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Surviving after settlement through the first year of life is a recognised bottleneck in up-scaling reef coral restoration. Incorporating spatial refugia in settlement devices has the potential to alleviate some hazards experienced by young recruits, such as predation and accidental grazing, and can increase the likelihood of survival to size-escape thresholds. Yet optimising the design of microrefugia is challenging due to the complexity of physical and biological processes that occur at fine spatial scales around a recruit. Here, we investigated the effects of microhabitat features on the survival of Acropora tenuis spat in a year-long experimental field deployment of two types of artificial settlement devices—grooved-tiles and lattice-grids—onto three replicate racks on a shallow, central mid-shelf reef of the Great Barrier Reef. Spat survival across device types averaged between 2 and 39% and about half of all devices had at least one surviving coral after a year. While the larvae settled across all micro-habitats available on the devices, there was strong post-settlement selection for corals on the lower edges, lower surfaces, and in the grooves, with 100% mortality of recruits on upper surfaces, nearly all within the first 6 months of deployment. The device type that conferred the highest average survival (39%) was a tile with wide grooves (4 mm) cut all the way through, which significantly improved survival success over flat and comparatively featureless control tiles (13%). We hypothesise that the wide grooves provided protection from accidental grazing while also minimising sediment accumulation and allowing higher levels of light and water flow to reach the recruits than featureless control devices. We conclude that incorporating design features into deployment devices such as wide slits has the potential to substantially increase post-deployment survival success of restored corals.
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INTRODUCTION

Coral populations are declining globally (Gardner et al., 2003; Bruno and Selig, 2007; De’ath et al., 2012; Hughes et al., 2017), stimulating widespread efforts to mitigate further losses, enhance the recovery of existing populations, and potentially increase reef resilience through coral restoration programs (Boström-Einarsson et al., 2018, 2020; Bay et al., 2019). Seeding a recruitment-limited reef with deployment devices carrying sexually derived and newly settled coral spat (Okamoto et al., 2008; Chamberland et al., 2015, 2017) is one of the interventions being tested and refined (Bay et al., 2019). The benefits of using sexually produced coral propagules in reef restoration include improvements in genetic diversity, scalability and cost (Baria-Rodriguez et al., 2019; Doropoulos et al., 2019; Gibbs et al., 2019; Randall et al., 2020), and if harnessing spawn slicks (Heyward et al., 1999, 2002; Doropoulos et al., 2019), retention of species diversity and community composition (Heyward et al., 1999; Doropoulos et al., 2019). Seeding reefs with already-settled coral spat also, at least temporarily, overcomes challenges associated with the settlement process, including a lack of available substrate or settlement cues (Kuffner et al., 2008; Webster et al., 2011, 2013), and the presence of settlement inhibitors (Kuffner et al., 2006; Arnold et al., 2010; Webster et al., 2015; Speare et al., 2019). Yet post-settlement mortality can be exceedingly high (>99%) in some habitats and under various environmental conditions (Babcock, 1985; Hunt and Scheibling, 1997; Wilson and Harrison, 2005; Vermeij and Sandin, 2008; Penin et al., 2010, 2011; Ritson-Williams et al., 2010; Trapon et al., 2013; Miller, 2014; Suzuki et al., 2018), potentially diminishing the benefits of the seeding technique.

High post-settlement mortality in corals can be caused by accidental grazing by fishes (Baria et al., 2010; Penin et al., 2010, 2011; Trapon et al., 2013; Gallagher and Doropoulos, 2017), competition with other benthic organisms (Box and Mumby, 2007; Hughes et al., 2007; Vermeij and Sandin, 2008; Vermeij et al., 2009), sedimentation (Sato, 1985; Babcock and Smith, 2002; Jones et al., 2015; but see Trapon et al., 2013), and direct corallivory (Gallagher and Doropoulos, 2017). Incorporating structural refugia in settlement devices, and controlling the benthic community composition on those surfaces, has the potential to mitigate these stressors and increase the likelihood of survival to size-escape thresholds (Petersen et al., 2005; Nozawa, 2008, 2012; Okamoto et al., 2008; Doropoulos et al., 2012b, 2016; Edmunds et al., 2014; Whalan et al., 2015; Chamberland et al., 2017; Gallagher and Doropoulos, 2017). Optimising the design of microrefugia is challenging, however, due to the complexity of physical (i.e., light availability, sedimentation rates, and flow dynamics) and biological (i.e., benthic competition and herbivory) processes that occur at fine spatial scales around a recruit, and the species-specific responses to those processes. Furthermore, high variability in post-settlement growth rates among species and growth morphologies (Miller, 2014; Suzuki et al., 2018) means that what may work for one species or growth morphology may not work for another.

Larvae of some coral species preferentially settle in crevices and interstitial spaces (Carleton and Sammarco, 1987; Petersen et al., 2005; Whalan et al., 2015), whereas others prefer edges or undersides of substrata (Maida et al., 1994; Babcock and Mundy, 1996; Baird and Hughes, 2000). Yet, strong post-settlement selection in some habitats for corals on upper surfaces (Babcock and Mundy, 1996; Cameron and Harrison, 2020) and those on the undersides closest to the edges (Maida et al., 1994; Cameron and Harrison, 2020) during the first few months suggests that light availability is critically important for driving post-settlement survival in the long-term (Mundy and Babcock, 1998), either directly through the facilitation of growth from photosynthesis, or indirectly through modification of the competitive benthic community on the surfaces around the spat. Consequently, designing artificial seeding devices that provide microrefugia while also maintaining light availability and limiting sedimentation could be advantageous. To that end, we designed and tested the settlement, survival and growth of two deployment device-design types – grooved-tiles and lattice-grids – on aquarium-settled Acropora tenuis spat over a ∼1-year deployment on a mid-shelf reef in the central Great Barrier Reef. Our objectives were to describe settlement preferences among the microhabitats within each device design and to compare the survival and growth of spat among device designs and microhabitats to their size-escape threshold in a field deployment.



MATERIALS AND METHODS


Coral Collection, Spawning and Larval Rearing

Gravid Acropora tenuis (Dana 1846) colonies were collected from Backnumbers Reef on the central mid-shelf of the Great Barrier Reef (18°30′S, 147° 08′E, GBRMPA Permit G12/35236.1) on the 25th of November 2018, ahead of the predicted coral spawning. In situ, colonies were visually inspected for pigmented oocytes in sampled branch tips (Wallace 1985) and then fragments of mature colonies were collected via hammer and chisel and transported to the Australian Institute of Marine Science’s (AIMS, Townsville, QLD, Australia) National Sea Simulator (SeaSim1). The corals were maintained in temperature controlled outdoor aquaria emulating mid-shelf ambient reef conditions (27.0 ± 0.2°C) and monitored in the evenings for gamete release. On the 28th November, the fifth night after the full moon, the colonies were observed setting gamete bundles in the polyp mouth (Babcock et al., 1986) and were isolated in 60 L tanks. Six colonies synchronously released buoyant egg-sperm bundles at 19:30, approximately 1 h after sunset, and were skimmed from the surface with a clean cup. The bundles were gently agitated and filtered through a 106 μm mesh sieve to separate eggs and sperm. The oocytes were rinsed with 0.4 μm filtered seawater (FSW) and gametes from all six parent colonies were pooled for cross-fertilisation with approximately 106 sperm mL–1 in a 60 L tank of 4 μm FSW. After 1 h, when embryos were observed cleaving, they were gently rinsed of sperm and transferred into a 500 L flow-through tank for culture. Light aeration was introduced after 24 h (gastrula stage) and was increased after 72 h (swimming planulae) to allow moderate circulation. Larvae were maintained in the culture tank until used in the experiment.



Experimental Device Design

Two types of experimental settlement devices—lattice-grids and grooved-tiles—were designed and manufactured at AIMS to test the effects of various elements of microcrevice design on larval settlement choice and post-settlement survival. The lattice-grids were 90 mm (L) × 90 mm (W) × 12 mm (H) grey polylactic acid (PLA) plastic 3D-printed grids (Figure 1). They had two aperture widths, wide (30 mm) or narrow (10 mm), with 4 × 4 or 2 × 2 grid squares per grid, respectively. On each lattice-grid, four ‘habitats’ were identified: (i) upper inner, (ii) upper outer, (iii) lower inner, and (iv) lower outer regions (Figure 1). We hypothesised that coral recruits on narrow-aperture lattice-grids would be better protected from accidental herbivory damage (hereafter ‘grazing’) than those on wide-aperture lattice-grids, and also, that ‘inner’ and ‘lower’ habitats would be better protected from grazing than ‘outer’ and ‘upper’ habitats, due to the protection that microhabitat features can provide from the bites of corallivorous and herbivorous fishes (Gallagher and Doropoulos, 2017). The aperture features of the lattice-grid devices represent two levels of protection from predation and grazing.
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FIGURE 1. Lattice-grids. Schematic diagrams (top row) with corresponding representative device images immediately after settlement (middle row) and after retrieval from a 1-year field deployment (bottom row) for two lattice-device types: narrow-aperture (A) and wide-aperture (B). Colour shading in the first row indicates settlement habitats; note that only upper and outer surfaces are shown in this diagram. Insets for each image in the middle and bottom rows show close-ups of the Acropora tenuis spat or juvenile colonies, respectively, on each device type. Each image is of the underside of the device and shows the same corals as spat and juveniles. The brightness and contrast of inset images have been adjusted to improve the discrimination of coral spat and juveniles. In the top row, numbers indicate size in mm.


The grooved-tiles were 50 mm (L) × 50 mm (W) mm × 6 mm (H) pieces cut from grey polyvinyl chloride (PVC) sheets (Figure 2). Each tile had four grooves and they were either narrow (2 mm) or wide (4 mm) and were either cut all the way through the tile (6 mm deep) to create slits, or were cut 2 mm deep, giving rise to four combinations of grooved-tile types; (i) open-narrow, (ii) closed-narrow, (iii) open-wide and (iv) closed-wide (Figure 2). A fifth tile with no grooves served as a control. On each tile, five settlement habitats were classified: (i) upper and (ii) lower faces of the tiles, (iii) within the grooves, and along the (iv) upper edge and (v) lower edge of the bevelled corners (Figure 2). We hypothesised that spat settled on the walls of the open grooves would perform better than those settled in closed grooves, due to higher water flow allowing the mass transfer of gases and metabolites (Nakamura, 2010) and a reduced likelihood of smothering from the accumulation of fine sediments (Babcock and Smith, 2002).
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FIGURE 2. Grooved-tiles. Schematic diagrams (top row) with corresponding representative device images immediately after settlement (middle row) and after retrieval from a 1-year field deployment (bottom row) for five grooved-tile types. Colour shading in the first row indicates settlement habitats; note that only upper and edge surfaces are shown in this row. Insets for each image in the middle and bottom rows show close-ups of the Acropora tenuis spat or juvenile colonies, respectively, on each device type. Whether each image shows the top side or under side of the device is indicated and devices identified by asterisks show the same corals as spat and juveniles. No spat on the top sides of any closed grooved-tiles survived. The brightness and contrast of inset images have been adjusted to improve the discrimination of coral spat and juveniles. In the top row, numbers indicate size in mm.




Larval Settlement

Prior to settlement, all experimental devices were conditioned in the SeaSim for approximately 4 weeks to develop a biofilm and recruit crustose coralline algae (CCA) for larval settlement induction; all shapes had recruited visible CCA prior to settlement. Acrylic settlement tanks (50 L) with 300 mL min–1 flow-through of 4 μm FSW and 112 μm mesh overflow filter, were stocked with either eight replicate lattice-grid devices (four wide and four narrow) or 15 replicate grooved-tile devices (three each of the open-narrow, closed-narrow, open-wide, closed-wide, and control tiles). The lattice-grid devices were each raised slightly (∼1 cm) off the bottom by a central stem and bolt to allow larvae uninhibited access to the device undersides for settlement. Grooved-tile devices were laid directly on the bottom of settlement tanks to promote settlement of larvae in the grooves. There were three replicate settlement tanks for each device experiment, for a total of 24 lattice-grids (n = 12 per device type) and 45 grooved-tiles (n = 9 per device type).

Eight days after fertilisation, A. tenuis larvae were competent to settle, as determined by routine settlement assays in the laboratory (Heyward and Negri, 1999; Nishikawa et al., 2003), and approximately 30 A. tenuis larvae per device were added to the tanks for settlement. The larvae were left to settle on the devices for 4 days with 12:12 h light:dark cycle, then relocated to outdoor holding aquaria (2500 L semi-recirculating system, ambient light with 50% shade cloth) on deployment trays. Three replicate deployment trays for each treatment held devices in a raised position approximately 2 cm from the tray bottom, via threaded 316 stainless steel bar through a central hole and secured with a 316 stainless steel wingnut. The distance between adjacent lattice-grids within a tray was 1–3 cm and the distance between adjacent grooved-tiles within a tray was 2–3 cm.

Upper- and under-side images of the devices were taken 9 and 11 days after larval introduction to the grooved-tiles and lattice-grids, corresponding with approximately 5- and 7-days post settlement, respectively. A cable tie was placed in the corner of each lattice-grid to provide an orientation point for imaging. Pre-deployment images were taken to quantify the number and location of spat settled on each device and habitat; devices were submerged and imaged using a Nikon D810 with a Nikon AF-S 60 mm f/2.8 G Micro ED Lens outfitted with four Ikelite DS160 Strobes mounted on a trolley. For each spat that was mapped, data were recorded on whether that spat resulted from a single larva, or whether an aggregate of larvae had settled together. A spat was classified as an aggregate when there was physical contact between two adjacent larvae at the time of imaging (up to 10 days post settlement). For all subsequent data analyses, aggregated spat were considered as individual recruits. It was not possible to determine whether surviving corals were the result of chimeras or a single, competitively dominant individual, but our focus was on the number of surviving colonies. The trays of devices were maintained in outdoor holding aquaria until deployment.



Deployment and Post-deployment Survival

The lattice-grids and grooved-tiles were transported to Backnumbers Reef (18°29′18.19″S, 147°9′31.31″E) on the 19th December 2018, with spat approximately 1 month old, and deployed onto three replicate fibreglass reinforced plastic (FRP) frames. The deployment site was located on the south-western facing (leeward) side of a northern reef bommie at approximately 6 m depth, in an Acropora dominated community (Supplementary Figure 1). Each frame [1 m (W) × 1.5 m (L)] was secured with star pickets over rubble substrate immediately adjacent to the bommie and supported the trays of devices approximately 20 cm above the seabed (Supplementary Figure 1). Each replicate frame received one tray of lattice-grids and one tray of grooved-tiles.

Survival of A. tenuis recruits was tracked by assessment of in situ images, taken on SCUBA, of the upper- and under-sides of each device. Images were taken at 41, 95, 185, 246, and 311 days and then imaged again upon retrieval from the field on 16th December 2019 at the final time point of 376 days post settlement. The maximum planar diameter of each live juvenile coral was measured from the final images taken upon retrieval using ImageJ2. Detritus and sediments were gently cleared from the devices before imaging. All deployments were undertaken under GBRMPA Permit G18/41046.1.



Statistical Analyses

To compare survival success among device types, within each group of devices (i.e., among grooved-tiles and among lattice-grids), the total numbers of live and dead spat on each device were modelled against device type (fixed effect) using a generalised linear mixed effects model (GLMM), with replicate tray considered as a random effect, using a binomial distribution and a logit-link function. Model assumptions of homogenous variance and normally distributed residuals were verified using the package ‘sjPlot’ (Ludecke, 2021) and in cases where the overall models were significant, least-squares (marginal) means calculated with a Tukey adjustment were estimated using ‘emmeans’ to examine pairwise differences in survival response. Because the method of manufacture (3D printing vs. machining slabs), the material (PLA vs. PVC) and the general size and surface texture of the two devices types differed, grooved-tiles and lattice-grids were modelled separately and the two groups of devices were qualitatively compared. All models were run in R (R Core Team, 2020) using the package ‘lme4’ (Bates et al., 2014) and the data were visualised using the package ‘ggplot2’ (Wickham, 2016).

To compare survival success among micro-habitats on each device, the total numbers of live and dead spat within each habitat were modelled against habitat type (fixed effect), as described above, with device ID considered as a random effect. We note that the ‘upper inner’ and ‘upper outer’ habitats were excluded from the analysis of lattice-grids and that ‘upper’ and ‘upper edge’ habitats were excluded from the analysis of grooved-tiles, respectively, because survival success was 0% on these habitat types across all devices.

To evaluate whether there was a relationship between the initial number (and density) of spat settled on each device and the likelihood of having at least one surviving coral on that device after a year, logistic regressions with a binomial distribution and a logit link function were modelled using ‘glm’ from the ‘stats’ package in R for each of the device types (R Core Team, 2020). The maximum diameters of the juvenile corals after a year of deployment were also compared among device types using a GLM with a Gaussian distribution, and where necessary, maximum diameter data were log-transformed to meet model assumptions.

To determine whether larvae preferentially settled in certain habitats, Pearson’s Chi-squared goodness-of-fit tests were used to compare the observed total counts of spat within each habitat type against the expected numbers of spat in each habitat type, normalised to the surface area of each habitat. Analyses were run separately for each device type. We note that because the grooved-tiles were placed directly on the surface of the tank for settlement, access to the ‘lower’ habitat may have been partially restricted, despite some settlement on that habitat. We also note that because larvae are known to settle gregariously, it is likely that settlement habitats selected by individual larvae were not strictly independent and this should be considered when interpreting the results of this analysis. The numbers of surviving corals were too low to estimate goodness-of-fit across habitat types after a year of deployment, but the relative proportions of spat that settled within each habitat were qualitatively compared with those that survived through data visualisation.

Finally, to test whether aggregated spat were more likely to survive than single spat, survival data were modelled using a GLMM, as described above, with a binomial distribution and a logit link function. The grouping factor (i.e., single or aggregate) was modelled as the fixed effect, and the habitats within each device were treated as random effects.




RESULTS


Lattice-Grids

Larval settlement averaged 38 ± 23 spat (mean ± SD; 0.25 spat cm–2) and 18 ± 20 spat (0.15 spat cm–2) on the narrow and wide lattice-grids, respectively (Figure 1). Generally, settlement was highest in the ‘upper inner’ habitats, followed by ‘lower inner,’ ‘upper outer,’ and ‘lower outer’ habitats, respectively (Figure 3). On the narrow aperture lattice-grids, observed settlement was similar to that expected, based on the relative surface area of each habitat (χ2 = 6.2, df = 3, p = 0.10; Figure 3). On the wide lattice-grids, however, more larvae settled on the upper surfaces and fewer settled on the lower surfaces than expected, given the available surface area in each habitat (χ2 = 25.1, df = 3, p < 0.0001; Figure 3).
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FIGURE 3. Proportion of space available within each habitat type (grey plot, ‘Habitat proportion’), the proportion of live Acropora tenuis spat within each habitat type immediately after settlement (‘Initial spat proportion’) and the proportion of live A. tenuis juveniles approximately 1 year post-deployment (‘Final recruit proportion’) on two types of lattice-grids. Reference diagrams of each device type are included above the plots. Asterisk indicates a statistically significant difference in the observed and expected settlement proportions based on a Chi-square goodness-of-fit test (p < 0.05).


Spat survival after 376 days averaged 3 ± 5% (mean ± SD) and 2 ± 3% for the narrow and wide aperture lattice-grids, respectively, with no significant differences in survival detected between narrow and wide types (GLMM: z = −0.70, p = 0.48) (Figure 4A). The spat that survived 376 days were almost entirely located on lower inner habitats (Figure 3). No spat survived on any upper surface of either lattice-grid type and were thus excluded from the comparison of survival success among habitat types. Survival was significantly higher for spat on ‘lower inner’ compared with ‘lower outer’ habitats across lattice devices (GLMM: z = −1.97, p = 0.049). A significant rack effect was also observed, such that corals deployed on one rack survived better than those on the other two racks (GLM: z = 2.826, p = 0.005).
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FIGURE 4. Average survival (%) of Acropora tenuis spat after approximately 1 year deployed in the field on two types of lattice-grids (A) and on five types of grooved-tiles (B). Letters (a and b) in panel (B) indicate statistically significant differences in survival among treatments. (C) Average (±SD) spat survival through time on the five types of grooved-tiles. Reference diagrams of each device type are included above the plots in panels (A) and (B). Overlaid green points in panels (A) and (B) indicate survival (%) at the device-level (i.e., having at least one surviving recruit on the device at the end of deployment).


At the device level, 50% of the narrow aperture lattice-grids had at least one surviving recruit, whereas 31% of the wide aperture lattice-grids had at least one survivor after a year (Figure 4A). When all lattice-grids were considered together, the likelihood of having at least one survivor on a device significantly increased as a function of the initial number of recruits on that device (GLM: z = 2.603, p = 0.0092), with the probability of survival switching from favouring 0 (dead) to 1 (alive) at 27 spat (or 0.2 spat cm–2; Figure 5A). This result was also significant when the model was run using density data, with survival probability favouring one at 0.2 spat cm–2 (GLM: z = 2.600, p = 0.0093). When each lattice-grid type was considered separately, however, the trends were not statistically significant as the sample size was low.
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FIGURE 5. Logistic models predicting the probability of having at least one surviving recruit on each deployed device as a function of the initial number of spat present on that device at the time of deployment, for all lattice-grid (A) and grooved-tile (B) devices. n = 24 for the lattice-grids and n = 44 for the grooved-tiles. Shaded areas indicate confidence intervals; dark blue indicates a statistically significant model whereas light blue indicates a non-significant model. Reference diagrams of device types included in each model are above their respective plots.


Approximately 93% of the spat on the lattice-grids were solitary, whereas 7% of the spat resulted from larvae that settled in aggregations of up to 4, with the vast majority of aggregated spat resulting from two larvae settled together (Figure 6A). Survival probability on the lattice devices was not dependent on whether larvae settled singly or in aggregates (GMLE: z = 0.66, p = 0.51), with only one aggregate surviving the full deployment period (Figure 6C).
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FIGURE 6. Histograms indicating the distribution of spat that were classified as resulting from 1 (single, “S”), 2, 3, or 4 (aggregated, “A”) larvae for the lattice-grid (A) and grooved-tile (B) devices, by device type (colour). The proportion of spat identified as single spat (“S”) or aggregated spat (“A”) immediately after settlement (Initial) and after approximately 1 year of deployment (Final) on the lattice-grids (C) and the grooved-tiles (D).


Due to the difficulty of censusing the larger lattice-grids in the field with sufficient resolution to observe recruits, only initial and final time points were used in the lattice-device analyses. Qualitatively, however, it appeared that most recruit mortality occurred in the first 3 months post deployment, prior to the first census.

Juvenile corals on the lattice-grids averaged 11.5 ± 4.3 mm (mean ± SD) in maximum diameter after 1 year, ∼20% larger on the narrow aperture lattice-grids (11.9 ± 4.7) than the wide aperture lattice-grids (10.0 ± 2.1), although the trends were not statistically significant (GLM: t = −0.87, p = 0.39).



Grooved-Tiles

Settlement averaged 12 ± 10 spat (mean ± SD; ∼0.25 spat cm–2) per device, and was highest on the closed-narrow grooved-tiles and lowest on the open-wide grooved-tiles, with high variability across device types. In general, settlement was higher in the grooves and on the lower edges than expected, based on available surface area (Figures 2, 7). By contrast, settlement was lower on the upper edges, and lower surfaces than expected, although we note that because the grooved-tiles were placed directly on the surface of the tank for settlement, access to the ‘lower’ habitat was at least partially restricted, resulting in lower-than-expected proportions of settled spat.
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FIGURE 7. Proportion of space available within each habitat type (‘Habitat proportion’), the proportion of live Acropora tenuis spat within each habitat type immediately after settlement (‘Initial spat proportion’), and the proportion of live A. tenuis juveniles approximately 1 year post-deployment (‘Final recruit proportion’) on five types of grooved-tiles. Note that the control devices did not have any grooves. Reference diagrams of each device type are included above the plots. Asterisks in the ‘Initial spat proportion’ data indicate statistically significant differences in the observed and expected settlement proportions based on a Chi-square goodness-of-fit test (p < 0.05), but we stress that access to the ‘lower’ habitat by the larvae was at least partially restricted.


Spat survival averaged 16 ± 24% (mean ± SD) across all devices but was significantly higher on the devices with wide grooves that went all the way through the tile (open-wide, 39 ± 37%) and was lowest on the devices with wide shallow grooves (closed-wide, 2 ± 5%; Figure 4B). Surviving spat overwhelmingly were located on lower edge habitats across all device types, except when the grooves went all the way through the tiles; on those devices, spat survived both on the lower-edge habitats and in the grooves (Figure 7). No spat survived in any groove that did not go through the tile, and no spat survived on upper or upper-edge habitats on any tile.

The majority of coral mortality occurred within the first 6 months of the deployment (Figure 4C). Across all grooved tiles, 55% had at least one surviving recruit after a year, with the highest survival success achieved for the open-wide tile (89%) and the lowest on the closed-wide grooved-tile (22%) (Figure 4C). The probability of having at least one surviving spat on a device at the end of the deployment was not significantly predicted by the starting number or density of larvae settled on each device, both when considering all grooved-tiles together and when testing each device individually (Figure 5B).

On the grooved-tiles, 90% of settlers were identified as single spat and 10% were classified as aggregates of up to four larvae, with the majority of aggregates composed of two larvae (Figure 6B). On the grooved-tiles, aggregations of spat were significantly more likely to survive than single spat (GLMM: z = −2.3, p = 0.02; Figure 6D), although we note that this does not account for the inherent increase in the probability of survival as a function of the number of individuals in an aggregation. There was no clear relationship between the numbers of larvae in an aggregate and the likelihood of that aggregate surviving, with only 10 aggregates surviving after a year deployed.

Juvenile corals that survived a year of deployment averaged 10.4 ± 4.9 mm at the largest, and 8.2 ± 2.5 at the smallest, on the open-wide grooved-tiles and the control tiles, respectively, although the differences in size were not statistically significant.




DISCUSSION

In this era of coral reef decline (Gardner et al., 2003; De’ath et al., 2012; Hughes et al., 2017), coral populations are fighting an uphill battle toward recovery, contending with reduced cover and a consequent reduction in larval supply exacerbated by Allee effects (Hughes et al., 2019). Of those larvae that do make it to the reef, shifts in the benthic-community composition and the declining condition of the substratum may further impede larval detection of settlement cues, hinder settlement, and reduce post-settlement survival (Albright et al., 2010; Doropoulos et al., 2012a, 2017b; Webster et al., 2013; Fabricius et al., 2015). While difficult to quantify, the mortality of coral settlers can exceed 99% on a healthy reef (Babcock, 1985; Hunt and Scheibling, 1997; Wilson and Harrison, 2005; Vermeij and Sandin, 2008; Penin et al., 2010, 2011; Ritson-Williams et al., 2010; Trapon et al., 2013; Miller, 2014; Suzuki et al., 2018). Seeding reefs with sexually produced coral settlers on deployment devices (Chamberland et al., 2017) is a restoration method with the potential to overcome some of these impediments to recovery, but must achieve unnaturally high levels of post-settlement survival to contend with scalability challenges (Randall et al., 2020). The best performing device tested here, the open-wide grooved-tiles, achieved an average survival of 39% at the level of individual spat—a threefold increase over featureless control tiles—and an even higher 89% at the level of deployment device, suggesting that optimising functional features in deployment devices has the potential to improve spat survival and, consequently, improve the feasibility of larger scale coral seeding.


Patterns of Settlement Within and Among Devices

The settlement patterns observed in this study were complex and somewhat surprising. Coral larvae often preferentially settle in grooves, in microcrevices, and on the undersides of substrates; larvae tend to avoid exposed, upper-facing surfaces (Baird and Hughes, 2000; Petersen et al., 2005; Nozawa, 2008; Vermeij et al., 2009; Whalan et al., 2015; Doropoulos et al., 2016, 2017a; Ricardo et al., 2017; Cameron and Harrison, 2020). While we expected to observe higher settlement on the undersides of the lattice-grids, settlement patterns across those microhabitats roughly reflected the available surface area, suggesting indiscriminate settlement behaviour (Figure 3). The reason for this settlement pattern is unknown but several possible explanations warrant consideration. Firstly, there were no horizontal upward-facing surfaces on the devices; instead, the ‘upper inner’ and ‘upper outer’ surfaces sloped down at a 51° angle. The lattice devices also did not have dedicated microcrevices to offer alternative settlement locations. Secondly, it could be that, because settlement took place in experimental aquaria under artificial lights, the environmental drivers of preferential settlement on downward-facing surfaces, such as natural light gradients (Maida et al., 1994; Mundy and Babcock, 1998; Baird and Hughes, 2000) and sedimentation gradients (Jones et al., 2015; Ricardo et al., 2017) were lacking. Thirdly, because the devices were conditioned in the laboratory and for only 4 weeks, the differential biological communities typical of those microhabitats may have been less pronounced at the time of settlement and different from field-conditioned communities (Doropoulos et al., 2017b) although they were markedly different among microhabitats by the end of the deployment period (Supplementary Figure 1).

Settlement behaviour on the grooved-tiles was difficult to assess due to the positioning of tiles directly on the base of the tank to promote settlement in the grooves, which at least somewhat restricted access to the lower surface. However, there was some selective settlement behaviour—larvae avoided settling on the upper edges of the tiles but settled in all other available microhabitats including upward-facing horizontal surfaces, within the grooves, and on lower edges (Figure 7). Again, the relatively high proportion of spat settling on upward-facing surfaces was surprising but could be due to the immature biological communities on the tiles or the environmental conditions present at the time of settlement.

Given the strong patterns observed in recruit survival, detailed in the next section, investigating ways to direct settlement to the microhabitats that confer the highest survival may further improve the performance of the devices. This could be achieved by modifying the environmental conditions present at the time of settlement (i.e., light or flow), restricting access to upward-facing surfaces during settlement (i.e., using physical barriers or antifoulants), modifying the duration of, or conditions for, benthic-community development prior to settlement, or promoting particular benthic species to induce settlement (i.e., promoting particular crustose coralline algae species).



Patterns of Survival Within and Among Devices

Spat survival averaged between 2 and 39% over 376 days, depending on the device design, and declined most rapidly within the first 6 months, typical of survival on artificial deployment devices (reviewed in Randall et al., 2020). Spat survival is affected by a myriad of factors, which make comparisons of spat survival among studies difficult to interpret. Nevertheless, average spat survival on the open-wide grooved-tiles (39%) was high compared with what has been achieved in similar deployment studies over an equivalent time frame (12 months), which tend to average <10–20% (Chamberland et al., 2015, 2017; dela Cruz and Harrison, 2017, 2020; Baria-Rodriguez et al., 2019). Small variations in the holding period prior to deployment can have significant downstream consequences for survival estimates, however, and thus we avoid making direct comparisons with other studies. Comparing spat survival on artificial surfaces against natural substrates is also difficult, since the larvae often settle in cryptic locations and are extremely difficult to locate in situ during the first 6 months (dela Cruz and Harrison, 2017, 2020). Therefore, our comparisons of spat survival below focus on the factors (i.e., microhabitat features and device designs) that could be quantitatively compared under the deployment conditions.

In this study, spat mortality on the upper surfaces and upper edges was 100% across all device types; the vast majority of surviving recruits were located on lower-edge microhabitats (Figures 3, 7) although many of the survivors had begun to grow up around the sides of the devices by the end of the deployment (Figures 1, 2). We hypothesize that these results were primarily driven by processes related to sedimentation, light attenuation, and grazing.

Firstly, no spat survived in groove microhabitats when they were closed, but the open-wide grooves were the best performing microhabitats (Figure 7). Observations during field deployments indicated that sediment accumulated in the turfs within the grooves when they were not cut all the way through the tiles whereas the open grooves appeared to reduce sediment load (Jones et al., 2015; Ricardo et al., 2017). Interestingly, the grooves seemed to harbour a turfing community (Supplementary Figure 2), perhaps due to restricted herbivory, but the spat were better able to contend with the turf when sediment did not accumulate.

Secondly, survival was higher on the lower inner microhabitats compared with the lower outer microhabitats on the lattice-grids, a result similar to that of Gallagher and Doropoulos (2017) who found that inner crevices protected coral juveniles better than outer crevices. This may be because the inner areas of the lattice-grids had reduced access to herbivores but still allowed the interior underside habitats to function more like ‘edge’ habitats, by allowing light to pass through the lattice-grid and reach the recruits. Maida et al. (1994) documented that mortality of coral spat on the undersides of settlement plates increased with distance from the edge of the plate and attributed this to the decay of light intensity from the outer edge to the centre of the tiles. Indeed, older coral juveniles are often found on exposed edges and upper surfaces reflecting the strong role of light in driving juvenile and adult coral distributions (Maida et al., 1994; Babcock and Mundy, 1996; Baird and Hughes, 2000; Cameron and Harrison, 2020). For example, Cameron and Harrison (2020) documented the proportional change in A. tenuis distribution on settlement tiles over 12 months during a field deployment. Spat were overwhelmingly dominant on underhangs 5 days after settlement but were located almost entirely on the edges of the tiles after 12 months, with more than half of the surviving corals having originally settled on underhangs and subsequently grown onto the edges. We suggest that the wide grooved-tiles and wide lattice-grids promote edge-like conditions throughout the undersides of the shapes. Indeed, there were no differences in the maximum diameter of recruits among microhabitats or device-types in this study, suggesting no obvious limitations to growth (Supplementary Figure 3).

Lastly, it was clear that upper surfaces of the grooved-tiles were heavily grazed by fish, based on field observations of roving acanthurid and scarid schools, the presence of resident pomacentrids, and in situ images that show an abundance of bite marks (Supplementary Figure 2). We hypothesize that this herbivory pressure removed the spat on upper surfaces where fish had access (Penin et al., 2010; Trapon et al., 2013). Indeed, Trapon et al. (2013) undertook an herbivore exclusion experiment of Acropora cytherea recruits on the Great Barrier Reef and found that the exclusion of herbivores significantly increased survival of recruits on the reef crest.

While we documented clear patterns in post-deployment survival of Acropora tenuis among microhabitats on the devices, these patterns may vary among environments with differing light and flow regimes, across depth gradients and among species. For example, Baird and Hughes (2000) documented a significant difference in recruitment of A. hyacinthus in shaded and unshaded environments owing to differential light levels and Miller (2014) identified species-specific responses to deployment orientation in A. palmata and Orbicella faveolata in the Caribbean. Patterns of recruit survival are also likely to differ across ontogeny as the relative influence of various intrinsic and environmental pressures shift (Babcock and Mundy, 1996; Doropoulos et al., 2017a). For example, Babcock and Mundy (1996) identified divergent drivers of mortality during the first 4 months after settlement compared with the subsequent 5 months, suggesting that there are competing pressures that vary in their relative influence through time, and indicating that the method of deployment should consider all the drivers of mortality throughout early development to optimise survival success.



Density Dependence in Spat Survival

Relationships between spat density and recruit survival have been described for several Acropora species and suggest that intermediate densities often confer the best outcome (Suzuki et al., 2012; Edwards et al., 2015; Doropoulos et al., 2017a, 2018; Cameron and Harrison, 2020). Suzuki et al. (2012) examined the impact of larval density in a field seeding trial of A. tenuis and A. muricata in Japan and found that moderate spat densities (∼0.1 cm–2) resulted in a better overall outcome than low (∼0.07 spat cm–2) and high densities (∼0.6 cm–2), as determined by survival at 6 months and genetic diversity endpoints. Similarly, in a 2-year field study of Acropora tenuis, Cameron and Harrison (2020) found that the highest colony abundance and coral cover was achieved on tiles with an intermediate spat density (∼1 cm–2), although the intermediate density was higher than that described by Suzuki et al. (2012), perhaps owing to the differences in the richness of species deployed and the environmental conditions at the deployment sites. Similarly, here we identified a significant increase in the likelihood of having at least one surviving coral on a lattice device when there were at least 0.2 spat cm–2. The highest settlement density achieved in the study was 0.5 spat cm–2 and no negative density-dependent effects were observed. The mechanisms that drive these density-dependent effects, and the variations in those effects observed within and among studies (i.e., Doropoulos et al., 2017a) are complex but likely include space limitation leading to inter- and intra-specific competition and more settlement in sub-optimal microhabitats as density increase (Roughgarden et al., 1985; Cameron and Harrison, 2020), mediated by genetic relatedness of the spat (see next section). Regardless of the mechanism, our results support these previous findings and suggest a minimum density of at least 0.2 spat cm–2 for A. tenuis seeding devices.



Restoration Outcomes With Chimeras

Coral larvae tend to settle gregariously and may occasionally form chimeras, which can increase juvenile survival, size and growth (Raymundo and Maypa, 2004; Amar et al., 2008; Suzuki et al., 2012; dela Cruz and Harrison, 2017; Doropoulos et al., 2017a). Promoting gregarious settlement on seeding devices has been proposed as a method for improving restoration outcomes (Raymundo and Maypa, 2004; Puill-Stephan et al., 2012b) but its usefulness will depend on the level of allorecognition and genetic histocompatibility in the aggregation (Puill-Stephan et al., 2012a, b; reviewed in Randall et al., 2020). Furthermore, the benefit of aggregated settlement is context dependent, and can vary in response to environmental factors and spat settlement location (Doropoulos et al., 2017a). For example, Doropoulos et al. (2017a) identified a positive effect of gregarious settlement on survival of spat on exposed surfaces but not of those that settled in crevices. In this study, the impact of aggregated settlement on the likelihood of survival was also mixed. On the one hand, there were no differences in survival probability between single and aggregated spat on the lattice devices, while on the other hand, aggregations of spat were more likely to survive on the grooved-tiles. However, these analyses compare single and aggregated spat survival directly, and do not account for the inherent increase in the probability of survival as a function of the number of individuals in an aggregation. In other words, there are more ‘chances’ for the coral to survive as the number of spat in an aggregation increases. Therefore, these results likely overestimate the benefit of aggregation in spat survival.

The present study evaluated spat from six contributing parents of one species, which likely led to a large proportion of closely related (half and full sibling) spat. While histocompatibility mechanisms have not been investigated in Acropora tenuis, Puill-Stephan et al. (2012b) found that the expression of allorecognition in the similar species A. millepora took at least 5 and 13 months for half- and full-siblings, respectively, suggesting that our deployment of 376 days may not have been long enough to capture the full allorecognition response in the spat. Thus, it is possible that rejection within some chimeras was yet to take place. Furthermore, chimeric adult A. millepora genotypes show high levels of relatedness suggesting that genetic similarity is required for long-term persistence of the chimera (Puill-Stephan et al., 2009). Thus, while we documented an increase in survival probability of aggregated spat on the grooved-tiles, it may not be advantageous to promote gregarious settlement of spat when a more diverse broodstock contributes to a mass culture used in restoration. We suggest that longer-term research on more genetically diverse spat and on more species is needed to determine the value of promoting aggregated settlement for restoration.



Limitations

While we documented a clear improvement in spat survival associated with specific device-design features, the mechanisms driving this response remain unknown. We hypothesise that protection from fish-feeding behaviours (Trapon et al., 2013), prevention of sediment accumulation (Sato, 1985), and improved light attenuation all may have contributed to improved device function. Yet ascertaining the likely non-linear direct and indirect effects of these features on the mechanisms driving survival requires additional experiments, particularly with devices directly deployed onto the reef framework. Due to permitting limitations, the devices were deployed on fibreglass frames immediately adjacent to (within 1 m of) the bommies over a rubble and sand bottom. Anecdotal observations made during the deployment and census trips suggest that the frames attracted resident and transient grazing fishes, potentially subjecting the shapes to disproportionally high grazing pressure. Yet other strongly site-associated organisms may not have ventured out to the racks, also potentially altering the natural grazing community. Seeding devices directly onto the reef would remove this potential bias and improve our understanding of the drivers of post-deployment survival.

Three-dimensional (3D) printed plastic shapes are cheap and easy to produce to test various design features and to use as proxies for future deployment devices. However, the biofilms and biological communities that develop on plastics during conditioning are different from those on terracotta, ceramic and other materials and can have downstream consequences on benthic community composition, grazing, and microenvironments (Kennedy et al., 2017). The design features tested with 3D printed plastic require validation with acceptable materials for use in reef restoration (Spieler et al., 2001; Randall et al., 2020).




CONCLUSION

Optimising functional features in deployment devices can improve spat survival and may consequently support the up-scaling of coral seeding. Doubling the survival rate allows for halving the scale of deployment to achieve the same restoration goal, and could potentially lead to substantial reductions in cost per unit area, acknowledging that restoration costs do not scale linearly with restored area (Anthony et al., 2019; Gibbs et al., 2019). In this study, the wide-grooved-tiles achieved three times higher average survival than the comparatively featureless tiles of the same material, showing promise for overcoming bottlenecks of survival to size-escape thresholds and improving scalability. Incorporating grooves in other recently designed deployment substrates, such as ‘coral plug-ins’ (Guest et al., 2014; Tabalanza et al., 2020) and tetrapods (Chamberland et al., 2017) may improve survival and warrant further testing. While the wide grooved-tiles worked best for the Acropora tenuis spat tested here, it is likely that the drivers of mortality differ among species, among coral growth morphologies, and throughout ontogeny; identifying what design features work best in these various scenarios and across environmental gradients requires further investigation. One approach to device design could be to integrate multiple design features into a single device to maximise its effectiveness across a broad cross-section of hermatypic corals. Another approach could be to develop a suite of designs fit for particular growth morphologies, taxa, and receiving environments. A third approach could be to uncouple the settlement device from the deployment device. In this scenario, a small device could be designed with microrefugia, such as wide grooves, to direct settlement and enhance post-settlement survival. The settlement device would then be attached in modular fashion to a larger deployment device designed to optimise deployment logistics while maximising survival and retention on the reef. Regardless of the approach, innovative and fit-for-design devices (Petersen et al., 2005; Nozawa, 2008; Okamoto et al., 2008; Chamberland et al., 2017) may improve restoration outcomes in the future.
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