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Convergent allometric trajectories in Devonian–
Carboniferous unornamented Polygnathus conodonts
FÉLIX NESME, CATHERINE GIRARD, CARLO CORRADINI, and SABRINA RENAUD

Nesme, F., Girard, C., Corradini, C., and Renaud, S. 2025. Convergent allometric trajectories in Devonian–Carboniferous 
unornamented Polygnathus conodonts. Acta Palaeontologica Polonica 70 (1): 25–41.

The shape of feeding structures is reputed to be under functional constraints related to the processing of food particles. 
Their morphological variation through evolution and ontogeny may thus provide an insight into changes in occlu-
sal dynamics and diet. The present study therefore aims at characterizing allometric trajectories of oral elements of 
Polygnathus conodonts, with a focus on caudal P1 elements that functioned in occlusion like mammalian molars. The 
shape of the elements, collected at the Puech de la Suque section, France, ranging from the uppermost Devonian to the 
lowermost Carboniferous, was quantified using a three-dimensional morphometric geometric approach, focusing on the 
most abundant unornamented conodonts. Polygnathus elements varied in size and shape along the record, leading to 
the definition of four successive Operational Taxonomic Units (OTUs). The pattern of bilateral asymmetry remained 
stable across these OTUs. In contrast, allometric trajectories displayed several reorientations, due to different juvenile 
morphologies but similar adult shapes. Both within and across OTUs, small-sized unornamented Polygnathus elements 
displayed a higher disparity than large-sized ones, suggesting higher constraints on the morphology of the later. These 
findings suggest that the constraints on adult Polygnathus remained important but relatively stable over time, leading to 
a convergence toward a common adult morphology despite initial morphological differences.
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Introduction
Convergence refers to the repeated evolution of similar phe-
notypes acquired independently in response to compara-
ble environmental and/or ecological conditions, in contrast 
to parallel evolution, which occurs when similar pheno-
types are inherited from a common ancestor. It constitutes 
a strong evidence for the adaptive significance of the trait 
involved (Harmon et al. 2005), being interpreted as the sig-
nature of strong functional constraints around an adaptive 
optimum. Convergent evolution may be facilitated when 
the target phenotype is already present as standing varia-
tion in a population. Main directions of intra-population 
variance have therefore been suggested to constitute “lines 
of least resistance” to evolution (Schluter 1996), related to 

underlying genetic structure and developmental constraints 
(e.g., Hayden et al. 2020). These “lines of least resistance” to 
evolution can channel phenotypic evolution along preferred 
trajectories and favour recurrent evolution (Hunt 2007; 
Renaud and Auffray 2013). The study of the relationship 
between intra-population variance and patterns of recurrent 
evolution is therefore a way to get insight into the processes 
favouring or constraining response to selection.

Conodonts were eel-shaped marine animals that existed 
between the late Cambrian and the Early Jurassic (Briggs 
et al. 1983; Du et al. 2023). They are affiliated to verte-
brates but lack any modern relatives (Aldridge et al. 1993). 
They displayed a complex feeding apparatus, with rostral 
elements forming a structure to trap food while more ro-
bust caudal elements processed the food (Aldridge et al. 
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1987; Purnell and Donoghue 1997; Corradini et al. 2024). 
These micrometric elements were composed of phosphate 
and were the only mineralized tissues of conodont animal. 
Therefore, they constitute the vast majority of the fossil re-
mains of these animals (Sweet 1988; Donoghue et al. 2000, 
2008). These elements are abundant in many Palaeozoic ma-
rine deposits, allowing for quantitative analyses of extensive 
fossil records providing insights into their paleobiology and 
evolution (Sweet 1988; Renaud and Girard 1999; Donoghue 
et al. 2000, 2008; Girard and Renaud 2012; Guenser et al. 
2019; Girard et al. 2022).

Such a complex oral apparatus allowed conodonts to 
feed as first level consumers (Balter et al. 2019). The most 
caudal elements of the apparatus, termed P1, certainly func-
tioned in occlusion, like mammalian molars (Donoghue and 
Purnell 1999). Their morphology was therefore most cer-
tainly shaped by functional constraints related to the pattern 
of occlusion (e.g., Assemat et al. 2023; Kelz et al. 2023).

Other sources of morphological variation, however, po-
tentially interfered with this ecomorphological signature. 
The buccal elements grew throughout the animal’s life by 
accretion of successive lamellae, a process probably made 
possible by the alternation of periods of eruption and growth 
(Jeppsson 1979; Donoghue and Purnell 1999; Shirley et al. 
2018). As a consequence, the elements grew in size along the 
animal’s life and displayed an important allometric variation 
(Chen et al. 2016; Kelz et al. 2023). The occlusion of caudal 
elements occurred between paired sinistral and dextral ele-
ments, leading to a possible role of bilateral asymmetry in 
the feeding functioning (Renaud et al. 2021b).

Among the diversity of conodonts, the genus Polygna­
thus constitutes a long-lived taxon (around 60 million of 
years, covering almost entire Devonian and a part of the 
Carboniferous) in which the P1 element recurrently evolved 
a dorsal platform from an ancestral blade-like condition 
(Yolkin et al. 1994; Mawson 1998; Martinez-Perez et al. 
2016). Morphofunctional analyses showed that the platform 
in Polygnathus allowed the accommodation and dissipa-
tion of the stress related to the tooth-like function, suggest-
ing that this recurrent evolution constituted an example of 
convergent evolution in response to recurrent functional 
selective pressures (Martinez-Perez et al. 2016). How this 
convergent evolution was conditioned by constraints related 
to allometry and asymmetry across taxonomic diversity 
and over time remains, however, largely unknown. Based 
on a study of Famennian Polygnathus, it was suggested 
that constraints related to occlusion were less important 
in small-sized elements, leading to different allometric 
trajectories in different Famennian species (Renaud et al. 
2021b). Constraints related to pairing of opposite elements, 
controlling the pattern of bilateral asymmetry, seemed in 
contrast relatively conserved throughout the evolution of the 
genus (Martinez-Perez et al. 2016).

The present study therefore aimed at quantifying the 
shape of Polygnathus P1 elements along roughly three mil-
lion years record ranging from the Late Devonian to the 

early Carboniferous (Aretz et al. 2020). It therefore encom-
passes the Hangenberg event, marked by one of the most 
important extinction phases of the Palaeozoic (Kaiser et al. 
2016). Along this record, the three-dimensional morphol-
ogy of the Polygnathus P1 elements was quantified using a 
landmark-based geometric morphometric approach, in or-
der to characterize patterns of allometric variation, bilateral 
asymmetry, and evolution through the record. The study 
was focused on unornamented Polygnathus P1 elements, 
the ornamented forms being rare in the investigated section.

Beyond the quantification of morphological variation and 
its relationship with the taxonomic diversity, expectations 
were the following: (i) if constraints related to occlusion are 
indeed low in small-sized Polygnathus and higher in large-
sized ones, allometric trajectories may vary along time, but 
they should converge towards similar adult shapes, lead-
ing to a decreased morphological disparity in large-sized 
classes; (ii) general patterns of bilateral asymmetry, charac-
terizing dextral/sinistral differences, if involved in stabiliz-
ing occlusion, should be conserved across populations over 
time; (iii) patterns of size evolution, for instance following 
the Hangenberg crisis, may influence shape evolution by 
modulating the allometric trajectories and the frequency 
of large-sized, adult shaped Polygnathus. Altogether, these 
processes are candidates to channel the evolution of unor-
namented Polygnathus towards convergent morphologies.

Institutional abbreviations.—ISEM, Institut des Sciences de 
l’Evolution de Montpellier, France; CNRS, Centre National 
de la Recherche Scientifique, France; UMR, Unité Mixte 
de Recherche, France; IRD, Institut de Recherche pour le 
Développement, France; EPHE, École Pratique des Hautes 
Etudes, France.

Other abbreviations.—ALPACA, Automated Landmarking 
through Pointcloud Alignment and Correspondence Analysis; 
ANOVA, Analyses of Variance; CSize, Centroid Size; CVA, 
Canonical Variance Analysis; GPA, Generalized Procrus
tes Analysis; OTU, Operational Taxonomic Unit; P Length, 
Platform Length; PC, Principal Component; PCA, Principal 
Component Analysis; PS, Puech de la Suque.

Geological setting
Samples have been collected at the Puech de la Suque section, 
Montagne Noire, France (Fig. 1A). This section is character-
ized by a reverted stratigraphy with a very low grade meta-
morphism (Girard 1994). The record, spreading over 7.5 m of 
limestone, documents the last million years of the Devonian 
and the first five million years of the Carboniferous (Aretz 
et al. 2020). Sedimentation occurred in a calm offshore en-
vironment (Feist et al. 2020). The younger Devonian rocks 
are marked by a 0.26 m thick layer of dark shales, inter-
preted as deposited during the Hangenberg event. Ten strati-
graphic levels were selected along the section, documenting 
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the uppermost Famennian (Devonian) and the lowermost 
Tournaisian (Carboniferous) (Fig. 1B). The first sample 
(PS90) is uppermost Devonian (upper part of the Bispathodus 
ultimus Zone) and directly underlays the shales representing 
the Hangenberg event. The nine Tournaisian stratigraphic 
levels range from the upper part of the Protognathodus 
kockeli Zone (Siphonodella sulcata Conodont Zone) to the 
Siphonodella sandbergi Zone (Fig. 1B).

Material and methods
Conodont sampling.—Rock material was dissolved during 
24 hours using diluted formic acid (10%) and rinsed through 
a 100 μm sieve. Conodont elements were manually picked 
from residual fraction using a Nikon stereomicroscope. All 
Polygnathus P1 elements were collected but only the elements 
without damage were retained. The study was focused on the 
unornamented Polygnathus (Po.) conodonts, encompassing 
the taxonomic species Po. communis and Po. purus, which 
were by far dominant in the record compared to ornamented 
elements of the Po. inornatus group (Po. inornatus, Po. lon­
giposticus, and Po. symmetricus), representing less than 5% 
of the assemblages at the Puech de La Suque section.
Description of P1 morphology and sampling.—P1 elements 
were located in the pharyngeal region, at the rear of the ap-

paratus (Aldridge et al. 1995). They were arranged as a pair 
of sinistral and dextral elements. Each P1 element is com-
posed of a platform and a free blade part (Fig. 2) joining at 
the insertion points. The free blade is composed of an align-
ment of denticles and is prolonged through the platform by 
the carina. The edges of the platform are called “margins”. 
On the aboral side, given the standard orientation (Purnell 
et al. 2000), a ridge (the “keel”) extends along most of the 
platform, stretching along two-third of the platform length 
unto the dorsal tip. The aboral side of the platform is marked 
by a basal cavity below the keel; its deepest point is called 
the “pit”. The platform is located dorsally and the free blade 
ventrally. The curvature of the blade, including carina and 
free blade, characterizes the side of the elements: a curva-
ture to the left in oral view defines sinistral elements (sensu 
Purnell et al. 2000).

In some elements, an aboral depression can be observed, 
located dorsally to the basal cavity. The presence of this 
depression has been proposed as a diagnostic character for 
the genus Neopolygnathus (Barskov et al. 1991; Vorontsova 
1996), therefore splitting Polygnathus sensu lato into Poly­
gnathus sensu stricto and Neopolygnathus. The relevance 
of this new genus is disputed, but the presence or absence 
of aboral depression also defines the two dominant strati-
graphic species in the Puech de la Suque section (Feist et al. 
2020), Polygnathus communis being characterized by a de-
pression and Polygnathus purus being devoid of depression. 
The status of these two taxonomic species is debated. Their 
unornamented oral morphology is very similar and they have 
been proposed to have an ancestor-descendant relationship 
(Ji 1989; Dzik 1997). Unornamented specimens with and 
without depression were therefore pooled in the analyses, but 
to investigate the pertinence of this criterion as a diagnostic 
character, the presence or absence of the aboral depression 
was reported. The numbers of Polygnathus (sensu lato) P1 
element included in the analysis are provided in Table 1.
Acquisition of 3D surfaces.—Polygnathus P1 elements were 
glued onto a toothpick and scanned at a cubic voxel resolution 
of 1.4 µm using the Phoenix Nanotom S microtomograph 
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Fig. 1. Sampling of the study at the Puech de la Suque section (Montagne 
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Table 1. Sample size of Polygnathus P1 elements within levels, detailed 
according to their Operational Taxonomic Unit (OTU), the presence/
absence of an aboral depression and the dextral/sinistral side.

Levels OTU
Counts Percentages

depression no depression dextral depres-
siondextral sinistral dextral sinistral

PS23 4 18 27 12 8 46.3 69.2
PS22 4 24 32 8 12 42.1 73.7
PS21 4 15 20 6 8 42.9 71.4
PS17 3 2 2 9 12 44.0 16.0
PS15 3 2 0 32 23 59.7 3.5
PS14 3 1 2 27 23 52.8 5.7
PS13 3 5 2 17 23 46.8 14.9
PS12 2 4 3 5 4 56.3 43.8
PS11 2 6 16 4 5 32.3 70.8
PS90 1 11 10 1 0 54.6 95.5
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on the AniRA-ImmOs platform of the SFR Biosciences, 
Ecole Normale Supérieure, Lyon, France. The scanning pa-
rameters were as follows: 100 kV, 70 lA, 3000 projections 
at 360° with no filter. Surfaces were segmented with the 
Avizo software (v. 9.1; Visualization Science Group, FEI 
Company). 3D surfaces of the dextral elements were sub-
jected to a mirror transformation and measured as sinistral 
elements. A selection of illustrative surfaces is available at 
MorphoMuseuM (Nesme et al. 2025).
Morphometric descriptors.—A set of 45 landmarks and 
semi-landmarks has been used to describe the morphology 
of the P1 element, including platform and carina but not the 
free blade that is too often damaged (Fig. 2). This set in-
cludes the same landmarks as in a previous study (Renaud et 
al. 2021b): (i) four landmarks positioned on the rostral inser-
tion point (i.e., the location where the margin meets the free 
blade), the dorsal tip, the caudal insertion point, and the me-
dian point located on the carina between the insertion points; 
(ii) two sets of 13 semi-landmarks placed at regular intervals 
along the edge of the rostral and caudal margins, each being 

anchored by the dorsal tip and the corresponding insertion 
point; (iii) a set of 7 semi-landmarks describing the carina on 
the oral side. These semi-landmarks were located in valleys 
between the denticles to minimize the impact of possible 
breakage of the tip of the denticles. This series of semi-land-
marks was anchored by the landmark at the dorsal tip of the 
platform, and an additional landmark located in the closest 
valley of the carina between the two insertion points; this 
previously described set of landmarks and semi-landmarks 
has been complemented by 7 semi-landmarks located at reg-
ular intervals along the keel on the aboral side, anchored by a 
fifth landmark positioned at the pit of the basal cavity.

Each specimen was thus described by the x, y, z coordi-
nates of these 45 (semi-)landmarks.

In order to collect these coordinates, a semi-automated 
procedure has been developed using the package ALPACA 
(Porto et al. 2021) implemented in 3D Slicer version 4.11 
(Fedorov et al. 2012). ALPACA superimposes a manually 
landmarked 3D surface to the target 3D surfaces and then au-
tomatically projects the template of landmarks and semi-land-
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marks on these surfaces. However, when the morphologies of 
the original and target surfaces differ too much, mislocations 
may occur. To limit this problem, the procedure was imple-
mented separately for each stratigraphic level, or even sev-
eral times in stratigraphic levels which displayed extensive 
morphological variation. In this case, the elements sharing 
similar shape features were empirically grouped for a dedi-
cated ALPACA procedure. Each time, one randomly chosen 
specimen was manually landmarked using 3D Slicer, and the 
set of (semi-)landmarks was projected on all other specimens 
of the group. Residual mislocations may still occur, and the 
resulting landmarks were manually checked and corrected 
before subsequent analyses.
Morphometric analyses.—A Generalized Procrustes Ana
lysis (GPA) was performed on the coordinates of the land-
marks and semi-landmarks to standardize size, orientation, 
and position of the specimens (Rohlf and Slice 1990). The 
semi-landmarks were allowed to slide between the previous 
and next (semi-)landmark during the superimposition, while 
minimizing the bending energy criterion (Bookstein 1997). 
The aligned coordinates (a.k.a. Procrustes coordinates) con-
stituted the shape variables for further analyses. The size 
of each conodont element was estimated by its centroid 
size (CSize), corresponding to the square root of the sum 
of squared distances from the landmarks and semi-land-
marks to the centroid of the configuration. The proxy for 
element size was throughout the logarithm of the centroid 
size Log(CSize). In order to compare this size estimate to 
a linear measurement easily measured without 3D morpho-
metrics, the length of the platform (P Length) was estimated 
as the inter-landmark distance between the dorsal tip of the 
platform and the mid-point between the insertion points of 
the margins and the free blade.

Polygnathus size differences between stratigraphic levels 
were tested using non-parametric Kruskal-Wallis tests com-
plemented by post-hoc pairwise Wilcoxon tests. Relation
ships between two variables were investigated using Pearson 
correlations.

The morphometric analysis of shape variations relied 
on multivariate analyses. First, a Principal Component 
Analysis (PCA) was performed on the aligned coordinates 
in order to visualize the main pattern of morphological vari-
ation. Differences between stratigraphic levels, influence 
of bilateral asymmetry and relationship between size and 
shape (allometry) were investigated using non-parametric 
Procrustes analyses of variance (Procrustes ANOVA based 
on 9999 permutations, complemented by pairwise tests). 
Multivariate regression between size and aligned coordi-
nates provided regression scores summarizing the shape 
variance along the regression model while including the 
residual variation in that direction of shape space (Drake 
and Klingenberg 2007).

Bilateral asymmetry was investigated using Canonical 
Variate Analysis (CVA). When the number of variables ap-
proaches or even exceeds the number of individuals, overfit-
ting issues arise, leading to an unrealistic separation of the 

groups on the CVA axes and poor reclassification perfor-
mance (Kovarovic et al. 2011; Mitteroecker and Bookstein 
2011; Viscosi and Cardini 2011). A way to circumvent this 
issue is to perform a dimensionality reduction by computing 
the CVA on a reduced number of PCs instead of the whole 
set of aligned coordinates. In order to select the optimal 
number of PC axes to be retained, a series of CVAs were 
performed while adding an additional PC to the dataset at 
each iteration (Evin et al. 2013). For each iteration, the per-
centage of correct cross-validated reclassification between 
the groups was assessed. The optimal number of PCs is the 
smallest one that provides the highest percentage of correct 
cross-validated reclassification.

Differences in the amount of shape variance (disparity) 
have been tested among and within stratigraphic levels, by 
splitting the sample into two groups of conodonts, smaller or 
larger than the median size.

All the analyses were realised under R version 4.3.2 
(R Core Team 2020). GPA, PCA, 3D reconstructions, Pro
crustes ANOVA and disparity analyses were performed us-
ing the R package geomorph (Adams and Otárola-Castillo 
2013). Pairwise test have been realised using the RRPP 
package (Collyer and Adams 2018). CVA were performed 
using the Morpho package (Schlager 2017). Pearson correla-
tions, Kruskal-Wallis and pairwise Wilcoxon tests are parts 
of the default statistics in R. Countings, centroid size plat-
form length and aligned coordinates are provided as SOM 
(Supplementary Online Material available at http://app.pan.
pl/SOM/app70-Nesme_etal_SOM.pdf).

Results
Unornamented Polygnathus size variation through the re­
cord.—The centroid size was highly correlated to the length 
of the platform (Pearson correlation R = 0.9926, P-value 
< 0.0001). Both size estimates were related by the equation 
P Length = 0.405 ± 0.006 * Log(CSize) + 0.452 ± 0.002 [mm].

Polygnathus elements size varies across stratigraphic lev-
els (Kruskal Wallis test, P-value < 0.0001; Fig. 3). Specimens 
from the PS90 are the smallest, with no large-sized conodont 
elements. The size distribution is rather similar from PS11 to 
PS21. The last stratigraphic level, PS23, displays a very large 
size range, with the co-occurrence of very small and very 
large elements, and an overall domination of large-sized ones.

Pairwise differences in Log(CSize) between stratigraphic 
levels tested using Wilcoxon tests confirm this visual impres-
sion (Table 2). From PS11 to PS17, conodont elements share 
a similar size. Polygnathus elements from PS90 display a 
significantly smaller size (P-value < 0.01) compared to those 
of all other stratigraphic levels. Among the most recent levels, 
PS21 and PS22, and PS22 and PS23 do not differ in size.

Polygnathus shape variation between stratigraphic lev­
els.—The first two axes of the PCA on the aligned coor-
dinates explain 39.21% and 16.24% of the total variance 
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(Fig. 4). Specimens are distributed in the morphospace as a 
triangular cloud of points, with an increase along PC1 being 
associated with a progressive decrease of the range covered 
on PC2. The different stratigraphic levels largely overlap in 
the morphospace, but some trends can be identified. Early 
levels (PS90, PS11) tend to plot along the lower side of the 

triangular cloud of points (low PC2 for low PC1), while 
more recent levels tend to plot along the upper side of the 
triangle (high PC2 for low PC1). Despite an overall signif-
icant difference (Procrustes ANOVA, aligned coordinates 
~ side: P-value = 0.0001), dextral and sinistral elements are 
mixed all over the distribution in the PC1–PC2 morpho-
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Fig. 3. Size distribution of the Famennian–Tournaisian Polygnathus in the successive levels of the Puech de la Suque section. The proxy for element size 
is the logarithm of the centroid size, Log(CSize). Each colour corresponds to a given level.

Table 2. Polygnathus size differences between levels along the Famennian–Tournaisian record at the Puech de la Suque section. The size proxy 
is the Log(CSize). P-values of pairwise Wilcoxon tests are provided. In bold: P-value < 0.0001, in italics: P-value < 0.01.

PS90 PS11 PS12 PS13 PS14 PS15 PS17 PS21 PS22
PS11 0.0000 – – – – – – – –
PS12 0.0069 1 – – – – – – –
PS13 0.0001 1 1 – – – – – –
PS14 0.0000 1 1 1 – – – – –
PS15 0.0000 1 1 1 1 – – – –
PS17 0.0000 1 1 1 1 1 – – –
PS21 0.0000 0.3409 1 0.0092 0.6848 0.0042 0.6574 – –
PS22 0.0000 0.0040 0.9617 0.0000 0.0026 0.0000 0.0042 1 –
PS23 0.0000 0.0002 0.0440 0.0000 0.0000 0.0000 0.0000 0.0036 0.0317
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space. In contrast, elements with an aboral depression are 
on the lower side of the triangular cloud of points, along 
the trend of increasing PC2 with increasing PC1 (PC1+ and 
PC2+). Accordingly, elements with and without depression 
are overall differentiated (Procrustes ANOVA, aligned co-
ordinates ~ depression: P-value = 0.0001).

Specimens corresponding to low PC1 and low PC2 
scores have a broad subtriangular platform with a straight 
carina axis in oral view. In rostral view, margins are slightly 
raised, the carina is tall, the keel is aborally slightly curved, 
thus delineating a weak depression. The pit is located ven-
trally to the platform. Low PC1 and high PC2 scores cor-
respond to specimens with a slender elongated platform 

in oral view. In rostral view, margins are flat, the carina is 
tall and the keel is flat leading to an absence of depression. 
The pit is located ventrally to the platform. Specimens with 
PC2 = 0 and high PC1 scores have an elongated subtrian-
gular outline with a curved carina in oral view. In rostral 
view, margins are elevated, the carina is short, and the keel 
is aborally curved leading to a marked depression. The pit is 
situated on the aboral face of the platform.

To better investigate the differences along the section, 
the representation of the PC1–PC2 morphospace was split 
by stratigraphic levels (Fig. 5) and shape differences were 
assessed between levels (Table 3). The Famennian level 
(PS90) is different from all other levels, although it shares 
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Fig. 4. Morphological variation of Polygnathus along the Famennian–Tournaisian record at the Puech de la Suque section. The morphospace corresponds 
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Table 3. Shape differences of Polygnathus between levels at the Puech de la Suque section. Shape variables are the aligned coordinates, compared 
between levels using permutation-based pairwise tests. In bold: P-value < 0.0001, in italics: P-value < 0.01.

PS90 PS11 PS12 PS13 PS14 PS15 PS17 PS21 PS22
PS11 0.0001 – – – – – – – –
PS12 0.0001 0.2479 – – – – – – –
PS13 0.0001 0.0020 0.1478 – – – – – –
PS14 0.0001 0.0005 0.1436 0.3290 – – – – –
PS15 0.0001 0.0014 0.0788 0.4859 0.4289 – – – –
PS17 0.0001 0.0009 0.0843 0.0234 0.0689 0.0521 – – –
PS21 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 – –
PS22 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0426 –
PS23 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
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low PC2/low PC1 scores with the lowermost Tournaisian 
level (PS11), which in turn is similar to PS12. Levels from 
PS12 to PS17 share a similar range in the morphospace with 
no significant pairwise differences (Table 3). From PS21 on-
wards, a shift in the morphospace occurs, with an increase 
in frequency of elements with high PC1 scores.

Different phases can be recognised not only based on the 
range of the morphospace occupancy, but also based on the 
pattern of covariation between PC1 and PC2, corresponding 
to the two trends of the triangular cloud of points. PS90 and 
PS11 clearly follow the trend of increasing PC1 and PC2 
(PC1+ and PC2+) (Table 4). A pivot occurs thereafter, with 
PS13, PS14, PS15 and PS17 following the trend of decreasing 
PC2 with increasing PC1 (PC1+ and PC2-). The level PS12 
once again appears as intermediate, mostly following the 
trend PC1+ and PC2+ but with one specimen plotting within 
the range of the trend PC1+ and PC2-. A second pivot occurs 
later on with PS21 and PS23 tending to follow again a PC1+ 
and PC2+ trend.

Defining Operational Taxonomic Units (OTUs).—The 
occurrence of an aboral depression has been proposed as 
a diagnostic character to split Polygnathus sensu lato into 
Polygnahtus sensu stricto and Neopolygnathus. The morpho-
metric descriptors were able to characterize the aboral mor-
phology of the elements, but the resulting morphospace did not 
segregate contemporary specimens with and without depres-
sion. Specimens with depression occurred mostly along the 
lower side of the triangular cloud of points (PC1+ and PC2+), 
and are more frequent in stratigraphic levels characterized 
by this trend, but specimens of the same levels but without 
depression tend to plot in the same range of the morphospace. 
This undermines the relevance of splitting Polygnathus sensu 
lato into Polygnathus sensu stricto and Neopolygnathus, and 
thereafter, all specimens are tentatively considered as belong-
ing to the same genus (Polygnathus sensu lato). This also un-
dermines the definition of Po. communis and Po. purus and 
it suggests that patterns of shape variation changed through 
time. In order to better investigate this issue, consecutive 

Fig. 5. Morphological variation of Polygnathus across levels at the Puech 
de la Suque section. The morphospace is the same as on Fig. 4 and corre-
sponds to the first two axes of the PCA on the 3D aligned coordinates of all 
specimens. Each level is represented here on a separate panel.

Table 4. Correlation between the first two axes of the PCA for the 
ten levels along the Puech de la Suque section. Pearson coefficient of 
correlation (R) of and corresponding P-values are provided. In bold: 
P-value < 0.0001, in italics: P-value < 0.01.

PC1/PC2 Log(CSize)/PC1 Log(CSize)/PC2
P-value R P-value R P-value R

PS90 0.0047 0.5790 0.0000 0.9230 0.0146 0.5132
PS11 0.0000 0.8719 0.0000 0.9166 0.0000 0.7487
PS12 0.7742 0.0779 0.0000 0.8784 0.7684 -0.0800
PS13 0.0003 -0.5057 0.0000 0.8851 0.0020 -0.4392
PS14 0.0000 -0.5569 0.0000 0.8602 0.0002 -0.4850
PS15 0.0000 -0.5245 0.0000 0.8782 0.0001 -0.4903
PS17 0.0068 -0.5267 0.0000 0.7177 0.0593 -0.3824
PS21 0.0035 0.4098 0.0000 0.9034 0.0025 0.4227
PS22 0.2425 -0.1357 0.0000 0.7776 0.0382 -0.2382
PS23 0.0000 0.5164 0.0000 0.8747 0.0001 0.4670
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stratigraphic levels sharing similar size range, morphospace 
occupancy, and patterns of PC1¬PC2 covariation were pooled 
into “Operational Taxonomic Units” (OTUs). There are de-
fined as follows (see illustrations on Fig. 6):

(i) OTU1 (PC1+ and PC2+): PS90, kept alone because 
being the only Devonian level,

(ii) OTU2 (PC1+ and PC2+): PS11 and PS12.
These levels occupy a common morphospace despite the 
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Fig. 6. Morphological variation within each OTU, illustrated by small and large, dextral and sinistral specimens (with repository numbers). For each 
OTU, the specimens are organized as follow: small sinistral, large sinistral, small mirrored dextral, large mirrored dextral. For each OTU, oral (above) 
and rostral (below) views of selected specimens are provided. A. OTU1, all specimens are from the Puech de la Suque (PS90), Bispathodus ultimus Zone. 
B. OTU2, all specimens are from the Puech de la Suque (PS11), Siphonodella sulcata Zone. C. OTU3, all specimens are from the Puech de la Suque 
(PS13), Siphonodella bransoni Zone. D. OTU4, specimens are from the Puech de la Suque (PS21), Siphonodella jii Zone.
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fact that the PC1–PC2 correlation is not significant within 
PS12. In PS12, the outlying specimen in the PC1–PC2 mor-
phospace was discarded, as it clearly does not belong to the 
same OTU as the rest of the individuals, plotting along the 
PC1+PC2+ trend.

(iii) OTU3 (PC1+ and PC2-): PS13-14-15-17,
(iv) OTU4 (PC1+ and PC2+): PS21-22-23.

Allometric shape variation across OTUs.—In all strati-
graphic levels, the first PC axis is strongly and positively cor-
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Fig. 7. Allometric relationship between Polygnathus size and shape within the OTUs (A, OTU1; B, OTU2; C, OTU3; D, OTU4). The size proxy 
Log(CSize) is plotted against the regression score, expressing the covariation between size and shape. Coloured lines represent the linear regression 
between the two size and regression score within each OTU (all P-values < 0.0001). Shapes predicted for the minimum (Log(CSize) min) and maximum 
size (Log(CSize) max) of their respective OTU are represented in oral (left) and rostral (right) views under each panel.
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related to size, whereas PC2 can be positively or negatively 
related to size (Tables 4, 5). This suggests that the two major 
trends PC1+ and PC2+ and PC1+ and PC2- correspond to 
two allometric trajectories converging towards a typical adult 
Polygnathus shape.

Allometric trajectories were therefore investigated within 
each OTU (Fig. 7). Polygnathus shape was strongly related 
to size (Procrustes ANOVA in each OTU, P-value = 0.0001), 
underlying the importance of allometric variation. Allometric 
trajectories differed between OTUs, however, as shown by 
the significant interaction term in a model including size and 
OTU as explanatory factors of shape (Procrustes ANOVA, 
shape ~ Log(CSsize) * OTU: P-valuesize = 0.0001, P-valueOTU 
= 0.0001, P-valuesize:OTU = 0.0001).

OTUs 1 and 2 (Fig. 7A, B) share a similar allometric 
pattern. Small specimens have a wide oval outline with a 
sharply pointed dorsal tip and an almost straight carina axis 
in oral view. In rostral view, margins are elevated in a point 
near the middle of the margin forming geniculation point, 
the carina is tall and the pit is situated aborally to the free 
blade. A marked depression is present on the aboral side of 
the element. Large specimens have a leaf-shaped outline and 
a carina axis strongly curved in oral view. In rostral view, 
the carina is short and the pit is on the aboral face of the plat-
form. However, the margins of the large specimens of the 
OTU2 are elevated all along the margin, while for the OTU1 
they are elevated only in the most ventral part. A marked 
depression is present on the aboral side of the element.

The OTU3 (Fig. 7C) is characterized by small specimens 
with a slender lanceolate outline sharply pointed in the dor-
sal part and an almost straight carina axis in oral view. In 
rostral view, margins are flat, the carina is tall and the pit 
is located aborally to the free blade. Larger specimens have 
an elongated leaf-shaped platform and a carina axis strongly 
curved caudally in oral view. In rostral view, margins are 
elevated, the carina is short and the pit is located on the ab-
oral face of the platform. A very lightly marked depression 
is present on the aboral side of the element.

In OTU4 (Fig. 7D), small specimens display a subtri-
angular outline and an almost straight carina axis in oral 
view. In rostral view, margins are elevated in the dorsal two-
thirds of the platform, the carina is tall and the basal cavity 

is located in the ventral-most part of the platform, next to 
the insertion points. A marked depression is present in the 
ventral part of the keel. Larger specimens have an elongated 
subtriangular-leaf-shaped outline and a carina axis strongly 
curved caudally in oral view. In rostral view, margins are 
elevated, the carina is short, and the pit is located on the 
aboral face of the platform. A marked depression is present 
in the aboral side of the element.

To summarize the results, small specimens are very dif-
ferent in shape between the OTUs, being either very wide 
and oval in oral view as in OTU1, or thin and lanceolate as 
in OTU3. In contrast, large specimens share similar char-
acteristics whatever the OTUs, being lanceolate with ele-
vated margins. Except for OTU1 in which the largest size 
observed is relatively small (Log(CSize) < 0), the allometric 
trajectories appear as non-linear in the three other OTUs, 
with less shape changes occurring towards very large size 
(Log(CSize) > 0, approximately corresponding to a platform 
length of 0.45 mm).

Bilateral asymmetry in the different OTUs.—Bilateral 
asymmetry was only significant in OTUs 3 and 4 (Table 5). 
When performing a CVA with a dimensionality reduction 
in each OTU, however, the percentage of correct reclassifi-
cation between dextral and sinistral sides were well above 
90% in all OTUs, indicating the consistent occurrence of 

Table 5. Bilateral asymmetry in the different OTUs. Differences be-
tween dextral and sinistral sides were tested using Procrustes ANOVA 
on the aligned coordinates (P-values provided). Number of PC axes 
retained in the procedure of dimensionality reduction is further provided 
(Nb opti PCs) as well as the percentage of correct cross-validated reclas-
sification (CVP). In bold: P-value < 0.0001, in italics: P-value < 0.01.

Shape ~ side Dimensionality 
reduction

Dextral/sinistral 
reclassification

P-value Nb opti PCs CVP (%)
OTU1 0.2493 9 91.9
OTU2 0.0843 11 95.6
OTU3 0.0013 18 97.3
OTU4 0.0001 39 98.4
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rostral

dorsal

rostral
aboral
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C D

Fig. 8. Shape signal associated with bilateral asymmetry (A, OTU1; 
B, OTU2; C, OTU3; D, OTU4). For each OTU, the mean shape of sinistral 
elements is represented in oral (left) and rostral (right) views; black vectors 
show the deformation towards the dextral mean shape. The size of the vec-
tor has been magnified (×2) in order to highlight the differences.
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bilateral asymmetry. The percentage of correct reclassifica-
tion tended to increase from the earliest to the latest OTU, 
together with the number of PCs required to adequately 
describe the signal, suggesting that bilateral asymmetry in-
creased in consistency and complexity of the morphological 
signal involved. When considering reconstructed shapes 
corresponding to dextral and sinistral elements in each OTU 

(Fig. 8), differences were tenuous but sinistral elements 
shared a rostral insertion point positioned slightly more dor-
sally and really more aborally than dextral elements.

To compare the pattern of bilateral asymmetry across 
OTUs, a CVA including sinistral and dextral groups for all 
OTUs was performed, based on an optimized number of 
variables (49 PCs) (Fig. 9). The first axis of the CVA (40.7% 
of between-group variance) displays a shared signal of bi-
lateral asymmetry. Dextral elements have high CV1 scores 
while sinistral specimens have low CV1 scores whatever the 
OTU. The second axis (30.5%) separates OTU4 from the 
three other OTUs. This suggests that whatever the OTU, 
the signal related to bilateral asymmetry was comparable. 
This was confirmed by a test showing significant differences 
between sides and OTUs, but no interaction between both 
factors (procD.lm(shape ~ side * OTU): P-valueside = 0.0001, 
P-valueOTU = 0.0001, P-valueside:OTU = 0.2077).

Morphological disparity and the different sources of var­
iance.—In order to summarize the effects of size changes 
across OTUs on allometric trajectories and bilateral asym-
metry, each OTU was split into its smallest (Log(CSize) 
< median) and its largest (Log(CSize) > median) components. 
Morphological disparity (i.e., the amount of morphological 
variance) was higher in the small-sized compared to the 
large-sized fraction in all OTUs except the first one (Fig. 10), 
echoing the fact that Polygnathus elements did not reach 
large sizes in OTU1 and thus did not reach the plateau ob-
served in the allometric trajectories of the other OTUs (see 
Fig. 7). A similar trend was observed not only within OTU 
but on the total assemblage.

Discussion
Relationships between taxonomic units and morphomet­
ric variation in unornamented Devonian–Carboniferous 
Polygnathus.—A first issue to address was the definition 
to be retained for the terminology “Polygnathus”. A split 
of the genus has been proposed, with the definition of Neo­
polygnathus based on the presence of an aboral depression 
(Barskov et al. 1991; Vorontsova 1996). Although the mor-
phometric descriptors were able to capture this morpholog-
ical trait, the presence or absence of a depression did not 
lead to the occupancy of distinct zones in the morphospace. 
Rather, conodonts with and without aboral depression co-
occurring in a given stratigraphic level shared similar zones 
in the morphospace and similar allometric trajectories; tem-
poral changes in size and allometric trajectories occurred 
similarly for both morphotypes. This congruence in the pat-
terns of intra-population variance, including allometry, for P1 
elements with and without aboral depression undermines the 
relevance of this trait as diagnostic character and therefore of 
Neopolygnathus as an independent genus. It rather argues for 
retaining the definition of Polygnathus sensu lato, including 
elements with and without an aboral depression. Using quan-
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Fig. 10. Morphological disparity in small- vs large-sized elements within and 
among OTUs. The bars are coloured according to their OTU. A coloured line 
signals significant difference of morphological disparity between the small 
and large class within each OTU (permutation-based P-value < 0.01).
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titative morphometrics as in the present study, this binary 
definition rather emerges as a continuous variation from a 
“marked” to an “absent” depression. The discrepancy may 
be partly due to a difference of appreciation between a visual 
inspection under the binocular, and measurements performed 
on 3D surfaces. It also probably echoes what has been re-
peatedly observed in Polygnathus (Klapper and Vodrážková 
2013) and other conodont genera such as Palmatolepis, where 
characteristics taxonomic species correspond to end-mem-
bers of a continuous morphological variation (Girard et al. 
2004). In that respect, the taxonomic species Po. communis 
(with depression) and Po. purus (without depression) are a 
way to describe an extensive morphological variation.

The occupancy of the morphospace however, changed 
through time, suggesting a turnover of “units” termed here 
OTU, and reflected by a relay between the taxonomic spe-
cies Po. communis and Po. purus and their subspecies (Feist 
et al. 2020). The OTUs were tentatively defined here by 
shared size range, overall shape, and patterns of morphologi
cal covariation, but the occurrence of a specimen in PS12 
outside of the range of the dominant OTU shows that some 
OTUs probably co-occurred, and that this level constitutes a 
pivotal point in their temporal relay.

Evolution of Polygnathus size during the early Carboni­
ferous.—Assessing size trends through time is all the more 
important when considering Polygnathus evolution as the im-
portance of allometric variation may largely condition shape 
changes. Given the continuous growth of conodont elements, 
their size probably reflects body size and therefore the growth 
stage of the former animal (Purnell 1994; Donoghue and 
Purnell 1999). Size distribution in a conodont assemblage 
therefore records, among other things, reproductive strategy 
and mortality patterns (Girard and Renaud 2008; Girard et 
al. 2023). Possible taphonomic biases should be limited at the 
Puech de la Suque section due to calm offshore depositional 
context (Feist et al. 2020). Some genera like Palmatolepis 
display size distributions that are massively dominated by 
small-sized elements, suggesting an important investment in 
reproduction coupled to frequent juvenile mortality accord-
ing to a r-selected demographic strategy (Girard and Renaud 
2008). In contrast, the unornamented Polygnathus appears 
to display balanced size distributions throughout the record 
of the Puech de la Suque, suggesting life-history traits rather 
associated with a K-selected demographic strategy. However, 
shifts in size are observed, the most important of which being 
a size increase occurring between the Upper Devonian and 
the first Carboniferous stratigraphic level.

This pattern may appear surprising at first glance since 
the Late Devonian was punctuated by an important mass 
extinction associated with the Hangenberg event (Walliser 
1996; Kaiser et al. 2016). Size-reduction has been frequently 
suggested to be a response to stressful periods, notably 
due to a collapse of the food chains favouring small or-
ganisms (Urbanek 1993; Twitchett 2007; Song et al. 2011; 
Wiest et al. 2015). Such response may not be characteris-

tic for Polygnathus, however, since through the Frasnian/
Famennian boundary, marked by another important mass 
extinction, Polygnathus rather displayed a momentary size 
increase during the perturbed period rather than a clear size 
decrease after the crisis (Girard and Renaud 1996).

Such size increase in the aftermath of a biotic crisis has 
been reported in various marine organisms such as molluscs, 
brachiopods, or foraminifers (Atkinson et al. 2019; Feng et al. 
2020; Zhuravlev and Wood 2020). The underlying causes of 
such increase in body size are debated, and proposed hypoth-
eses involved a drop in temperature (Atkinson 1994), an in-
crease in the quantity or quality of food resources (Atkinson 
and Wignall 2020), or the re-diversification from small-bod-
ied species, with rapid reproductive rates, prone to domi-
nate the communities during the periods of crisis (Sallan and 
Galimberti 2015).

Polygnathus was abundant during and after the two suc-
cessive mass extinctions of the Late Devonian (Frasnian/
Famennian and Famennian/Carboniferous), suggesting that 
it might have prospered in depauperate ecosystems mo-
mentarily devoid of competitors, allowing an improved ac-
cess to food resources. After a relative stability in the early 
Carboniferous, the size of the unornamented Polygnathus 
increased progressively during the Siphonodella jii and 
Siphonodella sandbergi zones. Such long-term size increase 
is frequent in the fossil record, corresponding to the so-called 
“Cope’s rule”, stating that size tends to increase over time 
within given clades (Brown and Maurer 1986; Alroy 1998; 
Hunt and Roy 2006). The causes underlying this trend are 
still debated, from response to climate changes (Hunt and Roy 
2006) to selection for increased survival and/or reproductive 
success (Kingsolver and Pfennig 2004). Whatever the cause, 
Cope’s rule seems to be frequent in conodonts (Ginot and 
Goudemand 2019) and the trend observed in Carboniferous 
Polygnathus may corroborate this observation.

Allometric trajectory and the ontogenetic dynamics of 
functional constraints.—Common features were shared by 
the allometric trajectories of all Polygnathus OTUs consid-
ered here. Small-sized elements were variable in shape, but 
shared an aboral basal cavity located more ventrally than 
what is observed in large-sized elements. This indicates a 
ventral expansion of the platform along ontogeny, in agree-
ment with previous observations (Gedik 1968; Dzik 2008). 
From different small-sized elements, allometric trajectories 
of the different OTUs converged towards large-sized pheno-
types sharing an extension of the platform and an elevation of 
the margins. Such traits have been shown to be under func-
tional constraints during occlusion, by conditioning occlusal 
motion and dissipating stress (Martinez-Perez et al. 2016).

The shape of feeding structures is usually under strong 
functional constraints related to occlusal motion and diet 
(Davis 2011; Frédérich and Vandewalle 2011; Smits and 
Evans 2012; D’Amore 2015; Polly 2015). The allometric 
trajectories observed in Polygnathus therefore suggest on-
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togenetic variation in the dynamics of occlusion, possibly 
related to changes in diet.

The lack of wear on early growth stages of the elements 
suggested that conodonts may have acquired their mature 
feeding only after an initial stage characterized by a dif-
ferent feeding ecology (Shirley et al. 2018). The size of the 
feeding apparatus largely conditions the size of the food 
items that can be processed (e.g., Luczkovich et al. 1995; 
Dayan and Simberloff 1998; Ward-Campbell et al. 2005). 
The mean size of the large-sized fraction is 1.5 times larger 
than the small-sized fraction in OTU1 and more than three 
times larger in OTU2 and OTU4. Even without direct evi-
dence on their respective feeding habits, it is likely that such 
a size increase was associated with a change in food items. 
Altogether, this suggests higher functional constraints on 
large than on small-sized Polygnathus elements (Renaud 
et al. 2021b), in association with the development of large 
platform with elevated margins favouring tight and efficient 
occlusion. In small elements, most of the occlusal motion 
was probably guided by the expanded free blade (Martinez-
Perez et al. 2016) that relatively decreases in importance 
along ontogeny, compared to the extension and elevation of 
the margins.

Supporting an increase in functional constraints in large-
sized elements, they were found to be morphologically less 
diverse than small-sized ones, both within and among OTUs. 
Whatever the OTU, large-sized Polygnathus elements seem 
thus to achieve a morphology favouring the accommodation 
and dissipation of the stress related to a tooth-like occlusion 
(Martinez-Perez et al. 2016), while small-sized morpholo-
gies, being under less important functional constraints, ap-
pear more free to vary.

What seems to be true within OTU could be true be-
tween OTUs as well. Mean size increased by almost four 
times between OTU1 and OTU4. Even along a conserved 
allometric trajectory, such a size increase would drive shape 
changes, especially for small and intermediate sizes due to 
the non-linear allometric pattern. A phyletic size increase 
congruent with Cope’s rule would thus drive an evolution 
of more extreme shapes with developed platform, due to a 
peramorphic process (prolongation and/or acceleration of 
the development), a response even more pronounced that the 
starting morphology was small-sized.

Such heterochronic processes might be frequent in cono-
donts since they have been recently proposed to explain the 
evolution of different genera such as Siphonodella (Plotitsyn 
and Zhuravlev 2023) and Dasbergina (Świś 2023) as well as 
response to temperature variation in different groups of 
conodonts (Souquet et al. 2022).

Conserved patterns of bilateral asymmetry.—The dif-
ferences between dextral and sinistral elements of a given 
OTU observed here (dextral elements with a caudal plat-
form slightly more expanded, and a more elevated rostral 
margin compared to sinistral elements) overall match the 
observations done on Famennian Polygnathus (Renaud 

et al. 2021b) and the lower Frasnian cluster described in 
Martinez-Perez et al. (2016). Regarding classification rates, 
dextral and sinistral elements were correctly classified with 
a rate above 90%, suggesting an almost fixed directional 
asymmetry, defined as consistent differences between dex-
tral and sinistral forms (Palmer 2004), in agreement with 
observation on the Famennian species Po. glaber and Po. 
communis (Renaud et al. 2021b).

Convergent evolution of Polygnathus in an eco-evo-devo 
perspective.—Functional and developmental constraints 
are known to vary along ontogeny, leading to variations 
in disparity levels. In icriodontan conodonts, initial stages 
of development seem to be relatively poorly constrained, 
followed by intermediate stages sharing the typical pheno-
type of the species, before the continuous growth generates 
extensive morphological variation (Girard et al. 2022). This 
results in a “hourglass-like” model of disparity along ontog-
eny. In Palmatolepis, an extensive disparity of large-sized 
elements develops from rather homogeneous small-sized 
morphologies (Girard et al. 2004). In Polygnathus, func-
tional constraints seem to increase along ontogeny, leading 
to a decrease of morphological variation in large-sized el-
ements. These discrepancies in the ontogenetic pattern of 
disparity most probably relate to differences in the kind 
of diet shift along ontogeny, processes of element growth, 
and functional constraints occurring in these very different 
genera. In Polygnathus, ecological and environmental fac-
tors, by driving recurrent phylogenetic size increase from 
small-sized ancestor, may drive convergent evolution of 
Polygnathus shape through peramorphosis along conver-
gent allometric trajectories. This also means that depending 
on the pattern of disparity change along ontogeny, relevant 
stages to identify diagnostic characters may vary. In the 
case of Polygnathus, convergent allometric trajectories may 
blur phylogenetic signals in large-sized elements.

Conclusions
The present study used 3D geometric morphometric meth-
ods to explore the sources of morphological variation, in-
cluding allometric trends and bilateral asymmetry, in order 
to better understand the constraints acting on the evolution 
and diversification of unornamented Polygnathus cono-
donts across the Devonian/Carboniferous boundary. Most 
expectations were validated: (i) allometric trajectories var-
ied along time but converged towards similar adult shapes, 
leading to a decreased morphological disparity in large-
sized classes; (ii) General patterns of bilateral asymmetry 
were conserved across populations over time, supporting 
their role in stabilizing occlusion; (iii) patterns of size evo-
lution can indeed influence shape evolution by modulating 
the largest sizes reached along allometric trajectories. Such 
convergent allometric trajectories are candidates to generate 
convergent evolution through peramorphosis in periods of 
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Polygnathus size increase, but further studies in other time 
periods would be required to validate this scenario.

Such 3D methods are becoming more and more fre-
quent for studies of conodont morphological evolution (e.g., 
Renaud et al. 2021b; Assemat et al. 2023; Kelz et al. 2023). 
However, 2D studies still allow more extensive sampling 
due to easiness and low costs. 3D approaches are definitely 
required to address the complexity of the constraints related 
to occlusion. They also raise questions regarding differing 
perception between direct observations and measures de-
rived from 3D surfaces. However, most of the important 
traits, especially the overall shape of the platform varying 
along ontogenetic trajectories, should be captured using 2D 
projections (Renaud et al. 2021b), opening the way to more 
extensive studies to assess long-term phyletic evolution and 
coupling with environmental variations.

A challenge remains to assess evolutionary units within 
a conodont genus. A recent study on Late Devonian cono-
dont genus Palmatolepis suggested that evolutionary units 
share similar patterns of morphological variation, including 
allometry (Renaud et al. 2021a). The present study agrees 
with these conclusions, suggesting that shared allometric 
trends could points to evolutionary units. A challenge re-
mains, however, for successfully delineating such units, es-
pecially when they co-occur in the same stratigraphic levels, 
since clustering methods aim at grouping close specimens, 
and not those sharing common trends of variation.
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