disparity of molluscivorous taxa drops when accounting for the body mass-explained
variance while it increases for frugivorous species. Geometry-wise, the highest-ranking diet (frugivory) and the lowest-ranking
diet (herbivory) are separated by a comparatively small margin. Insectivorous species’ geometrical disparity remains high with
limited body mass explained variation. Hypercarnivorous taxa exhibit a much larger morphological range in geometry than in
topography. Overall, insectivory seems to be associated with a high disparity regardless of method, while herbivory is the diet
associated with the lowest disparity (figure 2), although this might be notably biased by its small sample size (1 = 4).

(d) Convergence

(i) Geometric convergence

We recovered a phylogenetic signal of Kyy)¢ = 0.787 (p = 0.0001) in our Procrustes coordinates, indicating rather stable morphol-
ogy within clades. Multiple diets are associated with a pattern consistent with convergence (significant p-value for both the
theta angle, p(0), and the theta angle divided by patristic distance, p(Otime); table 1, table 2). The value of 6 and Ojpe quantifies,
respectively, the strength of the phenotypic similarity, with values ranging from 0° (parallel phenotypic vector) to 180° (opposed
phenotypic vector), and the rate of convergence in degrees by patristic distance unit, here in degrees per million years. Among
the eight diets in our dataset, three were recovered as exhibiting geometric convergence: insectivory, omnivory and frugivory
with a fourth, hypercarnivory, falling just beyond. The rather small theta angle between the seven frugivorous species of
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Figure 2. Disparity (mean of variance) by diet ranked from highest to lowest, with (right) and without (left) body mass explained variance suppression.
(a) Topographical and occlusal complexity metrics disparity median ratio. (b) Geometrical metrics disparity median ratio.
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our dataset (60.76° prpr = 0.01) suggests high phenotypic resemblance between those species. Moreover, when accounting
for phylogenetic relationships, the signal is significant (ptime rpr= 0.001). Frugivory is also associated with the largest mean
temporal distance between species (i.e. 90.49 Myr), resulting in a convergence rate of 0.677° Myr ™. Insectivorous taxa (n = 13)
have an even smaller theta of 58.39° (pppr = 0.002) with a significant convergence signal (ptime FDR = 0.003). Similarly, the
convergence rate between insectivorous taxa is equal to 0.802° Myr™' with average distance of 77.33 Myr. Omnivory also conveys
a highly significant convergence signal in the geometry of their carnassial teeth though their raw resemblance is lower than
in previous cases with a theta angle of 68.89° (pppRr = 0.0008; ptime FDR= 0.001). Despite this, the convergence rate observed in
omnivorous species is higher than in insectivorous and frugivorous taxa with a value of 0.929° Myr™ (mean distance = 86.67
Myr). Hypercarnivorous species show a weaker general resemblance with each other, returning a theta angle of 76.50° (pppRr =
0.035) but exceed the 0.5 threshold for convergence (ptime FDR = 0.0804). Every other diet category, except for piscivory (pppRr =
0.1120), shows some degree of anatomical similarity though no convergence is detected when theta is divided by the patristic
distance. Herbivory, for instance, produced the lowest 6 angle (0 = 48.475°, prpRr = 0. 0194), but convergence is not supported
(Ptime FDR = 0.875).

(ii) Topographic convergence

The vector combining standardized topographical and occlusal complexity metrics (RFI, DNE and OPCr) recovers a relatively
low phylogenetic signal indicating strong lability (Kpioomberg = 0.307, p = 0.0001). However, only one diet was associated with
a significant signal when the patristic distance is considered. This signal is found in frugivorous species with a rather small
phenotypic angle of 58.91° (Pang FDR = 0.0386) and is accompanied by a rate of convergence of 0.669° Myr™ (ptime FDR = 0.045).
Other significant phenotypic resemblances are detected; omnivorous species exhibit topographic similarity (6 = 79.835°% pang
FDR = 0.0240) but as prpr(Otime) is not significant (0.958), parallelism or conservatism is likely. Herbivorous species who exhibit
the strongest phenotypic similarity (6 = 17.925°, pang DR = 0.0064) slightly exceed the commonly accepted significant p-value of
0.05 when Benjamini-Hochberg adjustments are made (ptime FDR = 0.0582).

4. Discussion

(a) Decoupling topographic and geometric methods

In our analyses, we find notable differences in convergence results between topographic and geometric data, both with and
without accounting for the variance related to body mass. In geometry, seven out of eight dietary categories were observed
as phenotypically similar (p-value < 0.05), while only three were recovered as such in topography. This correlates with
the substantially stronger phylogenetic signal observed in geometry (Kpyt = 0.79) than in topography (Kpyyit = 0.307). The
three-dimensional configuration of carnassial teeth is indeed strongly linked with their taxonomic identity, which is also not
independent of dietary preferences. Because most families exhibit marked specialization towards specific diets or trophic level,
dietary classes do not represent a balanced sample of family-level diversity but instead consist of subsets of specific families
or genera. At high taxonomic scale and for carnivorans, values that represent what appears to be more labile/less constrained
traits (e.g. topographic data) can therefore be less predictive of trophic niche than traits that experience stronger phyletic
inertia. Additionally, differences between raw and body mass-free results are often negligible in geometric convergence analyses
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Table 1. Search.conv ‘within state’ on geometric data. (6 represents the average phenotypic angle between species sharing the same dietary category. Btjme
corresponds to the angular distance divided by the patristic distance between species. p indicates p-value, prpp refers to Benjamini—Hochberg adjusted p-values.)

diet category n 6 p(6) ProR(0) Btime P(Btime) ProR(Btime)
frugivorous 60.764 0.0037 0.0098

Table 2. Search.conv ‘within state’ on topographic data. (6 represents the average phenotypic angle between species sharing the same dietary category. Btjme
corresponds to the angular distance divided by the patristic distance between species. p indicates p-value, prpp refers to Benjamini—Hochberg adjusted p-values.)

diet category n 0 p(6) Pror(6) Btime P(Btime) Pror(Btime)

frugivorous 7 58.914 0.0145 0.0386 0.669 0.0056 0.0448
S . e o o o e en
oo G wae s et o e o
SO L e s i o o e
SO o won e e o o e
SR . s o o e e e
SRR o e e o e e e
o L e e e e o s

while more impactful in topography (see the electronic supplementary material, tables S1 and S2). Whereas all significant
convergence results remained qualitatively equal, and often quantitatively similar, the corresponding results in topography
were notably different. Remarkably, hypercarnivorous taxa were identified as topographically convergent only when body mass
explained variance was retrieved, suggesting that allometry may obscure similar topographic adaptations in these carnivorans.
Despite this, the effect size of body mass on geometric data (£2 = 0.3163) is superior to its impact on topography (&2 = 0.157).
However, body mass is not uncorrelated with phylogeny, nor is it with diet [11]. More trivially, the higher quantity of data
generated by HD3GM methods compared with the topographic approach certainly helps in recovering ecomorphological
signals. Furthermore, though topographic and occlusal complexity metrics capture objective anatomical features, they eventu-
ally produce a single value (often mean or sum) per taxon. Similar scalar values can consequently describe markedly distinct
morphologies (figure 3), further eroding connection with the functional signal. This many-to-one topography induces functional
signal dilution that certainly plays a role in the better explanatory power of trophic classification regarding geometry. When
combining topographic data with fixed landmarks to see if gross geometrical description substantially improved diagnostic
power, the effect size only grew from 3% (&2 = 0.054-0.086; see the electronic supplementary material, table S6). Although the
fixed landmarks used in our protocol were not designed to be self-sufficient (i.e. without semi-landmarks), this still suggests
that a denser geometrical cover leads to significant increase in explanatory capabilities. Altogether, these considerations suggest
that the association of scalar values, as obtained with topographic approach, with ecological traits can be challenging in datasets
with extensive morphological disparity like carnassial crown shapes. Additionally, pragmatic concerns are also at play; occlusal
complexity metrics such as OPCr and DNE are known to be notably affected by several processing steps, including smoothing
[7,41,42]. This is especially problematic in large-scale analyses in which a certain trade-off between taxonomic coverage and
model quality is often needed. This probably results in artificial lowering of topographic metrics’ variance, and thus, quality
of functional inference. Considering the distinct outcomes conveyed by both approaches, we recommend using topographic
and crown complexity analyses to compare geometrically similar shapes; whether among closely related species or similar
analogical structures. Law et al. [43] showed that morphological evolution at the infra- and interfamily levels is hierarchically
structured. In this case, secondary variation of occlusal topography might be preferentially studied at the infrafamilial level.
Therefore, we postulate that geometrical approaches—including high-density methods—are more robust at large taxonomic
scales and recommend that topographic approaches should be restricted to high-quality meshes and to lower taxonomic
levels. Hopkins et al. [44] demonstrated that controlling for phylogenetic information in dietary prediction analyses does not
systematically enhance predictive performance and may, under certain conditions, be counterproductive. Indeed, evolutionary
history is a key predictor of ecology in mammals; our analyses support this interpretation by recovering both high level of
dietary explained variance and strong phylogenetic signal in carnassial tooth shape. The effect of phylogeny may depend on
the characteristics of the studied material and the analytical framework. In particular, methodological tools and taxonomic

Downloaded from royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2026.0400/6 15483 1/rspb.2026.0400.pdf

by g
on1

uest
2 August 2026

ugsygndfooposieror [

00709207 €67 § 205y 204  qdsi/biob




Comp2 = 15.07%

Comp1 = 53.92%
o 1 Hypercarnivorous Mesocarnivorous Piscivorous Insectivorous Molluscivorous Omnivorous Frugivorous Herbivorous Unknown
min-max relative scale A u u ® * u L4 &
Same RFI=0.58 Same DNE =123 Same OPCr =43.38
Otocolobus manul Urva brachyura Arctictis binturong Catopuma temminckii Atilax paludinosus Ursus maritimus

.y .3

é ¢
0
oA o

3D surface 2D occlusal imprint relative concave to convex curvature Patch of different orientation

Figure 3. (a) Adaptative landscape of relative RFI, DNE and OPCr values. (b) Examples of distinct morphologies bearing similar topographic values. Axis system: o,
occlusal; ¢, cervical; d, distal; m, mesial; b, buccal; I, lingual. Silhouettes from www.phylopic.org.

context may account for the observed outcomes [18]. Using phylogenetic structure in dental data may improve confidence
in ecomorphological inference, but challenges remain for stem taxa and those with a preponderance of plesiomorphic or
unspecialized features. More work specifically on early-diverging and transitional groups is needed to further clarify patterns in
these taxa.

(b) Phenotypic parallelism and ecomorphology

Patterns congruent with within-diet convergence recovered by our analyses further demonstrate how fine-scale geometry
captures functionally meaningful variation that is partly overlooked in topography. Whereas most dietary strategies occupy a
relatively continuous morphospace, hypercarnivorous taxa diverge into two very distinct architectural solutions. This diver-
gence exemplifies a case of many-to-one mapping [45] in the lower carnassial. As one morphotype is mostly associated with
feliforms and the other with caniform carnivorans, we define those two morphotypes as ‘felimorph’ and ‘canimorph’ configura-
tions. Both exhibit pronounced protoconid and paraconid development with strong proximo-distal orientation, transforming
the tooth into an effective shearing blade. They mainly differ by the extreme reduction—or the total loss—of the metaconid and
talonid in most felimorphs. This hypercarnassial architecture is found in most carnivorous feliforms as well as in many extinct
clades such as hyaenodonts and nimravids [4]. Some caniforms, such as hypercarnivorous mustelids, also exhibit a special-
ized carnassial with no metaconid but displaying a blade-like talonid —the ‘trenchant heel” sensu Lang & Martin [14]. These
distinct architectures probably reflect constrained functional optima forcing convergence but only within each taxonomic frame,
potentially explaining why no clear convergence signal is recovered at the scale of the entire dietary category. By contrast,
omnivory represents a broad ecomorphological category encompassing a wide range of feeding strategies [46], which probably
contributes to the dilution of convergence signals although still significant in geometry (Pppr(Otime) = 0.0012). Omnivorous
carnivorans generally retain a complete, functional trigonid combined with a well-developed talonid, producing a widened and
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elongated carnassial morphology. Additionally, such taxa often evolved neomorph structures (i.e. crests and cusps) leading to [ 10 |
extended disparity. However, omnivorous species are widespread across the carnivoran phylogeny, except in a few specialized
clades (e.g. Felidae). As a result, even modest geometric similarity can accumulate into a statistically detectable convergence
signal. Insectivorous carnivorans exhibit a more pronounced geometric resemblance, often characterized by triangular trigonids
and relatively low but expanded talonids, sometimes reminiscent of early carnivoramorphans morphologies. Interestingly, the
convergence signal in this group is partly mediated by body mass (see the electronic supplementary material, S6), suggesting
that allometric constraints may interact with functional demands to shape their dental morphology [16,32]. Finally, frugivorous
carnivorans provide a clear example of recurrent morphological transformation towards enlarged talonids and relatively low
trigonids. While this diet is uncommon in Carnivora, the recurrence of this similar architecture across most frugivores suggests
divergent mechanical demand [7], resulting in convergence detectable in both geometry (pppr(Etime) = 0.0019) and, uniquely,
occlusal topography (prpR(Otime) = 0.0344).

(c) Dense geometry insights in future ecological and evolutionary studies

HD3DGM was developed to efficiently capture fine scale morphological variation and/or quantify the shape of structures
lacking homologous landmarks [47-49]. Fischer et al. [32] introduced a semi-automated protocol designed for biological objects
with a rather simple architecture (i.e. teeth in marine amniotes, belemnite guards, iguanodontian pollex, all of which are
usually conical) that relies on very little pre-processing labour and is therefore faster to implement than previous pipelines.
Since then, it has been successfully applied to quantify the shape of a wider variety of objects such as fish otoliths [50],
squamate osteoderms [51] or intercheliceral sclerites in spiders [52]. In essence, this method can be applied to most biological
items, but its use in morphologically disparate datasets remains challenging as a single template must accommodate for the
entirety of studied shapes. Whereas the initial workflow consisted of dense but random sampling of the template surface, our
revised approach differs by, first, using geodesic distance maximization to homogenize the distribution of the sampled template

00709707 €67 § 205470l qdsi/bioBuysqndaaosiefor

vertices and, second, sampling the desired number of pseudolandmarks by extracting coordinates whose distance between
one-another is maximized (figure 1a.2). This results in uniform and relief-dependent sampling of the template, which then
better accommodates the surfaces where the pseudolandmarks are projected. This expands the disparity and complexity of
shapes that can be assessed without compromising the method’s ease of use.

In highly disparate datasets, the choice of a simple template is usually recommended [53]. After extensive testing, we found
that an early Carnivoraform carnassial tooth was the most efficient to obtain minimal distribution inequities when projecting
the surface pseudolandmarks on each model. This tooth, which resembles the one exhibited by the common ancestor of the
order Carnivora [54], is not close to the average shape of the extant species’” morphospace. Our tests suggest that using the
ancestral rather than mean shape as the template produces more homogenous pseudolandmarks cover on highly derived
carnivoran teeth. Whereas substantiating this hypothesis would require dedicated methodological and statistical testing, it
may be worth considering if the ability of this plesiomorphic carnassial morphology to serve as an efficient template —readily
deformable to accommodate the wide range of dental morphologies in this dataset—could mirror underlying evolutionary
constraints and differential permittivity in the morphological evolution of the various loci of this tooth. Following this hypoth-
esis, a plesiomorph template might represent a particularly flexible configuration from which the diversity of subsequent
morphologies can be derived. Phenotypic evolution may not occur within a flat Euclidean space but rather along curved,
non-Euclidean manifolds [55,56]. Under such a framework, apparent centrality within a Euclidean morphospace may partly
reflect projection artefacts rather than evolutionary proximity. In this context, it can be hypothesized that plesiomorphic
morphologies occupy regions of the manifold with higher geodesic connectivity, potentially making them particularly effective
templates for accommodating a wide range of derived forms.
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