Micro-CT 3D reconstructions reveal coral growth pattern and parameter 
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ABSTRACT
Colony is the basic geometric construction of coral reef. However, both the forming regulations of colony and reef are still obscure. In this study, we reconstructed 21 important samples by high-resolution micro-computed tomography to investigate coral growth pattern and parameter. Our skeleton and canal reconstructions revealed characteristics of different coral species and we further visualized the growth axes and growth rings to reveal coral growth directions. We drew a skeleton gray-scale map and calculated coral skeleton void ratios to reveal skeletal diversity, devising a method to quantify coral growth. On the bases of the 3D reconstructions and growth parameters, we investigated growth strategies of different coral species. This work extends the knowledge of how reef-building corals grow their colonies, giving a hint on reef forming regulation. The data of this paper contain large amount of coral growth information, and can be used in further research on reef forming patterns under different conditions. The method used in this study can also be applied in animals with porous skeletons.
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Introduction
Acropora, Montipora, Pocillopora, and Seriatopora are four widely distributed coral genera in the Indo-Pacific region (1,2) and the major offshore reef-building corals in coral reefs (3). Their many and varied growth forms provide habitat, food etc for the many thousands of reef-associated organisms (4-7) that make tropical reefs centres of biodiversity. Tropical coral reefs are under pressure from a range of local and global environmental stressors (8-10) such as global warming (11-13) and ocean acidification (14,15); environmental pollution (16,17), for example, microplastics (18-21) and heavy-metal contamination (22-25); and overexploitation (26-28), making the protection and ecological restoration of coral reefs extremely urgent. Studies of these predominant reef-building corals are therefore in the spotlight now (29-36), revealing much information about coral biology.
Classic studies on reef-building corals have concentrated on such aspects as physiology, ecology, statistics, and multi-omics to show the biological characteristics of coral polyp and symbiont zooxanthellae. As at the heart of healthy reefs is sustained formation of the calcium carbonate skeletons of many coral species. It is, therefore, important to understand how corals grow their skeleton. In recent years, computed tomography (CT) has been applied to study reef-building coral skeletons (37-42). With the development and popularization of high-resolution micro-computed tomography (HRCT), research on coral skeletons has revealed the morphological and internal structures of coral branchlets and investigated coral skeletal structures (43-46) and exogenous influences on coral skeletons, including water currents (47), the marine environment (48), and ocean acidification (49,50). However, there are various challenges in studying coral growth pattern regulation using CT sectional slices that are singly dependent on skeleton reconstruction. Consequently, we created a novel method of canal reconstruction that used HRCT to study coral growth pattern regulation in Pocillopora damicornis, visualising its calice network, budding signal, polyp relationship, colony growth direction, and coral branching regulation (51). Furthermore, to fill current knowledge gaps, we expanded this method to determine the growth pattern in much more predominant reef-building coral genera. Additionally, basic growth parameters of coral colonies are difficult to quantify, and calculating skeleton values through HRCT reconstructions can solve this kind of problem.
In this study, we used HRCT to systematically reconstruct and compare the architectural canals of various predominant reef-building coral species. Twenty-one representative Acroporidae and Pocilloporidae samples from the Indo-Pacific region were reconstructed, including seven species (Acropora digitifera, Acropora muricata, Acropora millepora, Montipora foliosa, Pocillopora verrucosa, Pocillopora ankeli and Seriatopora hystrix) in the four genera: Acropora, Montipora, Pocillopora and Seriatopora (Supplementary Fig. 1). To obtain and visualize information related to coral growth hidden in colonies (Fig. 1, Fig. 2 and Supplementary Fig. 1), 3D reconstructions of the canals inside coral skeletons were created. We reconstructed the coral growth axes and growth rings to reveal the directionality in coral growth (Fig. 3 and Supplementary Fig. 2). Because the growth directions of some particular corals, for instance, M. foliosa, are unclear, we improved the method of visualising growth regulation from lateral and radial-growth colonies. The skeleton was also coloured according to a gray-scale gradient to show the skeleton density distribution (Fig. 4). We also quantified multiple growth parameters through colony 3D reconstruction using a method of coral growth quantitative analysis by HRCT (Fig. 5). According to the canal reconstructions and measured growth parameters, we investigated different growth strategies of four major species to define how corals grow their skeletons and how skeletal growth varies amongst species.

Results
Canal reconstructions reveal coral growth patterns  
Three-dimensional skeletal structures of 21 samples were reconstructed by HRCT, including four major reef-building coral genera, Montipora, Acropora, Pocillopora, and Seriatopora, at both macroscopic and microscopic levels (Supplementary Fig. 1). The images in Fig. 1 and Supplementary Fig. 1 show the complete forms of original coral skeletons, including the surface morphology and the internal structural characteristics, which helped the researchers to study coral colony pattern regulation. To obtain the coral growth information hidden in skeletal structures, we reconstructed the canals inside sample skeletons. The various types of canals included the calice, the axial canal, and the internal canal (Fig. 1, Fig. 2). Calice is the area in which a coral polyp lives or lived. Axial canal is a unique canal along branch centres in an Acropora colony, and its extension reveals branch growth directions. Internal canal is a type of canal among calices, connecting all polyps in one colony, and it can be found in all the samples except Pocillopora. Because 3D reconstructions of a single genus are similar, we show only a representative result for each genus in the relevant figures (Fig. 1 and Fig. 2).
Acropora is the only genus with all three canal types, and these canals integrate the coral body like a circulatory system in higher animals (Fig. 1A and Fig. 2A). In every A. muricata branch, the distance among adjacent calices is similar, and the calices circle the axial canals along the growing direction (Fig. 2A). Complex internal canals wrap all the calices like a thick net, connecting them around the axial canal (Fig. 2A). The distances from each calice bottom to the axial canal are also similar, and the internal canal links them together (Fig. 2A). In a P. verrucosa colony there is only one type of canal, the calice, the old calices inside the colony without polyps are called the interseptal space (51) (Fig. 1B and Fig. 2B). Polyps keep mineralising new calices during the coral growth process (51) (Fig. 2B). Once a new calice is built, the polyp leaves its old calice and enters the new one (51). A newly budding polyp has a small inverted-cone-shaped calice, while the later ones gradually grow into larger inverted truncated cones (Fig. 2B). These inverted cone-shaped calices can be regarded as a kind of reminder information for polyps budding in the calice network of a P. verrucosa colony, making it possible to capture the behaviours of all polyps in one corallum of P. verrucosa by reconstruction, whereby budding sites can be accurately recorded regardless of the fate of the individual polyps (Fig. 2B). M. foliosa has two types of canals, calice and internal (Fig. 1C and Fig. 2C). The complex internal canal forms a basic network where the calices are inserted regularly and arranged closely. Because sunlight can shine only on upper surfaces and penetrate the edges of lower surfaces, calices are widely distributed in the upper surfaces (Fig. 1C and Fig. 2C) and partially in lower surface margins (Fig. 2C). On the edge of a M. foliosa colony, upper and lower calices are separated by an internal canal (Fig. 2C). The calices on the lower surfaces are smaller and more sparsely distributed than those on the upper surfaces (Fig. 2C). S. hystrix has two canal types, calice and internal (Fig. 1D and Fig. 2D). Cup-shaped calices with larger volume are distributed on the surface of the coral skeleton, and smaller droplet-like internal canals are distributed near the centre of the coral branches (Fig. 2D). Although calices surround internal canals, there are no obvious connections between these two type of canals (Fig. 1D and Fig. 2D). Both calices and internal canals are arranged spirally along the growth direction of the coral branches. The internal canals generally appear in groups, arranged in the form of three to four independent droplet-like canals that are gathered together (Fig. 2D). For each group of internal canals, there is a group of surrounding calices in a similar quantity.
It has been found (51) that all polyps in one P. verrucosa colony participate in multiple biological processes through the calice network, including budding, branching, mineralisation, and growth pattern regulation (Fig. 1C and Fig. 2C). In P. verrucosa, where the calice is the only canal type, the polyp network is supported by a calice network that connects all polyps in one colony (51). It has been found that this regulation is universal in Pocillopora (51) (Fig. 1, Fig. 2B and Supplementary Fig. 1). In Acropora and Montipora, the polyp network is more complex because more canal types are involved. Internal and axial canals connect all polyp calices into a holistic network to collaborate in performing biological processes in a single coral colony.
Growth axes and rings visualization based on 3D reconstruction
The canal reconstruction revealed that coral colonies follow specific growth axes during their growth patterns (51), this regulation suggests how coral reefs are formed. To illustrate coral growth direction at the level of polyp proliferation and skeletal dynamic accretion, we visualized the growth axes of various colonies through 3D canal-network reconstruction. This regulation cannot be observed directly in coral skeletons and primary morphology (Fig. 3). Growth direction reconstruction in corals following axial growth, such as A. muricata and S. hystrix, is easy to do with the support of basic morphological information. A. muricata growth follows its axial canal (Fig. 2A and Fig. 3A), and S. hystrix growth follows internal canals (Fig. 2D). However, growth axes following radial or lateral growth, such as in P. verrucosa and M. foliosa, are not obvious. To explore the growth axes of radial-growth coral, for instance P. verrucosa, we reconstructed the calices from the branching point to the uppermost tips of each branchlet (51) (Fig. 3B). M. foliosa is a typical lateral-growth coral lacking an axis canal, so we improved our former reconstruction method to explore its growth axis (Fig. 3C). A M. foliosa branch expands outward in an arc shape, and the internal canal reconstruction from the proximal bifurcating point to the distal edge revealed that the growth direction forms an arc-shaped branch (Fig. 3C, D). Through this method, we reconstructed the entire growth axis of a M. foliosa colony; it was a regular dichotomous type (Fig. 3E). The reconstruction results show that the investigated growth axes of reef-building corals can be divided into three types: dichotomous, polytomous, and divergent (Fig. 3F). The dichotomous growth axis (P. verrucosa, A. digitifera, M. foliosa) bifurcates at all forks, whether on the main branch or branchlets. The polytomous growth axis (A. muricata, S. hystrix) divides into two or more parts during branching process. The divergent growth type corals (A. millepora, P. ankeli) have no main branches.
Growth rings reflect coral growth detail and were obtained through the 3D reconstructions of canal networks and grow axes (51). Growth rings can divide one coral branch into multiple layers, showing the entire process of the growth pattern (Supplementary Fig. 2). In the M. foliosa sample, the initial growth ring was quite small and then proliferated along with the growth axis through the canal network (Supplementary Fig. 2A). The mature growth rings of A. digitifera and S. hystrix maintained a similar volume throughout branch growth (Supplementary Fig. 2B, D). In P. verrucosa, the volumes of the growth rings varied and depended on temporal ecological factors (51) (Supplementary Fig. 2C). 
In summary, the 3D architectural reconstructions showed that coral growth patterns are regulated by a hierarchy of canal networks, growth axes, and growth rings, and the canal network is the basic foundation.
Coral growth parameter analyses based on 3D reconstruction
[bookmark: myTempMark]According to the 3D reconstructions, the growth parameters like skeletal density and skeleton void ratio can be obtained, contributing to an analysis of coral growth regulation (Fig. 4, Fig. 5 and Table 1). The gray scale of a 3D CT reconstruction reflects skeletal density, and samples with higher gray scales have higher skeletal densities (52) (Fig. 4A-D). The volume ratio of each gray-scale gradient in coral skeleton of the samples can be calculated to quantify mineralising differences (Fig. 4E,F). The gray-scale range of the A. muricata skeleton (Fig. 4A,E,F) was approximately 45,000 to 60,000, and that of a new mineralised skeleton (40,000 to 50,000) was lower than that of an old skeleton (50,000 to 65,000). The gray-scale range of the M. foliosa skeleton (Fig. 4B,E,F) was approximately 40,000 to 50,000, and that of a new mineralised skeleton (50,000 to 65,000) was higher than that of an old skeleton (25,000 to 50,000). The gray-scale range of a P. verrucosa skeleton (Fig. 4C,E,F) is approximately 40,000 to 50,000, and that of a new mineralised skeleton (50,000 to 65,000) is higher than of an old skeleton (30,000 to 45,000). The gray scale of dissepiment is approximately 25,000 to 40,000. The gray-scale range of a S. hystrix skeleton (Fig. 4D,E,F) is approximately 25,000 to 35,000, and that of a new mineralised skeleton (20,000 to 30,000) is lower than that of an old skeleton (30,000 to 35,000). The results also show that different areas of one coral colony have different skeletal densities, and data statistics suggest that skeletal densities among different species are distinct and in the descending order of A. muricata, P. verrucosa, M. foliosa and S. hystrix (Table 1). In A. muricata and S. hystrix, the density of new growth skeletons is lower than that of old ones (Fig. 4A, D and Table 1), however, the situation in M. foliosa and P. verrucosa is the opposite (Fig. 4B, C and Table 1). Coral colonies are filled with canals, and it is difficult to precisely measure coral skeleton void ratios (the proportion of skeletal material to total volume) (53). To solve this problem, we designed a method to calculate coral skeleton void ratios according to the micro-CT reconstructions and gray-scale analysis (Fig. 5A and Supplementary Methods). Through related construction and gray-scale data, we could calculate both the skeleton void ratio at any slice (Fig. 5B) and the total skeleton void ratio (Fig. 5C). The results show that the average skeleton ratio of M. capricornis is 47.0%, A. muricata is 60.7%, P. verrucosa is 61.3%, and S. hystrix is 84.9% (Fig. 5C). These strategy differences indicate that different reef-building corals use different mineralisation strategies and play an important role in a quantitative analysis of coral growth based on 3D reconstruction.

Discussion
Reef forming strategies comparison based on 3D reconstructions
Canal network is the basic foundation of coral growth (Fig. 1,2), while the type and direction of growth axis determine the branching pattern and growth direction of the colony (Fig. 3). According to canal network reconstructions in this study, we investigated different growth strategies of four representative species to define how corals grow their skeleton and how skeletal growth varies amongst species. 
Corals of each species have their own unique reef forming strategies. The density of new skeletons in M. foliosa and P. verrucosa is higher than the old ones, while the patterns in A. muricata and S. hystrix are just the opposite (Fig. 4, Table 1). M. foliosa is a lateral-growth coral with thinner skeletons at colony edge, which are susceptible to physical damage. Therefore, the density of new skeletons, which are formed at colony edge, is higher, ensuring its mechanical strength (Fig. 4B). As for P. verrucosa, a radial-growth coral with fragile internal dissepiments, the new skeletons with high density are mineralized on the surface of colony to protect inner structures (Fig. 4C). Meanwhile, axial-growth corals, like A. muricata and S. hystrix, form new skeletons with lower density, for the protection of entire colony is not depend on the growth area at branch tip (Fig. 4A,D). 
M. foliosa colonies have the lowest skeleton ratio (47.0%) in these four genera (Fig. 5C), mainly for its horizontal-growing pattern suffers less affection from sea waves, while high skeleton density (Fig. 4E,F) can also help maintaining the mechanical strength of the colony. Thus, the rigidity and strength of coral colony can be sacrifice to speed up the expansion of its growth rings, increasing the capability in occupying ecological niches. The other three longitudinally growing genera require higher skeletal ratio to maintain their own strength. As the S.hystrix colonies are normally found in habitats exposed to wave action, a higher skeleton ratio of 84.9% (highest in these four species) is needed to withstand the impact of sea wave (Fig. 5C). Meanwhile, the calices of S.hystrix are rather long and thin (Fig. 1,2), offering better protection for the polyps during the day. The skeletal ratio of A. muricata colonies (60.7%) are lower than S.hystrix (Fig. 5C), however, higher skeleton density and thicker branches ensure their hardness (Fig. 4E,F). Most skeletons in P. verrucosa, which occurs from exposed reef fronts to protect fringing reefs, are in the interval with higher density (Fig. 4E,F), while the surface skeletons of P. verrucosa colonies are also much thicker than the other three species (Fig.1). The skeletal ratio of P. verrucosa is only 61.3%, which is to the same level as A. muricata (Fig. 4E,F), because the thin dissepiments and multiple calices inside the colonies pull down the average ratio (Fig. 4C). These coral growth strategies are closely related to the habitats of each species and reveal how corals grow their skeletons, providing a theoretical basis for further protection and restoration of tropical coral reefs. 
In former studies, researchers found that the atolls in the South China Sea have a kind of self-similar feature, which reminders a forming regulation by basic coral colonies (54). We found that the pattern regulation of M. foliosa colony is similar to that of atolls (Fig. S2A). The horizontally extending arc-shaped growth rings in M. foliosa colonies are similar to the situation of atolls in the South China Sea. This self-similarity feature reveals the connection between a single colony and the entire reef, providing a model for studying the forming regulation of macro-scale reef according to micro-scale colony reconstructions.
Skeleton-canal reconstruction as a method for studying animals with porous skeletons
In this study, we found the growth pattern regulation of four major reef-building coral genera through 3D reconstructions of canals and skeletons by HRCT. These architectural canal network and skeleton reconstructions support further studies of reef-building corals and extend the knowledge of coral biology, including structural features, growth regulation, mineralisation traits, and polyp networks (51). In the surface of a reef-building coral branch, all polyps are connected into an entirety like a vertebrate’s dermal system (55) by the coenosarc tissue, making up an apparent polyp network (51, 55). Here, we found that there is another type of polyp network supported by the canal network within a skeletal system, which maintains coral growth processes. 
The canal network reconstructions obtained the regulations in coral growing, budding, branching and mineralizing, which is helpful for visualizing growth process, summarizing growth strategies and hypothesizing growth models (Fig. 1-3). Following the growth direction shown in the canal networks, we reconstructed the growth axis of coral colonies, especially M. foliosa, which seems to grow irregularly, while this work may provide an option for coral classification (Fig. 3 A-E). If we are to understand their growth patterns at monthly, seasonal, and yearly time scales in detail, reconstructing the growth pattern hierarchy of the canal network, growth axes, and growth rings is of great interest (Fig. 3F, Supplementary Fig. 2). Additionally, we reconstructed coral skeletons through HRCT to draw gray-scale gradient maps, revealing the density differences of coral skeletons in each colony and quantify the volume ratio of skeletons within specific density interval, which reflected the differentiated mineralization strategies (Fig. 4). On this basis, we calculate the reconstructed skeletons layer by layer to obtain growth parameters, like coral mineralization, surface area and skeleton ratio, which can achieve the purpose of quantifying coral growth (Fig. 5). The related data contain a large amount of information on coral growth, which can be used for further research on coral growth patterns in different conditions or time periods.
A large amount of animals have skeletons with complex canal network inside, like reef-building corals. Similar to the annual rings of a tree, these skeletons and canal networks contain generous growth information, including calcification strategies and growth patterns. Basing on the reconstructions of these skeletons and canal networks, we can easily obtain growth parameters, summarize growth regulations and visualize the growth process, laying the foundation for the construction of animal models. Thus, we believe that the above-mentioned skeleton-canal reconstruction method is not only suitable for studying most coral species, but can be applied in numerous animals with porous skeletons.
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Acropora colony 1: doi:10.5061/dryad.cc2fqz65g
https://datadryad.org/stash/share/JPGMRKQbQ8_87uWjAKvFYIdxZXXXS94Hm8dpDAO5Np4
Acropora colony 2: doi:10.5061/dryad.sf7m0cg5q; doi:10.5061/dryad.0cfxpnw1t
https://datadryad.org/stash/share/s0FVMlF4KcOizXGbVJSBYL8TaJKUd0R0meZ4ac0f2wg
https://datadryad.org/stash/share/Hkzyc9vigW1BvdXi7xLUZNcpDl0RQ1X1NiVxErc4Axg
Acropora colony 3: doi:10.5061/dryad.3r2280gfp
https://datadryad.org/stash/share/hX1oJdlviBy3ZvrDU_MHUzs3KyC4Tj4rKJnDMUtGYqU
Acropora branch 1: doi:10.5061/dryad.bk3j9kdb8
https://datadryad.org/stash/share/8slxGygK_qcnQ2FgmSzAD5MjNjnp8U-Gz8tnB64Ttbc
Acropora branch 2: doi:10.5061/dryad.p2ngf1vq3
https://datadryad.org/stash/share/FMoPUJ99op1c4rCnhWQS0SkDJrQoZYuBUd3tHF1_jTM
Acropora branch 3: doi:10.5061/dryad.vt4b8gtrm
https://datadryad.org/stash/share/-PxLGIBKoPLzjNqzhWX8xS1jEoEbzhwa0ixhEQPb9hc
Montipora colony 1: doi:10.5061/dryad.08kprr525
https://datadryad.org/stash/share/nUY3EePPILdaehpbHw4XUOccxVZ3DwSSgNSoRuV8KQw
Montipora colony 2: doi:10.5061/dryad.8kprr4xn6
https://datadryad.org/stash/share/IRhiQ_FAnFfsFCf9WyLub1q5dxFMcCsLY4zKtC0M_CQ
Montipora branch 1: doi:10.5061/dryad.5hqbzkh5d
https://datadryad.org/stash/share/usOFovWkuLglp9cPoGU4uyckaVEgun41vcEkTaudF1w
Montipora branch 2: doi:10.5061/dryad.18931zcwt
https://datadryad.org/stash/share/sZBhqtWDIxnpZojirmcp6_DT5zYb9yP-XpyGUWqxsBQ
Montipora branch 3: doi:10.5061/dryad.8pk0p2nmw
https://datadryad.org/stash/share/YB1jFYpylLH_KOswD0j1hs9l5RywsltNrDmjXktKsik
Pocillopora colony 1: doi:10.5061/dryad.jm63xsj9h
https://datadryad.org/stash/share/dWEv9yFqzHtC5FxpOVqh7eeZ-jsFilSEWpOcFb39NdU
Pocillopora colony 2: doi:10.5061/dryad.9p8cz8wfs
https://datadryad.org/stash/share/xUdEDcMsE8z3dBOTIkLC48_-vqrF4oF7xrFcbu0Go_0
Pocillopora colony 3: doi:10.5061/dryad.9zw3r22d9
https://datadryad.org/stash/share/x1s_--ngY01KwiFlJ6Unca1Me6FMVpfJ9hIQY4Hsxls
Pocillopora branch 1: doi:10.5061/dryad.9kd51c5gn
https://datadryad.org/stash/share/sHperRPPWf3_0hZaOygBBqpf_E8BmycWhas11R0lDP8
Pocillopora branch 2: doi:10.5061/dryad.dbrv15f10
https://datadryad.org/stash/share/18HrwEDMpaucls7Ig_YAaz8DfemRbz_fRap-YMxiXZg
Pocillopora branch 3: doi:10.5061/dryad.zcrjdfnb5
https://datadryad.org/stash/share/NNvOs5JOstOuRTq1WxIm4g7r_4q-LCr67ivg5f3K9QQ
Seriatopora colony 1: doi:10.5061/dryad.d7wm37q0z
https://datadryad.org/stash/share/9GaHjGV2FBcfgUWLc6imJcuXc3se8fRuAipLxePBrcc
Seriatopora branch 1: doi:10.5061/dryad.zs7h44j7w
https://datadryad.org/stash/share/RVnu8z6QvfVH0SpP7yPW9Md3O4BQAmEjgiJ0c74K9Io
Seriatopora branch 2: doi:10.5061/dryad.9zw3r22db
https://datadryad.org/stash/share/rqf2iKavForo5AikFkVLdgbaWUo-TR5wr3qxRew9C8U
Seriatopora branch 3: doi:10.5061/dryad.kh1893255
https://datadryad.org/stash/share/NNvOs5JOstOuRTq1WxIm4g7r_4q-LCr67ivg5f3K9QQ
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Fig. 1 | Structures of coral skeleton and canal reconstructions.
(A,B,C,D) The reconstructions reveal both macroscopic and microscopic details of surface morphology, internal structural characters and canal reconstructions in (A) A. muricata, (B) P. verrucosa, (C) M. foliosa and (D) S. hystrix. Scale bars: A, 2 cm, 1 mm, 2 mm, 0.5 mm; B, 1 cm, 0.5 mm, 2 mm, 2 mm; C, 5 cm, 1 mm, 2 mm, 2 mm; D, 1 cm, 0.2 mm, 0.5 mm, 1 mm.
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Fig. 2 | 3D canal reconstructions of four typical reef-building corals. 
[bookmark: _GoBack](A) The internal canals connect all calices and axial canals in an A. muricata colony like a net. Acropora is the only genus with all three kinds of canals, and these canals integrate the coral branch into an entirety like the circulatory system in higher animals. (B) Calice forming sequence and budding sites in P. verrucosa calice network. The newly budding polyp has a small inverted cone-shaped calice (calice 1), and the following ones are grown into larger inverted truncated cones gradually (calice 2-5). These inverted cone-shaped calices can be regarded as a kind of reminding information for polyp budding in the calice network of P. verrucosa colony, making it possible to capture the behaviors of all polyps in one corallum of P. verrucosa by reconstruction (51). The budding sites can be accurately recorded regardless of the fate of certain individual polyp (51). (C) In M. foliosa, there are two types of canals those are calice and internal canal. The complex internal canal forms a basic network, and the calices (with polyps) are regularly arranged in it. (D) S. hystrix contains calice and internal canal, and both of them are arranged spirally along with branch growth direction. Scale bars: 1 mm.
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Fig. 3 | The growth-axis reconstructions of axial, lateral and radial types.
(A,B) The growth axis reconstruct methods of (A) axial growth and (B) radial growth corals. (C-E) The growth axis reconstruct methods of lateral growth corals. Step one is exploring the basic growth axis in one arc-shape branch or branchlet from the branching point to the most distal edge by extensive internal-canal and calice reconstructions (51). Step two, discovering all branching points by branch growth-axis reconstructions. Step three, connecting all branch growth axis together into an entirety at last. (F) The growth axis reconstructions of 9 colony samples in 7 species can be divided into three growth categories: dichotomous, polytomous, and divergent. Scale bars: A, 1 cm, 1 cm; B, 5 mm, 5 mm; C, 5 mm, 5 mm; D, 5 mm, 5 mm; E, 5 cm, 2 cm; F, 5 cm, 5 cm, 5 cm, 5 cm, 1 cm, 1 cm, 2 cm, 2 cm.
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Fig. 4 | Gray-scale gradient map reveals density distribution of coral skeletons.
(A, B, C, D) The HRCT results can divide all coral skeleton reconstructions into nine parts with a gradient of 5,000 gray scales within the range of 20,000-65,000 and color them to show the different distribution of skeleton density. O = Old, N = New. (E, F) Volume ratio of each gray-scale gradient in coral skeleton of the four species. The value in table F corresponds to each colored rectangle in the histogram E. Scale bars: A, 5 mm; B, 1 mm; C, 2 mm; D, 2 mm.
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Fig. 5 | Growth parameter analysis through colony reconstruction.
(A) By outlining the edges of the reconstructed branches in the slices, we calculated the total acreage of skeleton and canals in each slice. The length of edge line shows the perimeter of coral branch in each slice. (B) We defined the direction of growth axis as Z axis in the 3D coordinate system of coral reconstruction, and the X-Y plane is the radial cross-section perpendicular to Z axis. The skeleton ratio along Z axis of coral colony was shown in the line charts. (C) The skeleton ratio of the coral samples in M. foliosa, A. muricata, P. verrucosa and S. hystrix. Each coral genera contain three samples. Standard deviation is shown as the value of σ in the histogram. Scale bars: 1 mm.
Table
Table 1 | Gray-scale ranges for coral samples.
	Coral sample
	Approximate grey-scale range
	New skeleton
	Old skeleton

	A. muricata
	45,000 to 60,000
	40,000 to 50,000
	50,000 to 65,000

	M. foliosa
	40,000 to 50,000
	50,000 to 65,000
	25,000 to 50,000

	P. verrucosa
	40,000 to 50,000
	50,000 to 65,000
	30,000 to 45,000

	S. hystrix
	25,000 to 35,000
	20,000 to 30,000
	30,000 to 35,000



Higher gray-scale indicate higher skeletal density. 
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