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The structural complexity of cold-water corals is threatened by ocean acidification. Increased porosity and thinning in structurally critical parts of the reef framework may lead to rapid physical collapse on an ecosystem scale, reducing their potential for biodiversity support. Understanding the structural-mechanical relationships of reef-forming corals is important to enable the use of in silico mechanical models as predictive tools that allow us to determine risk and timescales of reef collapse. Here, we analyze morphological variations of the branching architecture of the cold-water coral species Lophelia pertusa to advance mechanical in silico models based on their skeletal structure. We identified a critical size of five interbranch lengths that allows using homogenized finite element models to analyze mechanical competence. At smaller length scales, mechanical surrogate models need to explicitly account for the statistical morphological differences in the skeletal structure. We showed large morphological variations between fragments of L. pertusa colonies and branches, as well as dead and live skeletal fragments which are driven by growth and adaptation to environmental stressors, with no clear branching-specific patterns. Future in silico mechanical models should statistically model these variations to be used as monitoring tools for predicting risk of cold-water coral reefs crumbling.
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1 Introduction

Cold-water coral (CWC) reefs are important ecosystem engineers, since they support high local biodiversity through the three-dimensionally (3D) complex habitat they make (Roberts et al., 2009, 2006). This structural complexity is at risk from climate-driven shifts, particularly ocean acidification. While live coral can continue to calcify under projected temperature and ocean acidification conditions (Büscher et al., 2022; Hennige et al., 2015), the dead coral skeletal framework (i.e., erected skeleton no longer covered by soft tissue and exposed to seawater) is prone to dissolution either through direct passive chemical dissolution (Hennige et al., 2015) or increasing rates of bioerosion (Büscher et al., 2022). Dissolution of the dead framework is of particular concern, as the majority of CWC habitat is typically dead coral that sits above sediment/rubble (Barnhill et al., 2023; Vad et al., 2017). Ocean acidification induced dissolution may lead to loss of material and increased porosity in structurally critical parts of the dead skeletal framework, which can lead to structural weakening and rapid physical habitat collapse on an ecosystem scale (Hennige et al., 2020; Wolfram et al., 2022), reducing the potential for biodiversity support (Barnhill et al., 2023; Kline et al., 2019).

Wolfram et al. (2022) showed that the mechanical mechanisms explaining the collapse of CWCs due to ocean acidification can be described using mathematical and computational models. There, the coral skeleton was modelled as a multiscale, polycrystalline material and the impact of ocean acidification was incorporated as an increase of porosity and a reduction in skeletal thickness (loss of material). With this model, the authors illustrated how changes due to ocean acidification led to a decrease in the loadbearing capacity of the skeleton using image-based finite element (FE) analysis. These high-fidelity image-based models of coral structures represent a powerful tool to assess the risk of collapse in a future ocean and, potentially, to estimate timepoints that are critical to reef-crumbling based on the time they are exposed to acidified water (Hennige et al., 2020). However, the computational cost of this approach together with the reduced availability of 3D image data of these corals and their reef structures restricts its use to small coral colonies and limited timepoints. The development of fast and efficient in silico models of real reef structures therefore remains essential. In combination with projections of seawater chemistry changes, such models may allow us to investigate timescales of loadbearing capacity changes as well as the impact of these changes on CWC reefs overall.

Existing models of tropical coral reefs use cantilever beam theory to evaluate the mechanical vulnerability of coral colonies (Madin and Connolly, 2006; Storlazzi et al., 2005). These models on tropical corals consider the skeletal structure uniformly throughout the entire coral colony. While the assumption of a uniform skeletal structure may hold for some tropical coral species and growthforms, it fails to account for the morphological complexity, structural heterogeneities, and skeletal density of branching corals (Chamberlain and Graus, 1975; Graus et al., 1977; Vosburgh, 1982), and in particular CWC branching corals like the cosmopolitan scleractinian species Lophelia pertusa, also referred to as Desmophyllum pertusum (Addamo et al., 2016). To model future impacts of ocean acidification on L. pertusa’s skeletal integrity, it is important to understand its material architecture (Figure 1) and the structural-mechanical relationships across length scales. Whilst the mechanical properties at the microscale have been previously studied (Hennige et al., 2020; Pasquini et al., 2015; Wolfram et al., 2022), little is known about the influence of the corallite branching arrangement on the mechanical behavior of coral colonies. The branching architecture and morphological variations of L. pertusa skeletons have important implications not only on their loadbearing capacity but also on their ability to interact with the environment and the organisms they provide shelter for (Caley and St John 1996; Paulay 1997; Cole et al., 2008). Unlike their tropical counterparts, the difficulties in accessing CWC colonies has restricted quantitative analysis of their morphological variations to linear measurements of small coral fragments that have been collected from their environment through ROVs for example, or two-dimensional measurements extracted from video data (Addamo et al., 2015; De Clippele et al., 2018; Gass and Roberts, 2011; Quattrini et al., 2017; Sanna and Freiwald, 2021). Recently, Sanna et al. (2023) demonstrated high structural variations in the shape of dead L. pertusa skeletal fragments collected across the mid-Norwegian continental shelf using X-ray computed tomography (CT). However, their analysis was restricted to volume compactness and surface complexity and did not include the shape and size of individual coral branches. To identify critical branch sizes that, in turn, allow us to formulate appropriate surrogate models to capture the mechanical weakening and structural impacts of ocean acidification on exposed CWCs, an analysis of the 3D structural variations of coral skeletons across scales is needed. More importantly, morphological differences in dead and live skeletons need to be investigated as material loss due to dissolution was observed in skeletons no longer covered by soft tissue (i.e., dead coral) (Hennige et al., 2020).




Figure 1 | The material architecture of the branching cold-water coral (CWC) L. pertusa ranges from reef framework to aragonite crystal needles. L. pertusa reefs (> 1 m) extend up to 33 m high and several kilometers in diameter (Mortensen et al., 2001; Roberts et al., 2009, 2006). These reefs are formed by coral colonies (< 5 cm) that results from the concurrent growth of multiple coral branches at the structural level (Sanna and Freiwald, 2021), where branches are an assembly of corallites arranged in a fractal-like fashion at the mesoscale (~ 1 cm). The basic structural unit of the corallite’s skeletal wall (> 100 μm) is made of aragonite crystals at the material level (~ 5 μm) that protrude from rapid accretion deposits (RADs) forming thickening bands between centers of calcifications (Von Euw et al., 2017).



A potential path towards upscaling the mechanical behavior from the structural to reef length scale levels (Figure 1) relies on homogenized FE models (Hollister et al., 1994; Dirrenberger et al., 2019). However, homogenization procedures are only applicable in the case of statistically uniform materials. Therefore, they rely on the existence of a representative volume element (RVE), or at least a close approximation of it, whose analysis yields the effective material properties. As such, the effective mechanical properties of coral colonies can be captured as mean values of apparent properties of RVEs of the underlying skeletal branching structure (Harrigan et al., 1988; Pfeiffer et al., 1997). These in silico models require low computational resources and overcome previous assumptions of a uniform homogeneous structure on tropical corals (Madin and Connolly, 2006; Storlazzi et al., 2005). However, whether local effective properties can be defined within L. pertusa colonies to account for the heterogeneity of their skeletons depends on the critical size of such RVE. Here, we hypothesize that a critical size of a RVE for L. pertusa skeletal structures exists, where for coral colonies larger than such critical size, a homogenized FE approach can be used to investigate the risk of CWC reef collapse. Conversely, for coral colonies smaller than such critical size, the underlying skeletal structure needs to be explicitly modelled. For both approaches, it is important to determine the morphological variations of the underlying skeletal structure as either branch density, arrangements, or morphological features of the branches themselves must be represented.

In this study, we investigate the morphological variations of dead and live L. pertusa skeletal fragments to advance in silico mechanical models of their complex architecture. To achieve this aim, we (i) investigate the critical size of L. pertusa skeletal structure that allow us to use a mechanical homogenization approach to investigate crumbling and collapse of whole reef structures; (ii) analyze the morphology of L. pertusa skeletal fragments from coral colonies that were alive when collected, and dead erect coral framework to explain how corals occupy continuous space; and (iii) characterize the branching morphology of L. pertusa skeletons to describe size and shapes of individual corallites.




2 Materials and methods



2.1 Cold-water coral specimens

We investigated morphological variations of L. pertusa specimens collected by Büscher et al. (2019) from two Norwegian reef sites (Sula Reef Complex at 64°06.32’N, 8°07.1’E and 303 m depth, and Leksa Reef at 63°36.46’N, 9°22.76’E, 157 m depth and 63°36.43’N, 9°22.45’E, 152 m depth). The offshore Sula Reef location consisted of a relatively stable habitat (e.g., constant temperature, pH, and currents), whereas the inshore Leksa Reef location is subjected to strong tidal and currents, leading to a highly variable environment (Büscher et al., 2019; Büscher et al., 2024). Live coral colony fragments as well as dead erect coral framework fragments were sampled from both sites to provide a better representation of the environmental variability L. pertusa corals are found.

To investigate the critical size of a RVE for CWC skeletal structure, we examined two L. pertusa specimens collected from Rockall Bank (57°54.9’N, 13°52.296’W, unknown depth) and West Shetland (60°43.188’N, 2°55.788’W, unknown depth), which provided a larger representation of the skeletal structure (Table 1).


Table 1 | Summary of size characteristics of the analyzed L. pertusa specimens.






2.2 Image acquisition and processing

Computed tomography (CT) images from Büscher et al. (2019) of dried coral fragments from Norwegian reefs were acquired with a Toshiba Aquilion 64 clinical CT (120 kV, 600 mA, 0.351 mm in-plane pixel size, 0.5 mm slice thickness, 0.3 mm slice spacing). Images were reconstructed with a voxel size of 0.351x0.351x0.3 mm3. For the large specimens, we performed CT with a Siemens Somatom clinical CT (120 kV 80 mA, 0.6 mm slice thickness, 0.35 mm slice spacing). The CT images had an in-plane pixel size of 0.662 mm for the Rockall Bank and 0.445 mm for the West Shetland specimen.

We used Python 3.8 libraries SimpleITK and scikit-image for image post processing. First, we resampled the images to an isotropic voxel size of 0.351 mm3 for the Norwegian specimens, 0.662 mm3 for the Rockall Bank specimen, and 0.445 mm3 for the West of Shetland specimen. We reduced noise using a recursive Gaussian filter with a filter width of  . Thereafter, we segmented coral skeletons and cavities individually. We segmented the coral skeletons using a maximum entropy algorithm and we used a connected component analysis to remove isolated regions that were not attached to the skeleton (Figure 2A, D). We then segmented cavities within the skeleton in three steps. First, we applied a 3D morphological closing filter with a kernel radius of 6 pixels followed by a 3D binary dilation with a kernel radius of two pixels to the segmented coral skeleton to create a coarse mask contour image of the combined coral skeleton and cavities. This mask was then refined using an iterative 3D geodesic active contour (3D-GAC) algorithm (Ohs et al., 2021), which allowed us to identify the external contour of the skeleton (Figure 2B, E). We obtained a binary image containing only the cavities by subtracting the binary coral skeleton from the contour mask image. We labelled individual corallite calices using a hierarchical watershed on the 3D distance map (Figure 2C, F).




Figure 2 | Segmentation of skeleton and cavities for an exemplary CWC specimen of the Leksa Reef. A representative CT cross-section and 3D render of the specimen are shown. (A, D) Coral skeleton was segmented. (B, E) A mask contour image was created by filling the cavities within the skeleton. (C, F) Cavities were segmented subtracting the skeleton from the masked contour and individually labelled. (G, H) The local diameter of the skeleton and branch thickness were computed from the mask contour image and the cavities image. (I) The shape of the coral branches was computed using the ellipsoid factor, where a value of -1 indicates a highly oblate shape and a value of 1 a highly prolate shape.



To quantify the local size of both the coral skeleton and corallites, we computed the 3D thickness maps (Hildebrand et al., 1999) of the contour and cavities mask images, respectively (Figure 2G, H). We assessed the local shape of the coral skeleton by measuring the 3D ellipsoid factor maps (Doube, 2015) on the contour mask image (Figure 2I). Finally, we computed the mean spacing between skeletal branches (i.e., interbranch lengths) from the 3D spacing maps of the contour images. Thickness (Br.Th), spacing (Br.Sp), and ellipsoid factor (Br.Ef) were computed using BoneJ (Doube et al., 2010) plugin in Fiji (Schindelin et al., 2012).




2.3 Critical size of representative volume element of cold-water corals

A RVE can be defined as the smallest volume element of a heterogeneous structure for which a macroscopic constitutive representation is sufficiently accurate to model the mean constitutive response (Drugan and Willis, 1996). Therefore, an appropriate size of a RVE of the skeletal structure should be found that consider: (i) a large enough number of heterogeneities to be statistically representative of their structure; (ii) a size small enough so that it can still be considered as a material point from a macroscopic point of view. The RVE domain shall comply with the Hill condition (Hill, 1963), which states the necessary and sufficient conditions for equivalence between energetically and mechanically defined properties of elastic materials:



This means that the average of the product of the stress   and strain   tensors (microscale) equals the product of their averages. Similar to trabecular bone (Pahr and Zysset, 2008), we do not strive to find a RVE where (1) is exactly fulfilled but where we can obtain a usable approximation.

Numerical techniques, such as the FE method, can be used to approximate the critical size for a RVE by analyzing the size dependence of the elastic symmetries and properties of the structure (Kanit et al., 2003). These properties can be estimated from the stiffness tensor, S, using a direct mechanics approach through an optimization procedure where the best orthotropic representation of S may be found (van Rietbergen et al., 1995). Here, we approximate the critical size of a RVE for L. pertusa skeletal structures by analyzing the convergence of the orthotropy assumption.



2.3.1 Finite element modelling

We virtually extracted a cuboid volume element with edge lengths of 114.2 mm x 58.9 mm x 114.2 mm in x, y, and z direction, respectively, which corresponded to the largest cuboid fully occupied by the structure, from the CT reconstruction of the Rockall Bank and West of Shetland L. pertusa specimens (Figure 3). From this, we generated 64 cuboids for each specimen with edge lengths varying from 114.5 mm to 34 mm in the x and z direction while keeping the y direction constant. We created FE models by direct conversion of image voxels into isotropic linear hexahedral elements using previously implemented methods (Peña Fernández et al., 2022). Additionally, we generated a second type of model to investigate larger skeleton sizes than the ones physically available for scanning. We mirrored the original cuboid volume element along x, y, and z axis (Figure 3C) which resulted in a 225 mm cubical volume element. From this cuboid, we generated 217 cuboid volume elements and associated FE models with edge lengths varying from 225 mm to 45 mm.




Figure 3 | Representative volume element of large cold-water coral specimens from Rockall Bank and West Shetland. 3D renders of (A) Rockall Bank and (D) West Shetland cold-water coral specimens used for finite element analysis. (B), (E) 2D cross-sections (top) and 3D volume elements (bottom) with 114.2 mm edge length in x and z axis and (C) mirrored model with 225 mm edge length.



All models were analyzed using kinematic uniform boundary conditions, where six independent load cases (three uniform longitudinal compressive strains and three uniform shear strains) were applied (Pahr and Zysset, 2008). The tissue material is assumed to be isotropic with a Young’s modulus of   and Poisson’s ratio of   for all models (Wolfram et al., 2022). The apparent stiffness tensor, S, of each model was derived from the FE analysis via the apparent stresses and strains as in (Pahr and Zysset, 2008).




2.3.2 Determination of orthotropic assumption

We calculated the orientation of the closest orthotropic stiffness tensor by minimizing the objective function defined by:



Where   represents the nonorthotropic terms of the stiffness tensor and   the orthotropic terms of the transformed stiffness tensor (van Rietbergen et al., 1995). The orientation of the transformed stiffness tensor was obtained through a series of rotations, as defined by the Euler angles, about the coordinate axes x, y, and z. The optimization approach then yielded to the best possible orthotropic representation of the stiffness tensor,  . We defined an orthotropic approximation of   by setting the nonorthotropic components to zero. The accuracy of the orthotropic assumption was quantified using the error of the orthotropic approximation (Pahr and Zysset, 2008), defined as:



We analyzed the convergence of the error with respect to the size of the volume elements expressed as edge length of the volume element and number of interbranch lengths, i.e., edge length over the mean spacing between skeletal branches, Br.Sp. Both   and   were checked to confirm they were positive definite.





2.4 Morphology of L. pertusa colony fragments

We introduce six shape variables to quantify the morphology of the L. pertusa skeletal fragments at the colony level. We calculated these based on the segmented coral skeleton images (Figures 2A, D) in Python 3.8.5. We quantified shape through the sphericity and sparsity (capturing volume compactness) and the surface area to volume ratio and fractal dimension (capturing surface complexity) as:

i. Sphericity ( ) is an invariant measurement of the compactness of an object’s volume.   is defined as the ratio between the surface area of a sphere with the same skeletal volume ( ) as the coral colony and the surface area of the coral skeleton (SA).



ii. Sparsity (S) is an invariant measurement of the degree to which there is space between different regions of the coral structure. S is defined as the ratio between the volume of an ellipsoid ( ) fitting the coral colony and the skeletal volume ( ) of the coral.



iii. Surface area to volume ratio ( ) refers to the amount of surface area (SA) per unit volume of the skeletal volume ( ) of the coral colony.



iv. Fractal dimension ( ) captures how the surface of the coral skeletal structure fills space, and it is an estimate of the spatial complexity.   is computed as the slope of the number of boxes at a size s that contains part of the coral skeletal structure ( ) and the size of the boxes (s).






2.5 Morphology of L. pertusa skeletal branches

To quantify morphological variations of the coral specimens at the branch level (i.e., size and shape of the individual and/or group of corallites), we first performed a skeletonization (Kruszyński et al., 2007) of the mask image contour (Figures 3B, E) via a 3D thinning algorithm and we converted the skeletonized image into a graph object (Supplementary Figure S1) using the NetworkX package (Hagberg et al., 2008).

Initially, we assigned a 3D spatial coordinate to each node based on the image coordinates and we then inspected the resulting graphs and manually selected the root (i.e., base) of each skeleton based on the morphology, from where a newly oriented graph was created via a depth-first-search algorithm (Cormen et al., 2001). We added the mean coral branch thickness (Br.Th), length (Br.Len), area (Br.Ar), volume (Br.Vol), taper rate (Br.Tr), and ellipsoid factor (Br.Ef) as nodal attributes to account for the size and shape of each individual branch.

We then introduced four topological descriptors that represent morphological features of the branching coral structure (Khalil et al., 2022). These descriptors associate a function to a given coral skeleton whose independent variable is either the path,  , or radial, r, distance from the skeletal root (Supplementary Figure S1D).

i. Branching pattern ( ) quantifies the skeletal complexity of the coral specimens and the distribution of the branches.   is related to skeletal growth and spatial arrangement and it can be defined as a function of the radial distance from the root, r, as:



Where   represents the cardinality of each set and   the radial distance of i-th node,  , to the root.

ii. Terminal branch index ( ) counts the number of end points that can be reached from a given node.   quantifies the hierarchical branching growth of CWC skeletons and it is defined as a function of the path distance,   from the root along the branches as:



Where   represents the path distance from the i-th node to the root.

iii. Tortuosity ( ) is defined as the ratio of the path distance,  , by the Euclidean distance,  , between a node and the root.   is related to the branch growth mechanism, and it is defined as a function of the radial distance from the root, r, as:



Where   represents the Euclidean distance from the i-th node to the root.

iv. Volume distribution ( ) gives a measure of how the volumetric mass of the branches are distributed relative to the root. For a given coral skeleton, we consider all its nodes as cloud points in 3D space,  , each of them carrying a weight equal to the volume of the branch,  . This volume affects the space around them such that each node contributes to a field,  , which is normalized to have length   and which is of the form:



By superimposition, the node configuration of the skeleton gives rise to a vector field,V, whose magnitude is used as  , and it is defined as a function of the radial distance to the root,   as:



To reduce the dimensionality of the proposed descriptors as well as the coral branch attributes (i.e., Br.Th, Br.Len, Br.Ar, Br.Vol, Br.Tr and Br.Ef) we combined those measurements into a vector,  , by considering the area under the curve defined by each descriptor,   as:



Where x is the normalized path,  , or radial,  , distance from the skeletal root. The corresponding vector for each coral skeleton,  , is:

	

This vectorization allows us to optimize classification of the data (Khalil et al., 2022).




2.6 Analysis of morphological parameters

We compared morphological differences between dead and live skeletal fragments as well as Sula and Leksa locations at both colony and branch level. For each specimen a distribution of branch morphological parameter was obtained and statistical information calculated. Thereafter, statistical analysis was based on the median values of such parameters.

Statistical analyses of morphological parameters coral skeletons were conducted in RStudio (Version 1.1.456). We used quantile–quantile plots and Shapiro–Wilk post-hoc tests to test normal distribution of data. If normality was given, we compared groups using Student’s t-tests. Where data were non-normal, we used Wilcoxon rank sum tests. We assumed a significance level of p = 0.05.

We used principal component analysis (PCA) to visualize patterns of morphological variations at the colony and branch level. We standardized variables with a mean of zero and unit variance to reduce the influence of variable scale on the projection. We used score plots to visualize the projection of each coral specimen onto the span of the two first principal components and how each group relates to each other. We used confidence ellipsoids around the main points of dead/live classes to illustrate data points lying within the multivariate distributions. A 95% confidence level defined the size of the ellipsoids, whereas the shape was determined by the covariance matrix. Finally, we investigated the relationships between the first two principal components and the original morphological variables using loading plots.





3 Results



3.1 Critical size of representative volume element L. pertusa

The error of the orthotropic approximation of the stiffness tensor decreases with increasing specimen size (Figure 4A). The error decreased significantly after 6 cm edge length and converged to less than 3% at ~9 cm edge length. Considering that the mean Br.Sp was 2.57 cm for the Rockall Bank coral specimen and 1.75 cm for the West Shetland specimen, the error converged at four to five Br.Sp (Figure 4B). The size of the volume element influenced the Young’s and shear modulus but had minimal influence in the Poisson’s ratio (Supplementary Figure S2). Overall, the Rockall Bank specimen displayed lower elastic and shear modulus compared to the West Shetland specimen as a result of its lower skeletal volume fraction,   (Supplementary Figure S3). The underlaying structure had little influence on the error of the orthotropic approximation, with   observed for   ranging between 5% to 20%, and a wide range of branching and terminal nodes (Supplementary Figure S3). Similar convergence was observed for the mirrored models (  at ~9 cm edge length, ~4 Br.Sp). The imposed orthotropic structure in those models resulted in   and lower standard deviation for extracted volume elements >13 cm. Therefore, a critical size of ~13 cm (five to seven Br.Sp), should provide sufficiently averaged continuum quantities, thus, allowing for a mechanical homogenization approach for L. pertusa skeletal structures.




Figure 4 | Error of orthotropic approximation. Boxplots of the errors for the analyzed volume elements of the Rockall Bank, West Shetland and mirrored models as a function of the (A) edge length of the cuboid volume elements and (B) number of interbranch spacings, i.e., edge length over mean branch spacing (Br.Sp).






3.2 Morphology of L. pertusa colony fragments

Live coral fragments exhibited significantly greater SA: Vol (Figure 5A), while dead fragments displayed a less compact structure (i.e., lower sphericity and sparsity) (Figures 5C, D). Both sphericity and sparsity were significantly larger for live Sula fragments (Figures 5C, D). The complexity of the dead coral framework was demonstrated through the higher fractal dimension (Figure 5B). Live coral specimens showed larger variability of the shape parameters and greater differences between specimens from Leksa and Sula reef.




Figure 5 | Morphological parameters of L. pertusa coral colonies. Boxplots of (A) surface area to volume ratio (SA: Vol), (B) fractal dimension, (C) sphericity and (D) sparsity for dead and live coral fragments are shown in grey and pink colors, respectively. ‘●’ and ‘▲’ symbols correspond to specimens from Leksa and Sula reef, respectively. Significance levels between dead and live fragments are indicated at the top of each boxplot and those between Leksa and Sula at the bottom. ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






3.3 Morphology of L. pertusa skeletal branches

Live corals contained significantly larger branches compared to the dead coral fragments (Figure 6B), yet median branch areas and volume were not significantly different (Figures 6A, D). Dead coral framework branches were significantly thicker than those from live specimens (Figure 6E). The larger values of the ellipsoid factor and taper rate for live corals indicate a more prolate shape and wider opening of their branches (Figures 6C, F). Median branch length and thickness of live corals from Leksa reef were significantly lower than those from Sula reef (Figures 6B, E). Overall, skeletal branch morphology was highly variable within each specimen (Figure 7; Supplementary Tables S1-S3), as demonstrated when pooling all analyzed branches (Supplementary Figure S4).




Figure 6 | Morphological parameters of L. pertusa coral branches. Boxplots of (A) median branch volume (Br.Vol), (B) area (Br.Ar), (C) length (Br.Len), (D) thickness (Br.Th), (E) ellipsoid factor (Br.Ef), (F) taper rate (Br.Tr), (G) number of branches per unit volume, (H) terminal nodes per unit volume, and (I) branching nodes per unit volume for dead and live coral fragments are shown in grey and pink colors, respectively. ‘●’ and ‘▲’ symbols correspond to specimensfrom Leksa and Sula reef, respectively. Significance levels between dead and live fragments are indicated at the top of each boxplot and those between Leksa and Sula at the bottom. ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






Figure 7 | Local morphometry of L. pertusa skeletal branches. 3D graphical representation of branch thickness (Br.Th), length (Br.Len), and area (Br.Ar) of the individual branches for three representative L. pertusa specimens with increasing levels of complexity; (A) Live coral fragment from Leksa reef, (B) Live coral fragment from Sula reef, and (C) dead coral fragment from Sula reef. Please note the fusion of multiple coral origins in the dead coral fragment (C). ‘×’ symbols correspond to the defined skeletal root (base).



Skeletonization of the coral structure demonstrated no significant differences in the number of branches and nodes per unit of skeletal volume between live and dead skeletal fragments (Figures 6G-I). Live fragments from Leksa reef had significantly more branches and branching nodes per unit of skeletal volume compared to those specimens from Sula Reef, however, the number of terminal nodes per unit of skeletal volume was not significantly different.




3.4 Topological descriptors

  decreased with increasing radial distance (Figure 8A). Such a decrease was faster for the dead fragments. This illustrates that for the live specimens, newer polyps appear further from the initial base. Similarly, the distribution of   (Figure 8B) showed a faster decrease for live coral fragments, that is, the path to reach the end points of the structure is more direct than for the dead fragments. The higher complexity of the skeletal structure of dead fragments results in increased   (Figure 8C), as well as a larger   (Figure 8D), which decreased for the more distant branches, as a consequence of the dense packing of the structure (Figure 5).




Figure 8 | Topological descriptors for L. pertusa fragments. (A) Branching pattern ( ), (B) terminal branch index ( ), (C) tortuosity ( ), and (D) volume distribution ( ) as a function of the radial,  , or path distance,  , from the skeletal root. Solid lines indicate the mean values, while shaded areas show the mean ± standard deviation for dead and live coral fragments in grey and pink colors, respectively. ‘●’ and ‘▲’ symbols correspond to mean values for specimens from Leksa and Sula reef, respectively.






3.5 Principal component analysis

At the colony fragment length scale, the first principal component (PC1) of the PCA explained 47.3% of variation (Figures 9A, B). The projection of live coral fragments from Leksa reef in the score plots was largely aligned in the direction of PC1 (Figure 9A), which was primarily contributed by the branching descriptors (i.e., number of branches, branching nodes, and terminal nodes per unit of volume) (Figure 9B). The second principal component (PC2) explained 34.5% of variation, with a major contribution of the fractal dimension and sparsity. A clear positive correlation between the branching parameters, as well as a negative correlation between fractal dimension and sparsity, sphericity and SA: Vol. SA: Vol had the lowest contribution on both PCs. At the skeletal branch level, PC1 explained 76.1% of the variation, whereas the PC2 explained only 11.1% of the variation (Figures 9C, D).   and Br.Tr were positively correlated and largely aligned with PC1, while showing a negative correlation with Br.Th, Br.Len, Br.Ar,   and  . The confidence ellipsoids demonstrate that dead specimens showed the lowest variance of the morphometric parameters at the colony fragment level (Figure 9A), but highest variance at the skeletal branch level (Figure 9C).




Figure 9 | Principal component analysis. (A, C) Score and (B, D) loading plots resulting from PCA for the morphological analysis at (A, B) colony and (C, D) skeletal branch level. Points in (A, C) represent the projection of the analyzed dead and live coral fragments in grey and pink color, respectively. ‘●’ and ‘▲’ symbols in (A, C) correspond to specimens from Leksa and Sula reef, respectively. Confidence ellipsoids centered at the mean value of dead/live labels are also shown. Arrows in (B, D) indicate variable loadings.  , sphericity;  , sparsity;  , surface area to volume ratio;  , fractal dimension;  , number of branches;  , branching nodes;  , ending nodes;  , branching pattern;  , terminal branch index;  , volume distribution;  , tortuosity;  , branch volume;  , branch area;  , branch length;  , branch thickness;  , branch ellipsoid factor;  : branch taper rate.







4 Discussion



4.1 Critical size for Lophelia pertusa skeletons

We performed a preliminary investigation on the critical size of L. pertusa skeletal structure that allows us to use a mechanical homogenization approach to study the mechanical vulnerability of CWCs to ocean acidification. We built upon concepts developed for porous structures such as trabecular bone, where similar challenges are present (e.g., trabecular thickness and connectivity depending on age/disease and their influence on bone fracture). We showed that the orthotropic approximation of the stiffness tensor for the coral skeletal structure converges at ~13 cm edge length, which reflects the RVE size for the estimation of macroscopic properties of L. pertusa skeletons at the structural level. This critical size corresponds to five to seven times the mean spacing between skeletal branches (i.e., interbranch length) and over 20 times the mean thickness of the branches. Thus, averaging the mechanical properties over less than five interbranch lengths does not provide sufficient continuum quantities, and the homogenization approach must be replaced by statistical models of the underlaying structure. Similar results are seen in other material architectures, such as trabecular bone, in which average mechanical properties are sufficient when considering volume elements over five intertrabecular lengths (Harrigan et al., 1988) or carbon reinforce polymers, where RVEs larger than 15-16 times the heterogeneity size (i.e., fiber thickness) fulfil the Hill criteria (Khisaeva and Ostoja-Starzewski, 2006; Trias et al., 2006). Here, we limited our investigation to two specimens from different locations due to the unavailability of 3D data on large coral colonies. While this low number of specimens is likely insufficient to provide a representation of the elastic properties of L. pertusa skeletal structure across many locations, it illustrates the variability which can be found in skeletal structure from specimens from relatively close sites. Indeed, we observe that the lower skeletal density of the Rockall Bank specimen led to lower elastic and shear modulus compared to the West Shetland specimen, yet the error of the orthotropic assumption was not dependent on such skeletal density or the branch distribution (Supplementary Figure S3). While larger number of specimens will be needed to derive the relationships between the effective elastic properties at the macroscale and underlying structure, our convergence study demonstrates that the determined critical sizes are robust and applicable to other coral skeletal fragments. In addition to this, we demonstrate the applicability of the methodology so that our results can be easily confirmed as larger samples become accessible.




4.2 Morphological variability of L. pertusa skeletal structure

The structural complexity of L. pertusa reefs makes it difficult to standardize the sampling, which resulted in a large range of specimen sizes and aspect ratios (Table 1; Supplementary Figure S5), with dead coral fragments bigger than live ones. For this reason, a comparison of size morphometric variables of the colonies, such as volume or area, is not legitimate. Therefore, we used four shape variables to describe how L. pertusa colonies occupy the space. Variations in volume compactness capture a gradient from dead to live coral specimens (Figure 9). This is indicative of the open branching structure of live colonies, which is optimized for food particle capture, opposite to the dense structure of the dead framework resulting from the packing and fusion of several branches as they thicken when aging. Moreover, the ability for building reef frameworks increases for colonies with high compactness (Rasser and Riegl, 2002). However, compactness constrained surface complexity, as previously shown by Zawada et al. (2019b). Thus, live colonies with higher levels of compactness tended to be smooth (i.e., higher SA: Vol and lower fractal dimension). The increased SA: Vol of live colonies also implies increased exposure to the environment. Indeed, variation in surface complexity relates to competition and resource use (Zawada et al., 2019a), where colonies with higher structural complexity have less access to those resources (e.g., nutrients), but can have more polyps packed within a given space (Wangpraseurt et al., 2012). From a mechanical perspective, the highly packed structure of the dead framework serves to support living colonies by sustaining external loads.

When comparing these shape variables between specimens from Leksa and Sula Reef we observed higher surface complexity (i.e., fractal dimension) in dead and live fragments from Leksa Reef, which agrees with data from Sanna et al. (2023) in dead skeletal framework of L. pertusa. However, in contrast to Sanna et al. (2023), we obtained higher compactness values (i.e., sphericity and sparsity) in colony fragments from Sula Reef. These differences were especially significant for live coral fragments (Figure 6), and may be driven by current flows (Sanna et al., 2023). This would also explain the higher diversity pattern observed by Mortensen and Fossâ (2006) in mid-Norwegian inshore reefs (including Leksa) compared to reefs at Sula, as increased surface complexity and reduced compactness creates niches for other associated organisms (Zawada et al., 2019b).

We quantified the morphology of L. pertusa skeletal branches based on a skeletonization of 3D CT images, as first proposed by Kruszyński et al. (2007) for the tropical scleractinian coral Madracis mirabilis. While the authors focused on branch diameters and spacings, which are controlled by a combination of hydrodynamics and genetics (Sebens et al., 1997), we extended the analysis to other parameters that may influence the load-bearing capacity of L. pertusa reefs, such as wall thickness, branch length, cross-sectional area, and volume. Some of these parameters (e.g., thickness and length) have only been quantified using linear measurements from small coral fragments (Gass and Roberts, 2011; Sanna and Freiwald, 2021), consequently, restricting the analysis to a small number of corallites. However, L. pertusa colonies are made up of hundreds to thousands of corallites. Thus, the method we present here provides an efficient tool to assess intraspecific morphological variations in coral skeletal branches. In line with Gass and Roberts (2011) and Sanna and Freiwald (2021), we showed a large variation in size and shape for the analyzed branches (Supplementary Figure S4). These local architectural variations both within the same coral fragment and in between fragments may reflect an adaptive response of L. pertusa to environmental stressors, where the size and shape of branches adapt to minimize mechanical stresses on the coral skeletons while optimizing food capture. Live fragments from the Sula Reef Complex displayed significantly shorter branches, yet more branches per unit of volume. This confirms findings from Büscher et al. (2019) who hypothesized such difference may reflect the more stable environment in this offshore location, which allows L. pertusa skeletal branches to grow longer without risk of fracture. An aspect that was unresolved here was the growth time before death of the dead skeletal material, and hence time for the older polyps to radially thicken while alive. Interestingly, dead skeletal fragments from Leksa reef displayed significantly higher median thickness compared to fragments from Sula reef, which may be due to higher bioerosion rates found in the Sula reef (Büscher et al., 2019).

An additional unknown variable that remains a challenge for live coral research is the ability to store and transfer nutrients within and between individual coral polyps (Georgoulas et al., 2023). We assume that energetic reserves are maintained within each coral polyp unit – while this is assured if connective tissue is lost between polyps, where connective tissue is retained, are energetic reserves partly mobile? To compound this challenging point further, as coral branches come into contact, there is fusion of tissue and skeletal material (Figure 8C) – complete with regards to individual and closely genetically related (sibling) colonies (Hennige et al., 2014). From a mechanical perspective, the fusion of skeletal branches likely contributes to the stiffness of the coral structure. Indeed, other studies have shown that increased connectivity of network-like structures such as fibrous networks or trabecular bone led to higher elastic modulus (Davoodi Kermani et al., 2021; Maquer et al., 2015). While our methodological approach does not allow us to determine the occurrence of such fusions, we evaluated the density of branching nodes as a surrogate of connectivity (Figure 6I). Those branching nodes account not only for the fused branches but also the “split” of branches as they grow.

The measured mean taper rate (i.e., difference in diameter between top and bottom of the corallite) and areas aligns well with previous studies (Farber et al., 2016; Gass and Roberts, 2011; Sanna and Freiwald, 2021), highlighting that our CT image-based approach is able to capture slight variations of branch morphology. However, we reported thicker wall values, which may be explained by differences in the employed methodology, where we consider the mean thickness of the entire branch based on the CT data as opposite to the linear measurement of the thinner wall at the top of the corallites in Gass and Roberts, 2011 and Sanna and Freiwald, 2021. Accurate measurements of the wall thickness in CWC skeletons is important as ocean acidification induces dissolution of the skeletal wall material, decreasing the load bearing capacity of the entire structure (Hennige et al., 2020, 2015; Wolfram et al., 2022).

In addition to the skeletal branch size and shape, we analyzed four topological descriptors that describe the branching characteristics of L. pertusa structures and their distribution in the 3D space. These descriptors confirmed the higher complexity of the dead framework, as seen in the increased tortuosity and volume distribution, which may be a consequence of dense packing of several colony fragments. Although the increased volume distributions (i.e., higher mass density) may represent an advantage of the dead framework to support living colonies under mechanical stressors, the bare dead coral skeleton, which lacks protection by organic tissue or defense mechanisms (Beuck et al., 2010), is more vulnerable to dissolution (Hennige et al., 2020) and bioerosion (Büscher et al., 2019; Wisshak et al., 2012), and consequently, mechanical damage (Vad et al., 2017). Therefore, degradation of skeletal branches in the dead framework may compromise the stability of the entire colony, leading to a rapid collapse and, consequently, loss of biodiversity support (Hennige et al., 2020). The environmental conditions of the analyzed location are reflected in these descriptors, where lower complexity (i.e., branching pattern, tortuosity) is seen for live fragments from the Sula Reef complex (relatively stable currents) compared to fragments from Leksa. Similarly, the higher volume distribution of dead fragments in Leksa reflect the higher compactness of the inshore corals to withstand stronger currents.

Our principal component analysis did not point to clear branching pattern-specific differences in branch morphology between dead and live skeletal fragments (Figure 9). This suggests that we cannot simply skip morphological features when developing in silico mechanical models. Nevertheless, reduced morphological variation was observed for live coral specimens compared to dead framework at the skeletal branch level.




4.3 Towards reef-scale modelling of cold-water corals

The investigation of timescales for reef crumbling relies on the development of computational tools that are able to provide accurate and efficient predictions of the mechanical behavior based on the time L. pertusa coral reefs are exposed to acidified waters (Hennige et al., 2020; Wolfram et al., 2022). These tools are currently non-existent, partially due to the lack of information on the structure-function relationships of corals at the structural level (Figure 1). Here, we showed that homogenized FE models of coral colonies may be used to estimate the risk of crumbling of coral reefs when these surpass the identified critical size of five interbranch lengths. Similarly to previous studies in other multiscale structures such as bone (Cowin, 1986, 1985; Pahr and Zysset, 2009), the stiffness and strength of the individual finite elements can account for the skeletal volume fraction and architectural information (Figure 10A). This approach outperforms current models that considered a uniform homogeneous coral skeletal structure (Madin and Connolly, 2006; Storlazzi et al., 2005), thus, missing the influence of L. pertusa branching structure and composition (i.e., live or dead skeleton) on the mechanical response. However, CWC reefs comprise hundreds to thousands of colonies of varying sizes and shapes which are mostly related to variations in the substrate and local hydrodynamics (De Clippele et al., 2018), meaning they are subjected to diverse loading conditions. As the size of some of those colonies may be smaller than the critical size we determined (e.g. on Tisler Reef (Norway) almost 60% of colonies have sizes smaller than 30 cm (De Clippele et al., 2018)), homogenized FE models would be unsuitable and must be replaced by explicit models of the branching structure of L. pertusa skeletons.




Figure 10 | Realms of in silico models for L. pertusa skeletal structure. (A) Large coral colonies (> 13 cm, 5 interbranch lengths or 800 branches) may be modelled using homogenized finite element models based on density (i.e., skeletal volume fraction,  ) and/or fabric information. (B) The morphology of the skeletal branches needs to be considered modelling smaller coral colonies, using, for example, nonlinear beams.



The 3D graph representation we presented here may serve to define in silico mechanical models of these smaller colonies consisting of nonlinear beams (Figure 10B). Beam FE models have demonstrated to predict the mechanical properties of complex structures in an accurate and computational efficient manner (Pothuaud et al., 2004; Stauber et al., 2004). Since at small length scales L. pertusa skeletal structure is not random, the properties of each beam (i.e., skeletal branch) may account for the statistical information of the morphological analysis we introduce here. Future analyses would need to validate the use of such specimen-specific beam FE models against image-based FE models to confirm its applicability for predictions of the risk of crumbling of L. pertusa skeletal structures.

The expected reduced computational cost of the models we identified here can ease the translation from the mechanical response at the structural level to entire reefs, facilitating in silico models at the reef scale to investigate the mechanical vulnerability of CWC reefs to ocean acidification. Most importantly, we could model the increased dissolution in the dead framework observed from increasing aragonite concentration (Hennige et al., 2020) as a decrease in the skeletal volume fraction in our homogenized models or a reduced branch thickness in our beam models.

Our study points to some important gaps in knowledge. Although we provide a detailed morphological evaluation of a large number of L. pertusa skeletal fragments, these only represent a fraction of the colony from two unique sites in Norway. While these two locations represent different environmental conditions, future analysis should focus on the characterization of morphological variations of skeletal fragments collected from other regions to better understand the impact of local environmental stressors on L. pertusa structure. To date, monitoring reef corals largely relies on 2D measurements of colony size or colony cover (De Clippele et al., 2018; Vad et al., 2017), thus lacking high-resolution volumetric information. To investigate the risk of crumbling of larger colonies we need to investigate new techniques that allow us to infer 3D volumetric information from planar data (House et al., 2018). The most crucial gap is potentially the lack of information on time estimates for morphological changes due to exposure to ocean acidification and consequent increasing rates of bioerosion (Büscher et al., 2022). This will require extension of previous mesocosm experiments (Hennige et al., 2020) to different acidification conditions over long time-scales and complementary in situ measurements of seawater chemistry to establish an exposure trajectory of aragonite concentrations and the relationships with ocean acidification induced dissolution. This data would allow us to use the proposed surrogate models as predictive tools to investigate timescales of loadbearing capacity changes as well as the impact of those changes based on the time CWCs are exposed to acidified waters, and if combined with models detailing where corals of the future may be (Cordes et al., 2023), we can also start to assess the habitat quality of these reefs into the future.





5 Conclusion

We here investigated the critical size of a representative volume element of L. pertusa skeletons based on morphological variations to evaluate mechanical surrogate models of their skeletal structure. We proposed a size limit of five interbranch lengths that allows the determination of the type of model to be used based on the characteristic material architecture of coral skeletons. Our morphological analyses point to large variations between L. pertusa skeletal fragments and branches, as well as dead and live skeletal structures which are driven by growth and adaptation to environmental stressors. Spatially large colonies may be modelled using homogenized FE models by averaging the mechanical properties over five interbranch lengths, whereas small colonies may be modelled using specimen-specific beam-like FE models. Both approaches may allow us to efficiently scale up the analysis to entire reef systems to investigate reef crumbling due to the time they are exposed to acidified waters. Ultimately, this will support future conservation and management efforts by indicating which marine ecosystems are at greatest risk, when they will be at risk, and how much of an impact this will have on the biodiversity they support.
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