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Ontogenetic changes in the brain and sensory systems play an essential role in shaping behavioral 

performance and ecological specialization in vertebrates; however, these developmental pathways are 

inadequately recorded in endangered crocodylians. Here, we present the first quantitative analysis of 

endocast and endosseous labyrinth development across ontogeny in the Siamese freshwater crocodile 

(Crocodylus siamensis), a critically endangered species from Southeast Asia. Using high-resolution 

computed tomography (CT) and three-dimensional reconstruction, we examined six skulls representing 

juvenile, subadult, and adult growth stages. Our findings reveal a consistent pattern of allometric 

scaling, correlated with marked morphological changes in sensory-related neuroanatomical structures. 

Juveniles display strongly curved forebrains and proportionally prominent olfactory regions, which is 

in line with their early reliance on chemosensory cues. As skull size increases, the encephalic endocast 

becomes longer and straighter, while regions corresponding to the midbrain and hindbrain show 

proportional morphological changes associated with visual processing and motor coordination, 

suggesting ontogenetic changes in regions associated with visual processing and motor coordination. 

Parallel ontogenetic transformations are also observed in the endosseous labyrinth, including increased 

lagena dimensions and more pronounced semicircular canal curvature in adults. These changes are 

consistent with ontogenetic variation in structures associated with auditory and vestibular functions. 

Strong correlations between dorsal cranial length and both endocast and labyrinthine parameters 

suggest that sensory-related neuroanatomical morphology in C. siamensis follows a consistent 
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ontogenetic scaling pattern. These findings establish an important neuroanatomical baseline for 

understanding sensory ecology in this endangered crocodilian and provide a comparative framework 

for interpreting fossil crocodylian neuroanatomy, with implications for conservation biology, functional 

morphology, and paleoneurology. 
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BACKGROUND 

 

 Ontogenetic changes of the vertebrate brain reflect a complex interplay among growth, sensory 

demands, and ecological transitions across life stages. As animals increase in size, the relative 

proportions and organization of endocast regions are reshaped in ways that reflect changing behavioral 

strategies, locomotor performance, and habitat use (Dodson 1975; Witmer 1995; Shingleton 2010; 

Gignac and Erickson 2015; Blanco et al. 2018; Schwab et al. 2022). These developmental trajectories 

provide valuable insights into neuroanatomical variation and offer an important framework for 

interpreting evolutionary patterns preserved in both living and fossil reptiles, including crocodylians, 

lizards, snakes, and turtles (Witmer et al. 2008; Vergne et al. 2009; Carabajal et al. 2013; Allemand et 

al. 2023). 

 Crocodylians represent an informative lineage for examining ontogenetic brain development 

among extant reptiles because they combine prolonged growth, marked increases in body size, and 

clear ecological shifts from juvenile to adult stages with a broadly conserved brain organization 

(Radloff et al. 2012; Hu et al. 2021; Lessner and Holliday 2022; Schwab et al. 2021 2022). The 

crocodylian brain is classically divided into the forebrain, midbrain, and hindbrain, each of which 

follows distinct developmental and functional pathways (Pritz 2015; Watanabe et al. 2019; Whitlock 

and Palominos 2022). Although encephalic endocast size increases throughout ontogeny, it scales more 

slowly than overall body growth, a common vertebrate pattern interpreted as reflecting evolutionary 

trade-offs in sensory processing and motor control (Chentanez et al. 1983; Ngwenya 2013; Schwab et 

al. 2022). Importantly, endocasts should not be interpreted as direct replicas of the brain. Jirak and 

Janacek (2017) emphasized that endocasts represent the dural envelope and associated interstitial space 
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rather than the brain itself, while Hu et al (2021) further clarified that endocasts capture the contents of 

the cranial cavity, including meninges and vasculature. These considerations underscore the need for 

caution when inferring brain morphology from digital endocasts. 

 Alongside the encephalic endocast, the endosseous labyrinth undergoes substantial ontogenetic 

and evolutionary modification. Variation in the geometry of the semicircular canals and lagena is 

closely associated with balance, spatial orientation, and hearing sensitivity, particularly in semi-aquatic 

taxa that occupy both aquatic and terrestrial environments (Ifediba et al. 2007; Georgi 2008; Ekdale 

2016; Manley 2017; Lauprasert et al. 2019; Schwab et al. 2020 2021; Pochat‐Cottilloux et al. 2024). 

Consequently, endocranial and labyrinthine morphologies together provide useful morphological 

proxies for generating hypotheses about sensory function, locomotor behavior, and ecological variation 

across growth stages (Barrios et al. 2022; Schwab et al. 2022). Beyond their morphological 

significance, crocodylian neuroanatomical structures have become increasingly important in 

evolutionary and phylogenetic studies, providing new insights into character evolution, developmental 

trajectories, and broader crocodylomorph relationships (Barrios et al. 2022; Dumoncel et al. 2021; 

Ristevski 2022; Pochat‐Cottilloux et al. 2024; Burke et al. 2025; Burke and Mannion, 2026). 

Comparative studies of extant crocodylians have further demonstrated that braincase and endocranial 

morphology preserve important signals of developmental and evolutionary change (Kuzmin et al. 

2021). However, despite these advances, neuroanatomical data for Crocodylus siamensis remain 

extremely limited, with previous work restricted primarily to adult specimens (Perrichon et al. 2023), 

emphasizing the importance of the present ontogenetic study. Recent advances in non-destructive 

imaging, particularly computed tomography (CT) and magnetic resonance imaging (MRI), have greatly 

improved the resolution and accuracy of such investigations (Witmer et al. 2008; Jirak and Janacek 

2017). 

 Studies focusing on crocodylian neuroanatomy have increased in recent years, including 

reconstructions of extant species of Alligator (Dufeau and Witmer 2015; Witmer and Ridgely 2008; 

Barrios et al. 2022; Lessner and Holliday 2022; Perrichon et al. 2023), Crocodylus (Witmer et al. 2008; 

Kawabe et al. 2010; Perrichon et al. 2023), Gavialis (Gold et al. 2014; Pierce et al. 2017; Burke and 

Mannion 2023; Perrichon et al. 2023; Burke et al. 2025; Castillo and Gold 2025), and Tomistoma 

(Barrios et al. 2022; Burke and Mannion 2023; Perrichon et al. 2023; Burke et al. 2025). Several fossil 

crocodylians have also been reconstructed (Bona et al. 2013 2015; Ristevski et al. 2020 2021; Schwab 

et al. 2021; Dumont et al. 2022; Ristevski 2022; Barrios et al. 2022; Burke and Mannion 2023; 

Perrichon et al. 2024; Burke et al. 2025; Pligersdorffer et al. 2025; Donzé et al. 2026). Nevertheless, 

developmental or ontogenetic studies remain limited, with most research focusing either on specific 
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anatomical systems, such as the intertympanic sinus (Perrichon et al. 2023), or on single taxa, including 

recent work on gavialids (Castillo and Gold 2025). As of yet, detailed ontogenetic studies integrating 

both the encephalic endocast and endosseous labyrinth remain unavailable for Crocodyloidea and the 

genus Crocodylus. Furthermore, neuroanatomical development of Crocodylus siamensis has not 

previously been investigated, as existing studies have focused only on adult specimens (Perrichon et al. 

2023). This gap is particularly important given the conservation status of the Siamese freshwater 

crocodile (Crocodylus siamensis Schneider, 1801), a large freshwater species formerly widespread 

across mainland Southeast Asia (Sam et al. 2015). The species is listed as Critically Endangered by the 

IUCN and has suffered dramatic population declines due to habitat loss, illegal hunting, and human–

crocodile conflict (Bezuijen et al. 2012 2013; Chitchamnong et al. 2016; IUCN 2025). In Thailand, 

only small, fragmented wild populations persist, in stark contrast to the rapidly expanding captive-bred 

population, now estimated at 250,000–300,000 individuals (Yangprapakorn, 2009; Sudrajat and Saleh 

2019; Ratanakorn et al. 2021). 

 Understanding ontogenetic changes in the endocast and sensory systems of C. siamensis can 

contribute to conservation planning because different life stages are likely to respond differently to 

environmental conditions and habitat disturbance. Juveniles typically inhabit structurally complex 

freshwater environments and rely heavily on cryptic behavior and early sensory detection, whereas 

larger individuals increasingly exhibit ecological and behavioral patterns associated with visually 

guided predation, more active locomotion, and broader habitat use (Hutton 1987; Dufeau and Witmer 

2015; Sam et al. 2015; Schwab et al. 2022). Identifying how sensory structures change through 

ontogeny may therefore help explain age-specific ecological requirements and behavioral adaptations 

relevant to habitat management, captive breeding, and reintroduction programs in Thailand, where wild 

populations remain highly fragmented. To investigate these patterns, we examined ontogenetic 

variation in the endocast and endosseous labyrinth of C. siamensis using high-resolution computed 

tomography and three-dimensional digital reconstruction. Three-dimensional imaging provides a non-

destructive approach for visualizing internal cranial anatomy with high anatomical accuracy, allowing 

quantitative assessment of endocast and endosseous labyrinth morphology that cannot be reliably 

observed through external examination alone (Witmer et al. 2008; Jirak and Janacek 2017). By 

quantifying changes in encephalic endocast morphology relative to skull growth, this study establishes 

the first integrated developmental framework for C. siamensis and provides new insights into 

ontogenetic neuroanatomical variation in crocodylians, with implications for conservation biology, 

functional morphology, and paleoneurology. 
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MATERIALS AND METHODS 

 

Specimen collection and Ontogenetic stage groupings  

 

 Between June 2024 and March 2025, six cleaned skeletal skulls of the Siamese crocodile 

(Crocodylus siamensis) were examined to represent different ontogenetic stages within an exploratory 

developmental framework. The limited sample size reflects the rarity and Critically Endangered status 

of the species, as access to complete cranial material suitable for high-resolution analysis is inherently 

constrained. Specimens were selected based on completeness and size variation to capture broad 

ontogenetic trends rather than population-level variation. Based on the dorsal cranial length (DCL)-

based ontogenetic classification, the sample comprised one juvenile specimen, three subadult 

specimens, and two adult specimens (total n = 6; Table 1). Four skulls (SMF01–SMF04) were obtained 

from the Sinsup Mulmat Crocodile Farm, Maha Sarakham Province, Thailand, and two specimens 

(SHM–R14 and SHM–R15) were examined from the collections of the Paleontological Research and 

Education Centre, Mahasarakham University, where all materials are permanently housed. The original 

provenance of SHM–R14 and SHM–R15 was not documented prior to donation; however, given the 

rarity of wild C. siamensis in Thailand and legal restrictions on wild specimens, these individuals are 

most likely to have originated from captive sources. All specimens were studied with institutional 

approval and in accordance with relevant regulations. 

 Dorsal cranial length (DCL) was measured from the tip of the premaxilla to the posterior 

margin of the parietal (Fig. 1), following established protocols (Chentanez et al. 1983; Platt et al. 

2009). Measurements were taken using a measuring tape and 3D Slicer software, with a precision of 

±0.01 mm. Each measurement was repeated three times for each specimen, and the mean value was 

used for subsequent analyses. Because cranial growth trajectories differ among crocodylian genera, the 

DCL-based ontogenetic categories used here are intended specifically for Crocodylus. Ontogenetic 

stages were assigned primarily based on DCL ranges following previous ontogenetic assessments 

(Perrichon et al. 2023), with juvenile, subadult, and adult stages interpreted as approximate 

developmental categories rather than strict size thresholds (Table 1). 
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Tables 1.  Skull samples of freshwater crocodile (Crocodylus siamensis) skull length and Ontogenetic 
stage used in the study 
Specimens Dorsal cranial length; DCL (cm) Ontogenetic stage 
SMF01 
SMF02 
SMF03 
SMF04 
SHM-R14 
SHM-R15 

15.44 
25.03 
22.11 
24.37 
44.38 
33.48 

juvenile 
sub-adult 
sub-adult 
sub-adult 

adult 
adult 

 

 
Fig 1.  Measurement of the length from the tip of the premaxilla to the parietal bone (Crocodylus 
siamensis; SHM-R15). 
 

Computed Tomography (CT) Scanning 

 

 All six skulls were scanned at the Faculty of Medicine, Mahasarakham University, using a 

Canon Aquilion Prime SP CT scanner. Scans were acquired at 120 kV and 250 mA, with a slice 

thickness of 0.5 mm. Data were stored in DICOM format and subsequently imported into 3D Slicer 

(version 5.6.2) for digital processing. Manual segmentation and volume rendering were conducted in 

3D Slicer using the brush tool to delineate the endocranial cavity and endosseous labyrinth through 
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consecutive CT slices, generating three-dimensional models for linear and volumetric analyses. The 

number of slices varied among specimens depending on skull size; however, all specimens were 

scanned using the same general acquisition settings described above. Delineation of the lagena from 

adjacent middle-ear and paratympanic regions was based primarily on osteological boundaries visible 

in the CT data, particularly within the prootic region, and was cross-checked in axial, sagittal, and 

coronal planes through consecutive slices to ensure consistent anatomical interpretation.  

 

Terminology 

 

To ensure consistency and reproducibility, anatomical terminology used throughout this study 

follows standardized nomenclature established in previous comparative neuroanatomical and 

paleoneurological studies of crocodylians and other vertebrates (Witmer et al. 2008; Pierce et al. 2017; 

Barrios et al. 2022; Burke and Mannion 2023). Terminology for the endocranial cavity follows 

conventional vertebrate neuroanatomical definitions, whereas terminology for the inner ear follows 

established descriptions of the endosseous labyrinth in extant and extinct archosaurs (Ekdale 2016; 

Schwab et al. 2020 2022). The encephalic endocast, hereafter referred to as the endocast, is defined 

here as the three-dimensional digital reconstruction of the endocranial cavity derived from computed 

tomography (CT) data. It represents the internal space occupied by the brain and associated soft tissues, 

including the meninges, vascular structures, and cerebrospinal fluid spaces, rather than the brain alone 

(Jirak and Janacek 2017; Hu et al. 2021). For descriptive purposes, the endocast was divided into three 

major anatomical regions: the prosencephalon (forebrain), including the olfactory bulbs (OB), olfactory 

tracts (OT), cerebrum, and pituitary region; the mesencephalon (midbrain), represented primarily by 

the optic tectum; and the rhombencephalon (hindbrain), including the cerebellum, pons, and medulla 

oblongata. 

The endosseous labyrinth refers to the osseous cavity of the inner ear that encloses the 

membranous labyrinth and comprises the anterior semicircular canal (asc), posterior semicircular canal 

(psc), lateral semicircular canal (lsc), associated ampullae (ana, poa, and laa), the common crus, 

vestibule, and lagena. These structures were identified and described following standard anatomical 

terminology used in previous crocodylian and vertebrate inner ear studies (Ifediba et al. 2007; Ekdale 

2016; Schwab et al. 2020; Pochat-Cottilloux et al. 2024). 

For all morphometric analyses, length was defined as the maximum anteroposterior dimension, 

width was defined as the maximum transverse (mediolateral) distance measured between the outermost 

left and right lateral boundaries of each reconstructed structure, and volume was calculated as the total 
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segmented three-dimensional space directly derived from CT-based digital reconstructions in 3D 

Slicer. Angular measurements of the encephalic endocast were defined as the forebrain–midbrain angle 

(FMA) and midbrain–hindbrain angle (MHA), which represent the relative curvature of the neuroaxis 

across ontogeny (Barrios et al. 2022). 

 

Endocast and Endosseous labyrinth Measurements  

 

 All measurements were performed in 3D Slicer using the original CT voxel scale without 

rescaling. Prior to measurement, each three-dimensional reconstruction was manually aligned in a 

standardized anatomical orientation, using the rostrocaudal axis of the skull and the midsagittal plane 

as anatomical references, and positioned centrally to minimize rotational and positional bias. Linear 

and volumetric measurements were therefore taken directly from the CT-derived models at their 

original scale. To account for size differences among ontogenetic stages, dorsal cranial length (DCL) 

was used as the primary size-standardization metric for interspecific and ontogenetic comparisons. 

 For the encephalic endocast, six parameters were recorded (Fig. 2A, B): (1) endocast length 

(EL), (2) endocast width (EW), (3) olfactory bulb length (OBL), (4) endocast volume (VE), calculated 

using segmentation-based volumetric analysis in 3D Slicer, where the endocranial cavity was digitally 

segmented and total volume was computed using the software’s built-in volume calculation tools, (5) 

forebrain–midbrain angle (FMA), and (6) midbrain–hindbrain angle (MHA) (Pierce et al. 2017; Erb 

and Turner 2021; Serrano-Martinez et al. 2021; Barrios et al. 2022; Burke and Mannion 2023). To 

visualize relative proportional changes across ontogeny, three additional indices were calculated from 

the measured parameters: the endocast length-to-width ratio (EL/EW), olfactory bulb length relative to 

total endocast length (OBL/EL × 100), and endocast length relative to dorsal cranial length (EL/DCL). 
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Fig. 2.  Three-dimensional rendering of the encephalic endocast and endosseous labyrinth of 
(Crocodylus siamensis; SHM-R14) showing. A. measurements of encephalic endocast structures 
(endocast length; EL, endocast width; EW, olfactory bulb length; OBL). B. Measurements of the 
forebrain–midbrain angle (FMA; cephalic flexure angle) and midbrain–hindbrain angle (MHA; pontine 
flexure angle). C. measurements of the endosseous labyrinth (endosseous labyrinth length; ELL, 
endosseous labyrinth width; ELW, vestibular length; LVE, lagena length; LLG, lagena width; WLG). 
 

 For the endosseous labyrinth, six parameters were measured (Fig. 2C): (1) endosseous labyrinth 

length (ELL), (2) labyrinth width (ELW), (3) vestibular length (LVE), (4) lagena length (LLG), (5) 
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lagena width (WLG), and (6) labyrinth volume (VOL) (Pierce et al. 2017; Burke and Mannion 2023). 

The boundary between the cochlear duct (lagena) and the middle ear region of the paratympanic sinus 

was identified primarily using osteological boundaries, particularly the prootic region separating these 

structures, in combination with comparative anatomical interpretations from previous crocodylian 

neuroanatomical studies. During segmentation, these regions were assessed in multiple orthogonal 

planes (axial, sagittal, and coronal) and cross-checked across successive slices to ensure consistent 

anatomical interpretation. Each parameter was measured three times, and mean values were used for 

statistical analysis. No universally accepted absolute size threshold currently defines a “developed” 

vestibular system in crocodylians. Thus, our interpretation was based on comparative DCL-

standardized measurements and ontogenetic trends. In this study, “developed” refers to relative 

enlargement and morphological differentiation of the endosseous labyrinth, not a fixed anatomical 

threshold. 

 

Statistical analyses 

  

Statistical analyses were conducted to examine relationships between cranial size and 

measurements of the endocranial cavity and endosseous labyrinth. Because the sample size was small, 

Shapiro–Wilk tests confirmed normality (p > 0.05). Linear regression analyses were used to visualize 

ontogenetic scaling patterns and evaluate the direction and consistency of morphological changes 

across growth stages. Given the exploratory nature of this study and the conservation status of C. 

siamensis, these analyses were intended to identify biologically meaningful developmental trends 

rather than to support population-level inference or predictive modeling. Emphasis was therefore 

placed on relative scaling relationships and concordance among anatomical variables rather than on 

statistical significance. 

Morphological data were further examined for ontogenetic trends by correlating endocast and 

labyrinth measurements with dorsal cranial length (DCL). All statistical analyses and graphical 

visualizations were performed in R (version 4.5.1) using the base lm() function, and graphical 

visualizations were generated using the package ggplot2 to assess relationships among cranial size, 

endocast morphology, and endosseous labyrinth development (Script S1). 

 

 

RESULTS 
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Ontogenetic changes in the endocranial morphology of C. siamensis 

 

  The endocast morphology of Crocodylus siamensis exhibits the typical reptilian tripartite 

organization, consisting of the prosencephalon, mesencephalon, and rhombencephalon. The 

prosencephalon comprises the olfactory bulbs, olfactory tract, cerebrum, and pituitary gland. The 

mesencephalon includes the optic tectum, while the rhombencephalon consists of the pons, medulla 

oblongata, and cerebellum (Fig. 3). 

 

 
Fig. 3.  Three-dimensional rendering of the skull and encephalic endocast of Crocodylus siamensis 
(SHM-R14), the largest specimen in the sample and the clearest for endocranial visualization, despite 
incomplete anterior snout preservation. A.  Dorsal view showing position of encephalic endocast. B. 
Lateral view of the encephalic endocast showing the prosencephalon (blue), mesencephalon (green), 
and rhombencephalon (red), with the forebrain–midbrain angle (FMA; cephalic flexure angle) and 
midbrain–hindbrain angle (MHA; pontine flexure angle) indicated. C. Labeled anatomical regions 
(cerebrum; CER, cerebral carotid artery; CCA, cerebellum; CB dorsal longitudinal sinus; DLS, 
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infundibulum; IN, olfactory bulb; OB, olfactory tract; OT, pituitary gland; PIT, medulla oblongata; 
MO). 
 

Both absolute encephalic endocast size and proportional development of major regions vary 

across ontogeny (Fig. 4). The juvenile specimen (skull length = 15.44 cm) exhibits an encephalic 

endocast length of 67.09 mm and a total volume of 6,922.79 mm³. The ratio of endocast length to 

dorsal cranial length (EL/DCL) was 0.43 in the juvenile specimen. The olfactory bulb length is 

proportionally prominent, representing 42.93% of total endocast length. The juvenile specimen showed 

a forebrain–midbrain angle (FMA; cephalic flexure angle) of 143.4° and a midbrain–hindbrain angle 

(MHA; pontine flexure angle) of 158.0° (Fig. 4A; Table 2). 

Subadult specimens (22.11–25.03 cm skull length; Fig. 4B–D) displayed marked increases in 

both encephalic endocast length (78.13–89.48 mm) and total endocast volume (9,715.86–13,523.80 

mm³). However, the EL/DCL ratio decreased to 0.35–0.36, indicating that endocast growth was 

proportionally slower than skull growth. The olfactory bulb also increased in absolute length (37.29–

40.05 mm) and remained proportionally prominent, representing 43.71–47.73% of total endocast 

length. In contrast, the olfactory tract became more elongated in subadult specimens, indicating an 

increase in the length of the anterior neuroaxis. Subadult specimens exhibited a slightly straighter 

neuroaxis than the juvenile specimen, reflected by changes in both the forebrain–midbrain angle 

(FMA) of 148.0-150.8° and midbrain–hindbrain angle (MHA), with the MHA increasing from 158.0° 

in the juvenile to 160.2–164.5° in subadults, indicating progressive reduction in neuroaxial curvature 

during ontogeny (Table 2). 
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Table 2.  Encephalic endocast measurements and proportional indices of Crocodylus siamensis across ontogenetic stages. Measurements 
include endocast length (EL), endocast width (EW), olfactory bulb length (OBL), endocast volume (VE), forebrain–midbrain angle (FMA), 
and midbrain–hindbrain angle (MHA). Proportional indices include the olfactory bulb length relative to total endocast length (OBL/EL × 
100), endocast length-to-width ratio (EL/EW) and endocast length relative to dorsal cranial length (EL/DCL). 
Specimens EL 

(mm) 
EW 

(mm) 
OBL 
(mm) 

VE 
(mm3) 

FMA 
(degree) 

MHA 
(degree) 

OBL/EL 
(%) 

EL/EW EL/DCL 

SMF01 67.09 21.90 28.80 6922.79 143.40 158.00 42.93 3.06 0.43 

SMF02 89.48 27.29 39.11 13523.80 150.80 164.50 43.71 3.28 0.35 

SMF03 78.13 23.66 37.29 9715.86 148.00 160.20 47.73 3.30 0.35 

SMF04 88.60 24.72 40.05 11913.10 148.10 162.00 45.20 3.58 0.36 

SHM-R14 136.90 33.46 71.67 32174.10 152.80 171.10 52.35 4.09 0.30 

SHM-R15 109.60 27.84 54.20 18556.00 151.60 163.50 49.45 3.94 0.32 
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 In adults (33.48–44.38 cm skull length), the encephalic endocast became proportionally more 

elongated, with endocast length (109.60–136.90 mm) showing a greater absolute increase than width. 

This pattern is supported by the EL/EW ratio, which increased from 3.06 in the juvenile specimen to 

3.28–3.58 in subadults and 3.94–4.09 in adults, indicating progressive proportional elongation of the 

encephalic endocast during ontogeny (Table 2; Fig. S1). In contrast, the ratio of endocast length to 

dorsal cranial length (EL/DCL) decreased to 0.30–0.32, consistent with negative allometric scaling 

relative to skull growth. Adults also exhibited the straightest neuroaxis, reflected by changes in both the 

forebrain–midbrain angle (FMA = 151.6–152.8°) and midbrain–hindbrain angle (MHA = 163.5–

171.1°), indicating reduced cephalic and pontine flexure compared with juvenile and subadult stages. 

The olfactory bulb continued to increase in absolute length (54.20–71.67 mm) and remained 

proportionally prominent, representing 49.45–52.35% of total endocast length (Table 2; Fig. S1). 

Therefore, the observed ontogenetic pattern is better interpreted as coordinated endocast elongation and 

neuroaxis reorganization, rather than a simple reduction in olfactory dominance.  
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Fig. 4.  Ontogenetic changes in encephalic endocast morphology of Crocodylus siamensis. Three-
dimensional reconstructions of the endocast showing developmental differences across life stages. A. 
juvenile (SMF01). B–D. subadults (SMF02, SMF03, SMF04). E–F. adults (SHM-R14, SHM-R15), 
showing changes in forebrain curvature, olfactory bulb size, and endocast proportions across ontogeny. 
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 In addition to changes in olfactory-associated structures and overall endocast elongation, the 

cerebrum-bearing region of the encephalic endocast shows a broadly conserved transverse morphology 

across ontogeny. In all examined specimens, the greatest transverse width of the cerebrum-bearing 

region occurs near the midpoint of the cerebral region rather than at its posterior margin (Fig. 4). This 

condition is visible in juvenile, subadult, and adult specimens, suggesting that the general cerebral 

outline remains relatively consistent throughout growth. Although the encephalic endocast becomes 

proportionally more elongated during ontogeny, no obvious posterior expansion of the cerebrum-

bearing region is observed in the available specimens. 

 

Ontogenetic changes in the endosseous labyrinth structure of C. siamensis 

 

The endosseous labyrinth of C. siamensis consists of the anterior (asc), posterior (psc), and 

lateral (lsc) semicircular canals, their associated ampullae (ana, poa, laa), the common crus, and the 

lagena (Fig. 5). In the juvenile specimens, the endosseous labyrinth is 12.46 mm in length and 12.83 

mm in width, with a vestibular length of 10.63 mm and a total volume of 176 mm³. The endosseous 

labyrinth exhibited comparatively less pronounced semicircular canal curvature relative to subadult and 

adult specimens. This represents the smallest and least differentiated endosseous labyrinth in the 

sample, with reduced semicircular canal curvature and the shortest lagena relative to subadult and adult 

specimens (Fig. 6A; Table 3).  

 Subadult specimens showed endosseous labyrinth dimensions of 15.63–16.32 mm in length and 

13.42–15.74 mm in width, with total volumes increasing to 229–338 mm³, representing a marked 

increase relative to the juvenile specimen. The lagena appears more elongated than in the juvenile 

specimen, and the anterior semicircular canal shows greater curvature (Fig. 6B–D; Table 3).  

 Adult specimens possessed the largest endosseous labyrinths in the sample, with lengths of 

21.05–24.62 mm, widths of 16.18–19.35 mm, and volumes of 428.47–971.58 mm³. Adults also 

exhibited the longest anteroposterior lagena lengths and the most pronounced anterior semicircular 

canal curvature among the examined ontogenetic stages (Fig. 6E–F; Table 3). 

 
Tables 3.  Endosseous labyrinth dimensions of Crocodylus siamensis across ontogenetic stages. 
Measurements include endosseous labyrinth length, width, vestibular length, lagena length and width, 
and total labyrinth volume for each specimen 

Specimens ELL 
(mm) 

ELW 
(mm) 

LVE 
(mm) 

LLG 
(mm) 

WLG 
(mm) 

VOL 
(mm3) 
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SMF01 12.46 12.83 9.34 4.97 4.58 175.89 

SMF02 16.32 15.74 12.3 7.14 5.18 337.97 

SMF03 15.63 13.42 11.44 7.42 5.28 228.68 

SMF04 16.3 14.46 10.63 9.1 5.83 295.49 

SHM-R14 24.62 19.35 16.31 14.25 7.78 971.57 

SHM-R15 21.05 16.18 13.27 11.6 6.81 428.46 
Note: ELL, endosseous labyrinth length; ELW, endosseous labyrinth width; LVE, vestibular length; 
LLG, lagena length; WLG, lagena width; VOL, volume of endosseous labyrinth. 
 

 
Fig. 5.  Endosseous labyrinth of Crocodylus siamensis (SHM-R14) reconstructed from CT data. A. 
Lateral view of skull showing labyrinth position (red frame). B–F. Three-dimensional rendering of the 
right labyrinth in lateral, posterior, anterior, medial, and dorsal views. Major structures include the 
anterior semicircular canals; asc, posterior semicircular canals; psc, lateral semicircular canals; lsc, 
anterior ampullae; ana, posterior ampullae; poa, vestibule; ve, common crus; cc, and lagena; lg.   
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Fig. 6.  Ontogenetic changes in the endosseous labyrinth of Crocodylus siamensis. 3D reconstructions 
of the right inner ear showing developmental variation in labyrinth size, canal curvature, and lagena 
elongation in A. juvenile (SMF01). B–D. subadults (SMF02, SMF03, SMF04) and E–F. adults (SHM-
R14, SHM-R15). Scale bar = 5 mm. 
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Correlation Between Neuroanatomical Development and Skull Growth 

 

  Statistical analyses revealed strong positive relationships between dorsal cranial length (DCL) 

and both endocast and endosseous labyrinth parameters (Figs. 7, 8). Encephalic endocast 

measurements, including encephalic endocast length (EL), olfactory bulb length (OBL), endocast 

volume (VE), and endocast width (EW), showed high coefficients of determination (R² = 0.9391–

0.9941), indicating consistent scaling with skull size. Similarly, even angular traits exhibited clear 

ontogenetic trends, with forebrain–midbrain angle (FMA) and midbrain–hindbrain angle (MHA) 

strongly correlated with skull growth (R² = 0.7756 and 0.8861, respectively), endosseous labyrinth 

parameters exhibited strong correlations with DCL, particularly labyrinth length (ELL; R² = 0.9907), 

lagena width (WLG; R² = 0.9522), and lagena length (LLG; R² = 0.9496). Vestibular length (LVE), 

labyrinth width (ELW), and total volume (VEL) also demonstrated robust scaling relationships (R² = 

0.900–0.9472). These results indicate that both encephalic endocast and endosseous labyrinth structures 

follow coordinated and predictable ontogenetic scaling patterns in Crocodylus siamensis, suggesting a 

strong covariation between cranial growth and sensory-related neuroanatomical morphology.  

 

 
Fig. 7.  Linear regression analysis showing the relationship between Dorsal Cranial Length (cm) and 
endocast measurements (mm) in C. siamensis. The plots, with 95% confidence intervals, illustrate 
consistent scaling patterns across ontogenetic stages. Blue triangle = juvenile; dark blue = sub-adult; 
purple = adult.   
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Fig. 8.  Linear regression analyses of relationships between dorsal cranial length and endosseous 
labyrinth parameters in Crocodylus siamensis. Regression plots. A–F. with 95% confidence intervals 
illustrate strong correlations between skull length and key labyrinthine measurements (ELL, ELW, 
LVE, LLG, WLG, and VOL), illustrating consistent scaling of labyrinthine morphology across growth 
stages. 
 

 

DISCUSSION 

 

Ontogenetic Scaling and Shifts in Relative Sensory Emphasis 

 

  Our results demonstrate that encephalic endocast development in Crocodylus siamensis follows 

an allometric trajectory across ontogeny, consistent with the prosencephalon, mesencephalon, and 

rhombencephalon organization of the reptilian brain. Changes in endocast and regional proportions 

reflect coordinated developmental responses to shifting behavioral and ecological demands with 

increasing body size, rather than abrupt structural transformations (Morris et al. 2019; Gignac and 

Erickson 2016; King et al. 2024; Schwab et al. 2022). Strong correlations between skull length and 

multiple endocast metrics indicate that neuroanatomical growth is tightly constrained by cranial 

development, a pattern widely observed in crocodilians and other reptiles (Jirak and Janacek 2017). 

  The proportional indices further indicate that encephalic endocast growth is negatively 

allometric relative to skull length. Although endocast length increases absolutely during ontogeny, the 

EL/DCL ratio decreases from 0.43 in the juvenile specimen to 0.35–0.36 in subadults and 0.30–0.32 in 

adults, indicating that the encephalic endocast occupies a progressively smaller proportion of dorsal 
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cranial length during growth. Neuroaxial angular measurements show a related ontogenetic pattern. 

The forebrain–midbrain angle (FMA; cephalic flexure angle) increases from 143.4° in the juvenile to 

148.0–150.8° in subadults and 151.6–152.8° in adults, whereas the midbrain–hindbrain angle (MHA; 

pontine flexure angle) increases from 158.0° in the juvenile to 160.2–164.5° in subadults and 163.5–

171.1° in adults. These increasing angular values indicate a progressive reduction in cephalic and 

pontine flexure, consistent with a straighter neuroaxis in later ontogenetic stages. 

  Juvenile specimens of Crocodylus siamensis exhibit more pronounced forebrain curvature and 

relatively enlarged olfactory bulbs, relative to subadult and adult stages, suggesting a possible greater 

role of olfactory-associated structures during early ontogeny. This configuration is consistent with 

observations in Crocodylus niloticus and other reptiles including squamates such as lizards, where 

juveniles depend heavily on chemical cues for predator detection, prey localization, and social 

interactions within sheltered microhabitats (Ngwenya et al. 2013; Chabrolles et al. 2017; Cooper 1994; 

Hansen 2007; Sneddon 2018). Such early prominence of olfactory-associated regions in the encephalic 

endocast may reflect a broader ontogenetic trend among crocodylians, potentially linked to juvenile 

ecological requirements and chemosensory dependence. Comparable developmental patterns have also 

been noted in gavialids (Castillo and Gold 2025). Rather than indicating a simple reduction in olfactory 

dominance, the proportional data suggest that olfactory-associated structures remain prominent 

throughout ontogeny. OBL/EL values increase from 42.93% in the juvenile specimen to 49.45–52.35% 

in adults, while the EL/EW ratio also increases from 3.06 to 3.94–4.09 (Table 2; Supplementary Fig. 

S1). Together, these patterns suggest coordinated endocast elongation and neuroaxis reorganization 

during growth, with persistent olfactory prominence rather than sensory replacement. 

 The cerebrum-bearing region of the encephalic endocast also provides useful comparative 

information on crocodylian ontogenetic morphology. In C. siamensis, this region appears to retain a 

consistent transverse outline throughout growth, with the greatest width located near the midpoint of 

the cerebral region rather than at the posterior margin. This condition is consistent with the typical 

crocodyloid pattern described in comparative endocranial studies and contrasts with the more 

posteriorly expanded cerebral region reported in many alligatoroids and gavialoids (Pierce et al. 2017; 

Pligersdorffer et al. 2025; Burke and Mannion 2026). Although the encephalic endocast becomes 

progressively more elongated during ontogeny, the available specimens suggest that the cerebrum-

bearing region in C. siamensis changes mainly through proportional elongation rather than a marked 

posterior shift in maximum width. This differs from the condition reported in Tomistoma schlegelii, in 

which ontogenetic development involves a transition from a midpoint-expanded juvenile cerebral 

region to a more posteriorly expanded adult condition (Burke and Mannion 2023). Comparisons with 
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gavialids, including Gavialis, further indicate that cerebral-region morphology may follow lineage-

specific ontogenetic trajectories among crocodylians (Castillo and Gold 2025; Burke and Mannion 

2026). 

As individuals transition into subadult and adult stages, overall encephalic endocast size 

increases and the neuroaxis becomes progressively straighter, consistent with findings across other 

crocodylians in which adult endocasts are more elongated and linearly organised relative to the 

endocranial cavity (Jirak and Janacek 2017; Watanabe et al. 2019). Although the olfactory bulb 

continues to grow in absolute size and scales predictably with body size (Ngwenya et al. 2013; Jirak 

and Janacek 2017), ontogenetic change may also involve proportional changes in endocast regions 

corresponding to the optic tectum and cerebellum (George and Holliday 2013; Hu et al. 2021). This 

pattern may reflect a sensory reorganisation linked to ecological transitions across life stages, rather 

than sensory replacement or loss. Juvenile crocodilians often occupy structurally complex 

microhabitats and may rely strongly on chemosensory and other local environmental cues for predator 

avoidance and prey detection, whereas larger subadults and adults occupy broader aquatic habitats and 

engage in visually guided predation on larger prey, potentially involving greater reliance on visual cues 

and coordinated motor responses (Platt et al. 2006; Radloff et al. 2012; Nagloo et al. 2016). This 

pattern mirrors developmental trends reported in Alligator mississippiensis, Caiman crocodilus, and C. 

niloticus (Macrini et al. 2007; George and Holliday 2013; Dufeau and Witmer 2015; Allemand et al. 

2023), and reflects sensory reorganisation rather than sensory replacement or loss. Given the prolonged 

growth trajectories and pronounced ecological differences between life stages that characterise 

crocodilians (Hutton 1987; Schwab et al. 2022), these ontogenetic shifts provide a useful framework 

for considering stage-specific habitat requirements and behavioral variation in C. siamensis, with 

broader relevance for conservation and management of this critically endangered species (Somaweera 

et al. 2020; Lourenço-de-Moraes et al. 2023). 

 

Coordinated Ontogenetic Scaling of the Endosseous Labyrinth 

 

Ontogenetic changes in the endosseous labyrinth closely parallel those observed in the 

encephalic endocast, reinforcing the interpretation of coordinated sensory system development 

governed by proportional scaling (Schwab et al. 2021, 2022; Castillo and Gold 2025). Juvenile 

specimens possess a short lagena and comparatively reduced semicircular canal curvature, suggesting 

early-stage differences in vestibular- and auditory-related morphology rather than directly 

demonstrated functional limitation. Smaller semicircular canal radii are generally associated with lower 
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sensitivity to angular acceleration in biomechanical models, although this functional relationship was 

not directly tested here (Van Buskirk et al. 2006; Ifediba et al. 2007; Straka et al. 2014; Essner et al. 

2022). A shorter lagena may indicate differences in auditory-related morphology, including potential 

differences in low-frequency sensitivity, as suggested by comparative studies (Walsh et al. 2009; 

Manley 2017; Schwab et al. 2020; Pochat‐Cottilloux et al. 2024). Comparable early-stage 

configurations have been documented in hatchlings of C. niloticus and Alligator mississippiensis and 

Gavialis gangeticus, where smaller canal dimensions and shorter lagenae are associated with 

ontogenetic differences in vestibular and auditory morphology. (Ifediba et al. 2007; Georgi 2008; 

Ekdale 2016; Morris et al. 2019; Castillo and Gold 2025). 

Subadult individuals show elongation of the lagena and increased thickness of the semicircular 

canal arcs. These changes are consistent with morphologies associated in previous studies with 

vestibular and auditory function, and may reflect increasing sensory-related differentiation during 

ontogeny (Leitch and Catania 2012; Chabert et al. 2015; Carr et al. 2016). Such morphological trends 

align with ecological transitions documented in subadult crocodiles, which begin to explore wider 

environments and exhibit more complex foraging behaviors (Platt et al. 2006; Brien et al. 2014; Reber 

2020; González-Solórzano et al. 2024). 

Compared to juvenile and subadult specimens, adult individuals exhibit proportionally larger 

lagena dimensions and more pronounced semicircular canal curvature of the semicircular canals 

(Schwab et al. 2020 2021 2022; Melkersson et al. 2024; Pochat‐Cottilloux et al. 2024). In contrast, 

juvenile specimens are characterized by proportionally prominent olfactory-associated regions, shorter 

lagenae, and less pronounced semicircular canal curvature (Macrini et al. 2007; Dufeau and Witmer 

2015; Castillo and Gold 2025), whereas subadult specimens display intermediate morphological 

conditions between the juvenile and adult stages (George and Holliday 2013; Schwab et al. 2022; 

Allemand et al. 2023). The enlarged lagena and increased curvature of the semicircular canals observed 

in adults are consistent with morphologies previously linked to vestibular and auditory function 

(Vergne et al. 2009; Manley 2017; Schwab et al. 2020; Pochat‐Cottilloux et al. 2024), although direct 

functional performance was not evaluated here. These morphologies may provide a useful basis for 

discussing the ecological demands of larger-bodied crocodilians, including aquatic movement, visually 

guided predatory behavior, and social interactions across broader ecological ranges (Vergne et al. 2009; 

Manley 2017; Schwab et al. 2020, 2022; Melkersson et al. 2024). Because this study is based on CT-

derived osteological morphology and morphometric correlations, functional interpretations should be 

regarded as cautious inferences rather than direct demonstrations of sensory performance. 
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Ontogenetic Sensory Scaling and Ecological Transitions 

   

The coordinated ontogenetic scaling of encephalic endocast and endosseous labyrinth structures 

in C. siamensis may reflect underlying ecological transitions during growth. Juveniles likely occupy 

structurally complex, protective microhabitats and rely more heavily on chemosensory cues, a strategy 

also reported in hatchlings of other crocodylians (Chabert et al. 2015; Dufeau and Witmer 2015; 

Neenan et al. 2017; González-Solórzano et al. 2024). As individuals increase in size, dietary breadth 

expands and locomotor demands become more pronounced, potentially associated with increased 

reliance on visual and locomotor coordination (Morpurgo et al. 1991; George and Holliday 2013; 

Woodborne et al. 2021; Puértolas-Pascual et al. 2023). 

Strong correlations between skull length and labyrinthine parameters further suggest that 

labyrinthine structures associated with auditory and vestibular functions scale with body size. In 

particular, the relationship between skull size and lagena length suggests ontogenetic variation in 

auditory-related morphology, which could have implications for acoustic sensitivity and spatial 

orientation, although direct functional validation is required (Miller et al. 1993; Radloff et al. 2012; 

Schwab et al. 2020, 2021; Ajji and Lang 2025). However, this interpretation should be treated 

cautiously, as recent work by Pochat-Cottilloux et al. (2024) demonstrated that variation in crocodylian 

endosseous labyrinth morphology is primarily explained by size-related allometry and associated 

changes in braincase conformation, rather than clear functional or phylogenetic differentiation. Similar 

allometric scaling has also been reported in other extant crocodylians and fossil crocodylomorphs (Di-

Poï et al. 2013; Leitch et al. 2012; Jirak and Janáček 2017; Puértolas-Pascual et al. 2022; Schwab et al. 

2022; Burke and Mannion 2023). Our results are consistent with this broader pattern, suggesting that 

ontogenetic scaling is a major driver of labyrinthine variation in Crocodylus siamensis. 

The relatively small lagena observed in juvenile Crocodylus siamensis should not be interpreted 

as evidence of reduced hearing capacity, but rather may indicate ontogenetic differences in auditory 

frequency sensitivity. Inner ear morphology, particularly lagena length, has been shown to correlate 

with auditory capability and the frequency range of hearing in reptiles and birds (Walsh et al. 2009). 

This suggests that juvenile individuals may have differed from adults in auditory-related morphology, 

potentially corresponding to differences in frequency sensitivity. A comparable ontogenetic pattern has 

been reported in Alligator mississippiensis, where juveniles show heightened sensitivity to higher-

frequency sounds associated with hatchling vocalizations and parental communication (Dufeau and 

Witmer 2015). 
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Implications for Conservation and Comparative Neurobiology 

 

 The ontogenetic sensory scaling patterns documented in Crocodylus siamensis are broadly 

consistent with developmental trends reported in other crocodylians, including Alligator 

mississippiensis, Caiman crocodilus, Crocodylus niloticus, and Gavialis gangeticus, where 

neuroanatomical and sensory structures undergo progressive reorganization throughout growth 

(Macrini et al. 2007; Dufeau and Witmer 2015; Schwab et al. 2022; Castillo and Gold 2025). 

These ontogenetic changes likely reflect shifts in habitat use, prey preference, locomotor 

behavior, and sensory reliance across life stages. Consequently, the sensory scaling patterns 

documented here have important implications for the conservation and management of C. siamensis. 

Distinct neuroanatomical configurations across ontogeny suggest that juveniles and adults may differ 

substantially in their sensitivity to environmental disturbances and habitat alteration. (Lang 1981; 

Hutton 1987; Brien et al. 2014; Radloff et al. 2012; Schwab et al. 2020; Somaweera et al. 2020). 

Because most specimens were obtained from captive sources, possible effects of captivity-related 

factors, including diet, husbandry conditions, and developmental environment, cannot be fully 

excluded. However, the present study was designed to identify broad ontogenetic patterns rather than 

population-level ecological variation, and all specimens showed consistent scaling trends across growth 

stages. Future comparisons between wild and captive individuals will be necessary to evaluate the 

influence of rearing conditions on neuroanatomical development. 

 In addition to its conservation relevance, this study provides an essential neuroanatomical 

baseline for comparative research. The three-dimensional reconstructions and quantitative metrics 

presented here offer reference data for evaluating how captive breeding conditions, environmental 

stressors, or conservation interventions may influence sensory-related neuroanatomical development. 

The strong statistical relationships observed between external cranial dimensions and internal 

neuroanatomical structures are best interpreted as biological scaling patterns associated with 

ontogenetic development, rather than as a direct consequence of the non-invasive measurement 

approach. Although these correlations do not directly demonstrate sensory function, they indicate that 

cranial growth covaries with the development of sensory-related neuroanatomical structures. These 

coordinated changes suggest that shifts in skull size are accompanied by proportional changes in 

neuroanatomical investment, reflecting broader developmental and ecological transitions (Ngwenya et 

al. 2013; Dumoncel et al. 2021; Fokkema et al. 2020; Lourenço-de-Moraes et al. 2023). Thus, non-

invasive cranial measurements may serve as a practical morphological proxy for estimating internal 

neuroanatomical variation, particularly when direct CT-based data are unavailable. Such relationships 



Zoological Studies 65:42 (2026) 

26 

may have potential applications for ecological monitoring and comparative behavioral inference, 

although functional validation using behavioral or physiological data remains necessary in future 

studies.  

 

 

CONCLUSIONS 

 

This study presents the first integrative characterization of endocranial and endosseous 

labyrinth development in C. siamensis across stages based on high-resolution CT data. Both 

neuroanatomical systems follow predictable allometric trajectories, accompanied by consistent, stage-

dependent morphological shifts. Early ontogenetic stages are characterized by strongly curved 

forebrains, shorter lagenae, and less pronounced semicircular canal curvature, whereas later stages 

exhibit progressive encephalic endocast elongation, proportional expansion of midbrain and hindbrain 

regions, and increased differentiation of the inner ear, particularly the lagena and semicircular canals. 

The strong covariation observed between skull length and internal neuroanatomical metrics 

indicates that external cranial dimensions provide a useful first-order framework for tracking relative 

sensory-related neuroanatomical changes across growth stages. Within the constraints imposed by the 

rarity and conservation status of this species, these patterns establish a quantitative developmental 

baseline that is directly relevant to comparative neuroanatomy, behavioral inference, and conservation 

monitoring in both captive and wild populations of C. siamensis. 

Beyond its biological and conservation relevance, the developmental framework established in 

this study may provide a useful foundation for future paleontological investigations. Because cranial 

cavities and inner ear structures are commonly preserved in fossil crocodylian skulls, even when soft 

tissues are absent, the ontogenetic patterns documented in C. siamensis could serve as a comparative 

reference for future studies aiming to infer growth stage, sensory-related morphology, and possible 

ecological differentiation in extinct crocodylians from Thailand and surrounding regions. 

Future comparative work integrating extant and fossil crocodylians may further clarify how 

developmental neuroanatomical patterns evolved through time and may strengthen the use of living 

crocodylians as analogues for interpreting the fossil record. 

 

Acknowledgments: This research project was completed with the kindness and assistance from Mr. 

Khai Kaykhuntod and Ms. Thitiya Moonmat, owners of Sinsup Moonmat Crocodile Farm in Maha 

Sarakham Province and the Paleontology Research and Education Center, Mahasarakham University, 



Zoological Studies 65:42 (2026) 

27 

who kindly provided two specimens of Crocodylus siamensis: SHM-R14, SHM-R15 for this study. We 

would like to thank Mr. Sarayut Treenet, Radiological Technologist, X-ray Center, Suddhavej Hospital, 

Faculty of Medicine, Mahasarakham University. We would like to thank Mr. Supanat Bhuttarach, who 

contacted and coordinated with the crocodile farm and collected the samples, and Ms. Maneesila 

Photiwatnangun, Mr. Ongsa Budda, Ms. Pitchapa Treemek, Ms. Kingkan Sakundet, Ms. Suttida 

Srisamer, Ms. Rungnapa Chaiyawan, Ms. Monthanaporn Muengkhaw, provided assistance, 

consultation, suggestions, and checked the accuracy of the project book throughout the research. This 

research project was financially supported by Mahasarakham University.  

 

Authors’ contribution: KL; Substantial contribution in the concept and design of the study, PT and 

KS; Specimen’s collection and identification, KL and PT; Contribution to data analysis and 

interpretation, KL; Project financing, KL and PT; Contribution to manuscript 

preparation 

 

Availability of data and materials: The data presented in this study are available on request from the 

corresponding author. 

Consent for publication: Not applicable. 

 

Ethics approval consent to participate: Not applicable. 

 

 

REFERENCES 

 

Allemand R, Abdul‐Sater J, Macrì S, Di‐Poï N, Daghfous G et al. 2023. Endocast, brain, and bones: 

Correspondences and spatial relationships in squamates. Anat Rec 306:2443–2465. 

doi:10.1002/ar.25142. 

Ajji MJ, and Lang JW. 2025. Gharial acoustic signaling: Novel underwater pops are temporally based, 

context-dependent, seasonally stable, male-specific, and individually distinctive. J Anat 246:415–

443. doi:10.1111/joa.14171. 

Barrios F, Bona P, Paulina-Carabajal A, Leardi JM, Holliday CM et al. 2022. An overview on the 

crocodylomorpha cranial neuroanatomy: Variability, morphological patterns and paleobiological 

implications. Paleoneurology of Amniotes 22:213–266. doi:10.1007/978-3-031-13983-3_7. 

https://doi.org/10.1002/ar.25142


Zoological Studies 65:42 (2026) 

28 

Bezuijen MR, Simpson B, Behler N, Daltry J, Tempsiripong Y. 2012. Crocodylus siamensis, The 

IUCN Red List of Threatened Species 2012:e.T5671A3048087. Available at: 

https://dx.doi.org/10.2305/IUCN.UK.2012.RLTS.T5671A3048087.en. Accessed on 19 Aug. 

2025. 

Bezuijen MR, Cox Jr JH, Thorbjarnarson JB, Phothitay C, Hedemark M, Rasphone A. 2013. Status of 

Siamese crocodile (Crocodylus siamensis) Schneider, 1801 (Reptilia: Crocodylia) in Laos. J 

Herpetol 47:41–65. doi:10.1670/11-157. 

Blanco MVF, Cassini GH, Bona P. 2018. Skull ontogeny of extant caimans: a three-dimensional 

geometric morphometric approach. Zoology 129:69–81. 

Bona P, Degrange FJ, Fernández MS. 2013. Skull anatomy of the bizarre crocodylian Mourasuchus 

nativus (Alligatoridae, Caimaninae). Anat Rec 296:227–239. doi:10.1002/ar.22625. 

Bona P, Carabajal AP, Gasparini Z. 2015. Neuroanatomy of Gryposuchus neogaeus (Crocodylia, 

Gavialoidea): a first integral description of the braincase and endocranial morphological variation 

in extinct and extant gavialoids. Earth Environ Sci Trans R Soc Edinb 106:235–246. 

doi:10.1017/S1755691016000189. 

Brien ML, Webb GJ, McGuinness K, Christian KA. 2014. The relationship between early growth and 

survival of hatchling saltwater crocodiles (Crocodylus porosus) in captivity. PLoS ONE 

9:e100276. doi:10.1371/journal.pone.0100276. 

Burke PMJ, Boerman SA, Perrichon G, Martin JE, Smith T et al. 2025. Endocranial anatomy and 

phylogenetic position of the crocodylian Eosuchus lerichei from the late Paleocene of 

northwestern Europe and potential adaptations for transoceanic dispersal in gavialoids. The 

Anatomical Record 308: 636-670. doi:10.1002/ar.25569. 

Burke PMJ, Mannion PD. 2023. Neuroanatomy of the crocodylian Tomistoma dowsoni from the 

Miocene of North Africa provides insights into the evolutionary history of gavialoids. J Anat 

243:1–22. doi:10.1111/joa.13846. 

Burke, PMJ, Mannion PD. 2026. Computed tomography reveals the endocranial anatomy of 

Crocodylia: implications for phylogenetic relationships and ecomorphological convergence across 

Crocodylomorpha. J Anat, pp.1–60. doi:10.1111/joa.70182.  

Carabajal AP, Sterli J, Müller J, Hilger A. 2013. Neuroanatomy of the marine Jurassic turtle 

Plesiochelys etalloni (Testudinata, Plesiochelyidae). PLoS ONE 8:e69264. 

doi:10.1371/journal.pone.0069264. 

Carr CE, Christensen-Dalsgaard J, Bierman H. 2016. Coupled ears in lizards and crocodilians. Biol 

Cybern 110:291–302. doi:10.1007/s00422-016-0698-2. 



Zoological Studies 65:42 (2026) 

29 

Castillo MIN, Gold MEL. 2025. On the paranasal and paratympanic sinuses of perinatal Gavialis 

gangeticus, with notes on the endocast, ossification observations in the braincase, and cervical 

vertebrae. Anat Rec 309:1644–1666. doi:10.1002/ar.70024. 

Chabert T, Colin A, Aubin T, Shacks V, Bourquin SL et al. 2015. Size does matter: Crocodile mothers 

react more to the voice of smaller offspring. Sci Rep 5:15547. doi:10.1038/srep15547. 

Chabrolles L, Coureaud G, Boyer N, Mathevon N, Beauchaud M. 2017. Cross-sensory modulation in a 

future top predator, the young Nile crocodile. R Soc Open Sci 4:170386. doi:10.1098/rsos.170386. 

Chentanez T, Huggins SE, Chentanez V. 1983. Allometric relationships of the Siamese crocodile, 

Crocodylus siamensis. Journal of the Science Society of Thailand 9:5–26. 

doi:10.2306/scienceasia1513-1874.1983.09.005. 

Chitchamnong W, Bhumpakphan N, Sukmasuang R. 2016. Some ecological aspects of the Siamese 

crocodile (Crocodylus siamensis) in Khao Ang Rue Nai Wildlife Sanctuary. Journal of Wildlife in 

Thailand 23:77–89. 

Cooper WE. 1994. Chemical discrimination by tongue-flicking in lizards. J Chem Ecol 20:439–487. 

doi:10.1007/BF02064449. 

Di-Poï N, Milinkovitch MC. 2013. Crocodylians evolved scattered multi-sensory micro-organs. 

EvoDevo 4:19. doi:10.1186/2041-9139-4-19. 

Dodson P. 1975. Functional and ecological significance of relative growth in Alligator. Journal of 

Zoology 175:315–355. doi:10.1111/j.1469-7998.1975.tb01405.x. 

Donzé, G, Perrichon G, Vincent P, Therrien F, Martin JE. 2026. Comparative endocranial anatomy in 

the crocodylians Leidyosuchus canadensis and Stangerochampsa mccabei from the upper 

Cretaceous of Alberta, Canada. J Anat, pp. 1–28. doi:10.1111/joa.70096. 

Dumoncel J, Subsol G, Durrleman S, Bertrand A, de Jager E et al. 2021. Are endocasts reliable proxies 

for brains? A 3D quantitative comparison of the extant human brain and endocast. J Anat 238:80–

488. doi:10.1111/joa.13318. 

Dumont Jr MV, Santucci RM, de Andrade MB, de Oliveira CEM. 2022. Paleoneurology of 

Baurusuchus (Crocodyliformes: Baurusuchidae), ontogenetic variation, brain size, and sensorial 

implications. The Anatomical Record 305:2670–2694. doi:10.1002/ar.24567. 

Dufeau DL, Witmer LM. 2015. Ontogeny of the middle-ear air-sinus system in Alligator 

mississippiensis. PLoS ONE 10:e0137060. doi:10.1371/journal.pone.0137060. 

Ekdale EG. 2016. Form and function of the mammalian endosseous labyrinth. J Anat 228:324–337. 

doi:10.1111/joa.12308. 

https://doi.org/10.2306/scienceasia1513-1874.1983.09.005
https://doi.org/10.1007/BF02064449


Zoological Studies 65:42 (2026) 

30 

Erb A, Turner AH. 2021. Braincase anatomy of the Paleocene crocodyliform Rhabdognathus revealed 

through high resolution computed tomography. PeerJ 9: e11253. doi:10.7717/peerj.11253. 

Essner Jr RL, Pereira RE, Blackburn DC, Singh AL, Stanley EL et al. 2022. Semicircular canal size 

constrains vestibular function in miniaturized frogs. Sci Adv 8:eabn1104. 

doi:10.1126/sciadv.abn1104. 

Fokkema W, van der Jeugd HP, Lameris TK, Dokter AM, Ebbinge BS et al. 2020. Ontogenetic niche 

shifts as a driver of seasonal migration. Oecologia 193:285–297. doi:10.1007/s00442-020-04682-

0. 

Georgi JA. 2008. Semicircular canal morphology as evidence of locomotor environment in amniotes. 

State University of New York at Stony Brook. 

George ID, Holliday CM. 2013. Trigeminal nerve morphology in Alligator mississippiensis. The 

Anatomical Record 296:670–680. doi:10.1002/ar.22666. 

Gignac PM, Erickson GM. 2016. Ontogenetic bite‐force modeling of Alligator mississippiensis: 

implications for dietary transitions in a large‐bodied vertebrate and the evolution of crocodylian 

feeding. J Zool 299:229–238. doi:10.1111/jzo.12349. 

Gignac PM, Erickson GM. 2015. Ontogenetic changes in dental form and tooth pressures facilitate 

developmental niche shifts in American alligators. J Zool 295:132–142. doi:10.1111/jzo.12187. 

Gold MEL, Brochu CA, Norell MA. 2014. An expanded combined evidence approach to the Gavialis 

problem using geometric morphometric data from crocodylian braincases and Eustachian systems. 

PLoS ONE 9:e105793. doi:10.1371/journal.pone.0105793. 

González-Solórzano M, López-Luna MA, Hernández-Salazar LT, Bello-Sánchez EA, Morales-Mávil 

JE. 2024. Variation in the diet of hatchling Morelet’s crocodile (Crocodylus moreletii) in the wild. 

Animals 14:2610. doi:10.3390/ani14172610. 

Hansen A. 2007. Olfactory and solitary chemosensory cells in Alligator mississippiensis. BMC 

Neuroscience 8:64. doi:10.1186/1471-2202-8-64. 

Hu K, King JL, Romick CA, Dufeau, DL, Witmer LM et al. 2021. Ontogenetic endocranial shape 

change in alligators and ostriches. The Anatomical Record 304:1759–1775. doi:10.1002/ar.24579. 

Hutton JM. 1987. Growth and Feeding Ecology of the Nile Crocodile Crocodylus niloticus at Ngezi, 

Zimbabwe. J Anim Ecol 56:25–38. doi:10.2307/4797. 

Ifediba MA, Rajguru SM, Hullar TE, Rabbitt RD. 2007. 3-canal biomechanics in vestibular 

transduction. Annals of Biomedical Engineering 35:1247–1263. doi:10.1007/s10439-007-9277-y. 

IUCN. 2025. The IUCN red list of threatened species. Version 2025-2. Available at: 

http://www.iucnredlist.org/. (Accessed 2026 Apr. 30) 

https://doi.org/10.3390/ani14172610
https://doi.org/10.1007/s10439-


Zoological Studies 65:42 (2026) 

31 

Jirak D, Janacek J. 2017. Volume of the crocodilian brain and endocast during ontogeny. PLoS ONE 

12:e0178491. doi:10.1371/journal.pone.0178491. 

Kawabe S, Shimokawa T, Miki H, Okamoto T, Matsuda S. 2010. A simple and accurate method for 

estimating the brain volume of birds: possible application in paleoneurology. Brain Behav Evol 

74:295–301. doi:10.1159/000270906. 

King L, Zhao Q, Dufeau DL, Kawabe S, Witmer L et al. 2024. Endocranial development in non-avian 

dinosaurs reveals an ontogenetic brain trajectory distinct from extant archosaurs. Nature 

Communications 15:7415. doi:10.1038/s41467-024-51627-9. 

Kuzmin IT, Boitsova EA, Gombolevskiy VA, Mazur EV, Morozov SP et al. 2021. Braincase anatomy 

of extant Crocodylia, with new insights into the development and evolution of the neurocranium 

in crocodylomorphs. J Anat 239:983–1038. doi:10.1111/joa.13490. 

Lang JW. 1981. Thermal preferences of hatchling crocodiles. Journal of Thermal Biology 6:73–78. 

doi:10.1016/0306-4565(81)90056-5. 

Lauprasert K, Watchajittaphan P, Juanngam S, Bhuttarach S. 2019. Freshwater crocodile, Crocodylus 

siamensis Schneider, 1801, from the Middle Pleistocene of Thailand. Annales de Paléontologie 

105:269–274. doi:10.1016/j.annpal.2019.05.002.  

Lessner EJ, Holliday CM. 2022. A 3D ontogenetic atlas of Alligator mississippiensis cranial nerves. 

Anat Rec 305:2854–2882. doi:10.1002/ar.24550. 

Leitch DB, Catania KC. 2012. Integumentary sensory organs in crocodilians. J Exp Biol 215:4217–

4230. doi:10.1242/jeb.076836. 

Lourenço-de-Moraes R, Campos FS, Cabral P, Silva-Soares T, Nobrega YC et al. 2023. Global 

conservation prioritization areas in crocodilian diversity. Sci Rep 13:2568. doi:10.1038/s41598-

023-28413-6. 

Macrini TE, Rowe T, VandeBerg JL. 2007. Cranial endocasts from a growth series of Monodelphis 

domestica. J Morphol 268:844–865. doi:10.1002/jmor.10556. 

Manley GA. 2017. Comparative auditory neuroscience. J Assoc Res Otolaryngol 18: 1–24. 

doi:10.1007/s10162-016-0579-3. 

Melkersson KG, Li H, Rask-Andersen H. 2024. First photon-counting detector computed tomography 

in the living crocodile: a 3D-Imaging study with special reference to amphibious hearing. Front 

Cell Dev Biol 12:1471983. doi:10.3389/fcell.2024.1471983. 

Miller TJ, Crowder LB, Rice JA. 1993. Ontogenetic changes in fish visual acuity. Environ Biol Fish 

37:1–8. doi:10.1007/BF00000707. 

https://doi.org/10.1159/000270906
https://doi.org/10.1242/jeb.076836


Zoological Studies 65:42 (2026) 

32 

Morpurgo B, Gvaryahu G, Robinzon B. 1991. Food preference in young Nile crocodiles. Physiol 

Behav 50:1–4. doi:10.1016/0031-9384(91)90489-B. 

Morris ZS, Vliet KA, Abzhanov A, Pierce SE. 2019. Heterochronic shifts and conserved embryonic 

shape underlie crocodylian craniofacial disparity and convergence. Proc Biol Sci 286:20182389. 

doi: 10.1098/rspb.2018.2389. 

Nagloo N, Collin SP, Hemmi, JM, Hart NS. 2016. Spatial resolving power and spectral sensitivity of 

the saltwater crocodile, Crocodylus porosus, and the freshwater crocodile, Crocodylus johnstoni. J 

Exp Biol 219:1394-1404. doi:10.1242/jeb.135673. 

Neenan JM, Reich T, Evers SW, Druckenmiller PS, Voeten et al. 2017. Sauropterygian labyrinth 

evolution. Curr Biol 27:3852–3858. doi:10.1016/j.cub.2017.10.069. 

Ngwenya A, Patzke N, Spocter MA, Kruger JL, Dell LA et al. 2013. Growth of the crocodilian CNS. 

Anat Rec 296:1489–1500. doi:10.1002/ar.22752. 

Perrichon G, Hautier L, Pochat‐Cottilloux Y, Raselli I, Salaviale C et al. 2023. Ontogenetic variability 

of the intertympanic sinus. J Anat 242:1096–1123. doi:10.1111/joa.13830. 

Pierce SE, Williams M, Benson RB. 2017. Virtual reconstruction of the endocranial anatomy of the 

early Jurassic marine crocodylomorph Pelagosaurus typus (Thalattosuchia). PeerJ 5: e3225. 

doi:10.7717/peerj.3225. 

Pochat‐Cottilloux Y, Perrichon G, Hautier L, Rinder N, Amiot R et al. 2024. Size explains labyrinth 

morphology in Crocodylia. J Anat 246:558–574. doi:10.1111/joa.14170. 

Platt SG, Rainwater TR, Finger AG, Thorbjarnarson JB, Anderson TA et al. 2006. Food habits, 

ontogenetic dietary partitioning and observations of foraging behavior of Morelet’s crocodile 

(Crocodylus moreletii) in northern Belize. The Herpetological Journal 16:281–290. 

Platt SG, Rainwater TR, Thorbjarnarson JB, Finger AG, Anderson TA, McMurry ST. 2009. 

Morphometrics and biomass of Crocodylus moreletii. Caribbean Journal of Science 45:80–93. 

doi:10.18475/cjos.v45i1.a12. 

Pligersdorffer CC, Burke PMJ, Mannion PD. 2025. Evaluation of the endocranial anatomy of the early 

Paleogene north African gavialoid crocodylian Argochampsa krebsi and evolutionary implications 

for adaptation to salinity tolerance in marine crocodyliforms. J Anat 246:974–986. 

doi:10.1111/joa.14213. 

Pritz MB. 2015. Crocodilian forebrain evolution and development. Integr Comp Biol 55:949–961. 

doi:10.1093/icb/icv003. 

Puértolas-Pascual E, Kuzmin IT, Serrano-Martínez A, Mateus O. 2023. Neuroanatomy of 

Portugalosuchus azenhae. J Anat 242:1146–1171. doi:10.1111/joa.13836. 



Zoological Studies 65:42 (2026) 

33 

Radloff FGT, Hobson KA, Leslie AJ. 2012. Characterising ontogenetic niche shifts in Nile crocodile 

using stable isotope (δ13C, δ15N) analyses of scute keratin. Isotopes in Environmental and Health 

Studies 48:439–456. doi:10.1080/10256016.2012.667808. 

Ratanakorn P, Chamsai T, Sedwisai P, Sujittosakul T, Lapjatuporn T et al. 2021. Population 

assessment of crocodiles in Bueng Boraphet. Journal of Applied Animal Science 14:21–32.  

Reber SA. 2020. Crocodilians as intermediate model organisms. Comparative Cognition & Behavior 

Reviews 15:1–22. doi:10.3819/CCBR.2020.150004. 

Ristevski J, Yates AM, Price GJ, Molnar RE, Weisbecker V et al. 2020. Australia’s prehistoric ‘swamp 

king’: revision of the Plio-Pleistocene crocodylian genus Pallimnarchus de Vis, 1886. PeerJ 

8:p.e10466. doi:10.7717/peerj.10466. 

Ristevski J, Price GJ, Weisbecker V, Salisbury SW. 2021. First record of a tomistomine crocodylian 

from Australia. Sci Rep 11:12158. doi:10.1038/s41598-021-91717-y. 

Ristevski J. 2022. Neuroanatomy of the mekosuchine crocodylian Trilophosuchus rackhami Willis, 

1993. J Anat 241:981–1013. doi:10.1111/joa.13732. 

Sam H, Hor L, Nhek R, Sorn P, Heng S et al. 2015. Status and ecology of the Siamese crocodile in 

Cambodia. Cambodian J Nat Hist 2015:153–164. 

Schwab JA, Young MT, Neenan JM, Walsh SA, Witmer LM, Herrera Y, Brusatte SL. 2020. Inner ear 

sensory system changes in crocodylomorphs. Proc Natl Acad Sci U S A 117:10422–10428. 

doi:10.1073/pnas.200214611. 

Schwab JA, Young MT, Herrera Y, Witmer LM, Walsh SA, Katsamenis OL, and Brusatte SL. 2021. 

The braincase and inner ear of ‘Metriorhynchus’ cf. ‘M.’ brachyrhynchus – implications for 

aquatic sensory adaptations in crocodylomorphs. J Vertebr Paleontol 41:e1912062. 

doi:10.1080/02724634.2021.1912062. 

Schwab JA, Young MT, Walsh SA, Witmer LM, Herrera Y et al. 2022. Ontogenetic variation in the 

crocodylian vestibular system. J Anat 240:821–832. doi:10.1111/joa.13601. 

Serrano-Martínez A, Knoll F, Narváez I, Ortega F. 2019. Brain and pneumatic cavities of the braincase 

of the basal alligatoroid Diplocynodon tormis (Eocene, Spain). J Vertebr Paleontol 39:e1572612. 

doi:10.1080/02724634.2019.1572612. 

Serrano‐Martínez A, Knoll F, Narváez I, Lautenschlager S, Ortega F. 2021. Neuroanatomical and 

neurosensorial analysis of the Late Cretaceous basal eusuchian Agaresuchus fontisensis (Cuenca, 

Spain). Papers in Palaeontology 7:641–656. doi:10.1002/spp2.1296. 

Shingleton A. 2010. Allometry: The Study of Biological. Nature Education Knowledge 3:1–7. 

https://doi.org/10.1080/10256016.2012.667808


Zoological Studies 65:42 (2026) 

34 

Shute CC, Bellairs AD. 1955. The external ear in Crocodilia. Proc Zool Soc Lond 124:741–749. 

doi:10.1111/j.1469-7998.1955.tb07813.x. 

Sneddon LU. 2018. Comparative physiology of nociception and pain. Physiology 33:63–73. 

doi:10.1152/physiol.00022.201. 

Somaweera R, Nifong J, Rosenblatt A, Brien ML, Combrink X et al. 2020. Ecological importance of 

crocodylians. Biol Rev 95:936–959. doi:10.1111/brv.12594. 

Straka H, Fritzsch B, Glover JC. 2014. Connecting ears to eye muscles: evolution of a ‘simple' reflex 

arc. Brain Behav Evol 83:162–175. doi:10.1159/000357833. 

Sudrajat, S, Saleh HA. 2019. Mesangat Lake as crocodile habitat. Biodiversitas 20:3126–3133. 

doi:10.13057/biodiv/d201104. 

Van Buskirk WC, Watts RG, Liu YK. 1976. The fluid mechanics of the semicircular canals. Journal of 

Fluid Mechanics 78:87–98. doi:10.1017/S0022112076002346. 

Vergne AL, Pritz MB, Mathevon N. 2009. Acoustic communication in crocodilians: from behavior to 

brain. Biological Reviews 84:391–411. doi:10.1111/j.1469-185X.2009.00079.x. 

Watanabe A, Fabre AC, Felice RN, Maisano JA, Müller J et al. 2019. Cranial integration and 

ecomorphological diversification in squamates. Proc Natl Acad Sci USA 116:14688–14697. 

doi:10.1073/pnas.1820967116 

Walsh SA, Barrett PM, Milner AC, Manley G, Witmer LM. 2009. Inner ear anatomy is a proxy for 

deducing auditory capability and behavior in reptiles and birds. Proc R Soc B: Biol Sci 276:1355–

1360. doi:10.1098/rspb.2008.1390. 

Whitlock KE, Palominos MF. 2022. The olfactory tract: Basis for future evolution in response to 

rapidly changing ecological niches. Front Neuroanat 16:831602. doi:10.3389/fnana.2022.831602. 

Witmer LM. 1995. Homology of facial structures in extant archosaurs (birds and crocodilians), with 

special reference to paranasal pneumaticity and nasal conchae. J Morphol 225:269–327. 

doi:10.1002/jmor.1052250304. 

Witmer LM, Ridgely RC. 2008. The paranasal air sinuses of predatory and armored dinosaurs 

(Archosauria: Theropoda and Ankylosauria) and their contribution to cephalic structure. Anat Rec 

291:1362–1388. doi:10.1002/ar.20794. 

Witmer LM, Ridgely RC, Dufeau DL, Semones MC. 2008. Using CT to peer into the past: 3D 

visualization of the brain and ear regions of birds, crocodiles, and nonavian dinosaurs. In: Endo H, 

Frey R, editors. Anatomical Imaging: Towards a New Morphology. Tokyo: Springer Japan, pp. 

67–87. doi:10.1007/978-4-431-76933-0_6 

https://doi.org/10.1152/physiol.00022.201
https://doi.org/10.1111/brv.12594
https://doi.org/10.1111/j.1469-
https://doi.org/10.1007/978-4-431-76933-0_6


Zoological Studies 65:42 (2026) 

35 

Woodborne S, Botha H, Huchzermeyer D, Myburgh J, Hall G et al. 2021. Ontogenetic dependence of 

Nile crocodile (Crocodylus niloticus) isotope diet-to-tissue discrimination factors. Rapid Commun 

Mass Spectrom 35:e9159. doi:10.1002/rcm.9159. 

Yangprapakorn P. 2009. Thai crocodile: The journey home from the brink of extinction. Journal of 

Wildlife in Thailand 16:8–10. (in Thai) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 



Zoological Studies 65:42 (2026) 

36 

Supplementary Materials 

 

Script S1.  R script used for linear regression analysis and graphical visualization of the relationship 
between dorsal cranial length (DCL) and volume of the endosseous labyrinth in Crocodylus siamensis. 
The script includes model fitting using the base lm() function and visualization using the ggplot2 
package. (download)  
 
Fig. S1.  Relative proportional indices of the encephalic endocast across ontogenetic stages of 
Crocodylus siamensis. OBL/EL (%) represents olfactory bulb length relative to total endocast length, 
EL/EW represents proportional elongation of the encephalic endocast, and EL/DCL represents 
endocast length relative to dorsal cranial length. These indices were calculated from the measurements 
reported in table 2. (download)  
 
 


