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Soft tissue preservation in the Triassic pachypleurosaur Keichousaurus hui: evidence for digestive tract anatomy, diet, and feeding behavior
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Keichousaurus hui is the most abundant and representative species in the Xingyi biota in South China. K. hui has been studied in many aspects, including its functional morphology, osteology, ontogeny, allometric growth, sexual dimorphism, and reproduction. Previous studies have assumed that Keichousaurus’ anteriorly curved teeth were used to impale prey and to tear and swallow either the whole or partially fragmented prey. Prey items have been assumed to be small fish or soft-bodied invertebrates, such as squid and shrimp, that were also present in the Xingyi biota. However, there has been no direct evidence for the anatomy of the digestive tract or the diet of the Keichousaurus. There are few reports of the soft tissue preservation of K. hui. In this study, we present relatively complete preservation of the digestive tract with food remains in several well-preserved specimens of K. hui. By comparing with modern reptiles, we reconstructed the internal distribution and organ composition of the digestive tract of K. hui. Through the analysis of the alimentary canal remnants by microscope and X-ray computed microtomography, we infer that K. hui was a frequently piscivorous species that usually swallowed its prey whole.
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1. Introduction

Pachypleurosaurs are considered the most primitive representatives of sauropterygians (Rieppel, 1993; Storrs, 1993), which diversified in the Triassic epicontinental seas and intraplatform basins of the Tethyan Ocean (Rieppel, 2000; Liu et al., 2011; Figure 1A). Pachypleurosauria contains the following valid taxa (Klein, 2012): Dactylosaurus gracilis (Gürich, 1884; Rieppel and Hagdorn, 1997), Anarosaurus pumilio (Dames, 1890) and A. heterodontus (Rieppel and Lin, 1995) from the Germanic Basin, Serpianosaurus mirigiolensis (Rieppel, 1989), Neusticosaurus edwardsii (Cornalia, 1854; Carroll and Gaskill, 1985), N. peyeri (Sander, 1989), and N. pusillus (Seeley, 1882) from the Alpine Triassic of Monte San Giorgio, Switzerland. These seven species of Pachypleurosauria have been reported in the western Tethyan province. Additional pachypleurosaur taxa that occur in the eastern Tethyan province (south China) include Keichousaurus hui Young 1958 and Dianopachysaurus dingi (Liu et al., 2011). The evolutionary lineage shows that the Chinese pachypleurosaurus Keichousaurus and all European Pachypleurosaurus constitute a monophyletic group (Rieppel and Lin, 1995; Liu et al., 2011; Cheng, 2015).
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FIGURE 1
 Maps. (A) Pachypleurosaurs palaeobiogeographical distribution in the Middle/Late Triassic [modified from Lu et al. (2018)]. (B) Palaeogeographic map showing the location of the Xingyi biota [modified from Liu et al. (2013)]. Inset is a tectonic map illustrating blocks and sutures of south China and adjacent areas [After Metcalfe (2006), Lehrmann et al. (2009), and Ma et al. (2009)].


Keichousaurus hui, as the earliest assigned to the Pachypleurosauridae (Young, 1958), is one of the most abundant Triassic marine reptiles in south China. A large number of well-preserved specimens of K. hui have provided the basis for a more comprehensive scientific study, including its skeletal system, functional morphology, ontogenesis, sexual dimorphism, allometric growth, reproductive mode, and paleoecology (Young, 1958; Lin, 1994; Lin and Rieppel, 1998; Yang, 1998; Rieppel, 1999; Cheng et al., 2004, 2009; Holmes et al., 2008; Wang et al., 2009; Fu et al., 2013; Xue et al., 2013; Qin et al., 2014; Motani et al., 2015; Zou et al., 2015; Hu et al., 2018; Lu et al., 2018). Although the stratigraphic age of K. hui is still controversial, numerous independent conodont studies support an early Late Triassic (early Carnian) (Yang et al., 1995; Wang, 1996, 2002; Wang et al., 1998), but biostratigraphy with ammonites supports a late Middle Triassic (late Ladinian) age (Chen, 1985; Li, 2006; Zou et al., 2015). Recent zircon U–Pb dating yielded an age of 240.8 ± 1.8 Ma (Li et al., 2016).

For most Mesozoic marine reptiles, dietary inference relies primarily on indirect evidence from dentition and jaw architecture (Massare, 1987). In the case of the Keichousaurus and other pachypleurosaurs, the anterior teeth on the upper and lower jaws become gradually curved as they taper anteriorly to their tips, and this has been interpreted to enable the animal to impale its prey and manipulate either the torn prey or whole prey item into position to swallow (Sander, 1989; Holmes et al., 2008; Fu et al., 2013; Liao et al., 2021). In the case of the Keichousaurus, prey items have been assumed to be small fishes or soft-bodied invertebrates, such as squid and shrimp, that were also present in the Xingyi Lagerstatte deposit (Su, 1959; Jin, 2001; Liu et al., 2002, 2003; Li, 2006; Xu et al., 2012, 2015; Tintori et al., 2015; Zou et al., 2015; Sun et al., 2016; Ni et al., 2017; Xu and Ma, 2018; Li et al., 2019; Xu, 2020). However, there has been no direct evidence for diet or mode of feeding from stomach contents.

In some apex predators, such as ichthyosaurs and plesiosaurs, preserved gut contents provide direct evidence for prey preferences (Pollard, 1968; Kear et al., 2003; Cheng and Chen, 2007; O’Keefe et al., 2009; Jiang et al., 2020). Nevertheless, well-preserved and identifiable gastric contents are relatively rare in small tetrapods (Xing et al., 2019), not to mention relatively complete digestive tracts. Because taphonomy usually limits soft parts preservation, there is little documented direct evidence about soft tissue preservation in pachypleurosaurs. Only in Neusticosaurus of Monte San Giorgio has preservation of soft tissue anatomy been reported (Sander, 1989). In the present study, we show the occurrence of spectacularly preserved specimens with soft part fossilization of the alimentary canal in Keichousaurus hui from South China and from the Triassic period. These remarkably well-preserved specimens not only provide the first direct and unequivocal evidence of prey preference and feeding strategy but also help in the reconstruction of the alimentary canal of this species.



2. Materials and methods

The nine exceptionally preserved specimens of Keichousaurus hui, reposited in the Paleontological Collection of Guizhou University (PCGU4281-PCGU4289), were collected from Wusha Town, Xingyi, and Guizhou, China (Figure 1B) (104°47′36.83″E, 25°9′32.87″N). The deposits from which they were found are those of the Zhuganpo Member of the Falang Formation. Rich invertebrates, bony fishes, and several other types of marine reptiles in this stratum were also found (Liao et al., 2021). The whole fossil assemblage represents the renowned Xingyi biota (Su, 1959; Jin, 2001; Liu et al., 2002, 2003; Li, 2006; Xu et al., 2012, 2015; Tintori et al., 2015; Zou et al., 2015; Sun et al., 2016; Ni et al., 2017; Xu and Ma, 2018; Li et al., 2019; Xu, 2020).

The preparatory work of specimens was completed using pneumatic air scribe tools and fine steel needles under a stereo microscope SZM7045–STL2 (magnification of 45×, viewable range of 4.4 mm, and working distance of 100 mm) with Multi-Position Fiber Optic Illuminator System. We precluded any potentially corrosive methods. Six separate measurements (Supplementary Table 1) were taken from each specimen using the criteria of Sander (1989). Entire fossil specimens were photographed using a Canon 200D camera (60 mm f/2.8 Macro USM lens). The trunk regions of the specimens were magnified by a Ultra-depth-of-field 3D microscopic system KEYENCE VHK–2000, and digitized by a CMOS camera (DVI–1) with a 1920 × 1,200 pixel chip and 16-bit dynamic range. The fine structures of each specimen were examined by a stereo microscope Leica M205C (optical resolution of 0.952 μm and a working distance of 61.5 mm), and images were recorded with a 20 Megapixel color CMOS camera DMC5400 using the Leica Application Suite X software. Computed tomography images of specimen PCGU4281 were conducted using a non-destructive high-resolution X-ray CT scanner Nano Voxel 4,000 (Tianjin Sanying Precision Instruments Co., Ltd., China). Scan parameters used for the specimen were: voxel size = 2 μm and voltage = 240 kV.



3. Results


3.1. Description of specimens

PCGU4281 is a well-preserved adult, male individual exposed in ventral view. Its total length over the preserved portions is 222.67 mm (Supplementary Table 1). Postmortem disturbance appears to be minimal, only the manus and tail tip were affected (Figure 2A). Of particular interest were well-preserved organic remains occurring within the trunk region of this specimen (Figures 2B,C). The remains can be divided into four types: (1) A black, amorphous matter encrusting the 5th–9th dorsal vertebrae (Figure 2B wa1 and Figure 3A wa1). The presence of the amorphous matter prevents the marginal boundaries of the 5th-9th vertebrae from being observed (compare with the rest of the vertebrae, for example, 10th-14th vertebrae) (Figure 2C). This black matter is covered by the posterior coracoid and a central V-shape element of gastralia at the position of the 8th dorsal centrum (Figure 3B arrowhead); (2) Within the right thoracic cavity, a black organic film can be seen covering the dorsal ribs along the 8th to 10th dorsal vertebrae. Additionally, some gastralia are draped over this film (Figure 2B wa2 and Figures 3A,B wa2). This phenomenon is in sharp contrast to the corresponding position of the left rib cage. It is worth noting that a black organic mass is preserved in the vicinity of the right humerus (Figure 2B wa3 and Figure 3A wa3). It is inferred to be caused by post-depositional compression of gut remains within the right body cavity. A natural connection at the position of the 8th dorsal vertebra is preserved and leads to the amorphous matter along the trunk axis to turn to the anterior margin of the film (Figure 2B ya1 and Figure 3A ya1); (3) The right side of the abdominal cavity is filled with a J-shaped mass preserved in three dimensions (Figures 2B wa4, and Figure 3B wa4). The mass is wrapped among the dorsal ribs and gastralia along the 11th to 15th dorsal vertebrae (Figure 2C). A natural transition is present between the abovementioned film and the J-shaped mass (Figure 2B ya2 and Figure 3B ya2); and (4) A large number of black phosphatic masses are situated in the posterior section of the body cavity (Figures 2B,C, 3C,D). These masses contact the posterior margin of the J-shaped mass at the position of the 16th dorsal vertebrae (Figure 2B ya3; Figure 3B ya3). In the left side of the abdominal cavity, portions of these phosphatic masses along the 15th–17th dorsal vertebrae are preserved between the dorsal ribs and gastralia (Figure 2B wa5; Figure 3C wa5). In addition, the entire region of the pelvic girdle is nearly filled by these phosphatic masses (Figure 2B wa6; Figure 3D wa6). Two masses can be observed on both sides of the base of the tail, and are made up of numerous small phosphatic nodules (Figure 2B wa7; Figure 3D wa7). Ordinarily, the presence of phosphatic material is characteristic of both marine reptilian bromalites and coprolites (Kear, 2006). The ilium of the left side has been pushed outward (Figures 2B,C, 3C). Similarly, Evans and Wang (2012) recorded extraversive ribs associated with the gut contents from an Early Cretaceous lizard and interpreted them to be caused by either decay gases of the bacterial degradation in the gut or post-depositional compression.
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FIGURE 2
 Keichousaurus hui with remains of the alimentary canal. (A) Specimen PCGU4281. (B) Specimen PCGU4281, a photograph of the trunk region. Arrowhead and white arrow 4 indicate enlargements shown in Figures 4A, 5A. The white line indicates a J-shaped three-dimensional preserved organic mass wrapped between the dorsal ribs and gastralia. Note caudal extremity of the J-shaped organic mass gradually narrows. (C) Specimen PCGU4281, interpretive drawing of the trunk region. Note the ilium outward-dipping [compare with panels (E,F)]. Figure 3 presents enlarged photographs of the trunk of PCGU4281. (D) Specimen PCGU4282. (E) Specimen PCGU4282, a photograph of the trunk region. (F) Specimen PCGU4282, interpretive drawing of the trunk region. Note gut remains wrapped within the left abdominal cavity. White arrows (wa) indicate the alimentary canal remains, and yellow arrows (ya) indicate the positions of junctions between different types of remains. Scale bars, 2 cm (A,D), 1 cm (B,E). co, coracoid; cr, caudal rib; cv., caudal vertebra; dr, dorsal rib; dv, dorsal vertebra; fe, femur; fi, fibula; ga, gastralia; hu, humerus; il, ilium; is, ischium; pu, pubis; ra, radius; sr, sacral rib; sv, sacral vertebra; ti, tibia; ul, ulna.
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FIGURE 3
 Details of the remains of the alimentary canal in PCGU4281. (A) Esophagus remains within the thoracic cavity. Note the remains are covered by the posterior coracoid and a central V-shape element of gastralia [arrowhead in panel (B)] and encrusting the 5th–9th dorsal vertebrae. (B) Stomach remains within the right abdominal cavity. Note organic film wrapped among dorsal ribs and gastralia along the 8th–10th dorsal vertebrae. The white line indicates a J-shaped three-dimensional preserved organic mass wrapped between the dorsal ribs and gastralia. Note caudal extremity of the J-shaped organic mass gradually narrows. (C) Intestine remains within the posterior region of the left abdominal cavity. Note the ilium outward-dipping. (D) Intestine remains within the pelvic girdle region. The arrowhead indicates enlargements shown in Figure 4A. The arrows are the same as in Figure 2. Scale bars, 1 cm.


PCGU4282 is a full-grown male individual exposed as a complete articulated skeleton in ventral view (Figure 2D), with a total length of about 274 mm (Supplementary Table 1). The forelimbs and tail lack some distal elements. A certain degree of disorganization is obvious in the gastralia. A black organic mass, covering the ribs of the left abdominal cavity and 16th dorsal vertebra (Figures 2E wa1, F), reaches the 15th dorsal rib anteriorly and the third sacral rib posteriorly (Figures 2E wa2, F), and it also covers the 1st–3rd caudal vertebrae (Figures 2E wa3, F). The mass is partly overlain by some gastralia and the bones of the pelvic girdle. The rest of the six specimens (PCGU4283–4288) show soft tissue preservation (Supplementary Figures 1–6) with anatomical features similar to those observed in PCGU4282.



3.2. Interpretations of soft tissue preservation

The organic remains described in this paper are interpreted as food matter and remains of the alimentary canal. Several lines of evidence support the interpretation: (1) The most obvious evidence is the occurrence of the organic residue within the thoracoabdominal skeleton (Figures 1, 2; Supplementary Figures 1–6). (2) Two obvious ridges or wrinkles of the organic residue are preserved in the right posterior abdominal cavity of the specimen PCGU4289 (Figure 4E), which indicates that the remains of this organic matter exist objectively and are not artificially sculpted. These ridges or wrinkles closely resemble those that have been observed to distort decomposing integuments from a Jurassic ichthyosaur fossil and a postmortal modern dolphin (Lindgren et al., 2018). These ridges or wrinkles were formed by the contraction of the digestive tract tissue of Keichousaurus hui following the loss of structural integrity after it was decomposed (3) An image acquired by X-ray computed microtomography of the right abdominal cavity of PCGU4281 (Figure 5A) exhibited a relatively complete articulated fish (Figures 5B,C), implying that it must have been swallowed whole rather than being torn during feeding. The shape and dimensions of this fish within the stomach are nearly identical to fossil fish commonly found within the enclosing strata and frequently next to specimens of Keichousaurus hui (Figures 4C,D, 5; Table 1). Since the fish is enclosed by organic remains in the abdominal cavity (Figure 5A) it is not possible at this time to verify the presence of bones or scales. A degree of corrosion by gastric acid prevents the ability to identify the fish as belonging to a known genus or species. Although its tail fin is partially missing due to corrosion, the fusiform outline of the fish is clear (Figures 5B,C). Further, the skull and the body can still be distinguished and several gaps between the scales are observed on the medial body of the fish. A fish Peltopleurus Orientalis (Su, 1959) from the same deposit of Keichousaurus hui shows a similar preservation state to the fish in Figure 5B (Figure 5D). Moreover, the dimensions and proportions of the skull and body of the two fish fossils are similar (Table 1). It is also noteworthy that an incomplete carcass of a fish is exposed adjacent to Keichousaurus hui in specimen PCGU4284 (Figures 4C,D). The fish has a well-preserved body with elongated scales in the left lateral view, but most of the bones of the fins and the skull are missing. However, the assignment of this specimen to the species Peltopleurus orientalis is most probable on account of its gracile scales (Su, 1959). Peltopleurus orientalis is thus interpreted to have been a likely food item for Keichousaurus hui in terms of size. (4) It is difficult to identify fish skeletal elements within the organic masses of the body cavity of K. hui, but at least one fish scale in the left region of the pelvic girdle of specimen PCGU4281 can be identified (Figure 4A) and bone fragments were identified within the intestine (Figure 4F). The absence of distinct ornamentation on the scale surface indicates the erosion from stomach acid. The nature of this scale precludes assignment to genus or species. However, a survey of the literature revealed a strong similarity between this fish scale and the reported scale of the fish Crenilepis sandbergeri from the Middle Triassic, Würzburg of Germany (Mutter, 2004; Figure 4B), both of which show an identical structure of the peg-and-socket articulation with three variably well-developed processes. (5) Widespread corrosive damage (e.g., pitting) occurred on the surface of bone fragments, as indicated by rounded edges (Figure 4F arrow), during the process of digestion by stomach acid. (6) The absence of these organic masses on the opposing side in the thoracoabdominal cavity implies that the residue is within the gut. This is supported by the presence of embryos in the gravid Keichousaurus hui that show paired oviducts are always distributed on each side of the coelom (Cheng et al., 2004).
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FIGURE 4
 Evidence of soft tissue preservation in Keichousaurus hui. (A) Enlargement of left pelvis region of specimen PCGU4281. A fish scale with peg-and-socket articulation is preserved in the gut contents (compare with B). avp, antero-ventral process; adp, antero-dorsal process; dp, dorsal process. (B) Specimen PIMUZ T 32, scales of the fish Crenilepis sandbergeri [modified from Mutter (2004)]. (C,D) Enlargement and interpretive drawing of the skull of specimen PCGU4284. Note ventral region of a fish Peltopleurus orientalis overlaps the teeth of the premaxilla of Keichousaurus hui. an, angular; cb, first ceratobranchial; de, dentary; ma, maxilla; pl., palatine; pm, premaxilla; pt., pterygoid; sq., squamosal; te, teeth; vo, vomer. (E) Two obvious ridges or wrinkles (arrows) of the organic residue in the right posterior abdominal cavity of the specimen PCGU4289. (F) Enlargement of the left abdominal cavity of specimen PCGU4285. Gut contents that have undergone a certain degree of digestion. Note that the white line indicates a bone fragment with a rounded edge, indicating corrosion. Scale bars, 10  mm (B,C,D), 2  mm (E), 1  mm (A,F).
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FIGURE 5
 Specimen PCGU4281. (A) Photograph of the right abdominal cavity. The white line indicates a J-shaped three-dimensional preserved organic mass wrapped between the dorsal ribs and gastralia. Note that the caudal extremity of the J-shaped organic mass gradually narrows (white arrow). (B) X-ray CT scanning image shows an articulated fusiform fish (arrow) within the stomach [compare with the fish in panel (D)]. Note that panel (B) indicates the same area as panel (A). (C) Interpretive line drawing of panel (B). The similarity of shape and dimensions to fish within the Xingyi biota indicates that it is the carcass of a fish that was preserved in the stomach of Keichousaurus hui. Several gaps between the scales occur on the medial body of the fish in panel (B). (D) A fish Peltopleurus Orientalis from the same deposit containing Keichousaurus hui. Note the similarity in shape and dimensions to the fish in panel (B). Scale bars, 10 mm (A,B,D).




TABLE 1 Comparison of dimensions of the fishes, in millimeters.
[image: Table1]




4. Discussion


4.1. Feeding strategy and prey preference

The direct evidence of diet put forward here offers insight into the feeding strategy of pachypleurosaurs and indicates that they may have been frequent piscivores. This is consistent with existing studies of the tooth morphology of the Keichousaurus and other pachypleurosaurs (Sander, 1989; Fu et al., 2013; Liao et al., 2021). The most significant feature is that the anterior teeth of the jaws become gradually recurved as they taper anteriorly to their tips (Holmes et al., 2008). We interpret that the prey was caught with these functional teeth and manipulated into a position to be swallowed whole. In specimen PCGU4281, the gastrointestinal contents occupy most of the region of the body cavity, potentially representing a very large meal. It would suggest that, when the animal ate large quantities of food at once, the esophagus and stomach may have served as storage compartments until the food was sufficiently digested. It is a reasonable conjecture that the Keichousaurus hui may have been an opportunistic predator.



4.2. Reconstruction of the alimentary canal

The fact that the residue occupied different positions in the body cavity can help reconstruct the distribution of the alimentary canal. Thus, the alimentary canal of the Keichousaurus hui is divided into four regions based on a comparison with similar modern animals (Kardong, 2018): esophagus, stomach, intestines, and cloaca (Figure 6). The esophagus would have been a straight-lined tube along the long axis based on the slender neck. The esophagus connected the pharynx with the stomach, with its caudal extremity reaching the 8th dorsal vertebra and then turning to the right side of the body cavity to meet the esophagogastric transition (Figures 2B,C). This is a reasonable inference that, after swallowing the prey whole, the esophagus would become distended to accommodate the prey size and secreting mucus to lubricate the food (Ahmed et al., 2009; Zaher et al., 2012). The stomach of reptiles is divided into two distinct regions: the fundic region and the pyloric region (Luppa, 1977). According to the gut remnant within the right abdomen of the specimen PCGU4281, we interpret that the stomach is slightly right-curved and J-shaped (Figures 2B, 3B, 5A white line). The stomach of the Keichousaurus hui is comprised of an oral fundus, aboral fundus, and pylorus as in living the gecko Hemidactylus mabouia (Sartori et al., 2011). The caudal extremity of the stomach gradually narrows to a pylorus (Figures 2B, 3B ya3, and Figure 5A arrow), whose secretions help to neutralize the acidic chyme as it moves next into the intestine, the pylorus plays an important role in preventing the retrograde transfer of food. The pylorus then shifts toward the left side of the abdominal cavity, across the 16th dorsal vertebra to extend next to the intestine, like many living reptiles such as lizards (O’Malley, 2005). There are two major regions of the intestines, the small and large intestines. The small intestine is inferred as a coiled tube for slowing the passage of digesta, because it is the primary site for absorption of the protein and digestible nutrients, while the large intestine is a straight tube passing to the cloaca. A caecum between the transitional area of the small and large intestines is not discernible. Diet is not the only predictor of the presence of a cecum (Lönnenberg, 1902). Beyond that, a colon is not present in theory, due to Keichousaurus hui being a carnivorous marine reptile, as in the aquatic lizard Varanus salvator (Srichairat et al., 2018). However, herbivorous reptiles usually depend on a colonic microflora to facilitate the fermentation of non-digestible cellulose into usable volatile fatty acids (Diaz Figueroa and Mitchell, 2006). According to the location of the alimentary canal remains in the specimens PCGU4282–4288, the small and large intestines of the Keichousaurus hui should be concentrated in the posterior region of the left abdomen. Consequently, the gut residue of the pelvic girdle region in specimen PCGU4281 may have been exaggerated by dorsoventral compression postmortem. The posterior large intestine narrows into the cloaca, a common chamber that receives products from the intestines and urogenital tracts. It may reach the second caudal vertebra posteriorly (Cheng et al., 2004), or even further.
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FIGURE 6
 Reconstruction of the alimentary canal of the Keichousaurus hui.


Through the analysis of the above specimens, the Keichousaurus hui was a frequently piscivorous species that usually swallowed its prey whole. These results, which are consistent with previous dental studies (Sander, 1989; Fu et al., 2013; Liao et al., 2021), provide insights into the food chain of the Xinyi biota. By comparing with modern reptiles, we reconstructed the internal distribution and organ composition of the digestive tract of the Keichousaurus hui, which is very similar to that of modern carnivorous reptiles. By extension, exceptional soft tissue preservation provides abundant geological information. The discovery of the digestive tract of the Keichousaurus hui indicates that the Xingyi biota was capable of preserving soft tissue rather than just skeletal materials. Pachypleurosaurs are now generally accepted as having lived in the shallow epicontinental seas and intraplatform basins of the Tethyan Ocean (Rieppel, 2000; Liu et al., 2011; Klein, 2012). Phylogenetic analyses have shown that the Chinese pachypleurosaur Keichousaurus forms a monophyletic group with all European pachypleurosaurs (Rieppel and Lin, 1995; Liu et al., 2011; Cheng, 2015). It is conceivable that other pachypleurosaurs have the potential for similar digestive organ distribution and composition because of their similar body configurations and paleoecology.
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