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Abstract

:

Studies of the paleopathology of the vertebrae provide an interesting, oblique approach to their paleobiology and even paleoethology. They tell us about possible ethological causes such as accidental blows with objects, social interactions within a group, and defense against predators, etc. There are numerous works on the anatomical and phylogenetic aspects of sauropod dinosaurs, and in recent years paleopathological studies have also increased. Here, we describe the injuries recorded in the caudal vertebrae of two indeterminate titanosaurids, and undertake a compilation and analysis of the pathological fossil record worldwide, focusing on the tails of sauropods. Two pathologies have been identified as present in the indeterminate titanosaurids under study: a possible case of spondyloarthropathy in MAU-Pv-LI-601, and a case of suppurative spinal osteomyelitis in MAU-Pv-LJ-472/1. Both titanosaurids are from Gondwana. In the world registry of pathologies associated with the tails of sauropod dinosaurs, it is observed that titanosaurs are the sauropods with the highest percentage of diagnosed pathologies (69% including the two new records from the province of Neuquén) and that all of these have been described in Gondwanan specimens.
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1. Introduction


Sauropods are one of the most abundant groups of dinosaurs in the Jurassic-Cretaceous fossil record, representing the largest terrestrial quadrupedal megaherbivores that have ever existed on the planet [1]. Their remains have been found on all continents, including Antarctica [2]. They originated in the Late Triassic, were predominant in the Middle Jurassic, and became one of the main faunal components towards the end of the Cretaceous [3,4]. Of all known sauropod groups, titanosaurs were the only group to survive until the Late Cretaceous, reaching their greatest diversity on the Gondwanan continents and especially in South America [5,6].



Over the last decade, numerous works have been published on sauropod dinosaurs, mainly on titanosaurs. These have deepened our knowledge of anatomical and phylogenetic aspects [7,8,9,10,11], in addition to paleobiological aspects [12,13,14,15,16,17]. Recent years have seen an increase in studies on paleopathology in general [18,19,20,21,22,23,24,25,26,27] and on sauropod paleopathology in particular [28,29,30,31]. These studies provide valuable information on the historical record of the injuries suffered by these dinosaurs and how they affected their paleobiology and paleoecology [32,33].



In Gondwana, the paleopathological record of sauropod tails is rich and mainly focuses on two countries: Brazil and Argentina. Here we study two titanosaurid caudal vertebrae from two paleontological sites in Argentina, Loma de los Jotes and La Invernada. Loma de los Jotes is located about 13 km southwest of the town of Rincón de los Sauces, in the province of Neuquén (Figure 1). A middle caudal vertebra (MAU-Pv-LJ-472/1) was found here, together with other sauropod remains in an area of approximately 30 m2. The site is located in a sector of low relief that would correspond to the alluvial descent system developed on the northwestern front of the Sierra del Auca Mahuída, which drains towards the valley of the Colorado River. Notable is a low relief and the fact that it is partially covered by modern (eolian) deposits. In terms of its lithostratigraphic identity, it corresponds to the Sierra Barrosa Formation (Coniacian), Upper Cretaceous (Río Neuquen Subgroup, Neuquen Group), integrated by sedimentary deposits formed by quartzitic to quartz-lithic sandstones, fine to very fine, whitish in color and very friable. These psammites have a slight content of pelitic matrix, which gives them a light greenish hue. They present a good textural maturity, with rounded clasts and a good selection, which gives them a very uniform granulometric appearance. The second caudal vertebra is an anterior vertebra (MAU-Pv-LI-601) and comes from the La Invernada site, located about 50 km southwest of the town of Rincón de los Sauces, in the province of Neuquén (Figure 1). This material was found isolated in an area of great fossiliferous abundance, comprising sedimentary deposits made up of reddish-orange quartz sandstones with little matrix, which are interspersed with pelitic horizons accompanied by gypsum deposits [34]. These outcrops are assigned to the Bajo de la Carpa Formation (Santonian), and Late Cretaceous (Río Colorado Subgroup, Neuquen Group). The depositional environment of the Bajo de la Carpa Formation corresponds to a river and floodplains, with the participation of eolian deposits [35].



Here we present a complete revision of the pathological record of sauropod tails and a new contribution to the paleopathological record of titanosaur caudal vertebrae, from the Upper Cretaceous of Argentine Patagonia.




2. Material and Methods


2.1. Institutional Abbreviations


MAU, Museo Municipal Argentino Urquiza (Rincón de los Sauces, Neuquén, Argentina).




2.2. Material


The specimens studied are two caudal vertebrae (MAU-Pv-LI-601 and MAU-Pv-LJ-472/1; Figure 2) belonging to two indeterminate sauropods from different Upper Cretaceous localities (the sites of La Invernada and Loma de los Jotes) to the southwest of the town of Rincón de los Sauces (Neuquén Province, Patagonia, Argentina).



The anterior caudal vertebra MAU-Pv-LI-601 (Figure 2B,E) comes from the Bajo de la Carpa Formation (Santonian) in the Río Colorado Subgroup (Neuquén Group) of the Neuquén Basin. The middle caudal vertebra MAU-Pv-LJ-472/1 (Figure 2A,C,D) comes from the Sierra Barrosa Formation (Coniacian) in the Río Neuquén Subgroup (Neuquén Group) of the Neuquén Basin.




2.3. CT Scan


Both bones were CT-scanned using axial computed tomography (Aquilion Lightning CT system), at the Clínica y Maternidad Eva Perón, Rincón de los Sauces (Neuquén Province, Argentina). Settings for a differential diagnosis of bone pathologies were used (120 kV and 219 mA with 0.8 slice thickness). The CT scan images were saved in DICOM format images and analyzed with 3D Slicer 5.0.3 software. The image data are stored on DVD and deposited with the specimen at the Museo Municipal Argentino Urquiza, Rincón de los Sauces (Neuquén, Argentina).





3. Description


3.1. External Morphology


The caudal vertebrae are assigned to titanosaur sauropods on account of the combination of an anterior neural arch and well-developed procoelous articulations, a condition frequently observed in the clade during the Late Cretaceous [36].



MAU-Pv-LI-601 is an anterior caudal vertebra (Figure 2B,E), as shown by the development of the posterolateral transverse process and the presence of articulation for the haemal arch [37]. This vertebra shows a small periosteal reaction of the bone tissue (formation of pathological tissue) and is located on the ventral side. The haemal arch, of which only about 5 cm of the proximal end is preserved, is ankylosed to the ventral surface of the centrum by this pathological tissue, as can be observed in the posterior view (Figure 2E). This tissue filled the most proximal section of the haemal canal. The subperiosteal surface of the vertebra has a rough texture and is covered with shallow, irregular pits, probably due to infection.



MAU-Pv-LJ-472/1 is a vertebra from the middle section of the tail, as shown by the reduction of the transverse process and the absence or reduction of the articulation facets for the haemal arch [38] (Figure 2A,C,D). Its vertebral centrum shows an extensive periosteal reaction of the bone tissue associated with an open channel, subcircular in shape, in the anterior border of the periosteal tissue (Figure 2C). The vertical channel has smooth borders and a length of 30.59 mm. Its most ventral section penetrates about 5.28 mm into the vertebral centrum (Figure 2C). This abscess was possibly a drainage hole (cloaca) for pus. The subperiosteal surface of the vertebra shows signs of an infection, namely a rough texture covered with shallow, irregular pits (Figure 2C,D).




3.2. Internal Morphology (CT Data)


For each vertebra, three cross-sectional CT images covering the pathological area were studied to analyze the internal morphology. In MAU-Pv-LI-601 the CT scan images are not very clear, but it can be seen how the periosteal tissue, with a less dense appearance internally, surrounds the healthy tissue of the haemal arch, which can be delineated precisely (Figure 3B). In MAU-Pv-LJ-472/1 the periosteal reaction shows a decrease in bone density too (Figure 3A). On the lateral surface, there is a cavity that communicates with the external surfaces of the periosteal tissue. This opening corresponds to the erosion observed in the proximal section (Figure 2C). These CT images do not reveal any trace of a possible fracture or trauma.





4. Differential Diagnosis


Analysis of the two caudal vertebrae reveals the following abnormalities on the basis of computed tomography and external macroscopic observations. In MAU-Pv-LI-601 there is: (1) ankylosis of the haemal arch, and (2) lower density of the pathological bone tissue. In MAU-Pv-LJ-472/1 there is: (1) lower density of the pathological bone tissue, (2) an amorphous mass of rough-textured bone with an irregular, shallow depression, and (3) an elliptical erosion (cloaca). Based on these radiological and morphological characteristics, we rule out fractures due to the lack of evidence in the CT images, since no disruption in the continuity of the bone is observed [39,40].



Developmental disorders produce an abnormal proliferation of cells, and to rule them out, it is necessary to undertake an analysis of the pattern of bone destruction and the nature and extent of the medullary, cortical, or periosteal reaction or disruption, as well as of the calcification of the matrix of the tumor [40]. In this way, one can rule out hemolytic anemia and hemangiomas, since these affect the cortical tissue by thinning it, and malignant tumors (osteosarcoma, chondrosarcoma, and hemangiosarcoma [41]) produced by errors in the regulation of cell division [41] because they use thinning and present a spiculated periosteal reactions [40].



These characteristics make us tentatively propose a case of infection in MAU-Pv-LJ-472/1 and a possible case of spondyloarthropathy in MAU-Pv-LI-601.



4.1. Infections


According to Jacobson [42], infectious diseases are produced by the entrance and proliferation of pathogens in an organism’s body (e.g., fungal agents, bacteria, parasites). This may give rise to several reactions, such as inflammation, pain, and sometimes pus. Infections that occur in bone are called osteitis (i.e., inflammation of the bone) or osteomyelitis (i.e., inflammation of bone marrow) and these are not very common in the dinosaur fossil record [27,43]. One possible cause of osteomyelitis is a trauma that affects the soft tissue or bone, resulting in an open wound through which pathogens enter and from which they may spread through the bloodstream [21,44,45].



According to [40,43] in a mammalian immune system model osteomyelitis is classified taking into account whether or not there is a production of pus, being categorized as pyogenic or suppurative, when there is pus, and as non-pyogenic or non-suppurative) when there is no pus production. In addition, depending on the type of response of the body, it can be categorized as acute (a new infection), subacute (caused by an open wound), or chronic (a recurring infection; [40]), where acute and subacute responses cause a periosteal reaction, cortical irregularity, and demineralization. By contrast, a chronic case is characterized by the presence of thick, sclerotic, irregular bone and a swollen periosteal surface [46]. With respect to a reptilian (including birds) immune system model response, there would be the formation of small fibrin cysts (fibrisces) at the origin of infection, which would tend to calcify in advanced stages ([27] and references).



Osteomyelitis is recognized by a periosteal reaction, cortical irregularity, and demineralization. The suppurative type is further differentiated from the non-suppurative by the presence of elliptical abscesses with a draining function [40]. Among the variants of osteomyelitis, spinal osteomyelitis is recognized as an infection that is located in the vertebrae and ribs and is characterized by the presence of irregular growth of new bone with a pitted texture [22].




4.2. Spondyloarthropathy


Spondyloarthropathy is a chronic aseptic inflammatory process that affects multiple articulations in the vertebrae. Sometimes this paleopathology can be confused with diffuse idiopathic skeletal hyperostosis (DISH). The latter is a non-inflammatory enthesitis of the vertebral column that can produce ankyloses and is characterized externally by a “pasted-on” or “dripped candle-wax” appearance, and by ligamentous calcification and ossification that is accentuated in the anterolateral aspect of the spine and the bone insertion areas of tendons, ligaments (especially of the longitudinal ligament) and joint capsules, although it can also be seen in other parts of the body, such as the phalanges [47,48]. In the case of this paleopathology, the fusion of the vertebrae is asymmetrical, and the articulated surfaces appear unaffected [40]. Moreover, it is recognized by its presence in tomographic images as a “fluid” ossification at the anterolateral margins of the vertebrae [49].



Spondyloarthropathy encompasses several rheumatic diseases including spondylitis ankylosans, psoriatic arthritis, juvenile spondyloarthropathy, and reactive arthritis [50]. According to Cisneros et al. [49], the diagnostic criteria are as follows: zygapophyseal or sacroiliac joint erosion or ankylosis; asymmetrical arthritis patterns; reactive new bone formation; syndesmophytes (which are either marginal or are calcifications/ossifications within the annulus fibrosus); or peripheral joint ankylosis. One might also add reduced trabecular density, ossification of tendons and ligaments, and calcification of the intervertebral disc [19,40]. Caution is due since ligamentous ossification can also be produced by diffuse idiopathic skeletal hyperostosis (DISH; [40]), but in this case, the reaction of diffuse idiopathic skeletal hyperostosis is located in the lateral sides of the vertebral centrum and not in the area between branches in the haemal arch. Moreover, another criterion for ruling out diffuse idiopathic skeletal hyperostosis is that in this case ossification of the annulus fibrosus must occur in combination with typical syndesmophytes [49].




4.3. MAU-Pv-LI-601


The presence of an outward expansion due to a small periosteal reaction of the bone tissue on the ventral side of the centrum and the low density of this pathological bone tissue is taken to indicate spondyloarthropathy (Figure 2B and Figure 3A1–A3).




4.4. MAU-Pv-LJ-472/1


The presence of an area of bony overgrowth, an elliptical erosion (cloaca; Figure 2D,E and Figure 3B1–B3), and a rough and irregular periosteal surface in MAU-Pv-LJ-472/1 is taken to indicate a pyogenic infection, probably suppurative spinal osteomyelitis [40]).





5. Discussion


5.1. The Paleopathological Record of Sauropod Tails


As regards the diversity of the worldwide fossil record of paleopathologies in sauropod tails, nine different diseases, traumas, and disorders (infection, congenital malformation, spondyloarthropathy, diffuse idiopathic skeletal hyperostosis, tumor, cystic lesion, enthesophyte, fracture, and amputation) have been diagnosed so far (Table 1; Supplementary File S1). Regarding the distribution of this paleopathological record between the two supercontinents (Laurasia and Gondwana), we have found that there are more pathological fossil remains diagnosed in Gondwana, with the work carried out in Brazil and Argentina standing out (Figure 4; Table 1; Supplementary File S1 [28,29,30,50,51,52]).



The tail is one of the body parts most at risk of injury throughout an animal’s life. After reviewing and analyzing the data obtained from the bibliography on paleopathologies in tails, and further taking into account the difficulty in many cases of distinguishing between diffuse idiopathic skeletal hyperostosis (DISH) and spondyloarthropathy, it can be observed that together they account for just over 50% of the pathological occurrences in the fossil record (Supplementary File S1). On the other hand, if these paleopathologies are distinguished, it emerges that the most commonly recorded paleopathology is diffuse idiopathic skeletal hyperostosis (DISH; 36%, nine records), which affects the Laurasian clades Diplodocidae and Camarasauridae and Gondwanan titanosaurs (this paper; Table 1; Figure 4; Supplementary File S1). This disease is usually recorded between approximately caudal 18 and 23. The spondyloarthropathy record corresponds to 16% of the total, and this paleopathology has been diagnosed more frequently in titanosaurs from the Gondwana supercontinent (three out of four records) and indeterminate sauropodomorphs from the Laurasia supercontinent (this paper; Table 1; Figure 4; Supplementary File S1). Infections (the second most commonly recorded palaeopathology) have been recorded in equal measure to spondyloarthropathy (16% of the total), but only in titanosaurs from the Gondwana supercontinent (four records; Table 1; Figure 4; Supplementary File S1).



Finally, cystic lesions and tumors (8% of the total) and congenital malformations, amputations, fractures, and enthesophytes (4%) are the least common pathologies; these affect titanosaurs and sauropodomorphs (Figure 4; Table 1; Supplementary File S1). The records of these diseases are found in both supercontinents.



Titanosaurs are the sauropod clade with the highest number of diagnosed tail pathologies worldwide, with 69% of the total (Figure 4; Table 1; Supplementary File S1), and all these records are from Gondwana. Among the titanosaurs, the family Saltasauridae stands out as showing the greatest diversity of diseases, with three affecting the same individual [30]. But it is important to bear in mind that these results could be an artifact due to the fragmentary record of pathologies and/or titanosaurs, and the absence of extensive pathological descriptions of all sauropod bones, precise diagnoses, etc. (Table 1).




5.2. Paleobiological Implications of the Presence of Paleopathologies on Sauropod Tails


The size and shape of the tails of some clades of sauropod dinosaurs have always attracted attention, especially regarding the function they might fulfill beyond balance (e.g., the diplodocid flagellicaudatan sauropods and the use of their tails as whips, [53]). Studying the paleopathologies associated with tails could help to elucidate their possible functions, since the presence of some paleopathologies can affect the biomechanics of the tail, and this, in turn, is reflected in the paleopathology of the animal.



Taking into account that the fossil record of paleopathologies in sauropod tails is very scarce and fragmentary, trying to decipher their implications for biomechanics and paleoethology, i.e., for the functionality of their associated muscles, is very complex. To date, few explanations have been given. These few include the presence of male-female sexual dimorphism, the defensive use of the tail against predators (interspecific interactions), and the involvement of the tail during mating or aggressive interactions with conspecifics (intraspecific interactions) [40,53]. Accordingly, the paleobiological implications of the bone fusion that may result either from diffuse idiopathic skeletal hyperostosis (DISH) or from spondyloarthropathy have been associated with sexual dimorphism in male sauropods related to the posture mechanism, either due to rivalry during mating or compatibility [40,54,55]. It should be noted that diffuse idiopathic skeletal hyperostosis (DISH) and spondyloarthropathy diseases have similarities, and due to the fragmentary nature of the material, it is sometimes difficult to distinguish between them in the fossil record, as mentioned above.



In the present case study, it is possible that the musculature has been affected. If we compare it with closely related groups [Extant Phylogenetic Bracketing (EPB) approach] such as crocodiles and lepidosaurs [56], it can be inferred that the affected musculature would have been the hypaxial muscles of the tail, such as M. caudofemoralis longus and M. ilio-ischiocaudalis [56,57]. When the pathology is located in the insertion zone of the lateral aspect of the vertebral centrum next to the haemal arch (as in MAU-Pv-LI-601), the main muscle involved would be M. caudofemoralis longus. However, likely, spondyloarthropathy did not cause pain, implying that any reduction in the animal’s motion had a protective function [40]. On the other hand, M. caudofemoralis longus in MAU-Pv-LI-601 would not have been very developed in this area as is characteristic of titanosaurids, so it is reasonable to assume that the influence on its movement would not have been very great. However, in MAU-Pv-LJ-472/1, it is likely that the only muscle affected by the infection was the M. ilio-ischiocaudalis, since given the tentative location of the vertebra in the middle of the tail, it is most likely that the transition between the M. caudofemoralis longus and the M. ilio-ischiocaudalis had already occurred. In crocodiles, this muscle is involved in regulating the speed of locomotion, so it could have played a crucial role in escaping from a potential predator [58,59]. Regarding the possible pain in the case of infections, these injuries may have caused pain initially, probably restricting the mobility of the posterior end of the tail. Due to the fragmentary nature of the material, we do not know whether this lesion was the direct cause of the death of the titanosaur to which the vertebra MAU-Pv-LJ-472/1 belonged, but it is very likely that this pathology would have affected it in its daily life.





6. Conclusions


The results obtained in our analysis of the pathologies of two caudal vertebrae belonging to indeterminate titanosaurs from the Upper Cretaceous of North Patagonia indicate one case of spondyloarthropathy (MAU-Pv-LI-601) and one case of suppurative spinal osteomyelitis (MAU-Pv-LJ-472/1) The infection in MAU-Pv-LJ-472/1 is the second case of suppurative osteomyelitis in the supercontinent Gondwana. The spondyloarthropathy in MAU-Pv-LI-601 increases a problematic record which is characterized by the difficulty of distinguishing between diffuse idiopathic skeletal hyperostosis (DISH) and spondyloarthropathy pathologies when we are faced with fragmentary fossil records. Our study thus sheds new light on the paleopathologies to which Gondwanan titanosaurs were subjected and increases their record. As regards the specimens to which the caudal vertebrae under study belong, our analysis shows that in the case of MAU-Pv-LJ-472/1, the infection could have caused pain, discomfort, and probably restricted the mobility of the posterior end of the tail. In MAU-Pv-LI-601, by contrast, spondyloarthropathy did not cause pain or any reduction in mobility.



In addition, this work compiles for the first time the worldwide records of pathologies (diseases and traumas) present in the tails of sauropod dinosaurs throughout the Mesozoic, serving as a database for future paleobiological and paleoethological work.
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Figure 1. Map showing the location of La Invernada and Loma de los Jotes paleontological sites (Rincón de los Sauces city, Neuquén province, Argentina). 
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Figure 2. Caudal vertebrae showing the delimitation of the pathological area: (A) localization of MAU-Pv-LI-601 within a graphical scheme of the tail of an indeterminate sauropod; and (B) an anterior view of the vertebral centrum; (C) MAU-Pv-LJ-472/1 located within the graphical scheme of the tail; (D) MAU-Pv-LJ-472/1 in lateral view and (E) in ventral view. The extent of pathological tissue on the vertebral surface is marked by a red dashed line; the cloaca is marked by a black arrow in lateral view (D) and by a black dashed line in ventral view (E). The haemal arch is marked by a black arrow in the anterior view (B). Abbreviations: Cloa, cloaca; Harch, haemal arch. Scale bars equal 5 cm in (A,C) and 3 cm in (B,D,E). 
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Figure 3. 3D models of the caudal vertebrae and the sequence of CT scan images in the serial axial section for MAU-Pv-LI-601 (A) and MAU-Pv-LJ-472/1 (B). (A1–A3) corresponding to the proximal end of the vertebral centrum MAU-Pv-L I-601 and (B1–B3) corresponding to the proximal end of the vertebral centrum of MAU-Pv-L J-472/1. In (A1) the pathological tissue is marked by a white arrow, and in (B2) the cloaca is marked by a red arrow. Scale bars equal 10 cm. 
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Figure 4. Distribution of pathologies associated with sauropod dinosaur tails: (A) percentage by supercontinents (Laurasia and Gondwana), (B) pie chart of the pathologies analyzed by clade, and (C) by disease. *, presence of fracture associated with a haemal arch. 
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Table 1. Summary of the record of pathologies associated with the tails of sauropod dinosaurs distinguished by supercontinents (Laurasia and Gondwana) and by types of pathology. *, fracture associate to arch haemal.
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DISEASE

	
TOTAL






	
Gondwana




	
Infection

	
4




	
Enthesophyte

	
1




	
Tumor

	
2




	
DISH

	
1




	
Spondyloarthropathy

	
3




	
Cystic lesion

	
2




	
Traumatism

	
1




	
Fracture *

	
1




	
Total

	
16




	
Laurasia




	
Spondylloartrhopathy

	
1




	
DISH

	
8




	
Congenital malformation

	
1




	
Total

	
10
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