Small structures and substrate stabilisation in coral restoration: state of knowledge, and considerations for management and implementation
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S2 Appendix

Natural stabilisation of rubble on coral reefs

Depending on its location across the reef environment, rubble may be transported onshore or offshore, or may become trapped within the reef matrix. If rubble remains stable for long enough, it can eventually become consolidated and incorporated into the reef framework [1, 2]. The transition from rubble to reef has been described as a two-part process that requires both a preliminary stage of rubble stabilization and binding, followed by rigid binding or diagenetic cementation [2]. The processes of rubble stabilisation, binding and cementation increases reef density and decreases reef porosity, leading to reduced erodibility and increased stabilisation of the substrate [3]. Even though this is a critical process in the recovery of damaged coral reef communities, qualitative analysis and understanding of reef framework and rubble stabilisation and binding rates is limited [3].

Preliminary stabilisation and temporary binding
Preliminary stabilisation of rubble can be achieved when hydrodynamic energy is reduced or rubble pieces interlock (Main Document, Fig 2a), followed by the colonisation of encrusting and binding invertebrates (Main Document, Fig 2b, c)[2, 4, 5]. Organisms that encrust and bind rubble include macroalgae, sponges, crustose coralline algae, corals, corallimorpharians, colonial bryozoans, colonial ascidians, zooanthids, serpulid worms, hydrozoans and foraminifera [5-11]. Dependant on the environmental conditions and recruitment potential, rubble-encrusting organisms colonise rubble at different times and at different rates. The distribution and growth of these organisms is influenced by environmental factors including light availability, hydrodynamic regime and sedimentation [2, 12-14]. For example, photosynthetic organisms such as turf algae, macroalgae and coralline algae are more prevalent in shallower areas on exposed surfaces with high light availability [15-17], and coralline algae are more prevalent in high energy environments, due to their low profile [18]. 

Inferences about the order of colonisation of rubble binding organisms can be made from studies of succession on recruitment tiles. Turf algae are often the first colonisers during early succession [19], increasing rapidly over the first ~3 months [20]. This is usually followed by encrusting and fleshy macroalgae, and coralline algae begin to dominate after ~6 months [20]. Macroalgae can occupy space rapidly, particularly after events that reduce coral cover [21]. In the Caribbean, macroalgae (primarily Dictyota, Caulerpa, and Halimeda spp.) grew over and bound 62% of experimental rubble piles securely after one month [5]. However, macroalgae is often highly seasonal [22, 23], and therefore may only bind rubble temporarily [5]. If high algal cover persists (for example, because herbivory levels are low) it can inhibit the recruitment and growth of stronger binders like crustose coralline algae and corals. 

Rigid binding
Following preliminary stabilisation, rigid binding by laterally-growing carbonate encrusting organisms and diagenetic cementation can occur (Main Document, Fig 2d). Providing herbivory levels are adequate to control turf and macroalgae, the cover of colonial bryozoans, ascidians and sponges has been shown to increase on recruitment tiles after ~3 months [20]. Sponges are considered critical for the initial stabilisation and binding of coral rubble [2, 5, 24, 25], but there is little research on how quickly sponges bind rubble. In the Caribbean, cryptic sponges adhered to the underside of more than 50% of experimental rubble piles within one month, and had tightly bound 73% of piles after five months [5]. 
Other studies that seeded experimental rubble piles with erect sponge species found that preliminary stabilisation and binding to the point where individual rubble pieces were not distinguishable took between ten [5] and 12 months [8]. Other soft-bodied invertebrates, including zooanthids and corallimorphs, can also bind rubble piles [8; T. Kenyon, pers. obs., 11]. However, the potential of corallimorphs to aid recovery may be negated by their ability to outcompete other taxa. In the Maldives they covered 80% of the benthos at some islands and overgrew coralline algae, sponges and reduced space for coral settlement [11]. 

Carbonate binders
Carbonate encrusters like colonial bryozoans, which are highly successful in cryptic microhabitats [12, 26], are important binders and have been known to outcompete other colonisers including foraminiferans, bivalves and serpulid worms in rubble beds [27]. Crustose coralline algae are also considered by several studies to be strong and important binders due to their encrusting, calcified structure and resilience to high wave exposure [2, 7, 28]. They have also been reported to encrust and firmly bind experimental, sponge-seeded rubble piles after just seven months [5]. However, experimental rubble piles that were coralline algae-encrusted, but not previously seeded with sponges, remained un-consolidated [5]. This suggests that effective carbonate binding may require a combination of different organisms. ‘Algal cup reef’ structures, for example, are characterized by vertical layering of not only coralline algae, but also encrusting corals, foraminifera and vermetid gastropods [29]. On a larger scale, coralline algal crusts have formed over the top of vast coral rubble deposits on fringing reefs in the Caribbean following hurricanes [1], though the time-frame for this process is unknown. In some cases, crusts are present in some areas but the rubble ridge remains an unconsolidated, loose pile after 3 years [30]. Even when consolidation has occurred, and algal crusts provide a firm substrate for lateral regeneration of the reef, the rubble beneath the veneer might remain unconsolidated [7], necessitating in-filling and cementation. 

Cementation
Following preliminary stabilisation and binding, rigid binding by diagenetic cementation occurs in near-shore ramparts as well as back-reef, reef-flat, and shallow fore-reef rubble patches [1, 2, 31]. After rubble is initially deposited and reef framework is formed by corals and other marine calcifiers, the reef matrix undergoes diagenetic alteration and is continuously infilled with sediment, rubble, and cements [2, 32, 33]. These cements are largely composed of high‐magnesium calcite and aragonite that infill the voids between the rubble pieces and encrust over the dead skeletal materials [1, 2, 33]. Calcifying microbialites further trap and bind sediments and are important in rigid cementation. Other encrusters that are also preliminary binders, such as coralline algae, corals and bryozoans, are of secondary importance at this stage [2]. The lithification of coral rubble is a critical diagenetic process that leads to rigid substrate cementation [31, 32]. The degree of rubble cementation is considered a function of time available at the interface of the water column and the rubble substratum. Thus, slower accreting reefs are more consolidated and cemented than those with higher accretion rates [2]. The highest rates of rigid rubble cementation are found in fore-reef areas with low sloping angles above the wave base, while the lowest rates are found in deeper fore-reef environments and the reef crest [2]. 
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