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Paedomorphosis and retention 
of juvenile diet lead speciation 
in a group of Neotropical snakes 
(Colubroides‑Philodryadini)
Mariana Chuliver 1* & Agustín Scanferla 1,2

Dipsadidae is one of the largest clades of extant reptiles, showing an impressive morphological 
and ecological diversity. Despite this fact, the developmental processes behind its diversity are still 
largely unknown. In this study, we used 3D reconstructions based on micro‑CT data and geometric 
morphometrics to evaluate the skull morphology of Philodryas agassizii, a small, surface‑dwelling 
dipsadid that consume spiders. Adult individuals of P. agassizii exhibit a cranial morphology frequently 
observed in juveniles of other surface‑dwelling colubroideans, represented in our analysis by its 
close relative Philodryas patagoniensis. Large orbits, gibbous neurocranial roof and a relatively short 
jaw complex are features present in juveniles of the latter species. Furthermore, we performed an 
extensive survey about diet of P. patagoniensis in which we detected an ontogenetic dietary shift, 
indicating that arthropods are more frequently consumed by juveniles of this dietary generalist. 
Thus, we infer that P. agassizzii retained not only the ancestral juvenile skull morphology but also 
dietary preferences. This study reveals that morphological changes driven by heterochronic changes, 
specifically paedomorphosis, influenced the retention of ancestral life history traits in P. agassizii, and 
therefore promoted cladogenesis. In this way, we obtained first evidence that heterochronic processes 
lead speciation in the snake megadiverse clade Dipsadidae.

Dipsadidae stands out as one of the largest family of extant reptiles (> 800 species) with nearly all its representa-
tives restricted to the New  World1,2. Their species richness is paralleled by their ecological diversity, ranging from 
aquatic, arboreal, terrestrial and cryptozoic, and including an enormous variety of  diets1,3. Despite the relevance 
of this clade for the understanding of the adaptive radiations and cladogenetic events that shaped colubroideans 
(Colubroides  sensu4), the developmental processes underlying the morphological diversity within the group 
are still largely unknown.

South American racers of the tribe Philodryadini constitute a diverse clade among  dipsadids5,6. The 26 
species recognized in this clade display an array of ecomorphologies ranging from terrestrial to fully arboreal 
forms including both harmless and venomous  species7,8. Nearly all species of this clade are large snakes that 
surpass 1 m body length and consume a vast array of different vertebrate  prey8,9. Notably, Philodryas agassizii 
represents an exception to this generalization, as this terrestrial species is the smallest among philodryadines 
(400–500 mm TL) and prey almost exclusively upon arthropods, mostly  spiders7. This species also departs 
from the overall morphology of philodryadines due to its short tail and an antero-posterior reduction of dorsal 
scale  rows7. Moreover, a recent work points out the particular nature of the venom of Philodryas agassizii, thus 
highlighting the distinctiveness of this species among the clade  Philodryadini10. Philodryadines have a long-
debated  taxonomy1,11–13, although recent efforts have been made in order to unravel their  interrelationships5,6. 
The aforementioned works emphasizes the close relationships between P. agassizii and the Patagonian green 
racer Philodryas patagoniensis, forming a small clade of basal  philodryadines6 or included in a larger subclade 
informally dubbed as “P. patagoniensis group”5 (Fig. 1).

Studies of postnatal ontogeny can be crucial in revealing new information about the evolution of morpho-
logical novelties in  snakes14–17. Moreover, there is an increasing body of information on the interplay between 
postnatal skull transformations and ontogenetic dietary  shifts18–20. As shifts in dietary ecology are important 
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drivers of adaptive radiation, knowledge about snake diet sheds light into evolutionary mechanisms of adaptively 
radiating  clades21–23.

During a survey of cranial ontogeny of snakes we found that P. agassizii departs from the typical morphology 
seen among its congeners, displaying features observed in juvenile individuals of many colubroidean species, 
such as a relatively short gnathic complex (i.e., palatomaxillary bar, suspensorium and lower jaw) and a gibbous 
neurocranium (Fig. 1). In order to interpret this observation, we explore the cranial anatomy of the species of 
Philodryadini, emphasizing the postnatal transformations of the skull of P. agassizii in comparison with species 
of the “P. patagoniensis” group. For this purpose, we addressed the postnatal ontogeny of the closely related spe-
cies P. patagoniensis. Using micro-CT scanning to study skull ontogeny we track the pathway of several cranial 
features to determine the polarity of morphological change, and identify the developmental processes most likely 
to be operating. Also, we perform a dietary analysis of P. patagoniensis in order to find feeding patterns and/
or variations along ontogeny related to size and skull morphology. Through this, we aim to track evolutionary 
changes in developmental processes giving rise to P. agassizii morphology and feeding habits.

Results
Skull anatomy of Philodryas agassizii
The adult skull morphology of Philodryas agassizii (TL 382 mm) departs from the adult skull pattern shared 
by most species of philodryadines (Fig. 1) and many other surface-dwelling  colubroideans14–16. Comparisons 
between P. agassizii and its close related congener Philodryas patagoniensis indicate they follow different ontoge-
netic postnatal trajectories (Fig. 2). In P. agassizii adult the orbits are relatively large with respect to the rest of the 
skull (Fig. 2). This clearly affects the shape of the dorsal surface of the maxilla, which retains the marked concave 
shape present in newborn and juvenile specimens (TL < 400 mm) of P. patagoniensis (Figs. 2, 3). Both, juvenile 
and adult P. agassizii share with juvenile P. patagoniensis a general gibbous aspect of the neurocranium due to 
the absence of the parietal table and the poor development of crests in the neurocranial roof. During postnatal 
ontogeny, the braincase roof of P. patagoniensis experience an increase in thickness, alongside with a marked 
development of bony crests (Figs. 3, 4). The parietal table is then configurated in adults of P. patagoniensis, with 
the ossification of crests for attachment of adductor musculature as in most colubroideans (Fig. 4).

Figure 1.  Phylogenetic tree of Philodryadini (modified  from5). The adult skull morphology of selected species 
(names in red) is shown on the right panel. Note the contrasting shape of the adult skull of Philodryas agassizii 
in comparison with the rest of species. Skulls are not in scale.
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The most remarkable traits in the skull of P. agassizii are related to the gnathic complex (i.e., palatomaxil-
lary bar, suspensorium and lower jaw). Despite in P. agassizii there is positive allometric growth of the gnathic 
complex with respect to the rest of the skull during early stages of postnatal development, its developmental 
trajectory is arrested at an ontogenetic stage morphologically equivalent to juvenile stages of other philodry-
adines. Therefore, the adult gnathic complex of P. agassizii resembles the condition present in juveniles (TL 
400–500 mm) of P. patagoniensis (Figs. 2, 3). Accordingly, the supratemporal of P. agassizii barely surpasses the 
posterior limit of the braincase marked by the posterior border of the otooccipital, and therefore its free-ending 
process is weakly developed. The quadrate bone has a short shaft when compared to adult P. patagoniensis, and 
retains a large quadrate foramen in its lateral face (Fig. 2), typical of early stages of development of most alethi-
nophidian snakes (pers. obs.). The same tendency is observed in the palatomaxillary bar and lower jaw due to the 
weak growth of the quadrate ramus of the pterygoid and the compound bone. Thus, the mandibular articulation 
slightly surpasses the posterior limit of the skull marked by the occipital condyle (Fig. 2). On the contrary, in P. 
patagoniensis the elements of the gnathic complex experience positive allometric growth throughout postnatal 
ontogeny, and they tend to be extremely elongated with respect to the rest of the skull in specimens with large 
body length (TL > 900 mm). The quadrate bone also shows a significant growth through the elongation of the 

Figure 2.  Comparisons of skull of juvenile (a, TL = 196 mm) and adult (b, TL 382 mm) of Philodryas agassizii, 
and juvenile (c, TL = 266 mm) and adult (d, TL = 952 mm) of Philodryas patagoniensis. bo basioccipital, cb 
compound bone, d dentary, ec ectopterygoid, fr frontal, mx maxilla, n nasal, ot otooccipital, p parietal, pal 
palatine, pb parabasisphenoid, pf prefrontal, pmx premaxilla, po postorbital, pot prootic, pt pterygoid, q 
quadrate, sm septomaxilla, so supraoccipital, st supratemporal. The arrow points out the quadrate foramen. Scale 
bars equal to 2.5 mm.
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quadrate shaft and the anteroposterior expansion of its cephalic head. The quadrate foramen progressively 
diminishes its size and it is completely close in adult specimens (Fig. 3).

3D geometric morphometric analysis
The performed 3D geometric morphometric analysis of the skull shows that the Procrustes distance between 
adult P. agassizii and juvenile P. patagoniesis (TL 266 mm) is lesser than the distance between the latter and the 
smallest adult of P. patagoniesis (TL 737 mm; Supplementary Table S5). In this sense, our PCA analysis shows 
that the overall skull shape of the adult of P. agassizii strongly matches with that of early postnatal stages of P. 
patagoniensis and of Philodryas varia (TL 370 mm; Fig. 5). The PCA of the cranium indicates that the first prin-
cipal component (PC1) accounts for 64% of the total variance, and according to the getMeaningfulPCs function 

Figure 3.  Postnatal series of Philodryas patagoniensis spanning from a late embryo to the largest specimen 
analyzed. bo basioccipital, cb compound bone, d dentary, ec ectopterygoid, fr frontal, mx maxilla, n nasal, ot 
otooccipital, p parietal, pal palatine, pb parabasisphenoid, pf prefrontal, pmx premaxilla, po postorbital, pot 
prootic, pt pterygoid, q quadrate, sm septomaxilla, so supraoccipital, st supratemporal. The arrow points out the 
quadrate foramen.

Figure 4.  Transversal cutaway posterior to the postorbital bone depicting the thickness of the parietal bone 
in 3D reconstructions of the skull of juvenile (a, TL = 196 mm) and adult (b, TL 382 mm) Philodryas agassizii, 
and juvenile (c, TL = 266 mm) and adult (d, TL = 952 mm) Philodryas patagoniensis. The arrow points out the 
parietal table. Images not to scale.
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it was the only axis meaningful to describe the total shape variation (Fig. 5A). The PC1 separates the individuals 
of P. patagoniensis ontogenetically, being adults located at positive values of PC1, while the early postnatal stages 
(i.e. newborns and juveniles) along with specimens of P. agassizii and juvenile of P. varia are located at negative 
PC1 values (Fig. 5A). Positive skull shape variations along the PC1 axis involve elongation of elements of the 
gnathic complex (supratemporal and pterygoid), and narrowing of the posterior region of the skull roof due to 
remodeling and growing of crests of parietal and supraoccipital (Fig. 5A).

Similarly, the lower jaw shape analysis indicates low Procrustes distance between adult of P. agassizii and 
juvenile of P. patagoniesis (TL 503 mm) and P. varia (TL 370 mm), while this distance is bigger between the 
smalles juvenile specimen of P. patagoniensis (TL 266 mm) and adults of the species (Supplementary Table S6). 
The PCA of the lower jaw shows the most important shape variations along PC1 (37%), being the specimens 
of P. patagoniensis distributed ontogenetically along this axis (Fig. 5B). Interestingly, both juvenile and adult of 
P. agassizii are clustered with Philodryas psammophidea adult on the negative values of both PC axis. The PC1 
values concentrate changes in curvature of the compound bone, height of the prearticular crest, and angle of 
articulation between dentary and compound bone (Fig. 5B). Changes along PC2 represent 16% of the total shape 
variation and involve mainly deflection of the anterior tip of the dentary (Fig. 5B).

Ontogenetic dietary survey of Philodryas patagoniensis
Our dietary survey includes 145 records covering most of the species geographic distribution (Supplementary 
Table S7), thus being more comprehensive than previous published  data9,24,25. We recognized 20 prey items from 
two clades of arthropods (Arachnida and Insecta; prey type I  of26) and 125 prey items from vertebrate clades 
(Anura, Squamata, Aves, and Mammalia; Fig. 6). Squamate reptiles, including lizards and elongated forms such 

Figure 5.  Cranial and mandibular morphospaces of four species of Philodryas. (a) PCA plot of the first two 
principal components (PCs) of the skull. (b) PCA plot of the first two principal components of the lower jaw. 
The actual shapes of P. patagoniensis juvenile and adult, and P. agassizii juvenile and adult are drawn next to the 
corresponding points.
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as snakes and limbless lizards, were the most consumed prey (49 items; 33.8%), followed by anuran amphib-
ians (36 items; 24.8%), and mammals (27 items; 18.6%), being birds the least consumed item (12 items; 8.3%). 
Anurans are consumed by the largest range of body lengths (TL ranging from 400 to 1354 mm). We found sig-
nificant differences among total length of individuals with respect to prey type (F = 10.63, p < 0.0001), and post 
hoc test revealed significant differences between TL of those specimens consuming arthropods and all other prey 
categories (Supplementary Table S8). Finally, mammals (with few outliers) and birds were mainly consumed by 
large adult individuals, spiders and insects were mostly consumed by small individuals (TL < 700 mm; Fig. 6).

Discussion
Skull anatomy
During postnatal development most snake species experience remarkable morphological changes, since new-
borns not only differ in absolute size from adults, but also skull shape is markedly modified and cranial elements 
may follow independent growth  trajectories15–18,27. However, the anatomical analyses presented here indicate that 
the juvenile and adult of Philodryas agassizii show similar skull morphologies, evidenced by its proximity in mor-
phospace. Moreover, the overall skull morphology of adult P. agassizii strongly resembles that of juveniles Philo-
dryas patagoniensis and Philodryas varia (Fig. S2), as well as other surface-dwelling colubroidean  snakes14–16,20.

Particularly, the adult morphology of the gnathic complex of P. agassizii appears to be consequence of the 
early truncation of the postnatal allometric growth of its elements in contrast to the ontogeny of the putative 
ancestor, as observed in other philodryadines. Bony elements of the gnathic complex (i.e. palatomaxillary bars, 
suspensorium and lower jaw) exhibit positive allometric growth during postnatal ontogeny in many surface-
dwelling colubroidean  snakes14–16,18,20. These changes are correlated to a dietary shift from juveniles to adult 
forms, allowing the macrostomous condition (i.e. ingestion of large prey with a large cross-sectional area in 
relation to the head dimensions of the  snake28,29). Accordingly, many of the characters of the gnathic complex 
that represent the distinctive traits of the macrostomous snake skull are weakly developed in P. agassizii. This 
is probably tightly related to the specialized diet of the species, since reduction or loss of macrostomy is also 
correlated to the absence of ontogenetic dietary  shift15,29. These modifications in the jaw complex elements cor-
related to a small gape, are recurrent in extant clades of colubroidean snakes exploiting underground  habitats15. 
Notably, data presented here represent the first record of a surface-dwelling species with this particular cranial 
anatomy, suggesting that other driving forces different than those exerted by underground life were involved in 
the loss of bony conditions for macrostomy among colubroidean snakes.

In this sense, Klaczko et al.30 in their pioneer work employing 2D geometric morphometrics found that skull 
morphology of a small sample of dipsadid snakes was highly associated with their diet. Recently, Pandelis et al.3 
found that ecological factors, including diet, contribute to overall variation in skull shape across dipsadines. 
Notably, they acknowledged that developmental constraints may play a more dominant role in explaining skull 
morphology than the variables tested in their work. Herein, we provide evidence for this assertion, thus suggest-
ing that heterochrony played a major role in the evolution of skull morphology in dipsadid snakes.

Figure 6.  Box-plot graph of the ANOVA comparing prey items against total length of the 145 surveyed 
specimens of Philodryas patagoniensis. The variable marked with an asterisk is significantly different (Tukey post 
hoc tests, p < 0.05) from all other prey categories.
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Diet
Our dietary survey indicates that Philodryas patagoniensis is a generalist that experiments an ontogenetic dietary 
shift as consumption of relatively smaller items (such as spiders and insects) decrease significantly as they grow, 
in accordance with previous studies for the  species9,25,31. Remarkably, most Philodryas species exhibit general-
ized feeding habits including a wide variety of vertebrate preys, thus suggesting that a generalist diet repre-
sents the ancestral state for the clade  Philodryadini8. Hence, P. agassizii outstands as a dietary specialist among 
 philodryadines7,8, and we infer that it represents a retention of the ancestral juvenile diet.

Dietary ontogenetic shifts associated with skull transformations are common for alethinophidian 
 snakes15,18–20,32,33, but also juvenile and adult venom composition could differ substantially in its biological activity 
on different prey  types34,35. Notably, a recent venomic analysis among philodryadines revealed a particular venom 
composition for P. agassizii with respect to the rest of species of Philodryas10. Its venom exhibits a particular 
proportion of proteic components, including a high proportion of non-enzymatic proteins 3FTXs superfamily, 
which can be taxon-specific and thus targeting specific types of  prey36. Despite there is no information about 
ontogenetic changes in venom composition of philodryadines, the retention of juvenile traits in skull anatomy 
and diet specialization detailed above suggest that differences in venom composition of P. agassizii could also 
be explained by retention of the juvenile venom composition in adults. Retention of ancestral juvenile venom 
composition has been reported previously in other colubroidean snakes of the family Viperidae, indicating that 
heterochronic processes have played a relevant role in venom  composition37–39. Among viperid species, the 
insular lancehead Bothrops alcatraz represents an analogous to P. agassizii, since this species experiences mor-
phological changes associated with heterochronic processes when compared to its ancestral continental species 
Bothrops jararaca. Moreover, B. alcatraz feeds on arthropods and lizards, thus also retaining the juvenile diet 
present in B. jararaca40. Further venomic analyses of philodryadines focusing on potential ontogenetic changes 
are needed in order to test this hypothesis.

Paedomorphosis in the evolution of colubroidean snakes
Paedomorphosis is a heterochronic process defined as the displacement of ancestral juvenile features to adult 
stages of the  descendants41–43. We have identified several distinctive features of Philodryas agassizii that depart 
from other representatives of the clade Philodryadini and other surface-dwelling colubroideans. Our qualitative 
and quantitative morphological analyses of the postnatal ontogeny indicate that these features resemble early 
postnatal stages of the ancestral ontogeny, exemplified here by Philodryas patagoniensis. Hence, the adult skull 
morphology and dietary pattern observed in P. agassizii appears to be generated by premature cessation of growth 
in this species relative to the ontogeny of the putative ancestor, and thus indicating that paedomorphosis had a 
major role on its evolution.

Taking into account that paedomorphosis entails evolutionary consequences on trophic  ecology41,44,45 we 
inferred that the combination of paedomorphic skull anatomy, diet and probably venom composition are likely 
to have played key roles in the speciation of P. agassizii by causing a niche differentiation. That is, these attributes 
could promote new ecological opportunities through a lower resource competition with the ancestral phenotype. 
It is important to note that recent works indicated that species of different colubroidean snake clades that acquired 
a diet specialization are smaller than the ancestral related diet  generalists46,47. Therefore, we suggest that trophic 
niche differentiation via body size reduction associated with morphological novelties in the skull triggered by 
paedomorphosis may be relevant for dipsadid snakes evolution. Probably, diet specialization mediated by the 
aforementioned anatomical changes have had a relevant role as a covariant trait in the evolution of these clades, 
not only in cryptozoic forms but also small surface-dwelling species.

We emphasize that this hypothesis should be considered and tested using integrative analyses of morpho-
logical and ecological traits that include numerous specimens. Assembling ontogenetic series of snake species, 
and the broad access to osteological data through massive repositories of micro-CT data will allow to identify 
potentially paedomorphic forms among dipsadids and other colubroidean clades, and therefore, will provide 
further insights into the role of heterochrony in colubroidean snakes evolution.

Methods
Specimens
Our survey on cranial morphology comprised fourteen species of Philodryadini, including dry skeletons and 
x-ray micro-computed tomography (micro-CT) data (Supplementary Tables S1). Furthermore, fifteen speci-
mens representing different ontogenetic stages of four species of Philodryas (P. agassizii, P. patagoniensis, P. 
varia and P. psammophidea) were comprehensively analysed through a 3D geometric morphometric approach 
(Supplementary Table S2). The snout-vent length (SVL) and total length (TL) of each specimen was registered. 
Specimens were divided into three age classes that broadly reflect ontogenetic differences: neonate, juvenile, 
and adult (Supplementary Table S2). Individuals were categorized as: adults if they had a TL equal to or over 
700 mm, as this is the average size reported for sexual maturity in different populations of P. patagoniensis9,24,25,48; 
juveniles if their TL was lower than 700 mm; neonates if they retain egg tooth and exhibited umbilical scar that 
persists for few days to weeks in colubroidean  snakes49,50. Due to the significant differences between sexes in jaw 
complex structures (e.g.51), we chose females for the study. Descriptions of the skulls and their elements follows 
the terminology of Cundall and  Irish28.

Micro‑CT
3D reconstructions of skulls from micro-CT data were downloaded from the Morphosource database (https:// 
www. morph osour ce. org/) or obtained from scanned specimens. Specimens were scanned on a Bruker SkyS-
can 1173 Micro-CT scanner at the Zoological Research Museum Koenig (Bonn, Germany), and on a Phoenix 

https://www.morphosource.org/
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V|tome|x S240 tomograph at Instituto Nacional de Tecnología Industrial (Rafaela, Argentina). Micro-CT data 
sets were reconstructed using N-Recon software (Bruker Micro-CT) and VG Studio Max 3.0, respectively. The 
scan parameters for the scanned specimens are detailed in the Supplementary Table S3. Renderization and 
segmentation of the datasets to separate the skull from vertebrae and the lower jaw was generated using Amira 
2.0 software (Thermo Fisher Scientific).

3D landmarks and semilandmarks collection, and geometric morphometric analyses
We constructed 3D surface models (.ply files) for skulls and right lower jaw for fifteen individuals of Philodryas 
species (eleven individuals of P. patagoniensis, two P. agassizii, one P. psammophideus, and one P. varia) and 
quantified their shape using geometric morphometrics (Supplementary Table S2). The meshes are freely available 
on https:// www. morph osour ce. org/ proje cts/ 00060 0534? locale= en. Cranial landmarks were chosen to describe 
biologically meaningful features but also ontogenetically  stable3,14. In total, 57 landmarks, 30 semilandmarks on 2 
curves on both sides of the cranium, and 75 surface semilandmarks were digitized using 3D Slicer (https:// www. 
slicer. org/;52). For the lower jaw, only the right counterpart was landmarked; wherein 10 landmarks and 4 curves 
of semilandmarks were placed. A list and description of all these landmarks are provided in the supplementary 
information (Table S4), along with graphic representations in Fig. S1. By using the Morpho R package v2.1153, 
an atlas was created to conduct a semiautomated procedure to place the patch of surface semilandmarks (Sup-
plementary Fig. S1) and then transfer it on all skull models.

Curve and surface semilandmarks were allowed to slide along their tangent by minimizing the bending 
 energy54 using the Morpho R package 2.1153. This package was also used to perform Generalized Procrustes 
Analysis of the landmark configurations, and to obtain the centroid size (CS, i.e. the square root of the summed 
squared distances from all coordinates to the centroid configuration;55 and references cited therein). Furthermore, 
to provide a measure of overall shape change, the values of Procrustes distance for skull and lower jaw of each 
specimen were also calculated (Supplementary Tables S5, S6).

A principal component analysis (PCA) was carried out for skulls and lower jaws separately to quantify and 
visualize the shape variation across the  dataset55. The function getMeaningfulPCs from Morpho package 2.1153 
was applied to determine whether a PC is entitled to interpretation.

Ontogenetic dietary survey
To explore the relationship between the morphological and ecological traits of snake feeding, we surveyed 
information about body size (TL) and prey type in 145 specimens from published works and a publicly available 
database SquamataBase accessible through the R  package56 (Supplementary Table S7).

Also, we dissected preserved specimens of Philodryas patagoniensis housed in several collections in Argen-
tina (Supplementary Table S7). We identified prey items to the genus level when possible and recorded the total 
number of items. In case of two or more different items found in gut content, we duplicated the record. A one-
way ANOVA and Tukey post-hoc tests were used to identify significant pairwise differences between means of 
the total length and prey type. Boxplots were plotted using the ggplot2 R  package57. All described analyses and 
graphic visualizations were conducted using R version 4.2.358. The R codes used for analyses are deposited in 
Figshare repository within the project labelled “Philodryas-Chuliver & Scanferla 2024” (https:// figsh are. com/s/ 
a922d cea4e c1a58 65ab8).

Data availability
All data generated or analysed in this study are included in the main text and Supplementary Information files, 
and on Morphosource.org under the project name ‘Snake ontogeny and evolution’ (https:// www. morph osour ce. 
org/ proje cts/ 00060 0534? locale= en). The R codes used for analyses are deposited in Figshare repository within 
the project labelled “Philodryas-Chuliver & Scanferla 2024 “(https:// figsh are. com/s/ a922d cea4e c1a58 65ab8).

Received: 2 February 2024; Accepted: 29 April 2024

References
 1. Grazziotin, F. et al. Molecular phylogeny of the New World Dipsadidae (Serpentes: Colubroidea): A reappraisal. Cladistics 28, 

437–459 (2012).
 2. Uetz, P. et al. The Reptile Database, http:// www. repti le- datab ase. org, accessed January 2024 (2023).
 3. Pandelis, G. G., Grundler, M. C. & Rabosky, D. L. Ecological correlates of cranial evolution in the megaradiation of dipsadine 

snakes. BMC Ecol. Evo. 23, 48. https:// doi. org/ 10. 1186/ s12862- 023- 02157-3 (2023).
 4. Zaher, H. et al. Large-scale molecular phylogeny, morphology, divergence-time estimation, and the fossil record of advanced 

caenophidian snakes (Squamata: Serpentes). PLoS ONE 14, e0216148. https:// doi. org/ 10. 1371/ journ al. pone. 02161 48 (2019).
 5. Arredondo, J. C. et al. Molecular phylogeny of the tribe Philodryadini Cope, 1886 (Dipsadidae: Xenodontinae): rediscovering the 

diversity of the South American Racers. Pap. Avulsos Zool. 60, e20206053 (2020).
 6. Melo-Sampaio, P. R. et al. A phantom on the trees: Integrative taxonomy supports a reappraisal of rear-fanged snakes classification 

(Dipsadidae: Philodryadini). Zool. Anz. 290, 19–39. https:// doi. org/ 10. 1016/j. jcz. 2020. 10. 008 (2021).
 7. Marques, O. A. V., Stender-Oliveira, F., Sawaya, R. J. & França, F. G. R. Ecology of the colubrid snake Pseudablabes agassizii in 

south-eastern South America. Herpetol. J. 16, 37–45 (2006).
 8. Machado-Filho, P.R. Evolução do hábito alimentar e utilização do substrato pelo gênero Philodryas Wagler, 1830. Universidade 

Estadual Paulista “Júlio de Mesquita Filho”. 98 pp. (2015).
 9. Hartmann, P. A. & Marques, O. A. V. Diet and habitat use of two sympatric-species of Philodryas (Colubridae), in south Brazil. 

Amphibia-Reptilia 26, 25–31 (2005).
 10. Tioyama, E. C. et al. The Venom Composition of the Snake Tribe Philodryadini: ‘Omic’ Techniques Reveal Intergeneric Variability 

among South American Racers. Toxins 15, 415. https:// doi. org/ 10. 3390/ toxin s1507 0415 (2023).

https://www.morphosource.org/projects/000600534?locale=en
https://www.slicer.org/
https://www.slicer.org/
https://figshare.com/s/a922dcea4ec1a5865ab8
https://figshare.com/s/a922dcea4ec1a5865ab8
https://www.morphosource.org/projects/000600534?locale=en
https://www.morphosource.org/projects/000600534?locale=en
https://figshare.com/s/a922dcea4ec1a5865ab8
http://www.reptile-database.org
https://doi.org/10.1186/s12862-023-02157-3
https://doi.org/10.1371/journal.pone.0216148
https://doi.org/10.1016/j.jcz.2020.10.008
https://doi.org/10.3390/toxins15070415


9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10071  | https://doi.org/10.1038/s41598-024-60885-y

www.nature.com/scientificreports/

 11. Thomas, R.A. A revision of the South American colubrid snake genus Philodryas Wagler, 1830. Doctoral Thesis, Texas A & M 
University (1976).

 12. Zaher, H. Hemipenial morphology of the South American xenodontine snakes, with a proposal for a monophyletic Xenodontinae 
and a reappraisal of colubroid hemipenes. B. Am. Mus. Nat. Hist. 240, 1–168 (1999).

 13. Zaher, H. et al. Molecular phylogeny of the advanced snakes (Serpentes, Caenophidia), with an emphasis on South American 
Xenodontines: A revised classification and descriptions of new taxa. Pap. Avulsos Zool. 49, 115–153 (2009).

 14. Palci, A., Lee, M. S. Y. & Hutchinson, M. N. Patterns of postnatal ontogeny of the skull and lower jaw of snakes as revealed by 
micro-CT scan data and three-dimensional geometric morphometrics. J. Anat. 229, 723–754 (2016).

 15. Scanferla, A. Postnatal ontogeny and the evolution of macrostomy in snakes. R. Soc. open sci. 3, 160612. https:// doi. org/ 10. 1098/ 
rsos. 160612 (2016).

 16. Strong, C. R. C., Simões, T. R., Caldwell, M. W. & Doschak, M. R. Cranial ontogeny of Thamnophis radix (Serpentes: Colubroidea) 
with a re-evaluation of current paradigms of snake skull evolution. R. Soc. Open Sci. 6, 182228. https:// doi. org/ 10. 1098/ rsos. 182228 
(2019).

 17. Chuliver, M., Scanferla, A. & Koch, C. Ontogeny of the skull of the blind snake Amerotyphlops brongersmianus (Serpentes: Typhlopi-
dae) brings new insights on the snake cranial evolution. Zool. J. Linn. Soc-Lon. 197, 698–718 (2022).

 18. Vincent, S. E., Moon, B. R., Herrel, A. & Kley, N. J. Are ontogenetic shifts in diet linked to shifts in feeding mechanics? Scaling of 
the feeding apparatus in the banded watersnake Nerodia fasciata. J. Exp. Biol. 210, 2057–2069 (2007).

 19. Hampton, P. M. Comparison of cranial form and function in association with diet in natricine snakes. J. Morphol. 272, 1435–1443 
(2011).

 20. Patterson, M. et al. Ontogenetic shift in diet of a large elapid snake is facilitated by allometric change in skull morphology. Evol. 
Ecol. 36, 489–509 (2022).

 21. Sherratt, E. et al. Heterochronic shifts mediate ecomorphological convergence in skull shape of microcephalic sea snakes. Integr. 
Comp. Biol. 59, 616–624 (2019).

 22. Grundler, M.C. & Rabosky, D.L. Rapid increase in snake dietary diversity and complexity following the end-Cretaceous mass 
extinction. PLoS Biol. 19, e3001414. https:// doi. org/ 10. 1371/ journ al. pbio. 30014 14 (2021).

 23. Title, P. O. et al. The macroevolutionary singularity of snakes. Science 383, 918–923 (2023).
 24. López, M. S. & Giraudo, A. R. Ecology of the snake Philodryas patagoniensis (Serpentes, Colubridae) from Northeast Argentina. 

J. Herpetol. 42, 474–480 (2008).
 25. Quintela, F.M. & Loebmann, D. Diet, sexual dimorphism and reproduction of sympatric racers Philodryas aestiva and Philodryas 

patagoniensis from the coastal Brazilian Pampa. An. Acad. Bras. Cienc. 91, e20180296.https:// doi. org/ 10. 1590/ 0001- 37652 01920 
180296 (2019).

 26. Greene, H. W. & Wiseman, K. D. Heavy, bulky, or both: What does “Large Prey” mean to snakes?. J. Herpetol. 57, 340–366. https:// 
doi. org/ 10. 1670/ 22- 068 (2023).

 27. Rossman, C. E. Ontogenetic changes in skull proportions of the diamondback water snake, Nerodia rhombifera. Herpetologica 36, 
42–46 (1980).

 28. Cundall, D. & Irish, F. The snake skull. In Gans, C., Gaunt, A.S. & Adler, K. (eds.) Biology of the Reptilia, Vol. 20, morphology: the 
skull of Lepidosauria, pp. 349–692 (Society for the Study of Amphibians and Reptiles, 2008).

 29. Cundall, D. & Irish, F.J. Macrostomy, macrophagy, and snake phylogeny. In Gower, D.J. & Zaher, H. (eds.) The origin and early 
evolutionary history of snakes, pp. 437–454 (Cambridge University Press, 2022).

 30. Klaczko, J., Sherratt, E. & Setz, E. Z. F. Are diet preferences associated to skulls shape diversification in xenodontine snakes?. PLoS 
ONE 11, e0148375. https:// doi. org/ 10. 1371/ journ al. pone. 01483 75 (2016).

 31. Carreira-Vidal, S. Alimentación de los ofidios de Uruguay. 127 pp. (Associación Herpetológica Española, 2002).
 32. Mushinsky, H.R. Foraging ecology. In Seigel, R.A., Collins, J.T. & Novak, S.S. (eds.) Snakes: Ecology and evolutionary biology, pp. 

302–334 (McGraw-Hill, 1987).
 33. Cundall, D. & Greene, H.W. Feeding in snakes. In Schwenk, K. (ed.) Feeding: form, function and evolution in tetrapod vertebrates, 

pp. 293–333 (Academic Press, 2000).
 34. Minton, S.A. Observations on toxicity and antigenic makeup of venoms from juvenile snakes. In Russell, F.E. & Saunders, P.R. 

(eds.) Animal Toxins, pp. 211–222 (Permagon Press, 1967).
 35. Casewell, N. R., Jackson, T. N. W., Laustsen, A. H. & Sunagar, K. Causes and consequences of Snake Venom variation. Trends 

Pharmacol. Sci. 41, 570–581 (2020).
 36. Heyborne, W. H. & Mackessy, S. P. Identification and characterization of a taxon-specific three-finger toxin from the venom of the 

Green Vinesnake (Oxybelis fulgidus; family Colubridae). Biochimie 95, 1923–1932 (2013).
 37. Marques, O. A. V., Martins, M. & Sazima, I. A new insular species of pitviper from Brazil, with comments on evolutionary biology 

and conservation of the Bothrops jararaca group (Serpentes Viperidae). Herpetologica 58, 303–312 (2002).
 38. Mackessy, S. P., Williams, K. & Ashton, K. G. Ontogenetic variation in venom composition and diet of Crotalus oreganus concolor: 

a case of venom paedomorphosis?. Copeia 4, 769–782 (2003).
 39. Calvete, J.J., et al. Snake venomics of the Central American Rattlesnake Crotalus simus and the South American Crotalus durissus 

complex points to neurotoxicity as an adaptive paedomorphic trend along Crotalus dispersal in South America. J. Proteome Res. 
9, 528e544 (2010).

 40. Martins, M., Marques, O.A.V. & Sazima, I. Ecological and phylogenetic correlates of feeding habits in Neotropical pitvipers of the 
genus Bothrops. In Biology of the Vipers (eds. Schuett, G., Höggren, M. & Greene, H.W), pp. 307–328 (Biological Sciences Press, 
2002).

 41. Gould, S.J. Ontogeny and phylogeny (Harvard University Press, 1977).
 42. Alberch, P., Gould, S. J., Oster, G. F. & Wake, D. B. Size and shape in ontogeny and phylogeny. Paleobiology 5, 269–317 (1979).
 43. Fink, W. L. The conceptual relationship between ontogeny and phylogeny. Paleobiology 8, 254–264 (1982).
 44. McKinney, M.L. & McNamara, K.J. Heterochrony: The evolution of ontogeny (Plenum Press, 1991).
 45. McNamara, K. J. Heterochrony: The evolution of development. Evo. Edu. Outreach 5, 203–218 (2012).
 46. Naik, H., Kgaditse, M. M. & Alexander, G. J. Ancestral reconstruction of diet and fang condition in the Lamprophiidae: Implica-

tions for the evolution of venom systems in snakes. J. Herpetol. 55, 1–10 (2021).
 47. Barends, J. M. & Maritz, B. Dietary specialization and habitat shifts in a clade of Afro-Asian Colubrid Snakes (Colubridae: Colu-

brinae). Ichthyol. Herpetol. 110, 278–291 (2022).
 48. Fowler, I. R. & Salomao, M. G. A new technique to distinguish between immature and adult snakes and between males and females 

in six species of the Neotropical colubrid snakes. Philodryas Stud. Neotrop. Fauna E. 30, 149–157 (1995).
 49. Richmond, N. D. Variation and sexual dimorphism in hatchlings of the rainbow snake, Abastor erythrogrammus. Copeia 1954, 

87–92 (1954).
 50. Morafka, D. J., Spangenberg, E. K. & Lance, V. A. Neonatology of reptiles. Herpetol. Monogr. 14, 353–370 (2000).
 51. Camilleri, C. & Shine, R. Sexual dimorphism and dietary divergence: differences in trophic morphology between male and female 

snakes. Copeia 1990, 649–658 (1990).
 52. Fedorov, A. et al. 3D Slicer as an image computing platform for the quantitative imaging network. Magn. Reson. Imaging 30, 

1323–1341 (2012).

https://doi.org/10.1098/rsos.160612
https://doi.org/10.1098/rsos.160612
https://doi.org/10.1098/rsos.182228
https://doi.org/10.1371/journal.pbio.3001414
https://doi.org/10.1590/0001-3765201920180296
https://doi.org/10.1590/0001-3765201920180296
https://doi.org/10.1670/22-068
https://doi.org/10.1670/22-068
https://doi.org/10.1371/journal.pone.0148375


10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:10071  | https://doi.org/10.1038/s41598-024-60885-y

www.nature.com/scientificreports/

 53. Schlager, S. Morpho and Rvcg—Shape Analysis in R in Statistical shape and deformation analysis (eds Zheng, G., Li, S. & Szekely, 
G.) 217–256 (Academic Press, 2017).

 54. Gunz, P. & Mitteroecker, P. Semilandmarks: A method for quantifying curves and surfaces. Hystrix 24, 103–109. https:// doi. org/ 
10. 4404/ hystr ix- 24.1- 6292 (2013).

 55. Mitteroecker, P. & Gunz, P. Advances in geometric morphometrics. Evol. Biol. 36, 235–247 (2009).
 56. Grundler, M. C. SquamataBase: a natural history database and R package for comparative biology of snake feeding habits. BDJ 8, 

e49943. https:// doi. org/ 10. 3897/ BDJ.8. e49943 (2020).
 57. Wickham, H. Data analysis in ggplot2: elegant graphics for data analysis. Use R! (Springer, 2016).
 58. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing https:// www.R- 

proje ct. org/ (2023).

Acknowledgements
We are grateful to Sergio Bogan (Fundación Azara) for giving access to specimens in collections. We thank 
Gregory Schneider (UMMZ), Linda Mogk (SFM) and Claudia Koch (ZFMK-LIB) who provided specimens 
and data for specimens under their curatorship. Juliane Vehof and Morris Flecks (ZFMK-LIB) kindly provided 
technical assistance with micro-CT imaging and specimens. S. Iván Perez and Eduardo Soto generously helped 
and advised with geometric morphometrics analysis. We would also like to acknowledge the Morphosource 
team for supplying valuable data. M.C. was supported by Margarethe Koenig Award (ZFMK) and CONICET 
postdoctoral fellowship.

Author contributions
A.S. contributed to project conceptualization, data curation, figures preparation and funding acquisition. M.C. 
performed segmentation and gathered analytic data for geometric morphometric analysis. Both authors equally 
contributed to  formal analysis, wrote and reviewed drafts of the paper, and approved the final version of the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 60885-y.

Correspondence and requests for materials should be addressed to M.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.4404/hystrix-24.1-6292
https://doi.org/10.3897/BDJ.8.e49943
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1038/s41598-024-60885-y
https://doi.org/10.1038/s41598-024-60885-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Paedomorphosis and retention of juvenile diet lead speciation in a group of Neotropical snakes (Colubroides-Philodryadini)
	Results
	Skull anatomy of Philodryas agassizii
	3D geometric morphometric analysis
	Ontogenetic dietary survey of Philodryas patagoniensis

	Discussion
	Skull anatomy
	Diet
	Paedomorphosis in the evolution of colubroidean snakes

	Methods
	Specimens
	Micro-CT
	3D landmarks and semilandmarks collection, and geometric morphometric analyses
	Ontogenetic dietary survey

	References
	Acknowledgements


