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Caribbean coral reefs are in rapid decline and artificial reefs are increasingly often deployed to restore lost three-dimensional structure. The majority of artificial reefs and other marine infrastructure is built from concrete, with Ordinary Portland Cement (CEM I) as the most important ingredient. However, the production of CEM I results in substantial CO2 emissions. In addition, there are indications that the material is colonized by different benthic assemblages compared to natural reefs. To make artificial reefs more sustainable and ecologically optimal, research into alternative materials is required. For this study, CEM I was compared with five alternative substrates: a mixture of CEM III cement with recycled CEM I fines (CEM III), Calcium Sulfoaluminate cement (CSA), geopolymer-sediment tiles (GS), lime-sediment tiles (LS), and Xiriton (E0). Settlement of the long-spined sea urchin Diadema antillarum on the different materials was tested under marine laboratory conditions. Competent D. antillarum larvae were added to beakers with a tile made from one of the substrates and monitored for settlement after two days. Half of the tiles of each material were covered with a four-week old biofilm, the other half had no biofilm. Results show that substrate type and the presence of a biofilm affected settlement rates significantly. After 48h, highest settlement rates were found on CEM III with biofilm (30% settlement), CSA with biofilm (26% settlement) and E0 with biofilm (20% settlement). Without biofilm, the same substrates yielded only 4 to 10% settlement. CEM I, GS, and LS had overall low settlement rates (<5%) irrespective of biofilm. Post-settlement morphology was not affected by substrate type or biofilm, with juveniles having a mean test diameter of 593 ± 12 µm and a mean spine length of 487 ± 27 µm. This study provides alternative choices for regular concrete that enhance the larval settlement of the key herbivore D. antillarum. We recommend studying these alternative materials in the field to obtain a better understanding of the effects of substrate on the ecological community development over larger time- and spatial scales.
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1 Introduction

Worldwide, coral reefs face many global and local threats (Andrello et al., 2022; Good and Bahr, 2021; Hughes et al., 2018; Putnam et al., 2017). Caribbean coral reefs are no exception, with a region-wide reduction in hard coral cover up to 80% since 1975 (Gardner et al., 2003; Jackson et al., 2014) due to global warming, diseases, fishing, land-based sedimentation, and pollution from agriculture and coastal development (Cramer et al., 2021; Jackson et al., 2014). Reefs have shifted from coral-dominance to algae-dominance (Hughes et al., 2010). A main contributor to this shift is the 1983–1984 mass die-off of the long spined sea urchin Diadema antillarum, a key herbivore on Caribbean coral reefs (Lessios, 1988). In 2015, population densities had recovered to 12% of pre die-off densities (Lessios, 2016) and have again decreased sharply due to a new Caribbean-wide die-off that took place in 2022 (Hylkema et al., 2023). Without this key herbivore, algal mats covering the reefs inhibit coral recruitment (Mumby et al., 2006). This results in flattening of coral reefs, with serious consequences for reef biodiversity, ecosystem functioning, and ecosystem services (Alvarez-Filip et al., 2009).

One way to increase three-dimensional structure on coral reefs is deploying artificial reefs (Baine, 2001): man-made structures that are purposely placed on the seabed (Seaman, 2007). In the Caribbean more than 200 artificial structures have been introduced, but only very few have been monitored for their ecological success (Hylkema et al., 2021). Artificial reefs provide a new substrate for reef-building species to settle on and enhance food resources for higher trophic levels (Cresson et al., 2014). The complexity of the artificial structure allows for different niches that can shelter numerous species. Artificial reefs can perform equally compared to natural reefs, although this is strongly dependent on the geographic setting, the artificial reef material, and the structural design (reviewed by Paxton et al., 2020). The more heterogenous the structural design, the larger the habitat complexity, resulting in a more abundant and diverse community attracted to the reefs (Bulleri and Chapman, 2010; Chapman and Underwood, 2011; Loke and Todd, 2016; Hylkema et al., 2020). Less is known about the effects of artificial reef material choice on its success (Davis et al., 2017; McManus et al., 2017).

Concrete is one of the materials used most often for artificial reefs (Hylkema et al., 2021; Lima et al., 2019), because it is strong, durable, available worldwide, relatively cheap, and easy to work with (Meyer, 2009). On the other hand, the cement industry is responsible for 5-8% of the global CO2 footprint (Kajaste and Hurme, 2016; Meyer, 2009) and accounting for 26% of the total industrial emissions (Guo et al., 2024). Moreover, concrete is different in chemical composition from natural hard substrates, one of the reasons being the high pH-value of its pore solution (pH ~13) and alkalinity of its surface (Jain and Neithalath, 2009; Sagüés et al., 1997). Studies have shown that artificial structures from concrete harbor different assemblages compared to natural reefs (Carvalho et al., 2013; Connell and Glasby, 1999). Therefore, multiple attempts have been made to enhance the bioreceptivity for the settlement of marine life (Bone et al., 2022) and to reduce the CO2 footprint of concrete (Lippiatt et al., 2020).

Concrete usually consists of cement (the binder), complemented with sand, gravel, water, and sometimes additives to increase strength or workability. Ordinary Portland cement (CEM I) is by far the most commonly used cement and therefore the focus of attention. Previous studies replaced CEM I by alternatives such as CEM III (Hayek et al., 2020; Natanzi et al., 2021; Ly et al., 2021) and sulfoaluminate cement (Chen et al., 2015; Xu et al., 2019). These alternatives show promising results in their workability and mechanical properties but are ecologically still largely understudied. Since CEM III and sulfoaluminate cement have a lower CO2 footprint than CEM I, they could be interesting alternatives for CEM I in ecological engineering (Chen et al., 2015; Xu et al., 2019). Other ways to reduce the CO2 footprint in building materials is using more natural ingredients, such as organic fibers (Merta and Tschegg, 2013) and dredged sediments (el Mahdi Safhi et al., 2019). It is unknown yet how marine life will respond to these materials.

Larval settlement of reef-builders and associated key species, such as D. antillarum, is known to depend on settlement cues (Bak, 1985; Hylkema et al., 2022). These can be biological, chemical, and/or physical cues, such as the presence of a biofilm, crustose coralline algae (CCA) and other calcifying macroalgae such as Halimeda sp (Bak, 1985; Pilnick et al., 2023; Wijers et al., 2024). Furthermore, a synergistic relationship between structural and biochemical cues appears to be present for D. antillarum (Pilnick et al., 2023). Regarding the role of pH, studies on other sea urchin species highlighted that settlement rates decreased when Centrostephanus rodgersii larvae were exposed to a higher pH (up to pH 8.3) (Mos et al., 2020). However, juvenile sea urchins had more abnormalities, fewer spines and shorter spines when exposed to a lower pH (pH 7.6 - 7.8) (Mos et al., 2020).

Currently it is unknown how larval settlement of D. antillarum is affected by artificial hard substrates, and whether settlement behavior can be explained by the pH of the substrates surface. We hypothesize that alternative materials with lower surface pH levels than CEM I provide a more suitable settlement substrate and higher settlement rates. Since it is unknown whether D. antillarum are likely to settle on bare artificial substrates, we included a natural biofilm as a verified settlement cue for this species (Wijers et al., 2024). This study investigated the effects of artificial hard substrate type and biofilm presence on larval settlement and post-settlement morphology of D. antillarum.




2 Methods



2.1 Production of materials

A total of six artificial hard substrate types were used in this study, including CEM I, the industry standard, as a reference material. Five alternative hard substrates with a lower CO2 footprint than CEM I were produced. The composition of each substrate is detailed in Table 1. The first alternative is CEM III*, a binder consisting of 75% CEM III/B cement and 25% recycled CEM I cement fines. The recycled fines were sourced from previous concrete crushing and sieved to ensure fineness compatible with the cementitious matrix. CEM III/B is a blast furnace cement, containing 66–80% ground granulated blast furnace slag (GGBFS), blended with 20–34% clinker. In the rest of this paper, we will refer to CEM III* as CEM III. The second alternative is Calcium Sulfoaluminate cement (CSA), a low-carbon alternative binder based on ye’elimite (C4A3Ŝ) and other aluminates. The three binder types (CEM I, CEM III, and CSA) were produced by Eindhoven University of Technology. Three additional composite substrate mixes made with natural aggregates and alternative binders were tested: geopolymer-sediment tiles (GS) and lime-sediment tiles (LS) were produced with dredged sediments as core ingredient. The last tested material is Xiriton, specifically type XM5S-E0 (E0). This material is composed of trass lime, Miscanthus gigantheus fibres, shell gravel, sea sand and sea water, produced by Acroniq (https://acroniq.nl/) (Table 1). All alternative hard substrates included in this study were selected based on their lower CO2 footprint than CEM I and their potential for applications in the marine environment. CEM III and CSA require significantly less energy during production compared to CEM I (Chen et al., 2015; Xu et al., 2019). GS, LS, and E0 were produced from locally available sustainable materials. GS and LS have dredged sediments as a key ingredient, similar to el Mahdi Safhi et al. (2019). Geopolymer was included as a binder for one of these mixes because of its low CO2 footprint (Hassan et al., 2019). For E0, organic fibers (Miscanthus gigantheus) are a key ingredient, making the material more CO2-neutral.


Table 1 | Composition of the materials used as artificial hard substrate settlement tiles in this study.



The ingredients for each material were mixed according to the EN 196-1. A constant water-to-cement ratio of 0.4 was used for CEM I, CEM III, and CSA. For GS and LS, a water-to-solid ratio of 0.1 was applied, while E0 was prepared with a sea water-to-solid ratio of 0.2. Subsequently, the fresh mixture was cast in molds to make settlement tiles measuring 40x40x10 mm. The tiles were demolded at 24 h, then cured at 100% humidity and room temperature until 28 days after demolding. After this, the tiles were stored in dry boxes at the marine laboratory facilities of Van Hall Larenstein University of Applied Sciences in the Netherlands until the experiments started.




2.2 D. antillarum larval production

D. antillarum larvae were produced using the shaker bottle method as described by Wijers et al. (2023). Larvae were the offspring of 12 adult D. antillarum, 4 females and 8 males, cultured in the marine laboratory facilities of Van Hall Larenstein University of Applied Sciences (the Netherlands) in December 2020 and kept as brood stock. The adults were divided over two recirculation systems filled with 450 L artificial seawater (ASW) (Tropic Marin® REEF-MIX sea salt, Wartenburg, Germany) of 35‰ at 25°C with a light/dark period of 12/12 h with artificial lighting. A commercially available herbivore diet (Vitalis Marine Grazer Mini, Thorne, Great Britain) was fed to the adults 5 times per week. To induce spawning, all adults were transferred to a tank containing water 5°C above ambient holding conditions (Pilnick et al., 2021). Within 15 minutes, adults started to release gametes. Eggs and sperm were collected directly after release of the gametes with a 10 mL pipette and combined in a 1L bottle with screw cap. Two hours after spawning, eggs were checked for fertilization and divided over 1L bottles containing 500 mL ASW. Bottles were placed on a shaking table to keep the larvae in suspension during culture (Wijers et al., 2023). Larval densities started at 15 larvae mL-1 right after fertilization and were brought back to 1 larva mL-1 the day after. Larvae were fed twice a week with microalgae Rhodomonas salina at a concentration of 15000 cells mL-1 during the first 14 days post fertilization (DPF). Once the larvae reached 15 DPF, they were fed 30000 cells mL-1 and this increased to 45000 cells mL-1 for larvae >20 DPF. After 35 DPF larval densities were ~0.4 larvae mL-1 and 70%-80% of the larvae had reached competency. Competent larvae can be recognized by a clearly developed external and/or internal rudiment, visible as white, instead of transparent tissue, with internal or external tube feet and are assumed to be ready for settlement and metamorphosis (Pilnick et al., 2023). At 35 DPF, 600 competent larvae were selected for the settlement assays.




2.3 Settlement assays



2.3.1 Experimental set-up

To test the effect of substrate type on the settlement of D. antillarum, a settlement experiment was conducted. For each substrate type, ten settlement tiles (40 × 40 × 10 mm) were inoculated with biofilm-forming organisms by placing them into tanks filled with artificial seawater (ASW) and porous reef rocks. The tiles were kept under artificial light with a 12/12 h light/dark cycle for a period of four weeks prior to the settlement experiment. To be able to test the effect of biofilm presence, the biofilm on half the tiles of each substrate was removed by using a toothbrush and blade, after which the tiles were placed in an autoclave (105°C for 20 min) to kill the remaining organisms. For each of the six substrates, 5 tiles were now available with biofilm and 5 tiles without biofilm, resulting in 12 treatments (Figure 1). Each settlement tile was placed in a 250 mL-beaker and filled up to 100 mL with autoclaved ASW of 35‰, leading to a solid:liquid ratio of ~1:5 between the tile and the surrounding water. Using 12 treatments and 5 replicates, this resulted in 60 beakers in total. Beakers were placed on a table under artificial light using a light/dark period of 12/12h. In each beaker, ten competent larvae were added by using a 10 mL pipette to place the larvae on the tile. Fifty percent of the autoclaved ASW was refreshed three times per week. The temperature in the room was kept at 22.1 ± 0.4°C.




Figure 1 | Overview of substrate types (CEM I, CEM III, CSA, GS, LS, and E0) with and without a four-week old biofilm at the start of the settlement experiment with D. antillarum. The first two rows show the top view of the tiles, the last row shows the side view (without biofilm).






2.3.2 Settlement measurements

Settlement was measured after 48h. All beakers were inspected thoroughly using a stereo microscope (Nikon SMZ745T). The following data were collected per beaker: number of alive, settled, and dead larvae. From these counts, we calculated the percentage of settled larvae per beaker. For example, if 3 out of the 10 larvae introduced in a beaker had settled on the substrate, this resulted in 30% settlement. We then averaged these percentages across the five replicate beakers to obtain the mean settlement for each treatment. The larvae were defined as settled when they were clearly attached to a substrate with their tube feet, retained a holdfast when a gentle water current was created with a 1 mL pipette, and had clear spine formation. Dead larvae were pale and brownish in color and often partly dissolving (Wijers et al., 2024) and were removed from the beakers. Temperature and oxygen levels of the ASW in the beakers were measured as control variables using a HQ40d Portable Multi Meter (Hach) after 48h. Salinity was measured using a hand-held refractometer (Atago).




2.3.3 pH measurements

At the start of the settlement experiment, before tiles were put in the water, the pH of the ASW was 8.57. The pH values of the water layer around the settlement tile of each beaker were measured with a HQ40d Portable Multi Meter (Hac) after 48h. The sensor of the Multi Meter was held in the water layer just above the settlement tile. The tiles were at this stage already 4–5 months old and had been in ASW for four weeks prior to the experiment (see 2.3.1).




2.3.4 Post-settlement morphology

To measure post-settlement morphology after one week, all settled juvenile D. antillarum were removed from the beaker, placed in a 1 mL-counting chamber, and photographed using the camera of a Nikon SMZ745T microscope. The test diameter (TD) and maximum spine length were assessed from the photographs using image analysis software (IC Measure, The Imaging Source). TD was determined by averaging two perpendicular measures across the test at the longest axes. Maximum spine length was calculated as the average of the five longest spines from each juvenile, following Mos et al. (2019).





2.4 Statistical analysis

Statistical analyses were performed with R (R Core Team, 2022) using R studio version 4.3.0. The effects of substrate type and biofilm presence on the number of settled larvae per treatment were analyzed using Generalized Linear Models (GLMs) with a Poisson distribution, which is the standard distribution for counts (Zuur et al., 2009). Model validation revealed no overdispersion. pH data also showed a Poisson shaped distribution, but since these were not count data we instead fitted a GLM with a Gamma distribution (with a log link function), to test the effect of substrate type and biofilm presence on the pH of the water. We compared models that included a full factorial combination of substrate type and biofilm, with additive models that excluded the interaction between the two factors; selecting the best-fitting models based on the lowest Akaike’s Information Criterion (AIC) (Zuur et al., 2009). The best-fitting models both for the number of settled larvae and pH included substrate type and biofilm presence, without their interaction (Supplementary Tables S1; S2).The significance of fixed effects in the GLMs was evaluated using likelihood ratio tests via the drop1() function in R and corresponding χ² values were reported. For the post-settlement morphology, test diameter and spine length data were analyzed using a 2-Factor ANOVA, with substrate type and biofilm presence as fixed factors. To test for post-hoc differences between specific treatments, pairwise comparisons were performed using estimated marginal means (EMMs) from the package emmeans (version 1.11.0) (Lenth et al., 2019), with Benjamini-Hochberg correction for multiple testing (Benjamini and Hochberg, 1995).





3 Results



3.1 Effect of substrate type and biofilm on larval settlement

A total number of 54 out of 600 D. antillarum larvae (9%) settled on the experimental tiles. Substrate type (χ² = 38.6, df = 5, p < 0.001) and the presence of a biofilm (χ² = 20.3, df = 1, p < 0.001) affected the settlement of D. antillarum significantly (Figure 2). All substrates with a biofilm had a significantly higher settlement than the same substrates without a biofilm. The highest settlement was found on the following substrates with biofilm: CEM III (30 ± 6%), followed by CSA (26 ± 10%), and E0 (20 ± 6%). Pairwise comparisons of substrates with biofilm revealed that CEM III, CSA and E0 differed significantly (p<0.05 for all comparisons, Supplementary Table S3) from the substrates CEM I (4 ± 3%), LS (4 ± 3%) and GS (2 ± 2%). Settlement rates on substrates without biofilm were on average low, however a similar effect of substrate type became apparent here: CEM III (6 ± 4%), CSA (4% ± 3%) and E0 (10 ± 5%) again yielded significantly higher settlement rates (p<0.05 for all comparisons, Supplementary Table S3) than CEM I (0 ± 0%), LS (2 ± 2%) and GS (0 ± 0%).




Figure 2 | The effect of substrate type and biofilm on the settlement success of D. antillarum after 48h. The tested substrates are CEM I, CEM III, CSA, GS, LS, and E0. Each substrate was tested without biofilm (light bars) and with biofilm (dark bars), n=5 per treatment. Bars represent means ± S.E. Treatments with the same letter do not significantly differ (p > 0.05).






3.2 Effect of substrate type and biofilm on pH

The pH values of the ASW in the experimental beakers ranged from 8.00 to 8.85, 48h after the start of the experiment (Figure 3, Supplementary Table S4). Substrate type significantly affected the pH (χ² = 264.8, df = 5, p < 0.001) whereas the presence of a biofilm had no effect (χ² = 1.7, df = 1, p = 0.186). Pairwise comparisons revealed that CEM I, CEM III, and LS all had a significantly higher pH (p < 0.01) than CSA, E0, and GS (Figure 3, Supplementary Table S5). CEM I without biofilm had the highest pH (8.81 ± 0.02), significantly higher than all the other materials.




Figure 3 | The effect of substrate type and biofilm on the pH in the D. antillarum settlement experiment. The pH values represent the pH of the ASW in the beaker with experimental tile and D. antillarum larvae, 48h after the start of the experiment. The tested substrates are CEM I, CEM III, CSA, GS, LS, and E0. Each substrate was tested without biofilm (light bars) and with biofilm (dark bars). Bars represent means ± S.E., n=5. Treatments with the same letter do not significantly differ (p > 0.05).






3.3 Effect of substrate type on post-settlement morphology

The average test diameter of the settled D. antillarum (Figure 4) one week after competent larvae were added to the beakers ranged between 566 and 617 µm. There was no effect of substrate type (F = 0.566, p = 0.716) or biofilm treatment (F = 2.13, p = 0.150) on the test diameter. The spine length of the larvae did not statistically differ between substrates (F = 1.986, p = 0.094) or biofilm treatment (F = 0.834, p = 0.365) (Table 2) but was generally lowest on CEM I (315 ± 39 µm) compared to other substrates.




Figure 4 | Post-settlement morphology of D. antillarum, one week after the start of the settlement experiment. This juvenile settled on CEM III with biofilm.




Table 2 | Post-settlement morphology of juvenile D. antillarum, one week after the start of the experiment.







4 Discussion

Our results demonstrate that larval settlement rates of Diadema antillarum vary depending on the type of artificial hard substrate. Settlement rates after 48h were up to eight times higher on CEM III compared to CEM I. CSA, and E0 also performed significantly better than CEM I. These differences are strongly reinforced by the presence of a biofilm. This is corroborated by other studies on D. antillarum (Hylkema et al., 2022; Wijers et al., 2024) and different other marine invertebrates (Dworjanyn and Pirozzi, 2008; Hadfield, 2011; Hayek et al., 2020, 2021; Mos et al., 2011).

The differences in settlement rates between materials can likely be explained by the characteristics of the substrate, which can cause differences in biofilm formation and consequently in available settlement cues (Wijers et al., 2024). Hayek et al. (2021) showed that bacterial biofilm formation after one month was significantly greater on CEM III mortars than on CEM I. Although biofilm formation was not quantified in the current study, variations in biofilm presence were visible (Figure 1) and increased colonization of CEM III, CSA, and E0 by biofilm-forming organisms might have benefited the larval settlement of D. antillarum. A more detailed analysis of biofilm composition across substrate types is recommended to better understand these patterns. Furthermore, CEM I has the strongest alkaline effect of the three binders compared in this study (CEM I > CEM III > CSA) (Chen et al., 2015; Hayek et al., 2020, 2021; Xu et al., 2019). This high pH in the water layer around CEM I could have inhibited colonization of biofilm forming micro-organisms (Hayek et al., 2020) and therefore reduce settlement of D. antillarum.

However, the pH values of the tested artificial hard substrates do not fully explain the difference in D. antillarum larval settlement rates. The three materials that performed best in terms of settlement (CEM III, CSA and E0) had pH values in the higher and lower end of the measured range. From the pH values of the substrates with biofilm, it becomes clear that CEM III (pH=8.6 ± 0.1) is more similar to CEM I (pH=8.7 ± 0.1), than to CSA (pH=8.3 ± 0.0) or E0 (pH=8.1 ± 0.0). Therefore, in this study, pH does not appear to be the main driver of differences in D. antillarum settlement. This is in contrast with other studies emphasizing the importance of pH with regard to settlement and post-settlement development of another sea urchin, Centrostephanus rodgersii (Mos et al., 2019, 2020). In this study, settlement rates were reduced up to 26% in high pH treatments (pH=8.2-8.3) compared to ambient and low pH treatments (pH=7.6-8.1). Other attempts of reducing the pH of concrete to enhance its bioreceptivity were often not focused specifically on settlement of a key species such as D. antillarum, but more on increasing overall cover of marine life and/or biodiversity (Hsiung et al., 2020; Perkol-Finkel and Sella, 2014). Lowering initial substrate pH only increased species richness in field experiments at early time points (3–6 months), possibly related to greater biofilm development. These differences did not persist over time, emphasizing the temporally limited benefit of lowering the substrate pH (Bone et al., 2022; Hsiung et al., 2020).

Both GS and LS had relatively low settlement rates. Contrary to LS, the performance of geopolymers (GP) in the marine environment has been tested before, but results varied per study: A year after deployment in the sea, 3D printed GP-based modules were less colonized by marine life compared to CEM III-based modules (Boukhelf et al., 2022). Yoris-Nobile et al. (2023) found the opposite: GP mortars showed higher marine biomass accumulation than cement mortars after three months. Bone et al. (2024) emphasize that primary chemical bioreceptivity of mortar mixes (ground granulated blast furnace slag and a natural, single source cement) seems to be inconsistent between ecological metrics and study sites. Therefore, other factors, such as the sustainability of materials, should be one of the priorities (Bone et al., 2024).

The relatively low settlement rates observed on GS and LS may be related to the leachates, liquids that seep from the substrates into the surrounding water. Santos et al. (2023) found that geopolymers leachates contain higher levels of trace elements than cement-based leachates, which may explain their lower success rate in embryo-larval development of the sea urchin Paracentrotus lividus (Santos et al., 2023). Since sea urchins are known for their sensitivity to a variety of marine pollutants, they are often used as an ecological indicator (Morroni et al., 2018). It might well be the case that this sensitivity also plays a role in the settlement of D. antillarum on the various artificial hard substrates. In addition to trace elements, leachates may also contain ions such as Ca2+, Mg2+, Sr2+. These ions can act as chemical cues for larval settlement, as shown for larvae of the Caribbean corals Colpophyllia natans and Orbicella faveolate (Deshpande et al., 2025). Yus et al. (2024) further demonstrated that larval settlement of these corals is influenced by both the base material composition (e.g. CaCO3) and the presence of inorganic additives (e.g. SrCO3), even without a biofilm. While leachate composition was not analyzed in the current study, GS and LS appeared to have a higher porosity, potentially leading to an accelerated release of (trace) elements into the water. This could in turn affect both biofilm development and the settlement success of D. antillarum.

Post-settlement morphology did not differ between treatments, as settler test diameter and spine length were not affected by substrate type or biofilm presence. Although this was not tested for D. antillarum before, a study on another sea urchin species found similar results, with no effect of substrate type on the spine length of Tripneustes gratilla two weeks post-settlement (Mos et al., 2019). Mos et al. (2019) did however find an effect of the interaction between pH and substrate on test diameter (TD). At pH 7.9 the TD was 12% greater in the concrete treatment than the greywacke and granite treatments, while at pH 8.1 this effect was opposite with TD being 15% greater in the greywacke treatment than the granite (no difference between concrete and greywacke). This interaction became apparent two weeks post-settlement, whereas in our study morphology was only examined one week after the start of the experiment. Survival of juveniles could not be measured in detail in the current study, since settlers were not separated from non-settled larvae and could therefore not individually be monitored. Only the total number of settled larvae per beaker at each time frame could be assessed, in line with the design of Mos et al. (2019). For a more detailed post-settlement survival analysis, a design similar to Mos et al. (2020) is suggested, where settled larvae are removed, placed in new containers, and maintained under the same experimental conditions.

One limitation in comparing the artificial substrates in this study is that the addition of dredged sediments and natural fibers in the mixes GS, LS, and E0 resulted in a rougher surface texture than the binders (CEM I, CEM III and CSA) (Figure 1). Surface microtopography is known to positively affect the settlement of coral reef-associated invertebrates (Levenstein et al., 2022a) and seems to play a role for D. antillarum as well (Pilnick et al., 2023). However, our results show that the highest settlement rates were both on smooth surfaces (CEM III, CSA) and a rougher surface (E0). This may be explained by the high degree of specificity with which larvae select their settlement substrate. Levenstein et al. (2022b) demonstrated that Caribbean coral larvae can detect soluble inorganic ions in the water column, are drawn to their source, and subsequently select settlement sites based on surface microtopography and/or composition – emphasizing the complex ecological processes that underlie larval recruitment. For future comparison of substrate types, surface roughness should therefore be quantified or standardized between treatments.

Our study shows that CEM III, CSA, and E0 support higher D. antillarum settlement than the industry-standard CEM I. These results were reinforced if the materials were allowed to develop a four-week old biofilm, underscoring the importance of biofilm-forming organisms as a settlement cue. Although pH differed significantly between treatments and may have affected the biofilm formation - and thereby indirectly D. antillarum settlement - no direct link between pH and D. antillarum settlement was observed. This study provides insights into alternative materials with increased bioreceptivity and a lower carbon footprint that could enhance the ecological performance of artificial reefs and other marine infrastructure. Whether the observed effects of substrate type remain significant over a larger temporal and spatial scale, for multiple key species, and combined with other engineering effects, should be the focus of future studies. This knowledge will help us to restore degraded ecosystems such as coral reefs more effectively while at the same time minimizing greenhouse gas emissions.
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