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Abstract

:

Seahorses are valuable species for their use in traditional Chinese medicine, as well as for the aquarium trade as ornamentals and curiosities. To balance market demand and reduce pressure on wild populations, many countries have undertaken commercial seahorse cultivation. Skeletal development plays a crucial role in fish fry culture, affecting external morphology, feeding, and movement. This study investigated the ontogeny allometry, timing, and progression of skeletal development in H. abdominalis from DAB (day after birth) 1 to DAB 100 under mass-scale captive breeding conditions in north China. The results of this study revealed the growth rate was significantly increased between DAB 30 and DAB 54. Allometry analysis revealed that in the early stage, the head, trunk, and tail demonstrated almost isometric growth. However, in the later stage, the head and trunk exhibited negative isometric growth, whereas the tail displayed positive isometric growth. Skeletal staining results showed that newborn seahorses do not have ossified bones until DAB 11 (SL 28.14 ± 2.94 mm). Ossification was primarily observed in the jaw region and the tubular nasal structure of the cranium, which indicated the importance of the early development of feeding organs. The initial formation of ossified vertebral columns was observed at DAB 13 (SL 26.48 ± 0.63 mm), with the complete ossification of all vertebrae occurring by DAB 45 (SL 54.87 ± 4.70 mm). Furthermore, the cranium, rings, and plates were all fully ossified by DAB 30. Ossification of the fins began at DAB 23 (SL 31.27 ± 4.05 mm). However, neither of them were fully ossified by DAB 100. The pelvic fin and the complete structure of the caudal fin were not observed, possibly because of caudal fin ray structure degeneration within the pouch. In addition, no skeletal deformities were observed in all the tested samples. The results of this study provide valuable information on the developmental biology of H. abdominalis, enriching our understanding of their growth and offering insights for optimizing fish fry breeding technologies.
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Key Contribution: The findings of this study reveal a significant growth period spanning from DAB 30 to DAB 54, highlighting the importance of early ossification in the development of feeding organs. This finding provides valuable insights into the developmental biology of this species, with potential implications for the improvement of fish fry breeding techniques.










1. Introduction


Seahorses (Hippocampus) hold significant value due to their utilization in traditional Chinese medicine, as well as their popularity in the aquarium trade for their ornamental appeal and curiosity-inducing characteristics. Unfortunately, wild seahorse populations have faced threats from unsustainable fishing practices, environmental pollution, and the impacts of global climate change [1,2,3,4]. Recognizing the urgency of the situation, the international community took a crucial step in 2002 when seahorses became the first marine fishes to be regulated by CITES (Convention on International Trade in Endangered Species of Wild Fauna and Flora). By 2004, the majority of seahorse species worldwide had been included in Appendix II of CITES, marking a concerted effort to address the conservation challenges faced by these unique marine creatures [5].



To address the issue of unsustainable seahorse trade, captive rearing has emerged as a remedial practice [6,7]. Cultivating seahorses not only serves as an additional means to conserve these creatures but also helps reduce the strain on wild seahorse populations, offering alternative sources of income for farmers and fishers. Currently, H. reidi (Ginsburg, 1933), lined seahorse (H. erectus), three-spot seahorse (H. trimaculatus, Leach, 1814), and H. kuda (Bleeker, 1852) are the most popular culture species. The pot-bellied seahorse (H. abdominalis, Lesson, 1827), the largest of the seahorse species, is primarily found in the Southwest Pacific area, including Australia and New Zealand. It was introduced to China in 2016, and successful artificial breeding was achieved in 2020 [8]. While numerous studies focus on hippocampus species, the persistently low survival rate of juveniles remains a critical bottleneck in the sustainable development of the seahorse aquaculture industry [6,9].



The high mortality rate of juvenile seahorses is the main reason for limiting seahorse captivity. In recent years, studies conducted on light intensity [10,11], salinity [10,12,13], disease [14,15], and feeding [16,17,18,19,20] have become more frequent, improving the increased survival of juvenile seahorses. However, as of now, feed remains a critical factor limiting seahorse survival rates. The timing [17,18,19], type [20,21,22], size, and density [23] of feed are crucial for the growth of juvenile seahorses, and there is currently a lack of precise feeding strategies for juvenile seahorses.



The seahorse is a suction feeder, and the ingestion of food comprises preparation, expansion, and recovery phases. Skeletal development plays a crucial role in fish fry production, as it is closely correlated with essential aspects such as feeding, movement, and overall growth [24,25]. Therefore, investigating the characteristics of early seahorse skeletal development and determining the ossification patterns of elements related to feeding and movement are crucial for the precision cultivation of juvenile seahorses. For seahorses, previous studies usually focused on the growth, evolution, and brood pouch structure, with less research on early skeletal development and growth patterns. Additionally, the seahorse’s skeleton is a modified bone structure with increased ossification compared to other bony fishes, which hold significant ornamental and medicinal value. Therefore, ensuring the proper skeleton development is crucial for cultivating a healthy seahorse. This study aims to investigate the growth characteristics, ossification, and morphological changes in H. abdominalis, including the timing and progression of skeletal development during DAB 0−100.




2. Materials and Methods


2.1. Rearing Conditions for Experimental Animal


Experimental animals were maintained under culture conditions in Rizhao, Shandong Province, China. The newborns were reared in 0.5-ton tanks (cylindrical, r = 0.5 m, h = 0.65 m) until DAB 30 and were transferred into 25-ton cement tanks (25 m × 25 m × 1 m). The tanks were cleaned every two days. The culture conditions were as follows: light intensity 2800 ± 500 lux, salinity 25‰, 16–21 °C, light: dark = 15:9, and constant aeration provided. The broodstock was fed frozen Macrobranchium nipponense cubes three times a day. After release, from DAB 1 to DBA 60, the larvae were fed fresh Artemia salina, Copepods from DAB 61 to DAB 90 and frozen Mysis shrimp from DAB 91 to DAB 100.




2.2. Sampling and Skeletal Staining


Approximately 20–25 individuals were sampled daily up to DAB 10, every 2 days until DAB 27, and subsequently every 7 days until DAB 100 for growth parameter analysis. Additionally, samples were taken every two days from DAB 1 to DAB 45 and every ten days from DAB 50 to DAB 80 for skeleton development analysis. The specimens were euthanized with a 0.05% solution MS-222 (Sigma-Aldrich, Saint Louis, FL, USA), fixed with 15% neutral buffered formalin for at least 48 h to ensure complete fixation, and then rinsed with distilled water for at least 2 days to wash away the formalin. Cartilage and bones were processed following the staining techniques established by Taylor and Van Dyke (1985) [26] and Digerkus and Uhler (1977) [27]. Finally, wash samples with potassium hydroxide (0.089 mol L−1) and hydrogen peroxide (0.029 mol L−1) solution 1:160 until the pigment disappears. The definition of bones and cartilages follows, provided by several authors: Gregory (1959), Azzarello (1989,1990) [28], Silveira (2000) [29], Arratia (2001) [30], Bruner (2008) [31], Leysen (2010, 2011) [32,33], and Novelli (2017) [34].




2.3. Observations and Measurements


The samples were placed in a vitreous petri dish, which contained glycerol. Thereafter, images were captured using a Nikon SMZ 1000 anatomical lens equipped with a Nikon DS-Fi1 imaging system (Nikon Instruments Inc., Japan). Photographs were edited using Adobe Photoshop 2023. The head length, trunk length, tail length, and standard length were measured by Digimizer (https://www.digimizer.com/).




2.4. Statistical Analysis


The calculation method of allometric growth was calculated with the power function y = axb (Fuiman, 1983) [35], which is divided into positive allometric growth (b > 1), isometric growth (b = 1) and negative allometry growth (b < 1).



The calculation method of the absolute growth rate (AGR) was calculated using the equation (Lf − Li)/(t2 − t1) (Hopkins, 1992), Lf being the mean standard length (mm) of the sample at the end of each developmental stage at time t2 and Li being the mean standard length (mm) at the end of the previous stage at the time t1.



All data were statistically analyzed using SPSS Statistics 26 software (SPSS Inc., Chicago, IL, USA). The statistical data were presented as mean ± S.D. The comparison of results was conducted with an analysis of variance followed by Tukey’s test when significant variation was observed at the confidence level of 0.05.





3. Results


3.1. Allometric Growth


The growth performance of the juvenile H. abdominalis after being released from the brood pouch is shown in Table 1 and Figure 1. Two inflection points were observed from DAB 1 to DAB 100 (Figure 1a). Initially, the newborns exhibited a slow growth rate, while from DAB 30 to DAB 54, the growth rate significantly increased (p < 0.05) (Table 1). Cranium measurements showed approximating isometric growth during the early stage, followed by negative allometric growth in the later stage (Figure 1b). Similar changes were observed in the trunk (Figure 1c). Notably, the tail showed negative allometric growth in the early stage but transitioned to positive allometric growth in the later stage (Figure 1d).




3.2. Timing and Progression of Skeletal Development


3.2.1. Timing and Progression of Cranium Development


The timing and progression of cranium development are shown in Figure 2a–n and Table 2.



	(1)

	
DAB 1–7 (SL 19.21 ± 1.43 mm to SL 24.68 ± 2.86 mm; Figure 2a–c)







When newborns left the brood pouch, signs of chondrification were observed at the jaws, ethmoidal, orbital, hyoid, opercular, and neurocranium regions, except the parasphenoid bone exhibiting a slight degree of ossification at DAB 7.



	(2)

	
DAB 8–11 (SL 24.16 ± 2.07 to SL 28.14 ± 2.94 mm; Figure 2d)







In the suspensoria, the hyomandibular cartilage showed signs of mineralization, resulting in the formation of two bones, the symplectic and the hyomandibular, in its anterior and posterior portions, respectively. In the jaw region, more pronounced chondrogenesis was observed in the dentary, retroarticular, and quadrate bones, as well as the rostral cartilage and palatine. The metapterygoid bone began chondrification. In the neurocranium, the basioccipital bone located in the upper opercular region displayed partial ossification.



	(3)

	
DAB 12–13 (SL 26.48 ± 0.63 mm; Figure 2e)







In the lower jaw, the dentary bone, as well as the retroarticular bone and quadrate, were in an early stage of ossification. The hyomandibular and symplectic bones fused together to form a thin bone, which extended from the posterior part of the jaw region to underneath the orbital region. The opercular region remained cartilaginous, while in the hyoid region, the ceratohyal and hypohyal bones began the process of ossification. The pre-coronet spine located in the upper portion of the neurocranium exhibited partial ossification.



	(4)

	
DAB 14–17 (SL 28.34 ± 3.87 mm; Figure 2f,g)







There was an increase in the size of the quadrate. In the upper jaw, ossification of the ectopterygoid and maxillary bones were observed. The zone standing over the quadratojugal bone was composed of three bones, namely, the antorbital bone, the lachrymal bone, and the sub-orbital bone, with the antorbital bone showing signs of mineralization. In the ethmoidal region, the mesethmoid bone ossified. The frontal bone expanded and extended above the otic capsule, forming a frontal crest. The parasphenoid bone extended from the orbital region to the jaw and basioccipital directions. The metapterygoid bone was partially ossified.



	(5)

	
DAB 18–23 (SL 27.76 ± 0.80 to SL 31.27 ± 4.05 mm; Figure 2h,i)







The Meckel’s cartilage was covered by a dermal ossification. The retroarticular bone mineralization was more obvious, and the palatine bone showed significant ossification. The angular bone located in the posterior portion of the Meckel’s cartilage displayed partial ossification. The sub-orbital bone started to ossify, while the endopterygoid bone still remained cartilaginous. There was an increased mineralization in the nasal capsule region. The prefrontal bone, located between the eye socket and nasal capsule, started to ossify. The post-temporal and epiotic bones, as well as the pre-opercular bone, showed ossification.



	(6)

	
DAB 24–25 (SL 31.27 ± 1.93 mm; Figure 2j)







The mineralization of antorbital, lachrymal, and sub-orbital bones exhibited more pronounced mineralization. The vomer bone initiated the process of ossification. The ossification in the prefrontal bone increased. The supra-occipital bone underwent ossification, forming a thin bone lamina that covered the upper portion of the neurocranium. The frontal crest and pre-coronet spine were completely ossified. In the opercular region, the branchiostegal rays and gill arches display partial ossification. The cleithrum bone, located in the posterior portion of the opercular region, showed significant ossification.



	(7)

	
DAB 26–35 (SL 38.89 ± 1.98 to SL 40.55 ± 3.33 mm; Figure 2k,l)







At DAB 33, the ethmoidal plate and the cleithrum bone were completely ossified, while the sphenotic bone started to ossify. The endopterygoid bone extended from the jaws region to the nasal capsule region was partially ossified. Until DAB 35, both the jaw region and pre-opercular bone were at an advanced stage of ossification. The lachrymal bone started to fuse with the sub-orbital bone.



	(8)

	
DAB 36–45 (SL 49.14 ± 3.53 to SL 54.87 ± 4.70 mm; Figure 2m,n)







At DAB 37, The neurocranium and the nasal capsule regions were at an advanced stage of ossification. Until DAB 45, ossification in the opercular region became visible, specifically in the operculum, which covered the already ossified gill arches. The bones that comprise the lateral face of the snout, including the quadrate, endopterygoid, lachrymal, antorbital, and sub-orbital bones, gradually fused together, forming a laminar ossified area. The cranium was basically completely ossified.




3.2.2. Timing and Progression of Coronet Development


The timing and progression of coronet development are shown in Figure 3a–j and Table 2. Newborns showed dermal substance, which was located in the upper head (Figure 3a). There were no traces of ossification in the coronet (Figure 3a–c). The post-temporal bone located in the posterior portion of the supra-occipital bone and underneath the coronet did not have any mineralization until DAB 11 (Figure 3c). At DAB 13, the pre-coronet spine was partially ossified (Figure 3d). The coronet started to ossify at DAB 21 (Figure 3f), and the pre-coronet spine reached an advanced stage of ossification at DAB 25 (Figure 3g). Until DAB 45, the pre-coronet spine, coronet, supra-occipital, and post-temporal bones were completely ossified (Figure 3j).




3.2.3. Timing and Progression of Vertebral Column Development


The timing and progression of vertebral column development are shown in Figure 4a–j and Table 3.



The armor consisting of the vertebral system, spine, shield, and plate provided protection for the seahorse. Initially, the vertebral system showed no signs of mineralization in DAB1–9 (Figure 4a,b). By DAB 13, the ossification of the cranium was evident (Figure 4c). At DAB 15, the cervical, abdominal, and supra-dorsal vertebrae started to ossify (Figure 4d). Signs of ossification were observed in the neural arch of V1 and V2. The spine, which was located in the upper part of the V2, was partially ossified at DAB 19 (Figure 4e). At DAB 21, the abdominal, dorsal, and caudal vertebrae started to mineralize (Figure 4f). DAB 22–44, ossification of shields progressed along the entire body, forming rings along the transverse axis of the body (Figure 4g–j). The postzygapophysis and the prezygapophysis, paired pointed apophysis located on both sides of the neural arch, exhibited mineralization (Figure 4j). The haemal arch supporting the anal fin, which was present in V13, displayed noticeable ossification (Figure 4i). By DAB 45, the vertebral system was completely ossified (Figure 4i,j).




3.2.4. Timing and Progression of Fin Development


The timing and progression of fin development are shown in Figure 5, Figure 6 and Figure 7 and Table 4.



Dorsal fin (Figure 5a–i)



No ossification was observed in the dorsal fin (27 rays) of the newborns (Figure 5a). The proximal radials, medial radials, distal radials, and rays were still in cartilage status and clearly visible (Figure 5b–d). Following ossification in the vertebral centrum, the proximal radials started to ossify (Figure 5e,f). At DAB 25, the proximal radials were partially ossified, while the distal radials started to ossify (Figure 5g). The bifurcated apophysis, which supported the dorsal fin, was present on V12, V13, and V14. At DAB 35, the rays started to ossify (Figure 5g). By DAB 45, the ossification of the proximal radials and the distal radials became more obvious, and the ossified rays were present. At DAB 60, the ossification of the rays continued.



Anal fin (Figure 6a–f)



The structure of the anal fin was similar to that of the dorsal fin but smaller in size. After release, there were no signs of ossification in the three proximal radials, four distal radials, and four rays located near the anus (Figure 6a). The ossified proximal radials extending from the haemal arch to the medial radials were observed at DAB 45 (Figure 6f).



Caudal fin (Figure 7a–f)



The rays were not present in newborns (Figure 7a). The hypural plate was formed by the ossification of the hypural cartilage, which is located in the most distal part of the spinal system. When newborns left the brood pouch, the hypural cartilage was already present, and it showed partial ossification (Figure 7b–e). By DAB 70, the caudal fin structure was completely ossified (Figure 7f).






4. Discussion


In certain species, newborns exhibit low feeding efficiency due to the incomplete development of organs for food ingestion and movement. During this stage, a significant portion of their energy is allocated to basal metabolism, leading to slow growth. However, as these organs mature in later stages, feeding efficiency increases, facilitating rapid growth [36].



During the experimental period from DAB 1 to DAB 27, the growth rate of H. abdominalis was initially slow, measuring 0.59 mm day−1, but saw a significant increase to 1.25 mm day−1 by DAB 30. However, from DAB 54 onward, the growth rate declined to 0.18 mm day−1. This observed pattern aligns with findings in other species, including H. reidi [37], H. erecuts [38], H.kuda [39], Scophthalmus maximus [40], and Oplegnathus fasciatus [41].



Feeding efficiency is a critical determinant of larval fish survival rates. Consequently, organs associated with survival undergo preferential development to enhance overall survival, exhibiting an allometric growth pattern [35,42]. The development of the cranium, particularly in early developmental stages, is closely linked to functions like food ingestion and respiration [43]. In some species, such as Epinephelus coioides [44], Scophthalmus maximus [40], and Oplegnathus punctatus [45], the cranium displays positive allometric growth during early developmental stages. Similar patterns have been observed in seahorses like H. erectus [38]; however, the cranium of H. kuda [39] remains nearly isometric throughout the entire early developmental period. In our study, the cranium displayed nearly isometric growth during the earlier developmental stages and shifted to negative allometric growth in later stages. These results suggest that each teleost species exhibits a unique allometric growth pattern tailored to its development.



The skeletal system is crucial for most animals, providing structural support, safeguarding vital organs, and enabling movement. In seahorses, the process of ossification in newborns begins either inside or outside of the pouch. In this study, we observed that the ossification of H. abdominalis initiated outside the pouch at DAB 11, a pattern also noted in H. reidi (DAB 4), H. erecutus (DAB 16), and H. subelongatus (DAB 4) [37]. However, the ossification of H. zosterae and H. hippocampus began within the pouch [34,37]. Franz-Odendaal [37] suggests that this difference in growth may be related to seahorse body size and evolutionary relationships. Overall, the diversity in the initiation of ossification processes among seahorse species underscores the complexity of their skeletal development, potentially influenced by factors such as body size and evolutionary history.



The hippocampus species are known as extreme predators because of their tubular nasal structure, which is extremely capable of feeding [24,33,46]. During the early embryonic period stage, this tubular nose undergoes transforms from folding elongation [28], coinciding with the gradual elongation of the ethmoid region. This distinctive nasal structure facilitates a specialized feeding technique called pivot feeding, relying on the coordinated movement of four integrated parts: the neurocranium, lower jaws, hyoid, and snout [47]. The jaws are connected to the neurocranium and hyoid by the hyomandibular and symplectic bones. Intriguingly, our study revealed that the jaw region, hyoid region, and suspensoria exhibited the earliest signs of ossification. Similar observations have been made in other seahorse species, such as H. subelongatus [37] and H. hippocampus [34] suspensoria, which exhibited the earliest signs of ossification. Similar observations have been made in other seahorse species, such as H. subelongatus [37] and H. hippocampus [34], underscoring the vital roles of these structures during the early stages of hippocampus development.



Seahorses exhibit a certain selectivity in prey size during feeding, typically opting for the largest prey they can capture, a behavior that may be correlated with the matching of their snout width to the body width of the prey [17,48]. This study documents the developmental process of the tubular nasal structure in H. abdominalis, providing a foundational theoretical basis for accurately calculating the size of prey to be fed. With an increase in snout depth and length, larvae seahorses may have been able to select larger prey [10,17,23,49]. This study reveals that at DAB 30, elements related to seahorse feeding are fully ossified, accompanied by a significant increase in growth rate. This highlights the importance of complete ossification for their feeding, suggesting that increasing feed density and size after DAB 30 may contribute to higher survival rates in juvenile seahorses.



In general, seahorses typically display a range of tail rings between 34 and 39 in number and dorsal fin rays ranging from 15 to 20 [3]. However, H. abdominalis distinguishes itself from other species with its higher number of rings and rays. In our study, we noted that H. abdominalis exhibited 12–13 trunk rings, 45–46 tail rings, and 26–27 dorsal fin rays, consistent with the observations of Lourie [3]. This unique characteristic provides a rapid and distinctive means of identifying H. abdominalis compared to other seahorse species.



Seahorses stand out from the majority of other teleost fish due to a distinctive anatomical feature: instead of scales, they have body plates [50]. These plates are arranged in a square ring formed by four interconnected plates. This unique structure allows seahorses to flex their tails ventrally, using them as grasping and holding appendages for postural support [51]. Additionally, the presence of these body plates provides a degree of protection against vertebral fractures resulting from impacts and compressions [50,52].




5. Conclusions


During the initial 100 days of seahorse development, the growth rate of H. abdominalis exhibits a slow–fast–slow pattern, correlating with the incomplete maturation of feeding behavior and locomotor organs in juvenile seahorses. Notably, on DAB 30 of the experiment, a significant acceleration in seahorse growth rate is observed, concomitant with near-complete ossification. This suggests that augmenting feed density and individual size around this juncture may contribute positively to enhancing juvenile H. abdominalis survival rates.
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Figure 1. Growth and allometric growth characteristics of H. abdominalis from DAB 1 to DAB 100. (a) Growth characteristics related to days; (b) allometric growth characteristics between head length and standard length; (c) allometric growth characteristics between trunk length and standard length; (d) allometric growth characteristics between tail length and standard length. In Figure 1b–d, the two different colors of lines on each chart represent trend lines for distinct segments. 
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Figure 2. Osteological development of H. abdominalis cranium (DAB 1–DAB 45). Head, lateral view (a–o). AN—angular, AOR—antorbital, BO—basioccipital, BR—branchiostegal rays, CH—ceratohyal, CL—cleithrum, D—dentary, DS—dermal substance, ECT—ectopterygoid, EN—endopterygoid, EP—epiotics, ETD—ethmoidal region, ETP—ethmoid plate, EX—exoccipitals, F—frontal, FC—frontal crest, GA—gill arc, HH—hypohyal, HYC—hyomandibular cartilage, HYD—hyoid region, HYM—hyomandibular, IH—interhyal, JW—jaw region, LA—lachrymal, MC—Meckel’s cartilage, ME—metapterygoid, MET—mesethmoid, MX—maxillary, NCP—nasal capsule, NRC—neurocranium, OP—operculum, OPR—opercular region, ORB—orbital region, PA—palatine, PAS—parasphenoid, PCS—pre-coronet spine, PF—pre-frontal, PM—pre-maxillary, POP—pre-opercular, PTM—post-temporal, Q—quadrate, QJ—quadratojugal, RA—retroarticular, RC—rostral cartilage, S—sphenotic, SBO—sub-orbital, SM—symplectic, SUS—suspensoria, TM—taenia marginalis, UH—urohyal. Scale bar: 100 μm (a), scale bar: 500 μm (b–o). 
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Figure 3. Osteological development of H. abdominalis neurocranium and coronet (DAB 1–DAB 45). Head, lateral view (a–j). CNT—coronet, DS—dermal substance, PCS—pre-coronet spine, PTM—post temporal, SO—supraoccipital. Scale bar: 100 μm (a–f), scale bar: 500 μm (g–j). 
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Figure 4. Osteological development of H. abdominalis axial skeleton (DAB 1–DAB 45). Vertebral system, lateral view (a–j). ABD-PR—abdominal pre-dorsal vertebrae, ABD-PO—abdominal post-dorsal vertebrae, CAD—caudal vertebrae, CER—cervical vertebrae, DOR—dorsal vertebrae, HA—haemal arch, HYP—hypural plate, NA—neural arch, POZ—postzygapophysis, PRZ—prezygapophysis, SD—supra-dorsal vertebra, SH—shield, V—vertebra. Scale bar: 1 mm. 
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Figure 5. Osteological development of H. abdominalis appendicular skeleton (DAB 1–DAB 70). Dorsal fin, lateral view (a–i). APH—apophysis, DR—distal radial, MR—medial radial, PR—proximal radial, RY—rays, V—vertebra. Scale bar: 500 μm. 
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Figure 6. Osteological development of H. abdominalis appendicular skeleton (DAB–DAB 45). Anal fin, lateral view (a–f). DR—distal radial, HA—haemal arch, MR—medial radial, PR—proximal radial, RY—rays, V—vertebra. Scale bar: 500 μm. 
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Figure 7. Osteological development of H. abdominalis appendicular skeleton (DAB 1–DAB 70). Caudal fin, lateral view (a–f). HYC—hypural cartilage, HYP—hypural plate, V—vertebra. Scale bar: 20 μm (a), scale bar: 50 μm (b–e), scale bar: 1 mm (f). 
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Table 1. Growth of H. abdominalis during the development.
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	Growth
	AGR (mm/day)





	DAB
	SL



	1–30
	0.58 ± 0.02 b



	30–54
	1.4 ± 0.01 a



	54–100
	0.17 ± 0.07 c







AGR—absolute growth rate, DAB—day after birth, SL—standard length. Values with different subscripts are significantly different (p < 0.05).













 





Table 2. Osteological development of cranium in H. abdominalis (DAB 1–DAB 75). TABLE was made based on the ossification nodes; unobserved cartilage is white, blue means element in cartilaginous state, red means element in ossified state, and the light red means element in incomplete ossification stage.
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Skeletal Elements

	
Time (DAB)




	
3

	
7

	
11

	
15

	
19

	
23

	
27

	
31

	
35

	
39

	
41

	
45

	
55

	
65

	
75






	
Branchiocranium

	




	
Angular

	

	

	




	
Antorbital

	

	

	




	
Cleithrum

	

	

	




	
Dentary

	

	

	




	
Ectopterygoid

	

	

	




	
Endopterygoid

	

	

	




	
Ethmoid plate

	

	

	




	
Hyomandibular

	

	

	




	
Lachrymal

	

	

	




	
Maxillary

	

	

	




	
Meckel’s cartilage

	

	




	
Mesethmoid

	

	

	




	
Metapterygoid

	

	

	

	




	
Nasal spine

	

	

	




	
Operculum

	

	

	




	
Palatine

	

	

	




	
Parasphenoid

	

	

	




	
Quadrate

	

	

	




	
Retroarticular

	

	

	




	
Rostral cartilage

	




	
Sub-orbital

	

	

	




	
Symplectic

	

	

	




	
Vomeral

	

	

	




	
Neurocranium

	




	
Basioccipital

	

	

	




	
Coronet

	

	

	

	




	
Epiotic

	

	

	




	
Exoccipital

	

	

	




	
Frontal

	

	

	




	
Frontal crests

	




	
Post-temporal

	

	

	




	
Precoronet spine

	

	

	




	
Sphenotic

	

	

	




	
Supra-occipital

	

	

	




	
Legend

	
Absence

	
Cartilage

	
Cartilage-bone

	
bone




	

	

	

	











 





Table 3. Osteological development of vertebral column in H. abdominalis (DAB 1–DAB 75). TABLE was made based on the ossification nodes; unobserved cartilage is white, blue means element in cartilaginous state, red means element in ossified state, and the light red means element in incomplete ossification stage.
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Skeletal Elements

	
Time (DAB)




	
3

	
7

	
11

	
15

	
19

	
23

	
27

	
31

	
35

	
39

	
41

	
45

	
55

	
65

	
75






	
Axial skeleton/shields

	




	
Abdominal pre-dorsal vertebrae

	

	

	




	
Abdominal post-dorsal vertebrae

	

	

	




	
Caudal vertebrae

	

	

	




	
cervical vertebrae

	

	

	




	
Dermal body plates

	

	

	




	
Dorsal vertebrae

	

	

	




	
Ha