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surprisingly effective in collecting coral settlers, demonstrat-

ing that a change in sampling protocol can produce signifi-

cant variation in settlement data and strengthening the argu-

ment for standardisation of settlement-monitoring protocols, 

particularly at a time of growing need for reliable metrics. 

These results also suggest that movement of rubble is not 

precluding settlement outright, but rather post-settlement 

processes (i.e. competition, predation, shading or burial by 

shifting rubble) are limiting recruitment to rubble patches. 

Consequently, rubble stabilisation may increase the survival 

of spat that have settled in these environments.

Keywords Coral settlement · Movement · Rubble · 

Stability · Recruitment · Recovery

Introduction

Unconsolidated substrates such as sand and rubble are 

widely distributed across coral reefs and can be the dominant 

substrate in some reef zones (Rasser and Riegl 2002). While 

rubble fields are routinely recognised as a major substrate 

type in reef habitats (Kennedy et al. 2021; Wolfe et al. 2021) 

that harbour diverse communities (Klumpp et al. 1988; 

Gischler and Ginsburg 1996), they usually feature reduced 

structural complexity and hence, at least for macrobiota, 

lower biodiversity relative to consolidated reef substrate 

(Ferreira et al. 2023). Colonisation of these unstable habitats 

by sessile epibenthic organisms may be constrained both by 

larval settlement preferences and by challenges to post-set-

tlement survival, including from substrate mobility, competi-

tion, sediment burial, and light limitation (Jones et al. 2015; 

Cameron et al. 2016; Kenyon et al. 2020). Yet Scleractinian 

coral larval settlement and subsequent growth and recruit-

ment to the population is a critical phase of reef recovery, 
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which maintains the rich biodiversity found on coral reefs 

(Edmunds 2023). Hence, it is important to understand how 

these processes occur on unconsolidated substrates, and how 

changes in the abundance and distribution of rubble may 

limit recovery of coral reefs.

It has long been assumed that the settlement of sexually 

produced coral larvae onto rubble, such as dead coral frag-

ments, is probable (Davies and Hutchings 1983; Hughes 

et al. 1999). While some coral species adapted to frag-

mentation are known to persist in rubble habitats if the 

fragments are large enough to avoid burial (Heyward and 

Collins 1985; Roff 2008; Cameron et al. 2016), sexually 

produced coral larvae of many broadcast spawning species 

produce primary polyps 1 mm in diameter or less (Babcock 

et al. 2003). Studies of rubble dynamics indicate that lat-

eral movement and overturning of rubble poses an elevated 

risk to survival of these small coral settlers relative to those 

on consolidated substrate (Viehman et al. 2018), leading a 

recent review to characterised rubble beds as killing fields 

for coral recruits (Fox and Caldwell 2006; Ceccarelli et al. 

2020). Yet, quantitative and qualitative data on coral settle-

ment and recruitment to rubble is limited (Cameron et al. 

2016). Some movement of rubble may occur daily, particu-

larly in shallow areas of the reef. Consequently, evidence 

of initial settlement to these substrates can be lost before 

it can be quantified with confidence. Many in situ studies 

(e.g. Mumby 1999; Davidson et al. 2019) have used visual 

census techniques, with lower size detection limits around 

4–5 mm diameter being common. Until recent technological 

advancements (Schmidt-Roach et al. 2008; Roth and Knowl-

ton 2009; Martinez and Abelson 2013; Zweifler et al. 2017; 

Nativ et al. 2021; Gouezo et al. 2023), even the most careful 

visual surveys (e.g. Mumby 1999) acknowledge that data 

for the lowest detectable size class (2–3 mm) were prob-

ably underestimates, with counts for 4–5 mm sized recruits 

more accurate than anything smaller. Corals of this size are 

likely to be several months old, leaving considerable uncer-

tainty about the scale and composition of initial settlement 

to rubble beds. When Roth and Knowlton 2009 tackled this 

problem using in situ fluorescence to detect juveniles down 

to 1 mm, settlement of corals onto rubble at Palmyra Atoll 

in the Central Pacific was comparable to that on consoli-

dated reef. This supports earlier predictions that settlement 

is probable, but there is a lack of comparable studies on 

reefs in other biogeographic regions to know if broadscale 

settlement of corals across rubble zones is the norm. The 

settlement to rubble measured at Palmyra Atoll may not be 

typical of all reef areas or may require particular environ-

mental conditions.

Rubble pieces, particularly if covered in appropriate bio-

films, can represent an attractive microhabitat for the settle-

ment of coral larvae and may not be able to be differenti-

ated from the stable reef matrix by larvae during settlement 

(Nugues and Szmant 2006; Villanueva et al. 2012; Randall 

et al. 2024). However, experimental studies of coral settle-

ment have used a variety of static substrates, in the field or 

on the laboratory bench, that have not factored in move-

ment. It is unknown if movement of substrates, such as that 

which naturally occurs with dynamic rubble pieces in situ, 

affects larval behaviour or inhibits larval settlement. Coral 

spawning events mostly occur during calmer times of year 

(van Woesik 2010) which could favour less movement of 

rubble substrates during periods of larval settlement, but 

some movement is likely even during mild weather, particu-

larly in shallower and windward areas of reefs. Furthermore, 

species-specific settlement preferences for rubble (Randall 

et al. 2024) may alter the species composition of recruits 

in these areas, and depending on post-settlement mortality 

processes, can consequently impact community composition 

during reef recovery.

Forecasts of increasing physical and biological disruption 

to coral reefs (Webster et al. 2005; Cheal et al. 2017; Smale 

et al. 2019) point to the loss of live coral and an increasing 

supply of both fine and coarse unconsolidated substrates 

(Kenyon et al. 2023). Yet there is a limited understanding of 

what an increase in rubble habitat could mean for coral set-

tlement, recruitment and recovery processes and general reef 

ecology. Amongst those knowledge gaps, the nuances under-

pinning coral recruitment dynamics in different rubble bed 

types and at different stages of stabilisation are important to 

investigate (Kenyon et al. 2023). In addition, settlement stud-

ies on reefs have typically focused on fixed substrates and 

are often referred to as recruitment studies, although they 

are more accurately measuring settlement rather than the 

recruitment of new individuals to the population (Connell 

1973). Given the sometimes large and potentially growing 

amount of mobile rubble on reefs due to climate-changed 

induced mass-bleaching events, increased erosion and 

stronger cyclones (Kenyon et al. 2023), improved knowl-

edge of the potential for coral settlement to these dynamic 

substrates should lead to a more holistic understanding of 

recruitment. Here, we conducted a series of laboratory and 

field experiments to better understand the role of substrate 

mobility on coral settlement. Specifically, we aimed to (1) 

compare settlement onto fixed and moving/unstable sub-

strates in the laboratory and field, (2) compare settlement 

behaviour amongst taxa in these environments, and (3) 

assess natural settlement onto rubble in situ.

Methods

Experiment 1—moving plugs

Two species of gravid scleractinia from the Great Bar-

rier Reef (GBR) were transported to the National Sea 
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Simulator (SeaSim) at the Australian Institute of Marine 

Science (AIMS), Townsville as broodstock for a pilot 

study testing settlement onto moving and static substrates. 

Six colonies of Goniastrea retiformis collected from Man-

barra sea Country in the Palm Islands spawned in captivity 

on 16 November 2019, 4 days after the full moon, begin-

ning at approximately 20:00. Eight colonies of Acropora 

millepora collected from Woppaburra sea Country in the 

Keppel Islands spawned on 17 November 2019, 5 days 

after the full moon, beginning at approximately 21:00. 

Spawning, fertilisation and larval rearing followed stand-

ard SeaSim methods, summarised in (Pollock et al. 2017). 

To compare settlement onto moving versus static sub-

strates, larvae were sourced from bulk cultures at SeaSim 

and added to each experimental tank at a nominal density 

of 50  l−1, once > 50% competency was established through 

standard settlement assays sensu Negri et al. (2001).

For each coral species, 165 aragonite plugs (OceanWon-

ders, 20-mm diameter) mounted in a PVC frame, were con-

ditioned for 6 weeks prior to spawning, in flowing seawater 

in the SeaSim, to allow biofilm development. Just prior to 

settlement, sixteen plugs, selected at random, were inserted 

into clean, individual square PVC frames without any bio-

film. The PVC frames also restricted larval access to the 

upper-facing surface of the plug only. Each PVC frame was 

deployed in the tank independently, with 8 plugs assigned 

to each of the still and moving treatments. The plugs were 

placed haphazardly, but approximately equally spaced 

(approximately 11 cm apart) in a single 68 L tank holding 

60 L of ambient seawater. Plugs were then referred to as 

‘still’ or ‘moving’. Each ‘still’ plug was paired with a ‘mov-

ing’ plug and was stationary on the bottom of the tank while 

‘moving’ pugs were individually suspended on a jute string 

line, approximately 20 cm below a 37-mm diameter plastic 

surface float, in the midwater area of the tank, approximately 

20 cm above each ‘still’ plug. To ensure that the ‘moving’ 

plugs were constantly in motion, aeration was provided 

mid-water in the tank via a rigid plastic tube (4 mm interior 

diameter) venting bubbles in the tank, causing ripples at 

the water’s surface. Delivering constant aeration for the set-

tlement period with vigorous bubbling caused the 37–mm 

floats connected to the ‘moving’ plugs to bob continuously 

throughout the experiment. Observations indicated that the 

movement of the surface floats provided a slight but constant 

jiggling motion to the suspended settlement plugs, analo-

gous to that of a teabag. The moving plug substrates were 

jiggled (i.e. bobbed up and down) 1–2 times  s−1 and moved 

a few mm with each jiggle of the float, in the range 1–5 mm 

(see online Supplementary video).

Approximately 48 h after larval introduction to the tank, 

all plugs were collected and examined under a stereo light 

microscope. The numbers of settled (i.e. attached and meta-

morphosed) spat on the surface of each plug were counted.

Coral settlement was modelled using a generalised lin-

ear mixed effects model with a negative binomial distribu-

tion and a log link function, using the ‘glmmTMB’ package 

(Berg et al. 2017) in R (R Core Team 2022). Treatment (still 

vs. moving), species (Acropora millepora and Goniastrea 

retiformis), and their interaction were modelled as fixed 

effects and the plug pair (i.e. each set of still and mov-

ing plugs) was modelled as a random effect to account for 

any spatial patterns of settlement within the tank. Model 

diagnostics were assessed with DHARMa (Hartig 2020) 

and modelled responses were visualised using ggplot and 

emmeans.

Experiment 2—Moving rubble

In 2021, the laboratory study described in experiment 1 was 

repeated with a third common reef building species, Acro-

pora cf. kenti (Bridge et al. 2023). In this study, pieces of 

live reef rubble were used as the settlement substrate rather 

than coral plugs, to better mimic the natural communities of 

biofilm that would be present during settlement on rubble 

in situ.

A. cf. kenti broodstock colonies and natural pieces of 

rubble were collected from Davies Reef, (18°48′37"S, 

147°38′32"E) a typical mid-shelf reef east of Townsville, 

on the central GBR in Bindal sea Country. The rubble was a 

natural mixture of shapes although dead branching Acropora 

was common. Similarly-sized pieces of the branching coral 

rubble were chosen, and cut, using stainless steel bone cut-

ters, into cylindrical pieces between 2 and 3 cm in length 

(Fig. 1B). The length of each rubble fragment was measured 

and the rubble curved surface area (SA) was nominally esti-

mated using the equation for a cylinder:

SA = 2�rh ; where r is the radius and h is the height of 

the coral branch.

Three replicate 68-L tanks were used and the cut rub-

ble pieces distributed as before, with each tank containing 

4 pieces lying static on the tank floor and 4 paired pieces 

suspended under 37-mm diameter floats on pieces of cotton 

string, for a total of 12 ‘still’ and 12 ‘moving’ replicate rub-

ble pieces. A. cf. kenti larvae generated from corals spawned 

on 23 November 2021, 4 days after the full moon at approxi-

mately 18:30, were added to each replicate tank, once com-

petent to settle, as described above. They were allowed 48 h 

to settle after which the pieces of rubble were removed and 

the numbers of settled coral spat were counted, excluding 

those on the ends of the fragments. Spat density  (cm−2) was 

calculated by dividing the number of spat by the SA of each 

rubble fragment.

Coral settlement was modelled against treatment (still vs. 

moving) using a generalised linear mixed effects model with 

treatment considered a fixed effect and replicate pair nested 

within experimental tank as a random effect. Settlement 
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density was modelled with a gaussian distribution, using the 

‘glmmTMB’ package (Berg et al. 2017) in R (R Core Team 

2022). Model diagnostics and visualisations of estimated 

marginal means were undertaken as described for Experi-

ment 1.

Experiment 3—Field settlement to fixed and floating 

tiles

To investigate the role of fixed versus free-floating (i.e. mov-

ing and elevated) substrates on coral settlement in situ, we 

undertook a field experiment. Natural clay fired (terracotta) 

tiles (11 × 11 × 1 cm, L, W, H; average weight 122 g) were 

deployed as coral settlement substrates at Halfway Island 

reef (23°12′5.82″S, 150°58′12.78″E), in Woppaburra sea 

Country (Keppel Islands) in the southern inshore GBR. 

Tiles were pre-conditioned in the SeaSim in flowthrough 

seawater for the development of a biofilm beginning on 11 

October, before deployment on 4 November 2021 approxi-

mately 20 days ahead of the predicted coral spawning period 

(realised on 23 November 2021 for colonies collected from 

this location and spawned in the SeaSim).

Each pair of tiles consisted of a fixed tile and a floating 

tile and were deployed in five replicate pairs across each 

of 3 replicate 10 m transects, for a total of 15 tiles of each 

treatment. Fixed tiles were mounted on steel reinforcement 

rod (reo) driven into the reef and placed at the height of the 

surrounding coral canopy, but not in contact with the sub-

strate. Floating tiles were tethered to an individual reo rod 

adjacent to the fixed tile but were suspended in the water col-

umn in a horizontal position, approximately 40 cm above the 

height of the coral canopy, from a Dyneema® string line fed 

through the centre of the tile and tied to a 78 mm diameter 

buoy (Fig. 1A). Tiles were retrieved on 8 Jan 2022 (65 days 

after deployment and approximately 46 days after spawn-

ing), bleached and returned to the laboratory for assessment. 

The surfaces of each tile were searched twice using a dis-

section microscope (Leica M60 stereo microscope), and all 

coral spat skeletons were marked, identified into family cat-

egories (Acroporidae, Pocilloporidae, other, or unknown; 

Fig. 1D–F) and counted as per Babcock et al. (2003). Spat 

from the family Acroporidae were identified using the fol-

lowing features: (i) porous coenosteum, (ii) prominent septa 

and (iii) no columella. Pocilloporidae spat were identified by 

a (i) solid coenosteum, (ii) prominent septa and a (iii) promi-

nent columella. Spat in the other category were defined as 

an intact spat without the features of either Acroporidae or 

Pocilloporidae, such as septa with prominent teeth typical 

of Poritidae and Fungiidae for example, and unknown was 

defined as an unrecognisable spat due to damage, obscurity, 

or age of <  ~ 1 wk without evident features. All surfaces 

(upper, lower and sides) of the tile were assessed and quanti-

fied separately to investigate whether settlement preferences 

varied between treatments and by location on the tile.

Coral settlement density was modelled using a general-

ised linear mixed effects model with treatment (fixed vs. 

floating), tile position (top, side, or underside), and their 

interaction as the fixed effects, and tile nested in replicate 

pair nested within replicate transect as a random effect. 

Settlement density was used as the response to account for 

uneven surface areas across tile positions, and to compare 

with rubble settlement densities. Settlement was modelled 

using a Tweedie distribution with a log-link function using 

the ‘glmmTMB’ package in R, to account for the continuous, 

non-negative data with a high frequency of zero values and 

a right-skewed distribution. Total settlement density (over 

Fig. 1  A Paired floating and fixed tiles deployed on Halfway Island 

reef during Experiment 3. B Rubble fragments used in Experiment 

2. Natural rubble, consisting mostly of branching coral fragments 

and encrusted with crustose coralline algae and biofilm was col-

lected from Davies Reef and cut into similar lengths. C Experimental 

settlement tank setup for Experiments 1 and 2 showing the surface 

floats and aeration enabling the movement of settlement substrates 

suspended beneath. D–F Photomicrographs of spat skeletons on set-

tlement tiles. D Acroporidae E Pocilloporidae and F ‘other’. Scale 

bars = 1  mm. G Examples of natural rubble fragments collected, 

bleached and assessed for settlement
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the entire tile) was also compared between treatments (fixed 

vs. floating) with replicate pair nested within replicate tran-

sect as a random effect, as above. Model diagnostics were 

assessed as described above.

Experiment 4—Settlement to natural rubble

From 8–12 January 2022, (an estimated 46–50 days after 

the predicted Nov 2021 spawning) approximately 10 rub-

ble pieces were collected from each of six reefs across the 

Keppel Islands: Humpy Island Reef, Halfway Island Reef, 

“Home” (i.e. the house reef of the Konomie Island Envi-

ronmental Education Centre) and Mazie Bay reefs of North 

Keppel Island (NKI), Clam Bay and Shelving Bay reefs of 

Great Keppel Island (GKI) (Table 1). The rubble pieces were 

bleached and dried. The rubble pieces were then laid on their 

flattest aspect and photographed from above on a contrast-

ing black backdrop with a ruler for scale (Fig. 1F). Using 

Image J (‘versatile tool’) to select the boundary of each 

rubble piece, an upper two-dimensional surface area was 

calculated. This surface area was then multiplied by two, 

combining the upper and lower surface areas and approxi-

mating the area available for settlement. Each fragment was 

then examined for coral spat using the method described 

above for Experiment 3. Once assessed, the number of spat 

and the available surface area were used to calculate a spat 

settlement density. We note that this approach likely overes-

timates the available area for settlement as some underside 

surfaces may be flush with the benthos, preventing larvae 

access for settlement. Thus, settlement densities may have 

been underestimated using this method. Spat densities were 

compared amongst sites using a generalised linear model 

with a Tweedie distribution and a log link function, to handle 

the continuous, non-negative and zero-inflated density data. 

Model diagnostics and data visualisation were undertaken 

as described above.

Results

Experiment 1—moving plugs

Coral settlement onto moving plugs was not significantly 

reduced compared with fixed plugs in either species tested 

(A. millepora and G. retiformis) (Fig. 2A; Table 2). Mod-

elled settlement of A. millepora was estimated to be 14.4 and 

13.9 spat per plug for still and moving plugs, respectively, 

while settlement of G. retiformis was lower overall and was 

estimated at 7.9 and 5.0 spat per plug for still and moving 

substrates, respectively.

Experiment 2—moving rubble

Rubble fragments had an average surface area of 1553  mm2 

and ranged from 939 to 2350  mm2. A. cf. kenti settlement 

onto moving rubble was significantly reduced compared 

with still rubble, which saw five times higher settlement 

density than moving rubble (5.9 vs. 1.0 spat  cm−2 on still 

and moving rubble, respectively; Fig. 2B; Table 2).

Experiment 3—field settlement to fixed and floating 

tiles

A total of 759 spat were identified across the 30 tiles 

deployed at Halfway Island. In situ settlement to floating 

tiles was approximately 4 times higher than settlement to 

fixed tiles, with 612 and 147 spat identified on floating and 

fixed tiles, respectively (Fig. 3A, Fig. 4A; Table 2), and 

this pattern was consistent across replicate transects. Most 

settlers were from the family Acroporidae, representing 

80 and 92% of spat from the floating and fixed treatments, 

respectively (Fig. 3B). Pocilloporidae were only found in the 

floating treatment and only accounted for a small propor-

tion of total recruits identified (12%), whilst the ‘other’ and 

‘unknown’ categories represented between 3 and 5% of spat 

in each treatment.

The highest densities of settlers were found on the sides 

of the tiles (with a mean density of 0.13 and 0.38 spat  cm−2 

on fixed and floating tiles, respectively), and the undersides 

Table 1  Waypoints and 

dates of rubble collection for 

assessment of natural settlement 

(Experiment 4)

Site name Latitude Longitude Date of rubble 

collection (dd/mm/

yyyy)

Clam Bay, Great Keppel Island 23°11′11.20"S 150°58′26.69"E 8/1/2022

Halfway Island Reef 23°12′7.10"S 150°58′16.27"E 11/1/2022

Home Reef, North Keppel Island 23°4′58.06"S 150°53′4.70"E 10/1/2022

Humpy Island Reef 23°12′40.66"S 150°57′58.23"E 8/1/2022

Mazie Bay, North Keppel Island 23° 5′7.99"S 150°54′11.43"E 9/1/2022

Shelving Bay, Great Keppel Island 23°11′20.46"S 150°56′1.69"E 10/1/2022
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of floating tiles (0.16 spat  cm−2 vs. 0.004 spat  cm−2 on 

undersides of fixed tiles) (Fig. 3A).  The tops of tiles in 

both positions had very low densities of spat (0.03 and 0.04 

spat  cm−2 for fixed and floating tiles, respectively), while the 

lowest density observed was on the undersides of fixed tiles, 

which had negligible settlement (0.004 spat  cm−2; Fig. 3A).

Experiment 4—settlement to natural rubble

Between 10 and 17 rubble fragments were sampled from 

each of the six sites (Fig. 1F, Fig. 4) and a total of 99 spat 

across 71 rubble fragments were identified. Approximately 

2 months after the main mass-spawning event, spat were 

recorded on 42% of rubble fragments. Settlement to rub-

ble in situ was lower than settlement to the tiles (compare 

Fig. 3A and Fig. 4A) and averaged 0.02 spat  cm−2 across 

sites, again noting that spat density on rubble was likely 

underestimated due to the method of surface area estima-

tion. The highest average settlement was observed at Mazie 

Bay and was 2.8 spat per fragment, 14 times higher than the 

lowest settlement at Clam Bay and Humpy Island, both with 

an average of 0.2 spat per fragment.

The dominant taxon recruiting to rubble was Acropori-

dae, representing 72% of spat. Pocilloporidae represented 

14% of spat, with 13% identified as other and 1 as unknown. 

The relative proportion of spat from each family varied 

amongst sites (Fig. 4C) but the sample sizes were very low at 

some locations, thus comparisons amongst sites were made 

qualitatively only.

Discussion

The ability of larvae to detect, attach to, and metamorphose 

on moving substrates in the experimental system was ini-

tially surprising, as both the larvae and the substrata were 

continually in motion. Kenyon et al (2023) reported that rub-

ble fragments demonstrated rocking motion even at water 

velocities too low for rubble transport, which they conjec-

tured may prevent coral settlement to small rubble pieces 

under even low-energy hydrodynamic conditions. However, 

in the laboratory we demonstrated the settlement of larvae of 

Acropora millepora, A. cf. kenti and Goniastrea retiformis 

on substrates experiencing constant fine-scale movements. 

These results, combined with the in situ settlement observed 

to natural rubble and floating tiles, suggest that coral settle-

ment can occur on rubble pieces as small as a few centime-

tres (i.e. those with the greatest likelihood of rubble motion 

(see Kenyon et al 2023)), even if there is slight to-and-fro 

movement of the substrate from regular wave action.

The scale of substrate movement in the present labora-

tory experiments was only a few millimetres per second, 

comparable to water movement found within reef interstices 

(Koehl & Hadfield, 2010). Given that larvae are reported 

Fig. 2  A Experiment 1 coral larval settlement results for two species 

(Amil, Acropora millepora; Gret, Goniastrea retiformis) on still ver-

sus moving plug treatments. No significant differences were observed 

between treatments, but G. retiformis had significantly fewer settlers 

than A. millepora. B Experiment 2 coral larval settlement results for 

Acropora cf. kenti on still versus moving rubble fragments (Fig. 1B, 

C). * indicates statistically significant differences between treatments 

(p < 0.001)
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to be poor swimmers and may rely on fine scale turbulence 

to reach settlement sites within the reef framework (Hata 

et al 2017; Koehl & Hadfield, 2011), these results suggest 

that larvae swept into the benthic boundary layer have the 

ability to settle routinely within rubble fields under normal 

hydrodynamic conditions. Indeed, the numerous interstices 

amongst rubble pieces conditioned with appropriate settle-

ment cues present an attractive settlement habitat across a 

broad range of coral taxa as recently demonstrated by Ran-

dall et al. (2024) for 25 taxa from 7 families tested in the 

Fig. 3  A Results of an in  situ experiment (Experiment 3) assessing 

natural settlement onto fixed and floating tiles (Fig.  1A). Letters in 

(A) indicate statistically significant differences between treatments 

from post-hoc pairwise comparisons p < 0.001; (Table 2). B Propor-

tional settlement of spat onto fixed and floating tiles by family groups 

(Acropora, Acroporidae; Pocillopora, Pocilloporidae; Other= other 

taxa, Unknown = unidentifiable, partial, or damaged spat skeletons). 

Colours in B indicate the position of settlement onto the tile (top, 

sides or underside)

Fig. 4  A Coral settlement densities on rubble across six sites 

(Experiment 4). B Proportional settlement of spat onto rubble by 

family groups (Acropora, Acroporidae, Pocillopora, Pocilloporidae, 

Other = other taxa, Unknown = unidentifiable, partial, or damaged 

spat skeletons), at each of six sites (Table 1). Letters in A represent 

statistically significant differences amongst sites. Rubble sample sizes 

from each site are indicated above bars in (B)
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laboratory. Our finding of settlement to rubble in situ at 

six sites is consistent with this view and supports results 

of Johns et al. (2018) who found comparable settlement 

on tiles deployed in rubble and consolidated areas. Similar 

results were also found by Cameron et al (2016) in Florida, 

where mainly brooding species were observed settling on 

rubble. These findings suggest that rubble fields should be 

considered as potential targets for initial coral settlement 

on a reef, alongside areas of consolidated habitat, by both 

brooding and broadcast spawning species. The results sup-

port the long-held assumption that corals do settle to rubble 

habitats, and thus slow recovery of corals in rubble fields is 

likely driven by elevated post-settlement mortality.

As our three experimental species have larval develop-

ment and settlement processes typical of the majority of 

broadcast spawners, (e.g. Babcock and Heyward 1986) 

we hypothesise that larvae may routinely be settling on 

unconsolidated rubble areas of reef following annual mass 

spawning events on the GBR. The same is likely to apply 

to brooding species (see Cameron et al 2016). Nonetheless, 

species-specific differences in larval settlement preferences 

in relation to substrate movement are probable, given varia-

tion in other settlement preferences (e.g., Baird et al. 2003; 

Abdul Wahab et al. 2023; Randall et al. 2024) and it remains 

to be seen if particular taxa favour or avoid these unstable 

areas. Given that most rubble fields are perceived as highly 

unfavourable for corals post-settlement (Kenyon et al. 2020; 

Leung and Mumby, 2024), settling there likely represents 

a poor choice and a loss of potential new recruits from the 

arriving cohort (Yadav et al. 2016).

While natural settlement to rubble was observed at all six 

sites surveyed, there was considerable variability in settler 

densities amongst sites, with a 14-fold difference between 

sites with the most and least settlement. These differences 

are likely due to variation in local conditions, including: (i) 

hydrodynamics, which can impact larval supply (Hughes 

et al. 2000; Gouezo et al. 2021), (ii) benthic community 

composition, which can influence settlement cues and inhibi-

tors (reviewed in Randall et al. 2020) and affect larval supply 

via allee effects (Teo and Todd 2018) and (iii) sedimenta-

tion, which affects larval settlement preferences (Jones et al. 

2015; Ricardo et al. 2017), among other factors. While out-

side the scope of this study, further investigation into the 

within and between-reef scale drivers of settlement onto rub-

ble is warranted, to understand the limitations to recruitment 

in these habitats.

A more comprehensive understanding of coral settlement 

patterns is desirable at a time when coral reefs are in decline 

(Pandolfi 2003; Hoegh-Guldberg et al. 2007; De’ath et al. 

2012; Hughes et al. 2018) and there is heightened interest in 

measuring coral settlement and recruitment (Hughes et al. 

2019; Edmunds 2023). Adequate larval supply and post-

settlement success are fundamental for reef renewal, while 

accurate and comparable measures of settlement provide the 

means to understand stock-recruit relationships within and 

between reefs and assess the risks to recovery. Such data 

are also useful to assess whether interventions to enhance 

larval supply are warranted or are likely to make a difference 

(Edwards et al. 2015; Dela Cruz and Harrison 2020; Har-

rison et al. 2021), and whether methods that restore juvenile 

corals would be better suited than direct larval delivery to 

those environments (Chamberland et al. 2015, 2017; Randall 

et al. 2021, 2022).

There have been numerous studies demonstrating that 

substrate type (i.e. material and texture) and deployment 

method (i.e. orientation and conditioning) influence coral 

settlement (Harriott and Fisk 1987; Maida et  al. 1994; 

Mundy 2000; Edmunds 2023). Our comparison of terracotta 

tiles fixed to the seabed or suspended in the water column 

demonstrated both quantitative and qualitative differences in 

coral settlement between treatments. The approximate four-

fold increase in spat on the suspended tiles was unexpected 

and warrants further investigation, particularly given com-

parable settlement densities recorded on fixed tiles deployed 

to the substrate and on racks elevated ~ 15 cm above the reef 

benthos (Mundy 2000). While it’s not clear what drove this 

fourfold increase in spat on suspended tiles, we propose 

several potential hypotheses, which are not mutually exclu-

sive. Firstly, it’s possible that predation pressure from ben-

thic invertebrates or benthic-associated fish may have been 

stronger on tiles near the seafloor (Fabricius and Metzner 

2004; Wolf and Nugues 2013), reducing apparent settlement. 

It’s also possible that substrate encounter rate by larvae 

was higher on floating tiles resulting in higher settlement. 

Stronger allelopathic interactions near the benthos could also 

have deterred settlement on fixed tiles (Maida et al. 1995; 

Birrell et al. 2008; Page et al. 2023), as could higher sedi-

mentation (Babcock and Davies 1991; Mundy and Babcock 

1998; Ricardo et al. 2017) and/or lower light conditions 

(Mundy and Babcock 1998; Strader et al. 2015). Given the 

tile positioning, it is likely that there was a greater area of 

suitable substrate with preferred light levels on the underside 

of floating versus fixed tiles. Indeed, settlement to the under-

side of fixed tiles was very low compared with the underside 

of floating tiles. Finally, the benthic community composition 

that developed on suspended and fixed tiles may have varied, 

leading to differential attractiveness and inductive commu-

nities for settlement. Regardless of the mechanism driving 

these differences, even when a standard method is used to 

allow comparative settlement rate assessments over time in 

longitudinal studies, it is probable that the data are only rela-

tive and do not fully reflect actual larval supply or settlement 

to the reef. Variation in protocols used for recruitment cen-

sus only compound the potential for experimental artefacts, 

undermining comparative studies. Interestingly however, 

the average density of spat on fixed tiles (0.03  cm−2) was 
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similar to that observed on rubble (0.02  cm−2), despite their 

variation in substrate material and benthic community com-

position, suggesting that the positioning of substrates within 

the reef environment may be more important to standardise 

than the substrate type itself. This result also suggests that 

assessing settlement with substrates fixed to the seafloor may 

be more representative of settlement on reef substrate, but 

that larval supply may be more accurately assessed using 

above-substrate collection methods.

While our laboratory and field experiments supported 

the notion that larvae can settle onto moving substrates, the 

results varied amongst experiments and these comparisons 

may shed light on the fundamental processes that influence 

settlement. For example, while larvae settled just as well on 

floating plugs as they did on static plugs in experiment 1, 

settlement was much higher on static than floating rubble 

in experiment 2. The reason for this variation is unknown 

but we propose several potential explanations that warrant 

further investigation. Firstly, different taxa were tested in 

these experiments, so it is possible that there were species-

specific preferences at play. Yet, A. millepora and A. cf. kenti 

larvae typically display similar larval settlement behaviour 

(Randall et al. 2024) and occupy similar environmental 

niches so this explanation is considered unlikely. Secondly, 

the biomass and the community composition of the biofilm, 

encrusting organisms and bioeroding communities found on 

the aquarium-reared aragonite plugs and the natural rubble 

fragments likely varied considerably (Webster et al. 2004; 

Petersen et al. 2021; Turnlund et al. 2023) and it’s possi-

ble that the larger biomass of inducers on natural rubble 

increased the concentration of inductive cues in the water 

(Koehl and Hadfield 2004), triggering more bottom-seek-

ing behaviour (Szmant and Meadows 2006; Da-Anoy et al. 

2017; Antonio-Martínez et al. 2020). In this case, larvae, 

which can modulate their position in the water column via 

swimming behaviour, may have come into direct contact 

with rubble on the bottom of the tank more often than float-

ing rubble, to which they attached and metamorphosed. 

Finally, it is possible that the variations in shape and size 

between plugs and rubble affected micro-eddies and currents 

within the tanks, altering larval retention dynamics as they 

were moved around the tank (Koehl and Hadfield 2004; Hata 

et al. 2017). Whether this variation would result in higher 

retention around rubble than plugs would require testing.

The need for more frequent and multi-year settlement 

and recruitment studies is recognised (Edmunds 2023), but 

is currently constrained by the resource intensive nature of 

diver-based tile deployments and retrievals, as well as micro-

scopic examination of spat. Moving towards an updated and 

potentially universal approach to settlement assessment, 

with consideration of methods that are very straightforward 

and much more cost-effective would support these objec-

tives. Although a small pilot study, our suspended tile results 

indicate that substrate-attached tiles may not be the only 

solution. Settlement plates and collectors suspended under 

moorings have been a common tool in recruitment stud-

ies for various marine organisms (i.e. Fuentes and Molares 

1994), including corals (e.g. Sammarco and Andrews 1988). 

Any review of settlement assessment protocols should 

include some consideration of suspended arrays as an alter-

native to diver-based methods, and automated image analysis 

for spat identification. The potential for diver-less settlement 

censuses around reefs using temporarily anchored floats and 

suspended settlement substrates is attractive, given cost and 

safety considerations, and offers an alternative approach to 

the collection of coral spat on settlement objects for subse-

quent deployment in restoration efforts.
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