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List of Figures 

Figure 1.1 Continuum of proactive and reactive actions for coral reef conservation and 
restoration. Adapted from Society for Ecological Restoration (SER) guidelines (Gann et al., 
2019) and extracted from Hein et al., 2021. 

 

Figure 1.2 a) Opal reef coral nursery (GBR). Novel platform design harbouring 11 coral 
species from five genera (Suggett et al., 2019). b) Coral Tree Nursery© in the Caribbean 
holding fragments of one branching coral species, Acropora cervicornis (Nedimyer et al., 
2011). 

 

Figure 1.3 Goals-and-methods matrix for coral reef restoration. Four main goals have been 
identified: socio-economic, ecological, climate mitigation, and disturbance-driven goals, 
alongside the most appropriate method to achieve them (in a darker colour). Several 
interventions might be suitable to restore multiple goals. Extracted from Hein et al., 2021. 

 

Figure 1.4 Schematic representation of some knowledge gaps that exist regarding the 
impacts of coral reef restoration practices. Continuous arrows indicate traits or metrics that 
are acknowledged to inform coral reef restoration practices. Dotted arrows accompanied by 
interrogation marks show aspects of coral restoration found in minimal studies (or even not 
considered yet) and addressed in the three aims of this PhD thesis. 

 

Figure 2.1 Visual representation of biological properties regulating coral fitness 
outcomes. Resource allocation within an individual could potentially be reflected in a 
particular trait or a set of traits that underpin the vital processes of survival (maintenance), 
growth (development), and reproduction. The figure shows some of the components (or 
functional traits and processes; in red those related to rates) of the biological machinery of the 
coral that potentially govern their functioning. Modified from Kris Beckert (Integration & 
Application Network; Kruczynski and Fletcher, 2012). 

 

Figure 2.2 Mean (± SEM; standard error of the mean) (A) survivorship (%), (B) relative 
areal growth rate (% growth in cm2 yr-1), and (C) relative increase in area covered by 
coral tissue (%) of wild and nursery corals from 12 months propagation. All data are 
fragments of Acropora cf. hyacinthus (n = 6 for both groups). Statistical significance was 
indicated by ns (no statistical significance) and ** (p ≤ 0.01). 

 

Figure 2.3 Mean (± SEM) of photobiological traits for wild and nursery corals. (A) light 
saturation coefficient (µmol photons m-2 s-1), (B) derived maximum photochemical 
efficiency of PSII, (C) photochemical quenching, (D) non-photochemical quenching, (E) 
symbiont cell density (cells x 106 cm-2), (F) total pigments, (G) chlorophyll a and (H) c2 
per symbiont cell (F-H; pg cell-1), and (I) total pigment, (J) chlorophyll a and (K) c2 
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density (I-K, µg cm-2), and chlorophylls ratio (L) of the initial wild colonies (WT0) and 
wild and nursery corals from 12 months propagation (WT12 and NT12). All data are 
fragments of Acropora cf. hyacinthus (n = 6 for all groups except for E-L WT0, n = 4). 
Means were compared by RM-ANOVA (A-D), ANOVA (E-L, except for H), and Kruskal-
Wallis (H) with post hoc tests (see main text) where ns indicates no statistical significance, 
and * and ** indicates p ≤ 0.05 and 0.01, respectively. 

 

Figure 2.4 Mean (± SEM) of metabolic traits for wild and nursery corals. (A) gross and 
(B) net photosynthesis, and (C) respiration rates (PG, PN, and R, respectively; µmol O2 
cm-2 h-1), (D) PG:R ratio, (E) light and (F) dark calcification rates (GL and GD, 
respectively; µmol CaCO3 cm-2 h-1), and (G) GL:GD ratio of the initial wild colonies 
(WT0) and wild and nursery corals from 12 months propagation (WT12 and NT12). All 
data are fragments of Acropora cf. hyacinthus (n = 6 for each group). Means were compared 
by one-way (repeated measures) analysis of variance (ANOVA) with post hoc Tukey tests, 
except for (G) (Kruskal-Wallis’s test followed by Dunn’s test) (see main text) where ns 
indicates no statistical significance, and * and ** indicates p ≤ 0.05 and 0.01, respectively. 

 

Figure 2.5 Mean (± SEM) of energetic traits for wild and nursery corals. (A) 
carbohydrates, (B) soluble proteins, and (C) total lipids (mg per dry mass), (D) total 
energy reserves (J per dry mass), (E) dry weight and (F) ash-free dry weight biomass 
(mg DW and mg AFDW per surface area, respectively) of the initial wild colonies 
(WT0) and wild and nursery corals from 12 months propagation (WT12 and NT12). All 
data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for WT0, WT12, and NT12, 
respectively). Means were compared by analysis of variance (ANOVA) with post hoc Tukey 
tests (see main text) where ns indicates no statistical significance, and * and ** indicates p ≤ 
0.05 and 0.01, respectively. 

 

Figure 2.6 Mean (± SEM) of elemental traits for wild and nursery corals. (A) C:N, (B) 
C:P, and (C) N:P ratios (C, carbon; N, nitrogen, and P, phosphorus; atomic values) of 
the initial wild colonies (WT0) and wild and nursery corals from 12 months propagation 
(WT12 and NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for 
WT0, WT12, and NT12, respectively). Means were compared by analysis of variance 
(ANOVA) with post hoc Tukey tests (see main text) where ns indicates no statistical 
significance, and * and ** indicates p ≤ 0.05 and 0.01, respectively. 

 

Figure 2.7 Mean (± SEM) of skeletal traits for wild and nursery corals. (A) bulk volume 
(cm3), (B) bulk density (g cm-3), (C) biomineral density (g cm-3), (D) pore volume (cm3), 
(E) apparent (internal) porosity (%), (F) hardness (HD), and (G) colony mass per area 
(g cm-2) of the initial wild colonies (WT0) and wild and nursery corals from 12 months 
propagation (WT12 and NT12). All data are fragments of Acropora cf. hyacinthus (n = 6 
for each group). Means were compared by one-way (repeated measures) analysis of variance 
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(ANOVA) with post hoc Tukey tests (see main text) where ns indicates no statistical 
significance, and * indicates p ≤ 0.05. 

 

Figure 2.8 Principal Component Analysis (PCA) of 14 (out of 90) coral traits comparing 
initial wild colonies (W0; triangles in orange) and wild and nursery corals from 12 
months propagation (W12 and N12; squares and circles in pink and green, 
respectively). PCA biplot, including a cut-off for the cos2 = 0.5, where > 0.5 (in solid line) 
indicates a good representation of the variable on the PC. As opposed, < 0.5 (dashed line) 
indicates that the variable is not perfectly represented by the PCs. BD and MM refer to 
biomineral density and methyl arachidat, respectively. 

 

Figure 3.1 Map of study site on Mojo, Opal Reef, Great Barrier Reef, Australia. Corals 
were collected from the reef patch adjacent to the coral nursery at 5-6 m in depth. Coral 
fragments were held on the coral nursery, which is located on the sand patch, suspended at 4–
5 m in depth. Delineation of the management zones for Opal Reef is shown. Satellite image: 
Landsat 8 OLI, bathymetric composite RBG bands 431, acquired September 5th, 2021. 
Source: NASA/USGS/Pearce, S. 2021. 

 

Figure 3.2 Schematic experimental setup for the Coral Bleaching Automated Stress 
System (CBASS). A) Fragments of six coral colonies from two coral groups (donor and their 
nursery-derived corals) were subjected to an 18 h short-term acute heat stress assay 
(CBASS), run at control (31 °C), medium (34 °C) and high (37 °C) temperatures. To note, 
fragments from each coral colony were exposed to each temperature treatment. B) Targeted 
temperature profiles for the acute heat stress assay (CBASS). The graph shows the ambient 
temperature (31 °C) in February 2021 before exposing the corals to target experimental 
temperatures of 34 °C and 37 °C. Asterisk indicates the time point (Tend) of dark-adapted 
photosynthetic efficiency measurements together with coral sampling. Additionally, 
photosynthetic efficiency measurements were taken before starting the experiment (T0) and 
after 4.5 h as a check control to ensure the corals held in the CBASS were still alive. Dashed 
vertical lines designate the start and end of the heating hold. 

 

Figure 3.3 Thermal tolerances of donor (wild) and 12-months-propagated Acropora cf. 
hyacinthus (nursery) in Opal Reef (the northern Great Barrier Reef). Maximum quantum 
yield of photosystem II (Fv/Fm) at the final time point (Tend) fitted to log-logistic, dose 
response curves. Curve fits were used to determine the Fv/Fm ED50 for each coral group 
(vertical lines), which represent the x-value (in temperature) at the inflection point of the 
curve where Fv/Fm values in the model fit were 50% lower in comparison to the initial values 
of the model. 

 

Figure 3.4 Photobiological performance under heat stress of donor (wild) and 12-
months-propagated Acropora cf. hyacinthus (nursery). Mean (± SEM) (A) dark-adapted 
photosynthetic efficiency (Fv/Fm), (B) symbiont cell density (cells x 106 cm-2), (C) total 
pigments, (D) chlorophyll a and (E) c2 density (C-E, µg cm-2), and chlorophylls ratio (F) of 
donor (wild, in blue) and 12-months propagated Acropora cf. hyacinthus (nursery, in yellow) 
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at different heat stress temperatures. All data are fragments of Acropora cf. hyacinthus (n = 6 
for each coral group and temperature treatment). Means were compared by RM-ANOVA (A-
F), ANOVA with post hoc tests (see main text) where ns indicates no statistical significance. 

 

Figure 4.1 Moore Reef study sites. In February 2021, (A) Natural healthy-looking 
representative neighbouring reef with high coral cover (positive control, ‘PC’) (B) View of a 
11-year-old rubble field, created by Cyclone Yasi without rehabilitation (negative control, 
‘NC’) (C) Stabilisation reef plot, showing the Reef Stars structures holding corals of 
opportunity (4 months post-installation). Approximately 11 months later (December 2021), 
same reef sites ‘PC’, ‘NC’, and ‘E’ (D-F). Note the high coral cover observed on the Reef 
Stars in the intervened rubble site ‘E’. Credits: Nuñez Lendo, C.I., and Mars Sustainable 
Solutions. 

 

Figure 4.2 Schematic view of the methodology used to estimate coral reef carbonate 
budgets on the three studied Moore Reef sites. Our study was based on the Reef Budget 
methodology from Perry et al., (2012). Positive and negative contributions to reef accretion 
(production and erosion, respectively) are visualised. Specifically, net carbonate production 
[Equation 1], gross carbonate production [Equation 2], and gross bioerosion [Equation 3], 
and the main contributors to production and erosion processes,. Credits: Nuñez Lendo, C.I. 

 

Figure 4.3 Average hard coral cover and rugosity. (A) Hard coral cover (%) and (B) 
rugosity index were estimated following the Reef Budget methodology (Perry et al., 2012) at 
the three studied sites, (i) Reef Stars (Experimental, ‘E’), (ii) a rubble patch (negative control, 
‘NC’), and (iii) a non-intervened healthy-looking representative neighbouring reef zone 
(positive control, ‘PC’) in February 2022 (16 months post-deployment of the Reef Stars). 
Means (n = 3 per reef site) (± SEM; standard error of the mean) were compared by analysis 
of variance (ANOVA) with post hoc Tukey tests (see main text) where **, ***, and **** 
indicate p ≤ 0.01, 0.001, and 0.0001, respectively. 

 

Figure 4.4 Average (A) net and (B) gross carbonate production, and (C) gross 
bioerosion expressed in kg CaCO3 m−2 yr−1 (following the Reef Budget methodology, Perry 
et al., 2012) across Moore Reef studied sites, (i) Reef Stars (Experimental site, ‘E’), (ii) the 
negative control ‘NC’ constituted of unconsolidated coral rubble substrate, and (iii) the 
positive control ‘PC’ represented by a natural healthy-looking neighbouring reef area, in 
February 2022 (16 months post-installation of the Reef Stars). Means (n = 3 per site) were 
compared by analysis of variance (ANOVA) with post hoc Tukey tests (see main text) where 
ns indicates no statistical significance, and **, ***, and **** indicate p ≤ 0.01, 0.001, and 
0.0001, respectively. 

 

Figure 4.5 Mean (± SEM) skeletal (A) bulk volume (cm3), (B) bulk density (g cm-3), (C) 
biomineral density (g cm-3), (D) pore volume (cm3), (E) apparent (internal) porosity 
(%), and (F) hardness (HD) of three dominant coral classes (Acropora intermedia, 
Acropora rubble, and Pocillopora damicornis) across sites: E, NC, and PC). All data are 
fragments (n = 5 for each group). Means (n = 3 per reef site) were compared by one-way 
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analysis of variance (ANOVA) with post hoc Tukey tests (see main text) where ns indicates 
no statistical significance, and *, **, and **** indicate p ≤ 0.05, p ≤ 0.01, and p ≤ 0.0001. 

 

Figure 5.1 Schematic representation of some knowledge gaps regarding the impacts of coral 
reef restoration practices. Continuous arrows indicate traits or metrics that are acknowledged 
to inform coral reef restoration practices. Dotted arrows accompanied by violet text in 
capitals show aspects of coral restoration found in minimal studies (or even not considered 
yet) that have been addressed in the three Chapters of this PhD thesis. 

 

Figure 5.2 Framework to link coral (reef) traits to ecosystem service value. Ecosystem 
service values are diverse, but they all depend on the healthy functioning and resilience of the 
coral (reef), which are, in turn, informed through metrics related to coral (reef) functioning 
and resilience (left side), but also through already identified metrics that relate to ecosystem 
services (right side). In orange are the metrics studied in this thesis that inform coral (reef) 
functioning, resilience, and services. Ecosystem service values were initially defined by 
Woodhead et al., 2019, and expanded through the learnings of this thesis. OA = Ocean 
Acidification. 

 

Figure 5.3 Emergent properties that define the coral “fitness triangle”. Survival 
(“maintenance”), growth, and reproduction are emergent properties that are underpinned by 
complex biological machinery formed by functional traits. On the right side, various 
reproductive metrics for different coral life stages (adult, larva, and juvenile) are shown to be 
considered for initial screening to reduce the trait space and identify key reproductive metrics 
for restoration goals. 
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List of Tables 

Table 1.1 Potential traits relevant to restoration to understand coral biology. (A) 
Physical, (B) physiological, and (C) molecular coral traits commonly used in coral research 
and/or restoration are listed below. The details on how to measure a specific trait are 
classified in technique (the most common methodology); level (which part of the coral 
holobiont is targeted); type of replicates (minimum number of replicates, and information 
about if the destruction of the sample is required); and equipment (the most common 
equipment). Additionally, we added the feasibility for measuring a specific trait (in terms of 
costs, expertise, and time); and the type of trait (according to being desirable and measurable; 
desirable and less measurable; and measurable and less desirable). In italic, an alternative 
methodology to assess the same coral trait. From one to 17, some of the coral traits that have 
been selected for the multi-trait assessment approach. 

 

Table 5.1 Future research priorities and key steps to advance coral reef (science) restoration. 
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Figure S2.1 Map of study site on Mojo, Opal Reef, Great Barrier Reef, Australia. Corals 
were collected from the reef patch adjacent to the coral nursery at 5-6 m in depth. Coral 
fragments were held on the coral nursery, which is located on the sand patch, suspended at 4-
5 m in depth. Delineation of the management zones for Opal Reef is shown. Satellite image: 
Landsat 8 OLI, bathymetric composite RBG bands 431, acquired September 5th, 2021. 
Source: NASA/USGS/Pearce, S. 2021. 

 

Figure S2.2 Sea Surface Temperatures (SST, °C) for Opal Reef and Mojo nursery (mean ± 
SEM, n = 13 and 9 months, respectively). Satellite-derived data (MODIS-aqua) was extracted 
from the GIOVANNI online system maintained by NASA 
(https://giovanni.gsfc.nasa.gov/giovanni/). SST were obtained using monthly area-averaging 
bounded to 145° 53’ 53.8’’E, 16°12’ 23.4’’S between February 2020 and February 2021 
(encompassing the entire Opal Reef of ca. 30 km2 for a year); black line. Imposed onto the 
SST are the mean monthly SST recorded by the HOBO logger (every 1 h) from February to 
September 2021 at the Mojo nursery; dashed line. 

 

Figure S2.3 A) Mean (± SEM) relative linear growth rate (% growth in cm yr-1) of wild and 
nursery corals from 12 months propagation. All data are fragments of Acropora cf. 
hyacinthus (n = 6 for both groups). Means were compared by paired Student’s t-tests (see 
main text) where ** indicates a statistical significance of p ≤ 0.01. B) Nursery-grown coral 
derived from colony #1 with an initial area of 64.3 cm2 in February 2020 (B) and 12 months 
post-fragmentation the same nursery coral was six times higher (394.8 cm2) compared to its 
initial size (C). 

 

Figure S2.4 Bio-physical colouration of wild and nursery corals. Traits encompass (a) red 
(R), b) green (G), (c) blue (B), (d) hue, (e) saturation, (f) brightness, and bleaching state. 
Significant differences in the RGB values among coral groups were revealed by a one-way 
RM ANOVA (F(1.9,9.5) = 7.5, p = 0.0114 for R; F(1.8,8.8) = 7.6, p = 0.0137 for G; and F(1.3,6.7) = 
21.0, p = 0.0021 for B). Tukey’s test revealed significant differences between WT12 and 
NT12 (p = 0.0247, 0.0126, and 0.0215 for R, G, and B, respectively), suggesting a different 
colouration between these two coral groups. Additional differences in B values among WT0 
vs WT12, and WT0 vs NT12 (p = 0.0317 and 0.0077, respectively) were also found. Hue 
values were approximately doubled for WT0 (85.2 ± 44.4, n = 6) compared to WT12 (34.8 ± 
1.2, n = 6) and NT12 (39.5 ± 6.5, n = 6). However, no significant differences in hue levels 
were detected among coral groups (one-way RM ANOVA, F(1.5,7.7) = 0.2, p = 0.7972). 
Regarding the saturation levels, they approximately halved in WT0 (33.3 ± 4.4, n = 6) 
compared to WT12 and NT12 (70.0 ± 4.6, and 64.7 ± 3.6, respectively; n = 6), and significant 
differences were found among coral groups (one-way RM ANOVA, F(1.9,9.3) = 19.0, p = 
0.0006). Tukey’s test showed significant differences for WT0 vs WT12 (p = 0.0029) and 
WT0 vs NT12 (p = 0.0113). In general, brightness values were low among coral groups 41.7 
± 3.7, 54.5 ± 2.4, and 38.0 ± 2.2 for WT0, WT12, and NT12, respectively (n = 6 for each 

https://giovanni.gsfc.nasa.gov/giovanni/
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coral group). Significant differences in brightness levels were found (one-way RM ANOVA, 
F(2.0,9.9) = 8.0, p = 0.0087), and Tukey’s test revealed to be between WT12 vs NT12 (p = 
0.0257). Statistical significance is shown as ns (no statistical significance), * and ** (p ≤ 0.05 
and 0.01, respectively). 

 

Figure S2.5 Predicted ITS2 type profiles for wild and nursery corals. Corresponding 
samples are visualised as a stacked bar chart with a single column representing a sample. The 
relative abundance of predicted ITS2 type profiles is plotted for each column in the stacked 
bar plots. All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for W0, W12, 
and N12, respectively). 

 

Figure S2.6 Mean (± SEM) (a) carbohydrates, (b) soluble proteins, and (c) total lipids 
(mg per ash-free dry mass), and same biomolecule content normalised to mg per surface 
area (d-f) of the initial wild colonies (WT0) and wild and nursery corals from 12 months 
propagation (WT12 and NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 
6, and 6 for WT0, WT12, and NT12, respectively). Means were compared by analysis of 
variance (ANOVA) with post hoc Tukey tests (see main text) where ns indicates no statistical 
significance, and * and ** indicates p ≤ 0.05 and 0.01, respectively. 

 

Figure S2.7 Mean (± SEM) of 19 fatty acid methyl esters (mg per dry mass) (A-S) of the 
initial wild colonies (WT0) and wild and nursery corals from 12 months propagation 
(WT12 and NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for 
WT0, WT12, and NT12, respectively). Means were compared by analysis of variance 
(ANOVA) with post hoc Tukey tests (see main text) where ns indicates no statistical 
significance, and *, ** and *** indicates p ≤ 0.05, 0.01 and 0.001, respectively. 

 

Figure S2.8 Mean (± SEM) of (a) saturated fatty acids (SFA), (b) mono- and (c) poly-
unsaturated fatty acids (MUFA and PUFA, respectively) (µg per dry mass) of the initial 
wild colonies (WT0) and wild and nursery corals from 12 months propagation (WT12 
and NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for WT0, 
WT12, and NT12, respectively). No significant differences in SFA were found (one-way 
ANOVA, F(2,13) = 3.8, p = 0.0501), however, differences in MUFA and PUFA were detected 
among coral groups (p = 0.0324 and 0.0099, respectively). Tukey’s test revealed significant 
differences between WT0 and NT12 (p = 0.0287 and 0.0080, respectively). Statistical 
significance is shown as ns (no statistical significance), * and ** (p ≤ 0.05 and 0.01, 
respectively). 

 

Figure S2.9 Mean (± SEM) of 18 elements, (A) Carbon [C], (B) Nitrogen [N], (C) 
Magnesium [Mg], (D) Phosphorus [P], (E) Sulphur [S], (F) Potassium [K], (G) Calcium 
[Ca], (H) Vanadium [V], (I) Manganese [Mn], (J) Iron [Fe], (K) Nickel [Ni], (L) Copper 
[Cu], (M) Zinc [Zn], (N) Strontium [Sr], (O) Molybdenum [Mo], (P) Cadmium [Cd], (Q) 
Tim [Sn], and (R) Lead [Pb] — macronutrients (A-G) and micronutrients (H-R) in 
mmol or µmol (element) per dry mass, respectively; absolute values — of the initial wild 
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colonies (WT0) and wild and nursery corals from 12 months propagation (WT12 and 
NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for WT0, WT12, 
and NT12, respectively). Means were compared by analysis of variance (ANOVA) with post 
hoc Tukey tests, except for Cd and Pb (Kruskal-Wallis’s test followed by Dunn’s test) where 
ns indicates no statistical significance, and * and ** indicates p ≤ 0.05 and 0.01, respectively. 
Cobalt [Co] and Selenium [Se] values were negligible and hence not shown here. 

 

Figure S2.10 Examination of the traits per biological property. 1) Principal Component 
Analysis (PCA) biplot, including a cut-off for the cos2 = 0.5, and 2) the contribution of 
variables to dimensions (principal components, PC) 1 and 2, for the following seven 
biological properties: (A) physical appearance (tissue colouration), (B) photobiology, (C) 
metabolism, (D) energy reserves, (E) fatty acid methyl esters (FAME), (F) elementome, and 
(G) skeletal properties. In regard to the cut-off for the cos2 = 0.5, a good representation of the 
variable on the PC is indicated in solid line (> 0.5). As opposed, < 0.5 (dashed line) indicates 
that the variable is not perfectly represented by the PCs. (H) Contribution plot for the 14 (out 
of 90) selected traits used in the final PCA (the so-called multitraits). 

 

Figure S3.1 Sea Surface Temperatures (SST, °C) for A) Opal Reef and Mojo nursery 
(mean ± SEM, n = 13 and 9 months, respectively) and for B) the Northern Great 
Barrier Reef (GBR), and C) physical parameters during the 2020 bleaching event on the 
GBR. A) Satellite-derived data (MODIS-aqua) was extracted from the GIOVANNI online 
system maintained by NASA (https://giovanni.gsfc.nasa.gov/giovanni/). SST were obtained 
using monthly area-averaging bounded to 145° 53’ 53.8’’E, 16°12’ 23.4’’S between February 
2020 and February 2021 (encompassing the entire Opal Reef of ca. 30 km2 for a year); black 
line. Imposed onto the SST are the mean monthly SST recorded by the HOBO logger (every 
1 h) from February to September 2021 at the Mojo nursery; dashed line. B) Temperature, 
wind, salinity and ocean currents on the GBR for the month of March 2020 when the mass 
bleaching event occurred (based on the 4 km eReefs Hydrodynamic model 
https://ereefs.aims.gov.au/. C) Two-year time series graphic of the 5 km product of SST, 
Degree Heating Week (DHW) and bleaching alert from NOAA Coral Reef Watch (CRW) 
(https://coralreefwatch.noaa.gov/). 

 

Figure S3.2 Maximum quantum yield of photosystem II (Fv/Fm) measurements in 
response to temperature treatment for each coral individual (1-6) across coral groups. 
Measurements were taken at at the initial, middle, and final time points (T0, Tmid, and Tend, 
respectively). Circles refer to nursery corals and triangles to their wild donors. Individual 
measurements (corresponding to each coral individual) are plotted according to the colour 
legend. Donor and 12-months-propagated A. cf. hyacinthus are referred as wild and nursery, 
respectively, in the graph. The mean ± the standard error of the mean (SEM) of each coral 
individual is represented by a black circle (nursery) or triangle (wild) in each time point and 
temperature treatment. 

 

Figure S3.3 Thermal tolerances of donor and 12-months-propagated Acropora cf. 
hyacinthus in Opal Reef (the northern Great Barrier Reef). Maximum quantum yield of 
photosystem II (Fv/Fm) measurements at the final time point (Tend) fitted to log-logistic dose-

https://giovanni.gsfc.nasa.gov/giovanni/
https://ereefs.aims.gov.au/
https://coralreefwatch.noaa.gov/
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response curves. Dotted lines represent 95% confidence intervals. Curve fits were used to 
determine the Fv/Fm ED50 for each coral group (vertical lines), which represent the x-value 
(in temperature) at the inflexion point of the curve where Fv/Fm values in the model fit were 
50% lower in comparison to the initial values of the model. Donor and 12-months-propagated 
A. cf. hyacinthus are referred as wild and nursery, respectively, in the graph. 

 

Figure S3.4 Bio-physical colouration of donor and 12-months-propagated A. cf. 
hyacinthus during the Coral bleaching automated stress systems (CBASS). Traits 
encompass (a) red (R), b) green (G), (c) blue (B), (d) brightness, (e) hue, (f) saturation, and 
(g) bleaching state. Donor and 12-months-propagated A. cf. hyacinthus are referred as wild 
(ib blue) and nursery (in yellow), respectively (n = 6 for each coral group). Graphs show only 
the two-way RM ANOVA test of environment (i.e., coral group). See Table S3.4 for the 
results of the two-way RM ANOVA test of temperature and interaction. No significant 
differences in the RGB values among coral groups were revealed by a two-way RM ANOVA 
test of environment (F(1.0,5.0) = 1.280, p = 0.3093 for R; F(1.0,5.0) = 0.6242, p = 0.4653 for G; 
and F(1.0,5.0) = 0.6265, p = 0.4645 for B). Furthermore, no significant differences in 
brightness, hue, and saturarion levels, and bleaching state were detected among coral groups 
(two-way RM ANOVA test of environment (F(1.0,5.0) = 1.486, p = 0.2773 for brightness; 
F(1.0,5.0) = 0.03441, p = 0.8601 for hue; F(1.0,5.0) = 0.03441, p = 0.8601 for saturation; and 
(F(1.0,5.0) = 0.6897, p = 0.4441 for bleaching state). Statistical significance is shown as ns (no 
statistical significance). 

 

Figure S4.1 Diagram of a Mars Assisted Reef Restoration System (MARRS) Reef Star. 
The Reef Stars are hexagonal-shaped structures made of reinforcing steel rod and rust-
protected with a double coating (first fibreglass resin and then coarse beach sand or 
limestone). The perimeter of the Reef Star’s hexagon is 216 cm, covering an area of 0.337 
m2. The Reef Star is elevated by six ‘legs’ (each 15.6 cm), and the highest point above the 
reef substrate is 28 cm (in the middle of the Reef Star). Extracted from Williams et al., 
(2019). 

 

Figure S4.2 Map of MARRS study site on Moore Reef, Great Barrier Reef, Australia. The 
location (~ 2,000 m2) targeted for restoration is an area divided into three zones (30 x 20 m), 
and each site is marked with star pickets at the corners, which correspond to a stabilised 
substrate section using the MARRS Reef Stars (Experimental, E). Two nearby sites, a rubble 
patch where no Reef Stars were deployed and that act as a negative control (NC), and a non-
intervened healthy-looking neighbouring reef area that has not been influenced by cyclones 
and possesses high coral cover and diversity (positive control, PC). Extracted from the 
Operational Procedure for Reef Star installation, maintenance and monitoring (GBR Biology, 
2021). 

 

Figure S4.3 Sea Surface Temperatures (SST, °C) for Moore Reef (mean ± SEM; standard 
error of the mean, n = 13 and 8 months, respectively). Satellite-derived data (MODIS-aqua) 
was extracted from the GIOVANNI online system maintained by NASA 
(https://giovanni.gsfc.nasa.gov/giovanni/). SST were obtained using monthly area-averaging 
bounded to 146° 14’ 40.9’’E, 16°51’ 59.0’’S between February 2021 (Reef Stars’ first 

https://giovanni.gsfc.nasa.gov/giovanni/
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monitoring) and February 2022 (16 months post-deployment of the Reef Stars), 
encompassing the entire Moore Reef of ca. 30 km2 for a year; black line. Imposed onto the 
SST are the mean monthly SST recorded by the HOBO logger (every 1 h) from February 
2021 to February 2022 at the Moore Reef; dashed line. 

 

Figure S4.4 Average benthic cover (%). Benthic cover of major functional categories, 
including hard coral, crustose coralline algae (CCA), sediment producers, soft corals, 
macroalgae, turf, rubble, rock, limestone pavement, sand, and others, was estimated 
following the Reef Budget (Perry et al., 2012) at the three studied sites, (i) Reef Stars 
(Experimental, ‘E’), (ii) a rubble patch (negative control, ‘NC’), and (iii) a non-intervened 
healthy-looking representative neighbouring reef zone (positive control, ‘PC’) in February 
2022 (16 months post-deployment of the Reef Stars). 

 

Figure S4.5 Mean (± SEM) (A) survivorship (%), relative linear and areal growth rate 
(% growth in cm and cm2 yr-1, respectively), and relative increase in area covered by 
coral tissue (%) of coral fragments held on the Reef Stars (experimental site, E) for a 
12-month period. All data are fragments of Acropora spp. (n = 15). Reef Stars’ corals 
derived from star #15 with an initial averaged area of 77.3 cm2 in February 2021 (B) and 12 
months after on the same Reef Star, corals were on average 1.4 times higher (106.4 cm2) 
compared to its initial size (C). Note that fragment #9 was three times higher (from 27.6 to 
78.6 cm2) in the same period. 

 

Figure S4.6 Mean (± SEM) (A) macro- and microbierosion, (B) macrobioerosion, (C) 
microbioerosion, parrotfish (D) bioerosion, (E) density and (F) biomass across Moore 
Reef studied sites. The three studied sites were (i) the restored site using Reef Stars 
(Experimental, ‘E’), (ii) a rubble field (negative control, ‘NC’), and (iii) a non-intervened 
healthy-looking representative neighbouring reef site (positive control, ‘PC’) in February 
2022 (16 months post-installation of the Reef Stars). Bioerosion rates are expressed in kg 
CaCO3 m−2 yr−1, and density and biomass as abundance or kg hectacte-1, respectively. 
Urchins were not present across sites (0.0 individual/m2); hence, their bioerosion contribution 
is not plotted. Means (n = 3 per reef site) were compared by analysis of variance (ANOVA) 
with post hoc Tukey tests (see main text) where ns indicates no statistical significance, and *, 
**, ***, and **** indicate p ≤ 0.05, 0.01, 0.001, and 0.0001, respectively. 
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List of supplementary tables 

Table S2.1 A total of 90 traits were selected for this study. Survival and growth are 
considered emergent properties. Seven biological properties were investigated to unveil the 
biological machinery underpinning coral survival and growth: physical appearance (tissue 
colouration), photobiology, metabolism, energy reserves, fatty acid methyl esters (FAME), 
elementome, and skeletal properties. 

 

Table S2.2 (A) Contributions of traits to the first (PC1) and second (PC2) principal 
components (dimensions, Dim.), and (B) cumulative variance percent of PC1 and PC2 of the 
Principal Component Analysis (PCA) for all coral groups (WT0, WT12, and NT12) for the 
following seven biological properties: (1) physical appearance (tissue colouration), (2) 
photobiology, (3) metabolism, (4) energy reserves, (5) fatty acid methyl esters (FAME), (6) 
elementome, and (7) skeletal properties. Variables not considered in the PCA, followed by a 
brief rationale, are written in italic font. 

 

Table S2.3 (A) Contributions of traits in the first (PC1) and second (PC2) principal 
components, and (B) cumulative variance percent of PC1 and PC2 of the Principal 
Component Analysis (PCA) for all coral groups (WT0, WT12, and NT12) for the following 
14 traits: brightness, blue, symbiont cell density, maximum photochemical efficiency of PSII 
[Fq´/Fm´MAX], dark and light calcifications [GD and GL, respectively) , total energy reserves, 
ash-free dry weight biomass (AFDW), methyl arachidate, methyl myristoleate, potassium 
[K], strontium [Sr], pore volume, and biomineral density (the so-called multitraits). 

 

Table S2.4 Analysis of variance (ANOVA) and post hoc Tukey HSD to compare the 
extracted ordination axes (A) PC1 and (B) PC2 of Fig. 8 across coral groups, WT0, WT12, 
and NT12. Data were assessed for normality. Means were compared by one-way (repeated 
measures) analysis of variance (ANOVA) with post hoc Tukey tests, where ns indicates no 
statistical significance, and * indicates p ≤ 0.05. 

 

Table S2.5 PERMANOVA using Bray-Curtis dissimilarity to compare differences between 
coral groups (WT0, WT12, and NT12) at “Mojo” site at Opal reef on the Great Barrier Reef. 

 

Table S3.1 Pairwise permutational multivariate analysis of variance (PERMANOVA; perm 
 =  999) on Euclidian distances using the “vegan” R package (time point and temperature as 
fixed variables) for maximum quantum yield of photosystem II (Fv/Fm) measurements. Post 
hoc pairwise comparisons were conducted using “pairwiseAdonis” R package with 
Bonferroni adjusted p-values. The effects of time point and temperature on Fv/Fm response 
variable for the start of the experiment (T0), halfway down the assay (4.5 h, Tmid), and after 7 
h (Tend) for each target temperature (31 °C, 34 °C, and 37 °C) were analysed (e.g., Evensen et 
al., 2021). 
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Table S3.2 PERMANOVA for maximum quantum yield of photosystem II (Fv/Fm) 
measurements (perm  =  999) on Euclidian distances using the “vegan” R package (coral 
group as fixed variable) was performed within each time point (T0, Tmid, and Tend) to detect 
differences in Fv/Fm among coral groups and temperature treatments (31 °C, 34 °C, and 37 
°C) to (a) record initial photosynthetic efficiencies (T0) (i.e., to detect any coral group effect 
on Fv/Fm within their native seawater of 31 °C before starting the CBASS experiment), (b) 
monitor photosynthetic efficiencies halfway down the experiment (Tmid) (i.e., checkpoint 
control to ensure the continuation of the experiment), and (c) record final Fv/Fm values (Tend) 
(i.e., to report values as per Voolstra et al., (2020) and to calculate the Fv/Fm ED50 metric as a 
proxy for the thermal tolerance of coral, Evensen et al., (2021). Post hoc pairwise 
comparisons were conducted using “pairwiseAdonis” R package with Bonferroni adjusted p-
values.  

 

Table S3.3 Linear mixed-effects models (LME) were used to analyse iindividual response 
variables, with coral group and temperature as fixed effects, and genotype and tank replicate 
as random effects to account for any potential genotype or tank effects. 

 

Table S3.4 Statistical analysis for bio-physical colouration and photobiological 
performance of donor and 12-months-propagated A. cf. hyacinthus during the CBASS. 
Mean ± the standard error of the mean (SEM) and N (sample size) alongside a two-way RM 
ANOVA is reported for (a) red (R), (b) green (G), (c) blue (B), (d) brightness, (e) hue, (f) 
saturation, (g) bleaching state, (h) maximum photochemical efficiency [Fv/Fm], (i) symbiont 
density, (j) pigment density (k) chlorophyll a and c2 density. Values were obtained at the end 
of the 18-h heat stress assay (a-g) and at Tend (7 h after the onset of the experiment). 

 

Table S3.5 Statistical comparison of relative potencies between the ED50 dose-response 
curves. Log-logistic dose-response curves of the donor (wild) and 12-month-propagated A. 
cf. hyacinthus (nursery) were compared through the R function “EDcomp”. 

 

Table S4.1 Coral individuals collected in February 2022 to study their skeletal 
properties. Acropora intermedia, Acropora spp. rubble, and Pocillopora damicornis are 
represented in light blue, mid-blue, and orange, respectively. The reef site where the corals 
were collected from is also provided in the table. Moore Reef studied sites consisted of (i) 
Reef Stars (Experimental site, ‘E’), (ii) the negative control ‘NC’ constituted of 
unconsolidated coral rubble mat, and (iii) the positive control ‘PC’ represented by a natural 
healthy-looking neighbouring reef area. In detail, fragments (< 5 cm in length) of A. 
intermedia, P. damicornis and rubble were collected at each site (n = 5 each) as follows: A. 
intermedia at the E and PC sites, P. damicornis at the E, PC, NC sites, and Acropora rubble 
only from the rubble patch (NC site), in February 2022 (16 months post-deployment of the 
Reef Stars). 
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Thesis Abstract 

Accelerating reef health declines from local and global stressors has catalysed widespread 

interest in coral reef restoration practices as an active management tool to boost coral reef 

recovery, and so ensure the persistence of reef ecosystem services. Active interventions have 

focussed towards coral and/or reef rehabilitation to repopulate endangered coral species and 

recover coral cover via in-water coral propagation at increasing scale. Coral nursery and out-

planting practices have been pioneered throughout the Caribbean, Indo-Pacific, and the Red 

Sea over the last two decades. In contrast, such practices have only more recently been 

considered for Australian coral reefs in 2017, following the back-to-back coral bleaching 

events in 2016–17. In all cases, coral nursery and out-planting practices continue to almost 

exclusively evaluate “success” from measurements of coral growth and survival over time, 

metrics that together are fundamental for determining the return-on-effort of any restoration 

initiative. However, growth and survivorship measurements, in fact, carry limited value to 

describe “success”, notably where other metrics may regulate – and hence better reflect – 

ecosystem service values of interest. Such a basic appraisal of success has limited our 

understanding of the impact of coral restoration activities on reef performance, functioning, 

associated services, and resilience. Consequently, metrics of biological and ecological 

success are not typically included in restoration efforts studies. 

 

Restoration goals are often centred on maintaining or recovering a functionally healthy and 

self-sustaining reef ecosystem and its associated service values. Consequently, there remains 

a vast mismatch between restoration success metrics and goals, as well as uncertainty 

surrounding how restoration activities may impact coral reefs. To overcome this fundamental 

gap in knowledge, my thesis was integrated into current Great Barrier Reef (GBR) restoration 
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activities of the (i) “Coral Nurture Program” (CNP) — the novel tourism-researcher site-

stewardship program to up-scale coral propagation and outplanting at high-value tourism 

sites — and (ii) Mars Incorporated “Mars Assisted Reef Restoration System (MARRS)”, a 

global organisation that targets the stabilisation of large areas of unconsolidated rubble to 

locally enhance reef accretion. In the first “multi-trait assessment” of coral nursery 

propagation success, I demonstrated how coral nurseries are highly effective at rapidly 

increasing coral biomass, but without potentially impacting traits indicative of essential 

ecosystem services – notably, biogeochemical cycling and wave attenuation. Further 

biological and energetic traits that are critical for coral reef functioning (such as trophic 

transfer or productivity) were well-sustained by nursery propagation. My approach was 

critical in revealing the biological machinery (and thus functional traits) supporting fast-

tracked coral growth through nursery propagation. I subsequently demonstrated that the same 

nursery corals displayed similar thermal tolerance to their wild donor colonies; as such, 

bleaching susceptibility was not impacted during nursery propagation despite enhanced 

energetic investment previously observed into metabolism and growth. Specifically, I 

consider metrics related to thermal resilience — measured through bio-physical and photo-

physiological metrics that inform how thermal stress affects coral performance, functioning, 

and resilience — to yield a more complete picture of how nursery propagation positively or 

negatively changes coral fitness. In considering metrics related to traits indicative of an 

essential ecosystem service, attenuation (i.e., coastal protection), I subsequently demonstrated 

that MARRS resulted in remarkably enhanced reef accretion (i.e., high net carbonate budget) 

in a reef with an otherwise poor recovery trajectory over a short period of time (16 months). 

Moreover, by integrating other metrics related to skeletal properties, I confirmed that species-

specific trade-offs in functional traits (e.g., decreased skeletal hardness) could occur when 

selecting different coral species in restoration activities.  
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Throughout my thesis, I have therefore resolved the biological and ecological “success” of 

novel coral restoration efforts on the GBR by developing a holistic multi-trait measurement 

approach based on a broader range of coral traits beyond survival and growth. I have 

identified key traits that better describe “success” during coral reef restoration techniques that 

more meaningfully contribute to desired ecosystem service outcomes. I demonstrate the value 

of employing a multi-trait-based approach to understand the effectiveness of coral and/or reef 

restoration practices on coral performance, reef functioning, and the supported services 

inherent to restoration success. My findings carry widespread applicability to restoration 

programs aspiring to implement more diverse measures that are ultimately more meaningful 

descriptors of restoration outcomes. 
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Chapter 1. General Introduction 

 

1.1. Ecosystem restoration and management 

The observed detrimental impacts of anthropogenic climate change on Earth’s natural 

systems and its biodiversity are evident (e.g., Bellard et al., 2012; Foden et al., 2007; Pecl et 

al., 2017), and current model projections forecast that the magnitude of human impacts across 

ecosystems is likely to continue to grow over the coming century (Habibullah et al., 2022; 

Trew and Maclean, 2021). The alteration of biodiversity and functioning of ecosystems 

through human-driven impacts relate to not only climate change effects, but also pollution, 

habitat loss, overexploitation and biological invasions (IPCC, 2019a; Ruckelshaus et al., 

2020). 

 

In 2019, the Intergovernmental Panel on Climate Change (IPCC) and the Intergovernmental 

Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) developed global 

assessment reports on the current status and direction of the natural world (IPBES, 2019; 

IPCC, 2019b). Both reports concluded that climate change is a direct and substantial driver of 

changes in nature, which can interact with and intensify the impacts of other drivers, such as 

land use, overexploitation, pollution, and invasive species (Bellard et al., 2012; Shin et al., 

2019). It also acknowledged that human activity is behind the increase in global temperatures 

by 1.0 °C compared to pre-industrial levels (Gillett et al., 2021). This shift towards increased 

temperature has led to a rise in the frequency and intensity of extreme weather events in the 

past 50 years (including floods, cyclones, and mass coral bleaching events) (Frame et al., 

2020; Perkins-Kirkpatrick et al., 2022) as well as a rise in sea level by over 3 mm a year for 

the last 20 years (Nicholls et al., 2021). These disturbances and changes have heavily altered 
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species distributions, population and community structure and dynamics, and ecosystem 

functioning (e.g., Hastings et al., 2020; Jeger, 2022; Peters et al., 2019). Alarmingly, these 

modifications in natural systems are predicted to accelerate in coming years with climate 

change, worsening the current status of biodiversity and ecosystem functioning (Nunez et al., 

2019; Staudinger et al., 2013; Weiskopf et al., 2020). Among the most impacted regions will 

be the tropics; their ecosystems, particularly, will face significant declines in biodiversity as a 

combination of climate change with land use and fisheries exploitation (Das et al., 2022; 

Kayitesi et al., 2022; Lam et al., 2020). The projected global increase of 1.5-2.0 °C (i.e., the 

most optimistic shared socioeconomic pathways for emission trajectories SSP1-1.9 and 

SSP1-2.6, respectively; Riahi et al., 2017) will cause a reduction in the distribution range for 

most species, including corals, which will increase their likelihood of extinction (i.e., the 

number of threatened species will increase) (Arneth et al., 2020; Hoegh-Guldberg et al., 

2019; Nunez et al., 2019). Attaining low emissions of 1.5 °C is particularly important for the 

Great Barrier Reef (GBR) as this will translate into a drastic reduction of bleaching events 

(i.e., 3 events per decade) instead of 5 events per decade under SSP1-2.6 or annually under 

intensifying emissions (SSP5-8.5) (McWhorter et al., 2022b). However, limiting warming to 

1.5-2.0 °C will be extremely difficult, and most of the climatologically identified refugia on 

the GBR are predicted to be lost after the mid-century when global warming exceeds 3 °C 

irrespective of emissions scenario (McWhorter et al., 2022a). Local population extinctions 

have already been reported, and the extinction rate will depend on species' ability to respond 

to climate change (e.g., abilities to disperse, move to favorable conditions, evolve or adapt; 

McFadden et al., 2022). 

 

In the face of massive global degradation and destruction of ecosystems, ecological 

management — and, more recently, restoration — are practised globally as a direct response 
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(Kleypas et al., 2021). Restorative-based culture has evolved during the past century, as 

evidenced by increasingly proactive and bold interventions in natural systems (Anthony et al., 

2017; van Oppen et al., 2017, 2015) that have been more traditionally managed by (marine) 

protected areas (Naidoo et al., 2019) and pollution mitigation (Cooper et al., 2019) — how 

well these traditional approaches work is dependent upon active and dynamic strategies (e.g., 

Anthony et al., 2017, 2020), including enforcement. The restoration of natural ecosystems is 

also directly related to achieving several Sustainable Development Goals (SDGs) set by 

United Nations, such as (i) no poverty, (ii) zero hunger, (iii) good health and well-being, (iv) 

life below water, (v) life on land, (vi) clean water and sanitation, (vii) responsible 

consumption and production, and (viii) climate action among others (www.un.org). 

 

Ecological impacts of restoration efforts have enormous potential to improve population 

health and socio-economic well-being (Aronson et al., 2006; Camp et al., 2020b; Perring et 

al., 2018). In recognition of the key role of restoration in ecosystem health, on 1 March 2019, 

the United Nations (UN) General Assembly declared 2021–2030 the “UN Decade of 

Ecosystem Restoration”. This call to action has the mission of recognising the urgent need to 

up-scale and accelerate global restoration of degraded ecosystems, to counteract the effects of 

the climate crisis, enhance food security, provide clean water and protect biodiversity on the 

planet, reinforce food security, provide access to clean water and protect Earth’s biodiversity 

(Waltham et al., 2020). The UN Decade of Ecosystem Restoration also coincides with the 

“UN Decade of Ocean Science for Sustainable Development”, which aims to overturn 

degradation in ocean health. My PhD thesis is particularly timely, with the UN Ocean 

Conference (Portugal, 2022) flagging the need for the rapid scientific development of coral 

restoration activity as we progress through the UN Decade of Ecosystem Restoration Decade 
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(2021-2030) and the UN Decade of Ocean Science for Sustainable Development (2021-

2030). 

 

1.2. Coral reefs at risk 

Coral reefs represent one of the most biologically diverse communities on Earth (Reaka-

Kudla, 2005), and so provide wide-ranging ecosystem goods and services, from food and 

resource security to coastal protection and nutrient cycling (Toth et al., 2023; Webb et al., 

2023; Woodhead et al., 2019) — but are degrading rapidly at their fastest in history due to 

cumulative local and global anthropogenic pressures (Cramer et al., 2020; Dietzel et al., 

2020). Whilst local stressors such as nutrient run-off (Silbiger et al., 2018) are exacerbated by 

chronic ocean warming, deoxygenation and acidification under climate change (Suggett and 

Smith, 2020), of particular concern has been the rise of more frequent and intense tropical 

cyclones (Cheal et al., 2017; Moon et al., 2019) and “marine heatwaves” that induce mass 

coral bleaching events (Frölicher et al., 2018; Hughes et al., 2017b). In 2016 and 2017, back-

to-back mass bleaching occurred on the GBR, leading to drastic declines in coral cover and 

an unprecedented shift in coral assemblages (Eakin et al., 2019; Hughes et al., 2018), as well 

as rapid “reef decay” (Leggat et al., 2019). The GBR experienced the most widespread mass 

bleaching ever recorded in 2020, with at least 60% of reefs across all three GBR regions 

affected (GBRMPA, April 7, 2020), and notably the first documented mass bleaching event 

under La Niña cool conditions in 2022, and so four major events between 2016 and 2022 

(AIMS, 2022; Pratchett et al., 2021), driving coral cover to all-time lows (e.g., Hughes et al., 

2021, 2017). Even so, such disturbances have changed reef landscapes that, in turn, have 

impacted their ability to function as healthy ecosystems (Harborne et al., 2017; Williams and 
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Graham, 2019) and have lowered their resilience (Bahr et al., 2017; Good and Bahr, 2021; 

Hughes et al., 2003; Montefalcone et al., 2020; Stuart-Smith et al., 2018). 

 

Mitigating the loss of coral reefs by reducing greenhouse gas emissions is imperative; 

however, projected climate change, in combination with local stressors, will continue to pose 

a significant threat to tropical coral reefs. Given the poor projected trajectory of coral reefs in 

the face of climate change, and the potential consequences for the millions of people who 

depend on them, novel, immediate and more aggressive interventions to “buy reefs time” are 

being urgently considered and/or implemented (Anthony et al., 2017, 2015; Suggett and 

Smith, 2020). Until CO2 emissions can be reduced, stemming the rate of loss via accelerating 

coral repopulation may ensure the persistence of reef ecosystems and associated ecosystem 

services (Hein et al., 2021; Hughes et al., 2017a; Kleypas et al., 2021). Despite some 

succesful cases, conventional conservation approaches such as marine protected areas 

(MPAs) (Bates et al., 2019; Steneck et al., 2018) and water quality management (Sith et al., 

2019) have proven to be insufficient to cope with the reef degradation momentum and 

maintain reef structure and functionality impacted by climate change stressors (e.g., Hughes 

et al., 2017b). Thus, past and current management approaches alone simply will not be 

enough to secure the future of coral reefs (Anthony et al., 2017). A key factor now recently 

acknowledged by the GBR Marine Park Authority (i.e., the primary management agency for 

the GBR, GBRMPA) Reef BluePrint for Resilience, which has highlighted the need for new 

adaptive management approaches on the GBR in response to the rapid reef degradation, 

including “reef restoration” to secure coral biomass, maintain reef functioning, and build reef 

resilience to the future climate scenario (Great Barrier Reef Marine Park Authority, 2021, 

2017). Such recognition aligns with the need to rebuild marine life-support systems, such as 

coral reefs, and secure their biomass to achieve a more sustainable relationship with nature as 
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global populations continue to grow (e.g., Duarte et al., 2020); which is the central premise 

underpinning the UN’s Decade of Ecosystem Restoration (2021-2030) (United Nations, 

2020). 

 

1.3. Coral reef restoration tools 

Reef restoration has increased in both need and popularity in response to the drastic decline 

in global coral populations (De’Ath et al., 2012; Edmunds and Elahi, 2007; Gardner et al., 

2003), and the acknowledgement that, without human intervention, reef recovery will not be 

possible (Anthony et al., 2017; Suggett and Smith, 2020; van Oppen et al., 2017). Reef 

restoration can include both proactive and reactive interventions (Fig. 1.1). Proactive 

restoration implies the protection of coral reef habitat to enable natural reef recovery and 

ameliorate ecological functioning of the coral reef through management actions such as 

MPAs (Martínez-Rendis et al., 2020; Topor et al., 2019). Conversely, reactive restoration 

approaches consist of direct interventions to either mitigate a particular stressor that reduces 

coral survival (e.g., land-based run-off and pollution; Butler et al., 2013) or accelerate 

repopulation of corals and hence rebuild coral biomass, targeting particular coral traits and 

processes (e.g., coral cover and growth, coral recruitment; Boström-Einarsson et al., 2020). 

The last is commonly known as coral restoration, and it is the process of reef restoration that 

focuses on establishing resilient coral communities (Boström-Einarsson et al., 2020, 2018). 
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Figure 1.1 Continuum of proactive and reactive actions for coral reef conservation and 
restoration. Adapted from Society for Ecological Restoration (SER) guidelines (Gann et al., 
2019) and extracted from Hein et al., 2021. 

 

Other interventions have focused on substrate stabilisation, such as artificial reefs (Ceccarelli 

et al., 2020). For example, in Indonesia, following physical damage caused by blast fishing, 

hexagonal structures made from steel (“Reef Stars”) were developed by Mars, Incorporated 

to stabilise the substrata, resulting in one of the world’s largest restored reef efforts, 

extending over three hectares (Williams et al., 2019). The use of artificial reefs is generally 

accompanied by direct coral transplantation (Fadli et al., 2012; Ferse, 2008). This is the most 

common method of coral restoration and consists of the direct transplantation of coral 

fragments derived from a donor colony to a restoration site. Globally, an average coral 

survival of 64% was achieved in direct transplantation studies (Boström-Einarsson et al., 

2020). Other work has focused on boosting coral growth by electrolysis, where mineral 
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precipitation on the substratum is facilitated via electricity, and thereby, coral calcification is 

also promoted (Goreau and Hilbertz, 2012). Interventions have been devised to boost the rate 

of coral recruitment by directly inoculating coral larvae onto natural substrates (“Larval 

enhancement”; dela Cruz, 2019) and/or transplanting sexually produced recruits 

(Chamberland et al., 2015, 2013). In recent years, the development of an innovative approach 

to increase coral reef resilience by accelerating the natural evolutionary processes (“Assisted 

evolution”; van Oppen et al., 2017; Van Oppen et al., 2015) has also attracted increasing 

attention among scientists and practitioners in coral reef conservation. Such interventions are 

aimed at bioengineering heat-tolerant corals that can face climate change. In 2020, the first 

coral stock with enhanced thermal resilience was developed through heat-evolved microalgal 

symbionts (Buerger et al., 2020). 

 

Whilst valid views claim that restoration-based interventions carry limited benefits due to its 

limited spatial scale (Bruno and Valdivia, 2016; Hughes et al., 2017b), the need by many 

coastal communities to locally secure coral biomass in the face of climate change has led to 

many innovative and low-cost — and hence increasingly scalable — methods. For example, 

improved local coral recovery after a bleaching event by removal of coral predators, such as 

crown-of-thorns sea stars (COTS) (Birkeland and Lucas, 1990; Muhando and Lanshammar, 

2008) or the corallivorous snail Coralliophila abbreviata (Shaver et al., 2018). Also, more 

informed decision-making of coral nurseries (reef sites and species grown) to yield higher 

coral growth and survival (Suggett et al., 2019), including selection of more “stress-tolerant” 

coral genotypes (Morikawa et al., 2019). Most of the above-mentioned methods of reef 

restoration are currently in various stages of development and implementation (Suggett and 

van Oppen, 2022); most remain in trial “research and development” phases due to their low 

cost-effectiveness and unlikely deployable for the next five years (Anthony et al., 2019; 
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Mead et al., 2019). Instead, asexual coral propagation is expanding at local scales and rapidly 

becoming an approach that can be adopted worldwide and with relatively low-cost effort 

compared to sexual coral propagation. However, despite many years of coral reef restoration 

work (Levy et al., 2010; Rinkevich, 2000, 1995; Shafir et al., 2006), many unknowns exist in 

optimising this process and scaling up to larger reef areas (Suggett and van Oppen, 2022). 

 

1.4. Coral propagation and out-planting 

At present, coral propagation and out-planting — historically referred to as “coral gardening” 

— is the most commonly used coral propagation and restoration method to increase coral 

cover at individual reef sites (Bowden-Kerby, 2001; B. Rinkevich, 2015; Rinkevich, 1995; 

Young et al., 2012). It consists of collecting small pieces of coral from healthy wild coral 

colonies and propagating this collection on ex situ (land-based) or in situ (field-based) coral 

nurseries (Epstein et al., 2003, 2001). Once the reared coral fragments have reached a certain 

size, they can then be transplanted to degraded reefs and serve as a sustainable coral stock for 

future transplantations (Rinkevich, 2005, 1995). 

 

Coral nurseries and out-planting practices, pioneered throughout the Caribbean, Indo-Pacific, 

and the Red Sea over the last two decades (e.g., Boström-Einarsson et al., 2018; Clark and 

Edwards, 1995; Omori et al., 2008; Rinkevich, 2000), have grown into worldwide practices 

for the restoration of degraded reefs, and recovery of threatened coral species. As such, reef 

restoration activities in the Caribbean have historically but also continue to focus on 

relatively few coral species (Greer et al., 2020; Lirman et al., 2010; O’Donnell et al., 2017), 

but importantly a number of different genetic variants of these species (Calle-Triviño et al., 

2020; Lirman et al., 2014; Ware et al., 2020). However, decline in coral cover has been 
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particularly devastating for Caribbean key reef-builders such as Acropora cervicornis, and A. 

palmata (Crabbe et al., 2022; Gardner et al., 2003; Miller et al., 2022). For example, A. 

cervicornis populations have declined by > 95% (Aronson and Precht, 2001; Bruckner, 

2002), which has led to low densities and genetic diversity of these coral populations, and 

hence a reduction in genetic connectivity (Baums, 2008; Vollmer and Palumbi, 2007). In 

contrast, coral species loss throughout the Indo-Pacific has impacted more complex coral 

communities, thereby requiring different considerations on how to restore these coral 

assemblages (Hein et al., 2020a). 

 

Return-on-effort for coral restoration activities (i.e., cost-effectiveness and viability of 

restoration programs) has been optimised based mainly on the successes and failures from 

past efforts, in particular, those in the Caribbean (Johnson et al., 2011; Suggett et al., 2019; 

Young et al., 2012). Undoubtedly, these restoration efforts have generated a wealth of data 

that can potentially guide future propagation and out-planting practices (Boström-Einarsson 

et al., 2018). Whilst Indo-Pacific coral propagation has been conducted for over 20 years in 

various forms (e.g., Fadli et al., 2012; Fox et al., 2003; Shaish et al., 2010; Villanueva et al., 

2012), much of the knowledge is unreported in the scientific literature despite other valid 

reporting methods of knowledge sharing (e.g., Razak et al., 2022). Therefore, many Indo-

Pacific locations, such as the GBR, are in their infancy for coral nursery-based reef 

restoration where no historical data of restoration initiatives exist to tailor practices (e.g., 

propagation and out-planting efforts) to the local coral taxa and/or reefs (Ladd et al., 2018; 

Shaver and Silliman, 2017), and hence past and current methods are not directly transferable, 

creating a large knowledge gap. 
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Great Barrier Reef coral restoration 

The GBR is the world’s largest coral reef stretching > 2,000 km comprised of > 2,900 reefs, 

encompassing a diverse ecosystem with environmental, Indigenous, social, and economic 

values and uses, such as fishing, tourism, and research (Great Barrier Reef Marine Park 

Authority, 2019). Such diversity of values and uses, marine landscapes and life (including 

more than half of the worldwide species of hard corals) make this region one of the most 

complex natural systems on Earth. Hence, many challenges arise when managing this vast 

multiple-use area with different features and environments. Historically, coral reef 

management has focused on decreasing local and regional stressors, such as overfishing, oil 

and gas mining, coastal development, and poor water quality (e.g., in Beher et al., 2016; 

MacNeil et al., 2019). A decade ago, COTs control has also become a critical management 

action on the GBR (Westcott et al., 2020). However, reactive intervention, including coral 

reef restoration had not been considered as part of Australian coral reef management actions 

until 2017, following the back-to-back coral bleaching events in 2016–17 and the increase in 

frequency and intensity of tropical cyclones and COTs outbreaks (Cheal et al., 2017; De’Ath 

et al., 2012; Hughes et al., 2017b). 

 

Tourism sustains > 90% of the GBR economic value (Great Barrier Reef Marine Park 

Authority, 2019; Spalding et al., 2017) and therefore represents key stakeholders. In the 

context of rapidly deteriorating reef health under climate change (Dietzel et al., 2020; Hughes 

et al., 2019, 2018), and in order to preserve this economy whilst capacity building the tourism 

industry as better “reef stewards”, many operators have turned their interests towards coral 

propagation at their sites (Suggett et al., 2020, 2019) — and several in situ coral nurseries 

have now been established. The first multi-species coral nursery was approved by the 
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GBRMPA and installed successfully on Opal Reef, GBR (50–60 km from the mainland) in 

February 2018 (Suggett et al., 2019) as part of the Coral Nurture Program 

(www.coralnurtureprogram.org). These underwater structures consist of platforms (2.0 × 1.2 

m) deployed at 1–2 m above sand (5–6 m depth) at several reef sites (Fig. 1.2a) housing 

multiple coral species (e.g., Suggett et al., 2019). As of January 2023, over 120 platforms 

propagating > 2,200 corals (37 species) across 30 key tourism sites are operating alongside 

already outplanted > 76,600 corals encompassing 68 species. Another type of coral nursery 

(Coral Tree Nursery©) — commonly used in the Caribbean (Nedimyer et al., 2011; 

O’Donnell et al., 2017) (Fig. 1.2b) was also established in December 2019 (Reef Restoration 

Foundation, April 19, 2020). However, this technology originally conceived in the Caribbean 

for propagating branching species of Acropora (Nedimyer et al., 2011; O’Donnell et al., 

2017) and hence propagates fewer species on the GBR. In 2021, this nursery structure has 

been deployed at few sites and consists of 20 coral trees (capable of housing around 1,500 

coral fragments) (Cook et al., 2022). 
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Figure 1.2 a) Opal reef coral nursery (GBR). Novel platform design harbouring 11 coral 
species from five genera (Suggett et al., 2019). b) Coral Tree Nursery© in the Caribbean 
holding fragments of one branching coral species, Acropora cervicornis (Nedimyer et al., 
2011). 

 

Coral nursery and out-planting practices to date almost exclusively evaluate “success” from 

measurements of coral growth and survival over time (e.g., Hein et al., 2017; Lirman and 

Schopmeyer, 2016), metrics that together are fundamental for determining the return-on-

effort of the restoration initiative (Suggett et al., 2019). However, several studies 

(Bayraktarov et al., 2017, 2016; Hein et al., 2017; Rinkevich, 2017) have discussed that 

growth and survivorship carry limited value to describe “success”, notably where other 

factors may affect ecosystem services with a high value of interest. For example, a coral may 

grow quickly (and therefore be seen to have high “success”) but have limited value to coastal 

protection if the fast growth was underpinned by a weak/porous skeleton. 

  

a)                                    b)                  
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1.5. Ultimate goals of coral reef restoration 

Reactive coral restoration currently aims to establish self-sustaining coral populations that are 

functionally (genetically and/or phenotypically) diverse to maintain or restore functionality 

and derived ecosystem services and build resilience in the face of persistent environmental 

stressors and, notably, climate change (Baums, 2008; Hein et al., 2021). Maintaining 

desirable features such as high coral cover and diversity, structural complexity, and fish 

biomass are common restoration goals (Bayraktarov et al., 2019; Seraphim et al., 2020; 

Yanovski et al., 2017). Less considered goals are nutrient or biogeochemical cycling, trophic 

interactions, and calcium carbonate (CaCO3) dynamics which are still poorly defined and 

understood (Brandl et al., 2019). These processes underpin the provision of food and services 

such as coral reef fisheries and coastal protection to approximately six million people 

(Ferrario et al., 2014; Seraphim et al., 2020; Teh et al., 2013). Coral reefs’ value goes beyond 

the ecological and economic aspects, and they are also greatly appreciated for their aesthetics 

and spiritual importance for the coastal communities (Cinner and Aswani, 2007; Hicks et al., 

2009). Given coral reefs are foundational systems, it is important to include other coral traits 

(metrics) more aligned to reef functionality and services to evaluate the success of coral 

restoration efforts (Hein et al., 2021), as highlighted by the many reports from the 

Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) that focus on 

the urgent need of assessing the state of the Earth’s biodiversity, its ecosystems, and the vital 

services they provide to society (www.ipbes.net). 

 

Few studies to date have reported increases in hard coral cover and structural complexity on 

restored sites compared to non-intervened nearby reef areas (Hein et al., 2020a; Ladd et al., 

2019; Roper et al., 2022). Despite the evident success of restoring reef functionality and 
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associated service value, the outcomes of current restoration practices still need to be 

determined whether they will persist in the projected warming future and hence ensure reef 

resilience (Ladd et al., 2019). If the end goal is to restore (where lost) or maintain reef 

functionality and associated services, and build reef resilience, it seems reasonable to include 

metrics that encompass these desired attributes when evaluating the success of coral reef 

restoration projects (Boström-Einarsson et al., 2018; Hein et al., 2021; Vardi et al., 2021). 

Lastly, these metrics are needed to improve cost-efficiency and return-on-effort of coral reef 

restoration techniques in order to up-scale restoration efforts (Stewart-Sinclair et al., 2021; 

Suggett et al., 2019; Suggett and van Oppen, 2022; Vardi et al., 2021). 

 

Despite the growing and diverse portfolio of interventions for coral reef restoration, few 

restoration programs are currently incorporating appropriate methods in project design and 

practice, highlighting a critical mismatch in regard to the convenient selection of methods 

towards the project’s goal (Hein et al., 2021). Methods suitability and selection should be 

driven by the identified goals that coral restoration efforts aim to achieve (Edwards et al., 

2010; Hein et al., 2020c). Fig. 1.3 shows a matrix elaborated to identify the suitability of a 

particular method in regard to a targeted goal. For example, when aiming to mitigate 

population decline and preserve biodiversity, approaches that focus on larval release and the 

deployment of seeded substrates are considered most appropriate since these two methods 

will enhance genetic diversity at the restored site. Methods selection should be based on 

location and project-specific characteristics (Shaver et al., 2020). However, when it comes to 

targeting maintenance or recovery of specific ecosystem services such as shoreline protection 

or fisheries production, none of the current methods are considered as “most appropriate”, 

which evidences a critical gap between current coral reef restoration methods and the 
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ultimate goal of establishing self-sustaining coral populations that are functionally diverse to 

maintain or restore reef functionality and derived ecosystem services. 

 

Moreover, as coral reefs are one of the most vulnerable ecosystems to climate change, actions 

that enhance reef resilience are critical to ensure restoration efforts have a greater chance of 

success in a warming world. Therefore, including metrics that evaluate how restoration 

interventions impact or build climate reef resilience is essential in restoration projects. Not 

only are appropriately chosen methods that target specific goals missing in most restoration 

programs (from project design and implementation to monitoring), but also identified coral 

traits (metrics) that inform the success of the targeted goals. Including suitable, climate- and 

goal-oriented metrics in restoration programs will help identify (i) the impacts of coral 

restoration efforts on reef structure and community, (ii) whether coral reef restoration is 

recovering key ecological processes and services, and (iii) whether coral reef interventions 

are building reef resilience to climate stress, which overall will translate in a more accurate 

evaluation of the success of a specific restoration intervention, and will help obtain critical 

information on return-on-effort for the much-needed up-scale of reef restoration under a 

warming climate. In this context, this PhD thesis investigates other coral (reef) traits 

(metrics), including some aligned to ecosystem services and reef heat resilience, through a 

trait-based approach to better inform on the impact of recent coral propagation and 

outplanting efforts on the GBR and their success. 
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Figure 1.3 Goals-and-methods matrix for coral reef restoration. Four main goals have been 
identified: socio-economic, ecological, climate mitigation, and disturbance-driven goals, 
alongside the most appropriate method to achieve them (in a darker colour). Several 
interventions might be suitable to restore multiple goals. Extracted from Hein et al., 2021. 

 

1.6. Developing a “deeper trait” perspective to restoration “success” 

Documenting and understanding the vast array of functional traits in ecosystems has been 

tremendously useful in understanding organismal and ecosystem processes, functionality, 

productivity, and resilience (Brown et al., 2004; Finegan et al., 2015; Kunstler et al., 2016) in 

past and present environmental regimes. As a result, trait-based approaches have been largely 

used in evolution and ecology because it facilitates quantitative comparisons of biological 

form and function. Also, the use of traits allows the systematic linking of organismal 

responses to the environment, which nowadays is more critical than ever under a changing 

climate, by relatively easy-to-measure traits on large numbers of individuals (Gallagher et al., 

2020). 
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Appropriately chosen and defined traits can help identify organismal response or life-history 

strategy for a given environment. For example, leaf mass per area (LMA, leaf 

photosynthesising surface area per unit leaf dry mass) was identified decades ago as a 

“supertrait”. This measurable trait synthesises the energy-acquiring part of the plant, or 

photosynthetic capacity, which is highly associated with other biological traits and ecological 

processes such as relative growth rate (defined as weight increment per unit weight present 

per unit of time), mass-based leaf nitrogen, and leaf longevity (Westoby, 1998; Wright et al., 

2004). Traits such as coral growth and survivorship have been commonly measured in coral 

restoration studies because of the ease of collecting data (e.g., Boström-Einarsson et al., 

2020). Whilst these two traits provide a measure of coral biomass and complexity changes 

via relatively fast and convenient methods, these traits alone may not be informative enough 

to capture how corals perform under nursery or out-planting practices. For example, 

considering trade-offs in resource partitioning that potentially govern coral health, and 

therefore how these practices may impact other ecosystem services metrics such as 

biogeochemical cycling. Sole reliance on these traits may, thus, not fully capture how coral 

restoration initiatives impact — positively or negatively — reef health. 

 

Other potential supertraits critical for future climate scenarios have been suggested as those 

supporting thermal tolerance (Howells et al., 2021) since oceans are projected to warm up to 

1-2 °C in the next century (Frieler et al., 2013). Reef-building corals live in a symbiotic 

relationship with microalgae of the family Symbiodineacea. The algae live within the coral’s 

tissue, giving them their characteristic colouration, and through photosynthesis, produce 

compounds that are the primary food source of the coral. However, this intimate relationship 

breaks down following stress (e.g., changes in salinity, intense solar radiation, exposure to air 
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by low tides or low sea level, sedimentation, or chemical pollutants such as herbicides and 

oil; Reaser et al., 2000), resulting in the loss of symbionts from the coral tissues, and showing 

their white calcium carbonate skeleton (the so-called coral bleaching). Corals can withstand 

for longer periods on heterotrophic feeding instead of the photosynthetic pathway and hence 

survive bleaching periods by recovering their lost symbionts. However, heat tolerance may 

not confer resistance to the many other stressors impacting reefs under climate change 

(Hughes et al., 2020; Pendleton et al., 2016). 

 

Alternatively, traits such as coral morphology (also referred to as growth morph or growth 

form) support reef structural complexity and biodiversity (Darling et al., 2012; Madin et al., 

2016a), and considered a good predictor of recovery after disturbances (Darling et al., 2012) 

including bleaching events (Graham et al., 2015). However, morphology alone does not 

account for how biochemical signals may moderate species interactions and recovery 

trajectories (Williams et al., 2017). To overcome these limitations of individual traits, an 

alternative approach is proposed to simultaneously examine multiple traits and how they 

affect coral performance and impact desired ecosystem service outcomes. For example, 

Table 1.1 provides a summary of literature highlighting possible traits of interest to better 

describe coral performance beyond growth and survival. It is clear that mining “deeper traits” 

is currently needed to best inform how additional key measurements can aid descriptions of 

“success” across the rapidly growing volume of coral restoration efforts worldwide. 
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Table 1.1 Potential traits relevant to restoration to understand coral biology. (A) Physical, (B) physiological, and (C) molecular coral traits 
commonly used in coral research and/or restoration are listed below. The details on how to measure a specific trait are classified in technique 
(the most common methodology); level (which part of the coral holobiont is targeted); type of replicates (minimum number of replicates, and 
information about if the destruction of the sample is required); and equipment (the most common equipment). Additionally, we added the 
feasibility for measuring a specific trait (in terms of costs, expertise, and time); and the type of trait (according to being desirable and 
measurable; desirable and less measurable; and measurable and less desirable). In italic, an alternative methodology to assess the same coral 
trait. From one to 17, some of the coral traits that have been selected for the multi-trait assessment approach. 

A) 

Physical Trait Technique Level Type of replicates. Are 
they destructive: Yes 
(Y) or No (N) 

Equipment Feasibility 
(from more 
feasible (+) 
to less 
feasible 
(+++) 

Type of trait: 
Desirable and 
measurable (DM), 
desirable and less 
measurable (DL), or 
measurable and less 
desirable (ML) 

References 

Survival 
(Survivorship) (1) 

Underwater visual 
survey by taking 
photographs. 

Coral colony 
and fragment 

1–2 photographs/colony 
or fragment – N 

Underwater digital 
camera. 

Cost + 
Expertise + 
Time + 

DM (Lirman, 2000; 
Putchim et al., 
2008; Wright 
et al., 2019) 

Growth rate (as linear 
extension rate) (2) 

Underwater visual 
survey by taking 
photographs using 
a ruler for 
calibration. 

Coral colony 
and fragment 

1–2 photographs/colony 
or fragment – N 

Underwater digital 
camera and ruler. 
Image analysis 
using a specific 
software. 

Cost + 
Expertise + 
Time ++ 

DM (Hughes, 1987; 
Lirman, 2000; 
Lizcano-
Sandoval et al., 
2018) 

Growth rate (as 3D 
reconstruction) 

Underwater 
visual survey by 
taking 
photographs 
using a ruler for 
calibration. 

Coral colony 
and fragment 

50-100 
photographs/colony or 
fragment – N  

Underwater digital 
camera and ruler. 
Image analysis 
using a specific 
software. 

Cost ++ 
Expertise 
++ 
Time +++ 

DL (Gutierrez-
Heredia et al., 
2016; 
Gutiérrez-
Heredia et al., 
2015) 

Growth rate (as weight 
gain) 

Scale to obtain 
the buoyant 
weigh1, wet 

Coral 
fragment 

1 measurement/fragment 
– N 

Scale. Cost + 
Expertise + 
Time +++ 

DL (Spencer 
Davies, 1989; 
Wright et al., 

 
1 Also called buoyant weight growth rate. 
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weight or dry 
weight. 

2019) 

Coral colour / Tissue 
colouration (a proxy 
for symbiont density) 
(3) 

Underwater visual 
survey by taking 
photographs with 
a colour reference 
card. 
Quantification of 
RGB (R, red; G, 
green; B, blue) 
values. 

Coral colony 
and fragment 

1–2 photographs/colony 
or fragment – N 

Underwater digital 
camera and colour 
reference card2. 
Image analysis 
using a software 
(optional). 

Cost + 
Expertise ++ 
Time +++ 

ML (Siebeck et al., 
2006; Wright 
et al., 2019) 

Bleaching state (4) Underwater visual 
survey by taking 
photographs with 
the Coral Health 
Chart. Manual 
categorisation3. 

Coral colony 
and fragment 

1–2 photographs/colony 
or fragment – N 

Underwater digital 
camera and Coral 
Health Chart. 

Cost + 
Expertise + 
Time + 

ML (Siebeck et al., 
2006; Wright 
et al., 2019) 

Lesion progression / 
Tissue loss / Dead 
coral tissue 

Photographs using 
a ruler for 
calibration and 
quantify or 
categorise % of 
tissue loss. 

Coral colony 
and fragment 

1–2 photographs/colony 
or fragment – N 

Underwater digital 
camera and ruler. 

Cost + 
Expertise + 
Time ++ 

ML (Wright et al., 
2019) 

Skeletal surface 
(surface area, SA) (5) 

Single paraffin 
wax dipping 
method. 

Coral 
fragment 

1 measurement/fragment 
– Y 

Paraffin wax. Cost + 
Expertise ++ 
Time ++ 

DL (Veal et al., 
2010) 

Skeletal volume Water 
displacement in a 
graduated 
cylinder. 

Coral 
fragment 

1 measurement/fragment 
– N 

Graduated 
cylinder. 

Cost + 
Expertise + 
Time ++ 

ML (Lavy et al., 
2015) 

(Skeletal) – bulk 
volume, biomineral 
density, bulk density, 
pore volume, 

Hydrostatic 
weight 
measurement. 

Coral 
fragment 

1 measurement/fragment 
– Y 

Sodium 
hypochlorite 
solution (1%), 
deionised water, 

Cost + 
Expertise ++ 
Time +++ 

DL (Fantazzini et 
al., 2015) 

 
2 Also called colour standard, which consists of five coloured areas (black, white, red, green, and blue). 
3 E.g., Either score from one to six or assign categories: (1) unbleached (normal colouration), (2) pale (lighter colour than usual for the time of year), (3) 0-20% of the surface 
bleached, (4) 20-50% bleached, (5) 50-80% bleached, and (6) 80-100% bleached. 
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apparent (internal) 
porosity (6) 

oven, glass vessel 
in a 50 °C water 
bath under vacuum, 
and paraffin wax. 

Skeletal hardness (7) Shore D Hardness 
Tester (TE-271). 

Coral 
fragment 

1 measurement/fragment 
– Y 

Sodium 
hypochlorite 
solution (1%), 
deionised water, 
oven, and hardness 
tester. 

Cost + 
Expertise + 
Time + 

DM (Leggat et al., 
2019) 

Colony mass per area,  
CMA (8) 

Scale and single 
paraffin wax 
dipping method to 
obtain weight and 
SA, respectively. 

Coral 
fragment 

1 measurement/fragment 
– Y 

Paraffin wax. Cost + 
Expertise ++ 
Time ++ 

DL (Madin et al., 
2016b) 

(Skeletal) – 
interseptal volume 
fraction, (macro, 
micro and nano-) 
porosity, (micro and 
nano-) structure, 
stiffness, and 
hardness 

µCT4, TD-NMR5, 
SAXS6, SEM7, 
AFM8, and 
Nanoindentation 
Tester. 

Coral 
fragment 

1–2 
measurements/fragment – 
Y 

Sodium 
hypochlorite 
solution (1%), 
deionised water, 
oven, microscope, 
mounting substrate, 
and specific 
equipment. 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Fantazzini et 
al., 2015) 

(Skeletal) –
crystallographic vital 
effects (CVE) (a 
proxy of physiological 
processes controlling 
biomineralisation) 

SEM, EBSD9, 
XRPD10, and 
TGA11. 

Coral 
fragment 

1–2 
measurements/fragment – 
Y 

Sodium 
hypochlorite (4%) 
solution, deionised 
water, diamond 
saw; mounting 
substrate (stain and 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Coronado et 
al., 2019) 

 
4 Micro computed tomography. 
5 Time-domain nuclear magnetic resonance. 
6 Small-angle X-ray scattering. 
7 Scanning electron microscopy. 
8 Atomic force microscopy. 
9 Electron backscatter diffraction. 
10 X-ray powder diffraction (non-destructive). 
11 Thermal gravimetric analysis. 
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epoxy resin), and 
specific equipment. 

Skeletal growth rate 
 

Calcein dying or 
Calcein-Alizarin 
dying. 

Coral 
fragment 

1–2 
measurements/fragment – 
Y 

Stain and 
electronic 
microscope. 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Holcomb et 
al., 2013) 

 

B) 

Physiological Trait Technique Level Type of replicates. Are 
they destructive: Yes 
(Y) or No (N) 

Equipment Feasibility 
(from more 
feasible (+) 
to less 
feasible 
(+++) 

Type of trait: 
Desirable and 
measurable (DM), 
desirable and less 
measurable (DL), or 
measurable and less 
desirable (ML) 

References 

Photosynthesis – Net 
O2 production 
(indicator of 
photosynthetic rate) 
(9a) 

Photosynthesis vs 
Respiration ratio. 

Coral 
fragment 

1 measurement/fragment 
– N (5 cm) 

Incubation 
chamber and O2 
logger. 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Camp et al., 
2019, 2017, 
2015; Gardner 
et al., 2017; 
Strahl et al., 
2015; Wright et 
al., 2019) 

Respiration – Net O2 
consumption 
(indicator of 
respiratory rate) (9b) 

Photosynthesis vs 
Respiration ratio. 

Coral 
fragment 

1 measurement/fragment 
– N (5 cm) 

Incubation 
chamber and O2 
logger. 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Camp et al., 
2019, 2017, 
2015; Gardner 
et al., 2017; 
Strahl et al., 
2015; Wright et 
al., 2019) 

Calcification – Total 
alkalinity (indicator 
of net calcification 
rate) (10) 

Rates of light and 
dark calcification. 

Coral 
fragment 

1 measurement/fragment 
– N (5 cm) 

Incubation 
chamber and 
mercuric chloride 
(0.05% by 
volume) to fix the 
water samples. 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Camp et al., 
2019, 2017, 
2015; Gardner 
et al., 2017; 
Strahl et al., 
2015; Wright et 
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al., 2019) 
Chlorophyll a 
fluorescence – 
(Non)photobiological 
traits (11) 

EK (light 
saturation 
coefficient), 
Fq´/Fm´MAX 
(derived 
maximum 
photochemical 
efficiency), [1-C] 
(photochemical 
quenching), [1-Q] 
(non-
photochemical 
quenching) 
MAX, Fv/Fm 
(maximum 
quantum yield of 
photosystem II). 

Coral 
fragment 

1 fragment/colony – N (2 
cm) 

PAM fluorometer. Cost ++ 
Expertise 
+++ 
Time ++ 

DL (Camp et al., 
2019, 2017, 
2015; Gardner 
et al., 2017; 
Strahl et al., 
2015; Suggett 
et al., 2012; 
Wright et al., 
2019) 

Symbiont cell density 
(12) 

Number of 
symbiont 
cells/coral surface 
area (cells cm-2). 

Symbiont 
fraction 

1-cm fragment – Y Haemocytometer 
and microscope. 

Cost + 
Expertise ++ 
Time +++ 

DL (Camp et al., 
2016a; Gardner 
et al., 2017; 
Hoogenboom et 
al., 2010) 

Total pigment 
(Chlorophyll a and 
c2) content and ratio 
(13) 

Identification and 
quantification. 

Symbiont 
fraction 

1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C, 
extraction of 
pigments and 
quantification by 
spectrophotometr
y. 

Cost + 
Expertise ++ 
Time +++ 

DL (Gardner et al., 
2017; Wright et 
al., 2019) 

Total protein content 
(14) 

Identification and 
quantification. 

Host and 
symbiont 
fractions 

1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C, 
bicinchoninic 
method with 
bovine serum 
albumin as a 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Gardner et al., 
2017; Grottoli 
et al., 2018; 
Wright et al., 
2019) 
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standard. 
Total carbohydrate 
content (15) 

Identification and 
quantification. 

Host and 
symbiont 
fractions 

1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C, phenol-
sulfuric acid 
method with 
glucose as a 
standard. 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Grottoli et al., 
2018; Wright et 
al., 2019) 

Total lipid content 
(16) 

Identification and 
quantification. 

Host and 
symbiont 
fractions 

1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C, 2:1 
chloroform:metha
nol solution 
followed by 
washing steps. 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Grottoli et al., 
2018, 2004; 
Padilla-Gamiño 
et al., 2013) 

Catalase activity 
(CAT, a proxy for 
coral innate immune 
response) 

Identification and 
quantification. 

Host fraction 1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C, 
antioxidant assay, 
microplate reader. 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Gardner et al., 
2017; Wright et 
al., 2019) 

Non-fluorescent 
chromoprotein 
content12 (a proxy for 
coral innate immune 
response) 

Identification and 
quantification. 

Host fraction 1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C, 
extraction of 
chromoproteins 
and quantification 
by 
spectrophotometr
y. 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Gardner et al., 
2017; Wright et 
al., 2019) 

Other antioxidant 
and enzyme activity 
(SOD13, GSx14, and 
CAT-like activity) 

Identification and 
quantification. 

Host fraction 1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C, 
antioxidant assay, 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Gardner et al., 
2017; Wright et 
al., 2019) 

 
12 Thought to play a role in photoprotection of the coral's resident symbiont microalgal photosystems from photoinhibition caused by high light levels found near the surface 
of coral reefs. 
13 Superoxide dismutase enzyme. 
14 Glutathione enzyme. 
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microplate reader. 
N2 fixation (related to 
nutrition) 

Rates of light and 
dark calcification. 

Coral 
fragment 

1 measurement/fragment 
– N (5 cm) 

Incubation 
chamber and 
acetylene (C2H2) 
reduction assay. 

Cost ++ 
Expertise 
+++ 
Time +++ 

DL (Bednarz et al., 
2018, 2015) 

Carbon acquisition 
(related to nutrition) 

Identification and 
quantification. 

Coral 
fragment 

1 measurement/fragment 
– Y (5 cm) 

NaH13CO3 
incubations 
followed by mass 
spectrometry 
coupled to a C/N 
analyser. 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Pupier et al., 
2019) 

Photoautotrophy vs 
heterotrophy (related 
to nutrition) 

Identification and 
quantification. 

Coral host 1 measurement/fragment 
– Y (5 cm) 

Photoautotrophic 
labelling (DI-13C 
pulse-chase), and 
heterotrophic 
labelling (13C-
rotifer pulse-
chase). 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Baumann et 
al., 2014; 
Grottoli et al., 
2006; Hughes 
et al., 2010) 
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C) 

Molecular trait Technique Level Type of replicates. Are 
they destructive: Yes 
(Y) or No (N) 

Equipment Feasibility 
(from more 
feasible (+) 
to less 
feasible 
(+++) 

Type of trait: 
Desirable and 
measurable (DM), 
desirable and less 
measurable (DL), or 
measurable and less 
desirable (ML) 

References 

Symbiont diversity 
(17) 

ITS2 sequencing. Symbiont 
fraction 

1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C. DNA 
extraction 
protocol, and 
sequencing 
facility. 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Howe-Kerr et 
al., 2020) 

Coral diversity Single nucleotide 
polymorphisms 
(SNP) markers 
(genotype). 

Coral host 1-cm fragment – Y Stored in liquid 
nitrogen and then 
in -80 °C, DNA 
extraction 
protocol, and 
sequencing 
facility. 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Kitchen et al., 
2020) 

Gene expression 
(including heat shock 
protein gene 
expression, and other 
gene markers) 

RNA sequencing. Coral host 1 fragment (1–2 cm) – Y Stored in 
RNAlater, RNA 
extraction 
protocol, and 
sequencing 
facility. 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Venn et al., 
2009) 

Microbial 
composition 
(diversity), relative 
abundance and 
function 

16S sequencing. Coral 
fragment 

1 fragment (1–2 cm) – Y Stored in 
RNAlater, DNA 
extraction 
protocol, and 
sequencing 
facility. 

Cost +++ 
Expertise 
+++ 
Time +++ 

DL (Wegley et al., 
2007) 

DMSP / DMSO 
concentrations 

Identification and 
quantification. 

Coral 
fragment 

 Store in methanol 
at -20 °C, 
determination by 

Cost +++ 
Expertise 
+++ 

DL (Deschaseaux et 
al., 2014; 
Gardner et al., 
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qNMR15 or GC16. Time +++ 2017) 
 

 
15 Quantitative 1H nuclear magnetic resonance spectroscopy. 
16 Gas-chromatography. 
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1.7. Thesis Roadmap, Aims and Objectives 

In 2018, the “Coral Nurture Program” (CNP) was successfully established on the Northern 

Great Barrier Reef (Cairns-Port Douglas region of Queensland, Australia) as a unique 

partnership between tourism operators and scientists to up-scale coral restoration practices 

(e.g., coral propagation and out-planting, and substrate stabilisation), and identify high-value 

reef sites that can be managed by local stewardship (Howlett et al., 2022). Similarly, other 

approaches such as Mars Assisted Reef Restoration System (MARRS, or “Reef Stars”), 

which are applied on reef sites to contribute toward rubble stabilisation or larval-based 

restoration (also called larval enhancement) that focus on boosting coral recruitment, 

emerged on the GBR (McLeod et al., 2022). Despite the difference among employed methods 

and, hence, the different potential impacts on the reef, their success evaluation mainly relies 

on survival and growth rates. In turn, such basic appraisal of success has limited our 

understanding of the impact of coral restoration activities on coral (reef) performance, 

functioning, associated services, and resilience (Fig. 1.4). 

 

The overall goal of this PhD is to evaluate the biological and ecological “success” of 

innovative coral restoration efforts on the Great Barrier Reef. This will be achieved through 

developing a holistic multi-trait measurement approach — based on a broader range of coral 

traits, apart from only survival and growth. Development of a multi-trait approach will 

facilitate identification of other potential key traits that better describe “success” during coral 

propagation and out-planting activities and more meaningfully contribute to desired 

ecosystem service outcomes, which are the ultimate goal of the restoration initiatives. 

Activities of this project are directly aligned to the GBR tourism industry to identify optimum 
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approaches (including appropriate data metrics) needed to propagate coral and rehabilitate 

degraded reef sites. 

 

Figure 1.4 Schematic representation of some knowledge gaps that exist regarding the 
impacts of coral reef restoration practices. Continuous arrows indicate traits or metrics that 
are acknowledged to inform coral reef restoration practices. Dotted arrows accompanied by 
interrogation marks show aspects of coral restoration found in minimal studies (or even not 
considered yet) and addressed in the three aims of this PhD thesis. 

 

This thesis is comprised of three research Aims (Chapters 2-4), where Chapters 2 and 3 are 

connected around a common experimental design using coral nurseries (Opal Reef, northern 

GBR), and Chapter 4 is centred on reef stabilisation methodologies (Moore Reef, central 

GBR). All studies have been presented in the form of a journal manuscript. At the time this 

thesis was finalised, Chapter 2 had been submitted in a peer-reviewed journal (and published 

as a preprint), Chapter 4 had been published, and Chapter 3 was fully drafted for 

submission.  
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The specific aims of this research are to: 

 

Aim 1 (Chapter 2) – Evaluate coral performance by exploring resource allocation across 

a diverse array of functional traits in natural versus nursery-reared colonies. 

Hypothesis 1: Nursery-based corals will display a different resource allocation in functional 

traits than their conspecifics from natural reefs because the coral nursery provides different 

environmental conditions. 

 

This Chapter has been submitted to Scientific Reports and is available as a Preprint: Nuñez 

Lendo, C.I., Camp, E.F., Edmondson, J., Hughes, D.J., Kuzhiumparambil, U. Clases, D., 

Gonzalez de Vega, R., Suggett D.J., 2023. Multiple trait approach to inform ecosystem 

service value of corals propagated for restoration on the Great Barrier Reef. Res. Sq. 

PREPRINT. https://doi.org/10.21203/rs.3.rs-2030847/v1 

 

Aim 2 (Chapter 3) – Identify whether there are differences in coral heat tolerance 

among coral groups (i.e., donor colonies and nursery-reared fragments) under heat 

stress- exposure. 

Hypothesis 2: Differences in thermal tolerance will be genotype-specific. However, nursery 

corals will exhibit a different thermal tolerance than their conspecifics in the reef because the 

coral nursery offer a different environment. 
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Aim 3 (Chapter 4) – Assessment of Mars Assisted Reef Restoration System (MARRS) 

on reef accretion by evaluating carbonate budgets. 

Hypothesis 3: Direct transplantation of underwater structures harbouring nursery corals 

with higher structural complexity will exhibit a higher increase in ecosystem services than 

designs with lower complexity or unamended (control) soft bottom areas subjected to natural 

recovery. 

This Chapter has been published: Nuñez Lendo, C.I., Suggett, D.J., Boote, C., McArdle, A., 

Nicholson, F., Fisher, E.E., Smith, D., Camp, E.F., 2024. Carbonate budgets induced by coral 

restoration of a Great Barrier Reef site following cyclone damage. Front. Mar. Sci. 

10:1298411. doi: 10.3389/fmars.2023.1298411 

 

 



33 

Chapter 2 

Multiple trait approach to inform ecosystem service value of 

corals propagated for restoration on the Great Barrier Reef 
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2. Abstract 

Coral propagation- and planting-based reef restoration practices are accelerating globally, yet 

short-term “success” continues to be measured as broad metrics of coral survival and growth, 

even though goals are often centred on recovering broad ecosystem service values. As such, 

how restoration activities may impact healthy reef functioning remains uncertain. For 

example, trade-offs in resource acquisition and partitioning that potentially regulate growth 

vs survival may yield very different outcomes towards factors governing reef biogeochemical 

cycles. Here we considered a proof-of-concept “multi-trait” approach to capture how a 

broader range of functional traits reflect the expression of growth and survival for a key coral 

species (Acropora cf. hyacinthus) — impacted by recent mass bleaching events — 

propagated for restoration activities on the Great Barrier Reef (GBR), Australia. We 

examined a diverse array of bio-physical, bio-chemical, and skeletal traits (n = 90 traits) for 

wild (donor) colonies and their nursery-derived fragments from a 12-month growth period 

(Opal Reef, northern GBR). Nursery corals grew 20-25 times faster than their donor (wild) 

colonies, but both exhibited similar survivorship. Faster growth within nurseries was 

accompanied by more pigmented colonies (darker-coloured and with more symbionts), and 

higher respiration and dark calcification rates. However, despite these metabolic changes, 

biogeochemical properties of the nursery and reef corals (carbohydrates, lipids, proteins, 

elemental stoichiometry, and skeletal properties) remained largely the same after 12 months, 

suggesting the bio-energetic value to trophic transfer as well as the structural rigour of corals 

was unaltered by nursery propagation. Thus, a “multi-trait” approach enables more informed 

evaluation as to how propagation activities impact diverse ecosystem service values, 

highlighting the immense importance of this knowledge in choosing coral individuals for 

restoration. Our example provides confidence to practitioners that key ecosystem service 
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attributes of native corals are largely retained through an intermediate nursery growth phase 

that can accelerate coral biomass gains. 

 

2.1 Introduction 

Coral reefs sustain immense biodiversity and essential ecosystem services to almost a billion 

people but are deteriorating rapidly under relentless anthropogenic pressures (Hughes et al., 

2017a) transforming coral reefs into highly altered assemblages (Heron et al., 2016; Hughes 

et al., 2020, 2003; Pandolfi et al., 2003). In response, coral propagation and re-planting 

initiatives have grown over the past 5-10 years in attempts to restore coral populations (e.g., 

Boström-Einarsson et al., 2020; Hein et al., 2021, 2020b) and offset further losses as local 

and global stressors continue to grow (Hein et al., 2020b, 2020a; van Woesik et al., 2020). 

Cost-effectiveness and efficacy of coral propagation and re-planting activities to date has 

improved largely through collective learning of localised success and failures as more activity 

has established (e.g., Boström-Einarsson et al., 2020; Fox et al., 2019; Johnson et al., 2011; 

Omori, 2019; Schopmeyer et al., 2017; Suggett et al., 2019; Young et al., 2012). For 

restoration efforts to be considered successful, the repaired habitat needs to have sufficient 

biotic and abiotic resources to sustain its structure and function (e.g., Calle-Triviño et al., 

2021; Hein et al., 2021), but other more specific measures of success may also be needed, 

such as increasing abundance of a specific species (Williams et al., 2017).  

 

Coral restoration success itself remains almost universally gauged in terms of two key traits 

— coral growth and survivorship — because of the relative ease of collecting associated data 

(e.g., Boström-Einarsson et al., 2020; Hein et al., 2017; Lirman and Schopmeyer, 2016; 

Suggett et al., 2019), but also given that growth and survivorship fundamentally govern coral 
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competitive fitness over space and time (e.g., Madin et al., 2016b; Suggett et al., 2019). 

However, these two traits alone may not (always) be informative enough to capture how coral 

health and reef functioning, and hence ecosystem service contributions are impacted during 

coral propagation and re-planting. For example, photosynthesis is a key measure of metabolic 

energy generation for growth vs survivorship, but also regulates biogeochemical 

transformation of key elements available to other reef taxa (Owen et al., 2021; Pawlik and 

Mcmurray, 2019), including CO2 drawdown from the atmosphere (Ciais et al., 2013). 

Similarly, coral morphology (and in turn, structural complexity) is central to sustaining reef 

biodiversity (Darling et al., 2012; Graham et al., 2015), but does not account for how 

biochemical signals may moderate species interactions and recovery trajectories post 

disturbance (Williams et al., 2017). Therefore, whilst many functional coral traits (i.e., 

biological attributes or characteristics of a coral individual that impact its performance and 

thus fitness; Bellwood et al., 2019) can individually be considered central metrics of reef 

health, they can carry different weighting to the perception of success depending on the 

ecosystem service value goals for any restoration effort (Hein et al., 2021). 

 

Trait-based approaches have been widely used in ecology (and evolutionary studies) to 

facilitate quantitative comparisons of biological form and function (Gallagher et al., 2020). 

Accounting for expression and trade-offs of functional traits has been particularly critical for 

understanding organism and ecosystem processes, functionality, productivity, and resilience 

(Brown et al., 2004; Finegan et al., 2015; Kunstler et al., 2016) in both past and present 

environmental regimes needed to forecast future ecosystem function. As a result, many 

studies have focussed on the expression of “supertraits” — measurable properties that capture 

a large amount of variation for a broad range of biological, ecological, and evolutionary 

processes (sensu Madin et al., 2016b), such as leaf mass per area in plants (Westoby, 1998; 
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Wright et al., 2004) and body mass in animals (White et al., 2007; Woodward et al., 2005). In 

corals, colony mass per unit tissue surface area (CMA, the relationship between coral weight 

and area) has similarly been proposed as a supertrait where CMA likely captures long-term 

colony investment of resource allocation and growth (Madin et al., 2016b). Whilst such 

metrics are powerfully informative, they remain proxies of function for the major biological 

properties of interest, and thus problematic for reef restoration where specific functional 

indicators are often required to support decision making, such as heat tolerance (Camp, 2022; 

Morikawa et al., 2019; Parkinson et al., 2020). Intriguingly, Cornwell et al., (2021) recently 

demonstrated that variation in heat tolerance of the coral species Acropora hyacinthus could 

in fact, to some extent, be explained by trade-offs amongst inherent endosymbiont load (and 

growth rate) — but nonetheless noted caution in unilateral use of this single trait for 

restoration. 

 

Coral studies have increasingly moved towards multi-trait assessments of function to better 

resolve the major biological properties regulating fitness outcomes, both in terms of inherent 

gene expression (e.g., Dixon and Matz, 2021) and emergent measurable physiological 

outcomes (e.g., Gardner et al., 2017). However, such approaches have yet to be applied in the 

context of coral restoration, and it remains unclear whether and how deeper mining of traits 

beyond growth and survival could better inform descriptions of success across the rapidly 

growing volume of coral restoration efforts worldwide. We therefore implemented a proof-

of-concept, multi-trait approach to evaluate collective trait expression for A. cf. hyacinthus 

propagated in coral nurseries (vs wild parent established on the reef) over 12 months on the 

Great Barrier Reef (GBR). Whilst many traits can conceivably be used to describe coral 

performance (summarised in Table 1.1 in Chapter 1), we selected well-established, eco-

physiological traits (Fig. 2.1). We examine how these various traits — and the “trait space” 
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they collectively reveal — reflect trade-offs in resource partitioning underpinning differences 

in growth and/or survival potential for corals propagated in nurseries compared to the reef 

(see selected traits in Table S2.1). 

 

Figure 2.1 Visual representation of biological properties regulating coral fitness 
outcomes. Resource allocation within an individual could potentially be reflected in a 
particular trait or a set of traits that underpin the vital processes of survival (maintenance), 
growth (development), and reproduction. The figure shows some of the components (or 
functional traits and processes; in red those related to rates) of the biological machinery of the 
coral that potentially govern their functioning. Modified from Kris Beckert (Integration & 
Application Network; Kruczynski and Fletcher, 2012). 

 

2.2 Materials and Methods 

2.2.1 Sampling location and experimental design 

Our multi-trait assessment focussed on a key coral species for the northern Great Barrier Reef 

(GBR), Australia, Acropora hyacinthus (Ortiz et al., 2021). We tentatively identified all 

source colonies as A. hyacinthus in the field, but subsequent examination (Sage Rassmussen, 

Pers. Comm.) indicated that one colony exhibited a slightly different radial corallite 
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appearance (colony #1) less consistent with this species. As such, we refer to the taxon 

studied throughout as A. cf. hyacinthus. Colonies (average initial area: 8290.4 ± 2422.0 cm2) 

of A. cf. hyacinthus (n = 6) were selected, tagged, and sampled from “Mojo” site at Opal reef 

(5–6 m depth, collected a minimum of 10 m apart), 50–60 km from Port Douglas, 

Queensland (145° 53’ 50.3’’E, 16°12’ 30.4’’S) (Fig. S2.1), February 2020. A maximum of 

10% of each wild colony was removed using a hammer and a chisel, and from each partial 

colony 6 fragments were made. Three of these fragments (i.e., n = 3 replicates of each 

colony; with an average initial area of 127.1 ± 8.2 cm2 per fragment) were moved to a nearby 

coral nursery facility consisting of two aluminium diamond‐mesh frames (2.0 x 1.2 m) placed 

1–2 m above the sand by means of 2 × 9 kg Besser blocks and a 20-L float (Howlett et al., 

2021; Suggett et al., 2019) so that corals were suspended at 4–5 m depth. Both aluminium 

frames were conditioned in situ for at least two weeks prior to holding any coral fragment. 

The additional set of fragments (n = 3 per colony; 1 for incubation, 1 for laboratory analysis, 

and 1 for skeleton assessment) were also originated from the same initial partial parent 

colony — referred to hereafter as “Wild” — for all initial laboratory trait measurements (time 

zero; WT0) alongside taking pictures of the wild colonies for assessment of physical traits. 

Both the wild colonies and nursery retained fragments (or clones) were then all re-sampled 

after 12 months (February 2021; WT12 and NT12) to evaluate potential trait expression 

variation from propagation on the nursery vs reef. All traits were therefore measured at WT0, 

WT12, and NT12, with the exception of growth and survivorship which were calculated from 

the difference in size and total colonies/fragments remaining between time points (i.e., 

WT12-WT0 or NT12-WT0). 

 

Due to technical failure environmental data were extracted from GIOVANNI online system 

for satellite-derived data maintained by NASA (https://giovanni.gsfc.nasa.gov/giovanni/). Sea 

https://giovanni.gsfc.nasa.gov/giovanni/
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surface temperature (SST) was obtained using monthly area-averaging bounded to 145° 53’ 

50.3’’E, 16°12’ 30.4’’S (Opal Reef) between the beginning of February 2020 and the end of 

February 2021. We also obtained 9-month HOBO SST data from the nursery at Mojo, which 

was overlaid with Giovanni SST data for Opal Reef (Fig. S2.2). It should be noted that at the 

onset of the experiment — i.e., March 2020 — the GBR experienced its third (and most 

widespread) mass bleaching event in five years. Coral mortality from this event was 

relatively low throughout the GBR compared to 2016/17 (AIMS, 2021), and whilst A. cf. 

hyacinthus colonies and fragments at Opal Reef visibly paled (including on the nurseries, JE, 

Pers. Comm.) in the second month of the experiment no mortality of our experimental coral 

material was observed. 

 

On site data were collected and consisted of measuring several metabolic traits as previously 

described in Camp et al., (2017), notably endosymbiont photophysiological performance, 

photosynthesis, respiration, and calcification rates. Additional samples were snap-frozen in 

liquid N2 for further analysis in the laboratory including symbiont cell density and pigment 

content (chlorophyll a and c2) (Baghdasarian et al., 2017), ITS2 symbiont identity (Camp et 

al., 2020a), bio-molecular content (carbohydrates, lipids, proteins, and fatty acid methyl 

esters [FAME]) (Conlan et al., 2017; Grottoli et al., 2018, 2017) and elemental composition 

— C:N, referring to C (Carbon), N (Nitrogen), and trace elements — of the coral holobiont 

(host + symbiont fractions) as per Grima et al., (2022). Data on physical traits were obtained 

by underwater photographs (Lirman et al., 2014; Siebeck et al., 2006) and by storing 

additional sub-samples in sodium hypochlorite for later analysis of skeletal properties (e.g., 

bulk volume, biomineral density, bulk density, pore volume, apparent (internal) porosity, 

hardness, and colony mass per area) (Fantazzini et al., 2015; Leggat et al., 2019; Madin et al., 

2016b). All samples for the incubations (n = 6) and the skeletal assessment (n = 6) were 
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collected for WT0. Unfortunately, two samples (designated for laboratory analysis only) were 

lost for this coral group (n = 4). During the second field campaign, all samples were 

successfully collected for NT12 and NT12 (n = 6 per each analysis). 

 

2.2.2 Survival and growth 

Corals were photographed using an Olympus Stylus TOUGH TG-4 digital camera together 

with a ruler by SCUBA. Growth rates were determined as the change in size (areal and linear 

extension) over time (ΔG; cm2 y-1 and cm y-1) and survival rate as the proportion of all initial 

coral individuals remaining over time (%). To compare growth amongst coral groups, we 

determined the relative growth rate as % growth y-1 (i.e., [ΔG/GI] x 100), where GI 

corresponds to the initial size (area or diameter). Normalising G to GI in this way enables 

comparison of growth from other studies where corals with different initial sizes have been 

used (e.g., Suggett et al., 2019). 

 

2.2.3 Physical appearance 

Each coral colony or fragment was photographed (excluding the pale growing tip) at 

exposure 0 and a fixed distance of 20 cm with an Olympus Stylus TOUGH TG-4 digital 

camera, together with two underwater colour reference cards — a black and white card 

(Chow et al., 2016) and the Coral Watch bleaching card (Siebeck et al., 2006). Manual 

settings were used to ensure the gain and white balance settings remained constant. 

Photographs were subsequently analysed in Adobe Photoshop (version 20.013.20074) using 

the histogram function to determine the hue (reflected colour, with values of 0-360°), 

saturation (proportion of grey in the hue), and brightness (relative lightness and darkness, 
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both having values of 0-255, where 0 and 255 are absolute white and black, respectively) 

from ten selected sampling points on the coral, which were then averaged (with the black and 

white card as a reference). Red, green, and blue (RGB) values (values from 0 to 255 

corresponding to standard white and black, respectively) were also extracted using the same 

card. Coral tissue colouration was further categorised according to the bleaching state by use 

of the Coral Watch bleaching card as per Siebeck et al., (2006), where a colour score 

difference > 2 is considered indicative of a significant change in symbiont density and 

chlorophyll a concentration, and thus bleaching state. 

 

2.2.4 Photosynthesis, respiration and calcification rates, and photobiology 

Light and dark calcification, net photosynthesis, and respiration rates were performed on the 

operations vessel (Wavelength 5). Visible non-live coral tissue such as coral skeleton or 

attached rock/substrate were removed from each fragment (~5 cm) from each coral group (n 

= 6 fragments per group) prior to incubation as per Camp et al., (2017) (to prevent biological 

alteration of incubated seawater). Fragments were then incubated for 2 h in the light followed 

by 2 h in the dark (covered in a blackout material) within 470 mL custom-made sealable 

acrylic chambers filled with ambient seawater (30 °C) continuously mixed via a magnetic stir 

plate. All chambers were positioned in a temperature-controlled water bath (ambient 

temperature of 30  ±  0.5 °C) to maintain the same temperature across chambers. Light 

intensity for incubations was set to 300 µmol photons m−2 s−1, corresponding to the average 

light saturation coefficient (EK, mmol photons m-2 s-1) — a measure of the long-term light 

acclimation state (e.g., Suggett et al., 2012) — as determined via rapid light curves (RLCs) 

assessed by Pulse Amplitude-Modulated (PAM) fluorometer (Walz) (instrument settings 

detailed below). Incubation irradiance was supplied via white LED aquarium lights (Hydra 
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52, Aqua Illuminations, Illinois, USA) positioned directly above the chambers, and measured 

using a PAR meter equipped with a 4π sensor (Li-Cor LI-250A). Oxygen optodes were 

connected to a FireSting O2 logger and data were acquired using the FireSting software 

(PyroScience GmbH, Aachen, Germany). Each optode was calibrated prior to measurements 

using a freshly prepared sodium thiosulfate solution (10% w/w) and air-bubbled ambient 

seawater at experimental temperatures for 0% and 100% air saturation values, respectively.  

 

Oxygen concentration was measured at the beginning, during, and after 2 h (for both light 

and then dark phases) in each chamber until a linear change in rate was recorded for each 

replicate. Net photosynthesis and respiration rates (PN, R) were calculated based on the 

changes in O2 concentration over time during the light and dark incubations, respectively, 

corrected for any changes in parallel water-only controls (n = 2) (Camp et al., 2017). Gross 

photosynthesis (PG) was subsequently determined from net photosynthesis adjusted for 

respiration (i.e., PG = PN – R). Rates of light and dark calcification were determined by the 

alkalinity anomaly technique (Smith and Kinsey, 1976) corrected for any changes in total 

alkalinity (AT) of the controls (n = 3). All rates were normalised to the incubation volume, 

time, and coral surface area, which was determined by the single wax dipping technique 

(Stimson and Kinzie, 1991; Veal et al., 2010). 

 

RLCs were used to obtain the following photobiological traits: light saturation coefficient 

(EK, µmol photons m-2 s-1), derived maximum photochemical efficiency of PSII 

(Fq´/Fm´MAX), photochemical quenching ([1-C]), and non-photochemical quenching (1-Q) as 

per Suggett et al., (2015) of the coral-associated Symbiodiniaceae (Nitschke et al., 2018; 

Suggett et al., 2012). The PAM fluorometer was programmed as Measurement intensity: 12; 
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Gain: 4; Saturating intensity: 10; Saturation width: 0.8s; Damping: 2; Light curve interval: 3. 

For each RLC, an initial dark measurement and 8 actinic light steps were applied, whereby 

each light intensity was applied for 20 s. The actinic light levels (verified against a factory-

calibrated LI-192 quantum sensor, Li-Cor) of the RLC were 0, 117, 149, 212, 302, 434, 600, 

847 and 1304 and 0, 115, 195, 265, 350, 500, 710, 1020, 1400 µmol photons m–2 s–1 in 

February 2020 and 2021, respectively. All coral material was low-light acclimated for at least 

20 min prior to the RLC as per Suggett et al., (2022). Values for [1-Q] and [1-C] were only 

evaluated at the maximum RLC light intensity for the purposes of comparing trait expression. 

 

2.2.5 Symbiodiniaceae cell density and pigment content 

Coral tissue was removed from the coral fragments with an air-gun (Deschaseaux et al., 

2013) in a small Ziplock bag containing 4 mL of 0.2 µm filtered seawater (FSW) (Minisart 

NML 16534 syringe filters, Sartorius, Germany). An aliquot of the resulting coral slurry (1 

mL) was used for cell counts. The symbiont fraction was isolated from the host tissue via 

centrifugation (4 °C at 3500 RPM for 5 min), and the symbiont pellet resuspended in 1 mL 

FSW. The algal suspension was preserved with 20 µL of 2% glutaraldehyde, and cell counts 

were later performed using a hemacytometer under a Nikon Ti microscope at 10x 

magnification. Cell density was obtained by standardising the values to volume and fragment 

surface area (wax dipping method). 

 

A second 1 mL aliquot of the slurry was then used to determined chlorophylls a and c2 

concentration. Host and symbiont fractions were again separated via centrifugation (as 

described above) and the pellet resuspended in 1 mL FSW. The 1 mL-algal suspension was 

pelleted and the cells lysed with 3 mL of 100% acetone in a scintillation vial placed on an ice 
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bath and sonicated for 10 min. Samples were covered with aluminium foil throughout to 

minimise any chlorophyll degradation. After sonication, samples were stored at -4 °C to 

allow pigment extraction. After 24 h, samples were centrifuged to remove cellular debris and 

measured on a spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, 

USA);  = 630, 663 and 750 nm in a 4 mL-glass cuvette. Chlorophyll a and c2 were derived 

from the spectrophotometric equations of Jeffrey and Humphrey (1975) by standardising 

values to cell concentration and fragment surface area (pg cell-1 and pg cm-2), in addition to 

calculating chlorophylls ratio (a:c2). 

 

2.2.6 Symbiodiniaceae ITS2 identity 

Small sub-samples of each fragment (~1 cm2) were air-picked with 2 mL of 0.2 µm-FSW into 

small Ziplock bags. The resulting slurry was then centrifuged (4 °C at 3500 RPM for 5 min) 

to retrieve a pellet of the endosymbionts. DNA extraction of the pellet was performed using 

the Qiagen Dneasy Plant Mini Kit (Qiagen, Hilden, Germany), where cells were disrupted 

with glass beads (BioSpec). Extracted DNA quality and quantity were checked using a 

NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific, MA, USA). Amplification of 

the ITS2 region was performed by PCR where ITS2-reverse and ITSintfor2 primer pairs were 

used (LaJeunesse et al., 2019), following PCR conditions from Arif et al., (2014). Sequencing 

of the amplicons was achieved using Illumina Miseq (2 × 300 bp) at the Ramaciotti Centre 

for Genomics (University of New South Wales, Australia). Output files of the Illumina 

sequencing were submitted to SymPortal (Hume et al., 2019) to identify Symbiodiniaceae 

taxa (LaJeunesse et al., 2018) from the ITS2 marker. 
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2.2.7 Energy reserves and tissue biomass 

Coral tissue was air-brushed from fragment sub-samples (~10 cm) in medium Ziplock bags 

containing 20-30 mL of 10% Tris buffer (Sigma-Aldrich), and the resulting 10-15 mL slurry 

was freeze-dried. A minimum of 15 g of dry coral mass was used to determine carbohydrates, 

lipids, and proteins content. Soluble lipids were extracted using chloroform:methanol method 

as per Grottoli et al., (2018, 2017). Briefly, the coral slurry was submerged in a 2:1 

chloroform:methanol solution for 1 h, washed in 0.88% NaCl followed by 100% chloroform, 

and washed again with 0.88% KCl. Following lipid extraction, fatty acids were esterified into 

methyl esters following the acid catalysed methylation method (Christie and Han, 2010) and 

detected through gas chromatography (GCMS-QP2020 equipped with an AOC-20is 

autosampler, Shimadzu Corporation) (methodology adapted from Conlan et al., 2017)). 

 

Soluble proteins were extracted using the bicinchoninic acid method (Smith et al., 1985) with 

bovine serum albumin as a standard (Pierce BCA Protein Assay Kit). Soluble carbohydrates 

were quantified via the phenol-sulfuric acid method (DuBois et al., 1956) with glucose as a 

standard. Soluble holobiont carbohydrate, protein, and lipid concentrations were then 

standardised to dry and ash-free dry weights and surface area. Total energy reserves were 

calculated as the sum of lipids, protein, and carbohydrate values converted into Joules 

(Gnaiger and Bitterlich, 1984). Tissue biomass was measured by drying a whole coral sample 

(skeleton, animal tissue, and algal endosymbiont) to constant dry weight (48 h, 60 °C) and 

burning for 6 h (450 °C). The difference between dry and burned weight was the ash-free dry 

weight. Both dry and ash-free dry weights were standardised to the surface area of that coral 

fragment. 
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2.2.8 Elementome 

Coral tissue was air-picked in a trace-clean laminar flow hood from small sub-samples of 

each fragment (< 5 cm) in previously acid-washed Ziplock bags, containing 2 mL of 10% 

Tris buffer (Sigma-Aldrich). The resulting coral slurry consisted of host tissue and symbiont 

was freeze-dried. Total dry weight material was divided into a minimum of 30 mg and 5 mg 

for C:N and trace elements analysis, respectively. Total elemental C and N was determined 

using a Leco Total Carbon and Nitrogen Analyser (Purcell, 1996) following manufacturer 

methods for soil and plant material with a furnace temperature at 1200 °C and a soil 

calibration standard. Major and trace elements (Phosphorus [P], Magnesium [Mg], Sulphur 

[S], Potassium [K], Calcium [Ca], Vanadium [V], Manganese [Mn], Iron [Fe], Nickel [Ni], 

Copper [Cu], Zinc [Zn], Strontium [Sr], Molybdenum [Mo], Cadmium [Cd], Tin (Sn), Lead 

(Pb), Cobalt [Co], and Selenium [Se]) were determined by acid digestion of each freeze-dried 

sample (Grima et al., 2022; Pettersson and Olsson, 1998). Digestion and filtration steps were 

conducted as per Grima et al., (2022). Quantitative analysis of elements was carried out using 

flow injection analysis (FIA) employing an Agilent 1200 Series HPLC system coupled with 

an 8900 series ICP-MS/MS instrument (Agilent Technologies, Santa Clara, CA, USA) 

according to a method developed by Grima et al., (2022). The interface was equipped with s-

lenses and Pt sampler and skimmer cones. The ICP-MS/MS instrument was operated in 

MS/MS mode using oxygen as cell gas (99.995%, grade 4.5, BOC, North Ryde, NSW, 

Australia) for mass shifting of S and P. The remaining elements were acquired on mass. 

Quantification was performed in an external calibration approach using diluted, matrix-

matched element standards for ICP-MS obtained from Choice Analytical Pty Ltd 

(Thornleigh, NSW, Australia). The performance of the ICP-MS instrument was tuned daily 

with a solution containing 1 μg L-1 Li, Y, Tl and 100 μg L-1 P and S. 
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2.2.9 Skeletal properties 

The buoyant method applied for corals (adapted from Bucher et al., 1998) and Jokiel et al., 

(1978), combined with the Archimedes principles, were used to test bulk volume, biomineral 

density, bulk density, pore volume, apparent (internal) porosity, hardness, and colony mass 

per area on previously cleaned and dried coral skeletons (< 2 cm) (Fantazzini et al., 2015). 

Colony mass per area (considered a supertrait; Madin et al., 2016b) was also estimated. 

Briefly, the fragment was previously weighed to obtain the dry weight (m or DW; g) before 

being inserted in a glass vessel in a 50 °C water bath for two h under vacuum. The vessel was 

filled with Milli-Q water to obtain the saturated weight (ms or SW; g) of the coral followed 

by the measurement of the buoyant weight (mh or BW; g). Lastly, surface area (SA) was 

extracted following the wax technique. Skeletal properties were extracted using the previous 

calculations and the density of water (ρH2O) at 20 °C (0.9982 g cm-3) as per the following 

equations: 

 

[Eq. 1]  VA = (ms - m) / ρH2O; the pore volume connected to the external surface (VA) 

[Eq. 2]  VB = (ms - mh) / ρH2O; the total volume occupied by the coral skeleton (called 

bulk volume) 

[Eq 3]  PA = VA / VB = (ms - m) / (ms - mh); the apparent porosity (or effective or 

connected porosity, PA) (ratio of the pore volume connected to the external surface (VA) to 

VB) 

[Eq 4]  db = m / VB; the bulk density (ratio of the mass to VB) 
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[Eq 5]  dr = m / (VB - VA); the biomineral density (ratio of the biomineral mass to 

biomineral volume, excluding pore volume connected to the external surface, also called real 

density or micro-density) 

 

Hardness testing was conducted using a Shore D Hardness Tester (TE-271) as per Leggat et 

al., (2019) on a second coral fragment (< 2 cm), calibrated using reference material as per the 

manufacturer’s recommendation (Vander Voort, 1999). Hardness was consistently 

determined on the base of the branch for all fragments, with 10 measurements performed for 

each. 

 

2.2.10 Statistical analysis 

Data analyses were performed using R (version R-4.3.2) and GraphPad Prism (version 9.1.2). 

To conduct and visualise the Principal Component Analysis (PCA), the “FactoMineR” and 

“factoextra” R packages were used (Kassambara and Mundt, 2020; Lê et al., 2008). 

Assumptions of normality were assessed visually via QQ plots and a Shapiro-Wilk’s test, and 

equal variances were assessed using Brown-Forsythe test (Shapiro and Wilk, 1965). Data 

were transformed to meet normality assumptions where required. In particular, arcsine 

(Y/100) for percentages (1-100%) such as survivorship, saturation, and brightness; log 

transformation was carried for % data above 100% such as relative growth rate (log(Y)) and 

for negative values (log (Y+a)); and sin (Y) for degree data such as hue. Paired student’s t-

test (normal distributions with equal variances, or its non-parametric homolog, Wilcoxon 

rank-sum test) were used to evaluate differences in survival and growth rates for wild and 

nursery corals (WT12 and NT12) over a year. Significance was set at p < 0.05 (for all tests) 

and the mean ± the standard error of the mean (SEM) was reported unless specifically noted. 
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A series of (repeated measures) analysis of variance (ANOVA) (or its non-parametric 

homolog, Friedman or Kruskal-Wallis tests, respectively) with post hoc tests (Tukey or 

Dunn) were undertaken to compare among coral groups (“control” WT0, WT12, and NT12) 

for the rest of the coral traits. Additionally, a PCA biplot, including a cut-off for the cos2 = 

0.5, was built for each following biological section: (a) photobiology, (b) physical 

appearance, (c) elementome, (d) metabolism, (e) energy reserves, (f) fatty acid methyl esters 

(FAME), and (g) skeletal properties, in order to identify the main drivers of the variation 

during propagation alongside the redundant traits to construct the final multi-trait PCAs (with 

main drivers). Lastly, differences in coral groups (“control” WT0, WT12, and NT12) were 

tested for significance with pairwise permutational multivariate analysis of variance 

(PERMANOVA; perm  =  999) of Bray–Curtis dissimilarities using the “vegan” R package 

(Oksanen et al., 2008). 

 

2.3 Results 

2.3.1 Survivorship and growth 

A. cf. hyacinthus survivorship after 12 months was not statistically different amongst coral 

groups (wild vs nursery grown corals, 100.0 ± 0.0 vs 77.8 ± 11.1 %, respectively; n = 6 for 

each coral group) (Wilcoxon rank-sum test, p = 0.2500; Fig. 2.2A). However, higher relative 

areal growth rate (ΔGA; % growth in cm2 y-1) over 12 months was evident for the nursery 

corals (308.9 ± 52.8) compared to the wild corals (12.4 ± 11.5) (t(5.0) = 4.2, p = 0.0083; Fig. 

2.2B). This outcome was also observed in the relative increase in area covered by coral tissue 

(%) (112.4 ± 11.5 vs 309.0 ± 54.0 %, for wild vs nursery corals, respectively; n = 6 for each 

coral group) (Fig. 2.2C; t(5.0) = 4.7, p = 0.0055). Similarly, relative linear growth rate (ΔGL; 

% growth in cm y-1) was higher for nursery compared to wild corals (84.4 ± 11.2 vs 4.5 ± 5.0, 
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t(5.0) = 4.3, p = 0.0076; Fig. S2.3A). Amongst the six colonies examined, highest areal growth 

rates in wild and nursery corals were consistently observed for colony #1 (50.7 and 432.0 cm2 

y-1, respectively; see example in Fig. S2.3B-C). Overall, areal and linear growth rates 

observed for nursery corals were ~20-25 times higher compared against wild corals. 
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Figure 2.2 Mean (± SEM; standard error of the mean) (A) survivorship (%), (B) relative 
areal growth rate (% growth in cm2 yr-1), and (C) relative increase in area covered by 
coral tissue (%) of wild and nursery corals from 12 months propagation. All data are 
fragments of Acropora cf. hyacinthus (n = 6 for both groups). Statistical significance was 
indicated by ns (no statistical significance) and ** (p ≤ 0.01). 

 

2.3.2 Physical appearance 

Multiple traits were examined to describe bio-physical colouration (red [R], green [G], blue 

[B], hue, saturation, brightness, and bleaching state; Fig. S2.4). Initial RGB values for wild 

corals (WT0) were 103.2 ± 10.0, 89.0 ± 8.5, and 68.0 ± 9.8 for RGB, respectively (n = 6). 

Higher RGB and brightness values correspond to a paler colouration (i.e., closer to white). R 

and G values were slightly increased (138.5 ± 6.0 and 97.8 ± 3.4), and B values significantly 

decreased (42.2 ± 3.9) in wild corals (n = 6) after 12 months (WT12) compared to initial wild 

colonies (WT0); Tukey’s test WT0 vs WT12, p = 0.0317. In contrast, the nursery corals 

(NT12) became darker after 12 months (RGB of 98.5 ± 5.1, 67.3 ± 4.6, and 27.8 ± 2.6, 

respectively; n = 6) compared to the other two coral groups. Tukey’s test revealed significant 
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differences for WT12 vs NT12, p = 0.0247, 0.0126 and 0.0215 for RGB, respectively; and for 

WT0 vs NT12 (p = 0.0077) for B values. 

 

Apart from significant differences in the RGB, differences in brightness values among NT12 

and WT12 coral groups were also evident (Tukey’s test WT12 vs NT12, p = 0.0257; Fig. 

S2.4A-D) indicating different colouration between these two coral groups. We also observed 

similar saturation and hue levels among WT12 and NT12 (significant differences were only 

detected in saturation levels for WT0-WT12 and WT0-NT12, p = 0.0029 and 0.0113, 

respectively; Fig. S2.4E-F). All coral groups were in a non-bleached stage (average score of 

6.0 ± 0.0 for all three coral groups) based on the coral colour reference card (Siebeck et al., 

2006) (see Fig. S2.4G). In summary, at 12 months post-fragmentation, corals propagated 

within the nursery (NT12) were darker than those retained in the wild (WT12) compared to 

the start (WT0). 

 

2.3.3 Photobiology 

Whilst nursery-propagation resulted in darker colonies after 12 months, photobiological traits 

for NT12 vs WT12 were generally similar; of note, however, photobiological characteristics 

varied as a function of time whereby both NT12 and WT12 were largely different compared 

to WT0 for 8 out of 12 photobiological traits. Specifically, the light saturation coefficient 

(EK, μmol photons m–2 s–1) was higher for WT12 and NT12 (292.8 ± 64.4 and 328.2 ± 49.7, 

respectively) compared to WT0 (126.4 ± 16.9) (Fig. 2.3A; one-way RM ANOVA, F(1.4,7.2) = 

6.2, p = 0.0337; Tukey’s test WT0 vs WT12, and WT0 vs NT12; p = 0.0447, and 0.0310, 

respectively). Maximum photochemical efficiency of PSII (Fq´/Fm´MAX, dimensionless) was 

lower for WT12 and NT12 (0.6412 ± 0.0130 and 0.6368 ± 0.0162) compared to WT0 (0.7043 
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± 0.0118) (Fig. 2.3B; one-way RM ANOVA, F(1.3,6.5) = 12.2, p = 0.0091; Tukey’s test WT0 

vs WT12, and WT0 vs NT12, p = 0.0134, and 0.0438, respectively). When examining the 

fluorescence quenching parameters, photochemical quenching capacity was reduced (i.e., [1-

C]MAX values were higher) for WT12 and NT12 (0.2330 ± 0.0422 and 0.3037 ± 0.0342) 

compared to WT0 (0.1214 ± 0.0198) (one-way RM ANOVA, F(2.0,9.8) = 16.8, p = 0.0007; 

Tukey’s test WT0 vs WT12 (p = 0.0350) and WT0 vs NT12 (p = 0.0070); Fig. 2.3C). 

Similarly, non-photochemical quenching capacity was also reduced ([1-Q]MAX values were 

higher) for WT12 and NT12 (0.8539 ± 0.0345 and 0.8123 ± 0.0387) vs WT0 (0.6879 ± 

0.0255) (Fig. 2.3D; one-way RM ANOVA, F(1.7,8.6) = 7.1, p = 0.0169; Tukey’s test WT0 vs 

WT12, p = 0.0488). 

 

Symbiont cell densities (cells x 106 cm-2) were higher for WT12 and NT12 (0.5600 ± 0.1037 

and 0.7317 ± 0.1224, n = 6, respectively) compared to the initial wild colonies (WT0) 

(0.2525 ± 0.0368, n = 4) (Fig. 2.3E; one-way ANOVA, F(2,13) = 2.5, p = 0.0331; Tukey’s test 

WT0 vs NT12; p = 0.0264). No differences were found among coral groups for total pigment 

per cell, although lowest values were observed for NT12 (8.7 ± 1.1), followed by WT12 (10.5 

± 2.2) and highest values for WT0 (13.4 ± 2.2) (Fig. 2.3F-H; one-way ANOVA, F(2,13) = 1.3, 

p = 0.2945; one-way ANOVA, F(2,13) = 1.7, p = 0.2945; and Kruskal-Wallis, H = 3.6, p = 

0.1655, respectively), consistent with higher light-acclimated symbiont photobiology (above). 

However, pigment per coral surface area demonstrated that NT12 (but not WT12) A. cf. 

hyacinthus was more pigmented than WT0 (Fig. 2.3I-K; one-way ANOVA, F(2,13) = 5.9, p = 

0.0152; one-way ANOVA, F(2,13) = 4.5, p = 0.0333; and one-way ANOVA, F(2,13) = 8.1, p = 

0.0051), consistent with the darker colouration observed for the NT12 corals (Fig. S2.4). 

Specifically, total pigment, and Chl a and Chl c2 densities (per coral surface area) were 

higher for NT12 (5.9 ± 0.7, 4.2 ± 0.6, and 1.7 ± 0.2, respectively) vs WT0 (3.2 ± 0.3, 2.2 ± 
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0.2, and 1.0 ± 0.1, respectively; Tukey’s test, p = 0.0117, 0.0275, and 0.0046, respectively). 

Intriguingly, the chlorophyll ratio (a:c2) remained similar over time and environments (WT0 

(2.3 ± 0.2), WT12 (2.8 ±0.2) and NT12 (2.6 ± 0.3); one-way ANOVA, F(2,13) = 1.1, p = 

0.3543, Fig. 2.3L). In summary, after 12 months of growth, colonies on both the nursery and 

reef contained more symbiont cells (and more pigments) (typical of lower-light adapted 

corals) but were counterintuitively acclimated to higher light intensities. 
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Figure 2.3 Mean (± SEM) of photobiological traits for wild and nursery corals. (A) light 
saturation coefficient (µmol photons m-2 s-1), (B) derived maximum photochemical 
efficiency of PSII, (C) photochemical quenching, (D) non-photochemical quenching, (E) 
symbiont cell density (cells x 106 cm-2), (F) total pigments, (G) chlorophyll a and (H) c2 
per symbiont cell (F-H; pg cell-1), and (I) total pigment, (J) chlorophyll a and (K) c2 
density (I-K, µg cm-2), and chlorophylls ratio (L) of the initial wild colonies (WT0) and 
wild and nursery corals from 12 months propagation (WT12 and NT12). All data are 
fragments of Acropora cf. hyacinthus (n = 6 for all groups except for E-L WT0, n = 4). 
Means were compared by RM-ANOVA (A-D), ANOVA (E-L, except for H), and Kruskal-
Wallis (H) with post hoc tests (see main text) where ns indicates no statistical significance, 
and * and ** indicates p ≤ 0.05 and 0.01, respectively. 

 

2.3.4 Symbiodiniaceae ITS2 identity 

All samples showed an association with Cladocopium; however, the major ITS2 type profiles 

were highly variable across all groups (WT0, WT12, and NT12; see Fig. S2.5), with only one 

major ITS2 type profile (C50a/C3k/C50c/C3-C3b-C50f) present in all three groups. All four 

initial samples had unique major ITS2 type profiles that included C21/C3, C40/3, C3-C21-

C3k-C3at-C3b-C3av-C3dp, and C50a/C3k/C50c/C3-C3b-C50f. The wild colonies after 12 

months also all had distinct major ITS2 type profiles. The highest association of WT12 (3 out 

of 6 samples) was with Cladocopium of the C3k radiation, albeit three distinct C3k ITS2-type 

profiles observed (representative of different genotypes). Of all groups, the nursery corals had 

the most consistent major ITS2 type profiles, with 5 of the 6 samples associating with 

Cladocopium of the C3k radiation (4 unique type profiles). In summary, after 12 months of 

growth, both the wild and nursery colonies had distinct major ITS2 profiles relative to the 

initial wild colony major ITS2 type profiles. 

 

2.3.5 Metabolism 

Surface area-normalised gross photosynthesis rate (PG, µmol O2 cm-2 h-1) of NT12 (932.5 ± 

73.8) was similar to WT0 (932.4 ± 108.8) and ~35% higher than WT12 (690.0 ± 57.5) but 
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overall not statistically different across groups (one-way RM ANOVA, F(1.6,7.9) = 3.4, p = 

0.0941; note Tukey’s test failed to detect differences for NT12-WT12 (p = 0.0530); Fig. 

2.4A). Similarly, no differences were found in net photosynthesis (PN, µmol O2 cm-2 h-1) 

among coral groups (one-way RM ANOVA, F(1.1,5.6) = 1.9, p = 0.2277; Fig. 2.4B), where PN 

of NT12 (278.5 ± 51.1) was slightly lower than WT0 and WT12 (442.2 ± 93.8 and 332.4 ± 

33.1, respectively). In contrast to PG and PN, respiration rates (R, µmol O2 cm-2 h-1) were 

higher for NT12 (654.0 ± 35.4) than both WT0 and WT12 (490.2 ± 24.5 and 357.6 ± 50.6, 

respectively) (one-way RM ANOVA, F(1.5,7.4) = 19.3, p = 0.0017; Tukey’s test, p = 0.0107 for 

WT0 vs NT12 and, p = 0.0092 for WT12 vs NT12; Fig. 2.4C). Consequently, the PG:R ratio 

was lower for NT12 (~1.4) than WT0 (~1.9) or WT12 (~2.1) but not statistically 

distinguishable between coral groups (one-way RM ANOVA, F(1.5,7.6) = 4.2, p = 0.0674; Fig. 

2.4D). Light-dependent calcification rate (GL, µmol CaCO3 cm-2 h-1) for NT12 (0.3704 ± 

0.0811; n = 4) was lower than WT0 (0.6726 ± 0.1347) and higher than WT12 (0.1112 ± 

0.0411; n = 4) (Fig. 2.4E; one-way ANOVA, F(2,11) = 6.6, p = 0.0130; note Tukey’s test 

detected differences only for WT0 vs WT12, p = 0.0108). Significant differences were 

observed for corresponding dark calcification (GD, µmol CaCO3 cm-2 h-1) across groups. In 

descending order, WT12, NT12, and WT0 were -0.3876 ± 0.1178, 0.1010 ± 0.1043, and 

0.2250 ± 0.0654, respectively; Fig. 2.4F; one-way RM ANOVA, F(1.2,5.9) = 11.9, p = 0.0124), 

particularly Tukey’s test detected differences between WT12 vs WT0 and NT12, p = 0.0393 

and 0.0022, respectively. The GL:GD ratio remained constant for all coral groups (Fig. 2.4G; 

Kruskal-Wallis, H = 6.3, p = 0.0327), and Dunn’s test revealed differences between WT0 and 

WT12 (p = 0.0373). 
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Figure 2.4 Mean (± SEM) of metabolic traits for wild and nursery corals. (A) gross and 
(B) net photosynthesis, and (C) respiration rates (PG, PN, and R, respectively; µmol O2 
cm-2 h-1), (D) PG:R ratio, (E) light and (F) dark calcification rates (GL and GD, 
respectively; µmol CaCO3 cm-2 h-1), and (G) GL:GD ratio of the initial wild colonies 
(WT0) and wild and nursery corals from 12 months propagation (WT12 and NT12). All 
data are fragments of Acropora cf. hyacinthus (n = 6 for each group). Means were compared 
by one-way (repeated measures) analysis of variance (ANOVA) with post hoc Tukey tests, 
except for (G) (Kruskal-Wallis’s test followed by Dunn’s test) (see main text) where ns 
indicates no statistical significance, and * and ** indicates p ≤ 0.05 and 0.01, respectively. 

 

2.3.6 Energy reserves and tissue biomass 

No differences were found for any of the 28 energetic characteristics when nursery-

propagating corals were compared to their wild counterparts (NT12 vs WT12) (Fig. 2.5, Fig. 

S2.7 and Fig. S2.8). However, a time effect was observed for carbohydrate, lipid, and protein 

content (mg:mg dry weight [DW]) and total energy reserves (J:g DW), whereby wild corals 

at T12 exhibited more energetic reserves to total tissue biomass compared to WT0 (Fig. 

2.5A-D). Specifically, carbohydrate concentrations for WT0, WT12, and NT12 were 0.0101 

± 0.0022, 0.0252 ± 0.0023, 0.0293 ± 0.0058, respectively; lipid content was 0.0984 ± 0.0107, 

0.1356 ± 0.0098, and 0.1339 ± 0.0071; and protein content 0.0254 ± 0.0034, 0.0407 ± 

0.0035, and 0.0415 ± 0.0019, respectively. Energy reserves determined from the 

carbohydrate, lipid, and protein contents were lower for WT0 (4671.0 ± 468.5) compared to 

WT12 and NT12 (6770.0 ± 414.9, and 6794 ± 222.3, respectively). Carbohydrate 

concentrations were significantly different between WT0 and NT12 (p = 0.0222), while 

soluble proteins, total energy reserves and dry weight biomass from WT12 and NT12 were 

significantly different from WT0 (Tukey’s test WT12 vs WT0; p = 0.0110, 0.0053 and 

0.0011, respectively, and Tukey’s test NT12 vs WT0; p = 0.0079, 0.0049, 0.0101, 

respectively), but not from each other, while lipid content was significantly higher for WT12 

than WT0 (Tukey’s test, p = 0.0421), but not for NT12. Note for comparability, Fig. S2.6A-

D presents the same data normalised to ash-free dry weight and surface area, but where no 
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differences were detected amongst coral groups (except for soluble proteins, Tukey’s test 

WT0 vs NT12; p = 0.0460). Surface area-normalised total dry weight tissue biomass (mg 

DW cm-2; Fig. 2.5E) — but not the ash-free total dry weight biomass (mg DW cm-2; Fig. 

2.5F) — was significantly greater for WT0 (21.4 ± 2.3) than WT12 and NT12 (12.1 ± 1.0, 

and 14.5 ± 1.0) (Tukey’s test; p = 0.0011 and 0.0101, respectively). Thus, despite the greater 

growth of A. cf. hyacinthus for nursery compared to reef colonies over 12 months, all 

colonies exhibited less tissue biomass (but more energy reserves) at 12 months compared to 

initial samples. A strong time effect (but not location effect) was also observed when 

profiling lipids in more detail via 19 fatty acid molecules (Fig. S2.7). In general, differences 

in MUFA and PUFA (mono- and poly-unsaturated fatty acids) (one-way ANOVA, F(2,13) = 

4.5, p = 0.0324, and one-way ANOVA, F(2,13) = 6.7, 0.0099, respectively) but not in SFA 

(saturated fatty acids; one-way ANOVA, F(2,13) = 3.8, but note p = 0.0501) were found for 

both nursery and reef corals at T12 compared to T0 (Fig. S2.8). 
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Figure 2.5 Mean (± SEM) of energetic traits for wild and nursery corals. (A) 
carbohydrates, (B) soluble proteins, and (C) total lipids (mg per dry mass), (D) total 
energy reserves (J per dry mass), (E) dry weight and (F) ash-free dry weight biomass 
(mg DW and mg AFDW per surface area, respectively) of the initial wild colonies 
(WT0) and wild and nursery corals from 12 months propagation (WT12 and NT12). All 
data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for WT0, WT12, and NT12, 
respectively). Means were compared by analysis of variance (ANOVA) with post hoc Tukey 
tests (see main text) where ns indicates no statistical significance, and * and ** indicates p ≤ 
0.05 and 0.01, respectively. 

 

2.3.7 Elemental content 

After 12 months propagation, carbon-to-nitrogen ratios (C:N) for WT0, WT12, and NT12 

were similar (7.11 ± 0.18, 7.02 ± 0.24, and 6.98 ± 0.54, respectively) (Fig. 2.6A; ANOVA, 

F(2,12) = 0.0238, p = 0.9765). In contrast, carbon-to-phosphorus (C:P) and nitrogen-to-

phosphorus (N:P) ratios for WT0 (1332.9 ± 223.5, and 189.9 ± 35.7) were 100% significantly 

greater than WT12 (679.6 ± 72.0, and 94.8 ± 7.6; n = 5) and NT12 (604.7 ± 95.9, and 84.4 ± 

8.55), respectively (one-way ANOVA, F(2,12) = 8.8, p = 0.0045, and one-way ANOVA, F(2,13) 
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= 10.3, p = 0.0021; Fig. 2.6B-C). This change over time appeared driven by lower P content 

in WT0 (0.0208 ± 0.0028 mmol P g sample-1; Fig. S2.9D). Furthermore, C:N:P was highest 

for WT0 (1333:190:1) compared to W12 and NT12 (680:95:1 and 605:84:1, respectively), 

and all were significantly higher than the Redfield ratio of 106:16:1 (Redfield, 1934). 
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Figure 2.6 Mean (± SEM) of elemental traits for wild and nursery corals. (A) C:N, (B) 
C:P, and (C) N:P ratios (C, carbon; N, nitrogen, and P, phosphorus; atomic values) of 
the initial wild colonies (WT0) and wild and nursery corals from 12 months propagation 
(WT12 and NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for 
WT0, WT12, and NT12, respectively). Means were compared by analysis of variance 
(ANOVA) with post hoc Tukey tests (see main text) where ns indicates no statistical 
significance, and * and ** indicates p ≤ 0.05 and 0.01, respectively. 

 

In general, no differences were detected over time (WT0 vs WT12) or at 12 months post-

propagation (WT12 vs NT12) for C, N, P, and 17 major and trace elements (Fig. S2.9), 

except for magnesium, phosphorus, sulphur, and potassium (WT0 vs NT12, Tukey’s test; p = 

0.0294, 0.0083, 0.0197, and 0.0130, respectively; Fig. S2.9C-F). Significant differences were 

also found for Cu content, where NT12 (0.8836 ± 0.1097) was similar to WT0 (0.9543 ± 

0.0624) and higher than WT12 (0.5567 ± 0.0434); one-way ANOVA, F(2,13) = 6.8, p = 

0.0096; Tukey’s test WT0 vs WT12, and WT12 vs NT12; p = 0.0159, and 0.0260, 

respectively; Fig. S2.9L. 
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2.3.8 Skeletal properties 

Skeletal traits appeared largely unchanged after 12-months of propagation (WT12 vs NT12) 

(bulk volume, bulk density, biomineral density, pore volume, apparent (internal) porosity, 

hardness, and colony mass per area; Fig. 2.7A-G). The only exception was hardness (HD) 

(Fig. 2.7F; one-way RM ANOVA, F(1.4,7.2) = 8.2, p = 0.0182, Tukey’s test WT0 vs WT12, p 

= 0.0488) where values were higher for WT0 (38.8 ± 1.5) than both WT12 or NT12 after 12 

months (31.5 ± 1.1, and 35.3 ± 0.9, respectively). Also, significant differences in biomineral 

density were found for WT0 vs NT12 (Tukey’s test, p = 0.0387). Thus, overall, propagation 

in nurseries compared to the reef did not result in a difference in skeletal properties despite 

the greater growth rates observed for nursery colonies (Fig. 2.2B). 
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Figure 2.7 Mean (± SEM) of skeletal traits for wild and nursery corals. (A) bulk volume 
(cm3), (B) bulk density (g cm-3), (C) biomineral density (g cm-3), (D) pore volume (cm3), 
(E) apparent (internal) porosity (%), (F) hardness (HD), and (G) colony mass per area 
(g cm-2) of the initial wild colonies (WT0) and wild and nursery corals from 12 months 
propagation (WT12 and NT12). All data are fragments of Acropora cf. hyacinthus (n = 6 
for each group). Means were compared by one-way (repeated measures) analysis of variance 
(ANOVA) with post hoc Tukey tests (see main text) where ns indicates no statistical 
significance, and * indicates p ≤ 0.05. 
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2.3.9 Multi-trait assessment and “trait redundancy” 

We finally performed a series of principal components analysis (PCA) to reduce the trait 

space and identify the main drivers of variance from amongst the 90 traits examined (Table 

S2.1). Specifically, a PCA was first conducted for each of the following seven biological 

properties: physical appearance, photobiology, metabolism, energy reserves, FAME, 

elementome, and skeletal traits; to identify the two main contributing traits to the variation 

(Table S2.2A) beyond survivorship and growth, and in doing so where “trait redundancy” 

(i.e., traits that have similar contribution to the separation of coral groups) existed within 

biological properties. This was observed via overlapped trait-based vectors and correlated 

variables in Fig. S2.10 and Table S2.2A, respectively. A total of 14 (of 90) traits (brightness, 

blue, symbiont cell density, maximum photochemical efficiency of PSII [Fq´/Fm´MAX], dark 

and light calcifications [GD and GL, respectively], total energy reserves, ash-free dry weight 

biomass, methyl arachidate, methyl myristoleate, potassium [K], strontium [Sr], pore volume, 

and biomineral density) were identified as the strongest drivers of variation from the 

individual PCAs (Table S2.3), and were therefore subsequently selected for the final PCA 

(the so-called multitraits; Fig. 2.8). We observed spatial separation between the three groups 

(WT0, WT12, and NT12), despite some overlap; and where WT0 was somewhat separated 

from WT12 and NT12 (Fig. 2.8). Overall, 51.6% of the coral trait variance between coral 

groups was accounted by the first and second principal components collectively (PC1 and 

PC2, respectively; Table S2.3B). PC1 accounted for 34.5% of the total trait variance of the 

coral holobiont, with the following top 4 loadings: methyl arachidate (15.41%), total energy 

reserves (14.49%), blue (11.47%), and K (10.47%) (see Table S2.3A for contributions by the 

rest of the traits) contributing the largest loadings to this vector (Fig. 2.8). A further 17.1% of 

the total trait variance was accounted for by PC2, with brightness (25.77%), dark calcification 
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(15.80%), ash-free dry weight biomass (11.51%), and symbiont cell density (8.23%) followed 

by other traits (see Table S2.3A) contributing the largest loadings to this vector (Fig. 2.8). 

Differences between coral groups were dependent on both PC1 and PC2, with PC resolving 

separation between all three coral groups. Here, WT0 separated from NT12 by PC1 (p = 

0.0237; Table S2.4A), whilst all three coral groups were separated from each other by PC2 

(WT0-WT12, WT0-NT12, and WT12-NT12; p = 0.025, 0.027, and 0.0067, respectively). 

However, the one-way PERMANOVA between coral groups for the main 14 traits did not 

return differences between coral groups (p = 0.3706; Table S2.5). 
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Figure 2.8 Principal Component Analysis (PCA) of 14 (out of 90) coral traits comparing 
initial wild colonies (W0; triangles in orange) and wild and nursery corals from 12 
months propagation (W12 and N12; squares and circles in pink and green, 
respectively). PCA biplot, including a cut-off for the cos2 = 0.5, where > 0.5 (in solid line) 
indicates a good representation of the variable on the PC. As opposed, < 0.5 (dashed line) 
indicates that the variable is not perfectly represented by the PCs. BD and MM refer to 
biomineral density and methyl arachidat, respectively. 

2.4 Discussion 

Most coral reef restoration project goals focus on recovery of a functionally healthy and self-

sustaining reef ecosystem. However, evaluations of success towards this goal to date have 

largely rested on few ecological (Hein et al., 2020b, 2020a; Nuñez Lendo et al., 2024) or 
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biological metrics (e.g., coral growth and survival; Boström-Einarsson et al., 2020; 

Rinkevich, 2019) rather than more specific metrics that inform ecosystem services outcomes 

(Boström-Einarsson et al., 2020; Hein et al., 2021, 2017). We therefore examined how deeper 

mining of coral biological multi-trait expression encompassing bio-physical, and bio-

chemical properties, can potentially provide more meaningful descriptions of success beyond 

growth and survival alone. Our observations — using Acropora cf. hyacinthus grown over 12 

months on the Great Barrier Reef (GBR) — demonstrated higher relative growth rates (but 

comparable survivorship) for nursery compared to wild grown colonies. However, these 

higher growth rates were underpinned by higher respiration and dark calcification rates, as 

well as more pigmented — darker-coloured, more symbiont cells and pigments per surface 

area — colonies. Intriguingly, this “nursery effect” occurred against a backdrop of a different 

dominant symbiont ITS2 type profile with overall higher light acclimation (EK, more 

quenching capacity) and more symbiont cells and pigments (per surface area), hosted by the 

corals after 12 months of growth for both nursery and wild colonies. Other key properties, 

including elemental and bio-molecular content (carbohydrates, lipids, proteins, and fatty acid 

methyl esters) and skeletal properties — appeared less affected by nursery propagation over 

12 months. Thus collectively, compared to growth and survivorship, the multi-trait evaluation 

yields insight into potential changes in colony performance and reef functioning, and hence 

factors governing overall ecological success. 

 

2.4.1 Biological responses to nursery propagation 

High survivorship and relative growth rates of A. cf. hyacinthus in nurseries of our study site 

(Mojo, Opal Reef) are consistent with previous observations from the same nursery approach 

at different sites of the same reef (Howlett et al., 2021; Suggett et al., 2019). Specifically, 

Howlett et al., (2021) reported A. hyacinthus areal growth rates of 1-2 cm2 month-1 
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(equivalent to 14.4 cm2 y-1; RayBan) to 10.8 cm2 month-1 (129.6 cm2 y-1; Blue Lagoon), 

where the latter site is close to our study site (Mojo, ca. 200 m away) that yielded areal 

growth of 30 cm2 month-1 (equivalent to > 300 cm2 y-1). In water, light availability generally 

appears lower at RayBan than Mojo/Blue Lagoon (Howlett et al., 2021), where these lower 

areal growth rates are consistent with those measured for A. hyacinthus in more turbid 

environments (e.g., Singapore reefs, Bongiorni et al., 2011). 

 

Most intriguing was the higher growth (20-25 times greater) observed for our nursery grown 

compared to reef grown A. cf. hyacinthus. Few studies to date have evaluated the growth 

performance of corals in nurseries compared to their respective source colonies retained on 

the reef; for example, linear growth of the branching coral Acropora formosa was previously 

shown to be ~5-50% faster in nurseries than in the natural neighbouring reef (Malaysia; Xin 

et al., 2016). Such higher growth rates in nurseries have been proposed to reflect more 

favourable biological and physical conditions where nurseries are often located away from 

the reef; these include improved light availability (lower sedimentation), increased water 

flow, enhanced planktonic supply, reduced intra- and interspecific competition, and 

controlled corallivory (Bongiorni et al., 2011; Levy et al., 2010; Rinkevich, 2005; Shafir and 

Rinkevich, 2010, 2008). Whilst we cannot currently verify the specific nature of our higher 

nursery growth rates, our nursery design is conducive to coral growth via a low surface area 

and reduced drag to enable relatively unimpeded water flow (e.g., Howlett et al., 2021), 

which is essential for coral metabolism (Nakamura and Van Woesik, 2001; West and Salm, 

2003), and supply of planktonic food for heterotrophic feeding (Borell et al., 2008). Corals on 

our nurseries are typically observed with their polyps out during the day, and also fish-

associated nursery communities comprise few (if any) persistently present corallivore fish 

(All authors, Pers. Obs.). However, it is also possible that higher growth gains for nursery 
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corals — which start as relatively small fragment sizes of 64.3-191.7 cm2 — in part reflect 

more rapid growth compared to established adult colonies (e.g., Warne et al., 2022). When a 

sexually mature coral colony is fragmented below a certain size, it redirects resources 

towards regrowth rather than reproduction (Lirman, 2000; Zakai et al., 2000). Consequently, 

the size and life stage (age) of corals employed in restoration efforts inevitably affect their 

performance, as freshly fragmented coral exhibits higher growth and regeneration rates (i.e., 

following trauma, corals undergo rapid tissue and skeletal repair; Bak, 1983; Chadwick and 

Loya, 1990; Loya, 1976; Meesters et al., 1994) compared to well-established adult colonies, 

which above a size threshold, shift resources from growth to sexual reproduction (Babcock, 

1991; Kojis and Quinn, 2001; Soong, 1993). 

 

Both bio-optical and metabolic traits were observed to change for nursery compared to wild-

grown corals. Photographic-based traits revealed colonies became darker in the nursery over 

12 months (compared to on the reef) (Fig. S2.4), accompanied by more pigmentation per 

colony surface area (Fig. 2.3 I-K). At face value, this darker colouration might appear 

indicative of acclimation to lower light intensities, as increases in coral pigmentation often 

occur via low-light acclimation (Falkowski and Dubinsky, 1981; Hennige et al., 2009; 

Iglesias-Prieto and Trench, 1994). However, the photophysiology, in fact, indicated that both 

nursery and wild colonies had become high-light acclimated over the growth period, as 

indicated by a two-fold higher EK in these coral groups (Lohr et al., 2019; Nitschke et al., 

2018; Suggett et al., 2012), while symbiont cells also generally contained less photosynthetic 

pigments (Hennige et al., 2009) (Fig. 2.3 A and F-H). Despite the high variance in major 

ITS2 type profiles (Fig. S2.5) and consequent unique genotypes, such acclimation over time 

might reflect that both reef and nursery major symbiont type moved to C3k predominantly 

over 12 months. Presumably, host-symbiont metabolic compatibility changed to match a 
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change in the prevailing resources available (e.g., light; Suggett et al., 2017) — but where 

specific nursery growth conditions were further fundamentally altered compared to the reef. 

For example, lower symbiont densities have been observed under higher temperatures (e.g., 

Brown et al., 1999; Fagoonee et al., 1999; Fitt, 2000; Scheufen et al., 2017)) and lower 

inorganic nutrient supply (Brown et al., 1999; Dubinsky et al., 1990; Ferrier-Pagès et al., 

2001; Stimson and Kinzie, 1991). Ultimately however, the exact nature of increased 

symbiont density cannot be verified without further detailed assessments of specific 

environmental histories in the reef compared to adjacent nursery habitats. 

 

The high ITS2 type profile variance found across all coral groups was perhaps somewhat 

surprising, assuming a highly connected population (Hock et al., 2017). Future work 

expanding the number of samples taken per colony would help resolve whether any intra-

colony variance in major ITS2 type profiles explain the variance found here (Lewis et al., 

2022). In contrast, high homogeneity in major ITS2 type profiles was reported on the same 

species in the same location (Mojo reef) in February 2020 (i.e., sampling time of our donor 

colonies; T0) by Grima et al., (2022). However, Kriefall et al., (2022) recently reported a 

high profile variance for A. hyacinthus sampled across dynamic Mo’orean reef habitats. As 

such, the shifts we observed over 12 months are likely indicative of a change in the prevailing 

local environmental conditions inherent to both reef and nursery habitats at Opal Reef. 

Interestingly, the nursery corals exhibited the most consistent ITS2 type profiles, with most 

samples associated with C3k. This type is considered a host-specific symbiont type in the 

genus Acropora (Tonk et al., 2013) and is associated with strongly performing holobiont 

colonies when exposed to sub-optimum environmental conditions (Howe-Kerr et al., 2020). 

However, careful consideration should be taken when considering the dominant symbiont 

type shift to be the cause of acclimation as there are many distinct ITS2 predicted profiles not 
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previously reported in A. hyacinthus that could yield different photophysiologies given they 

are predicted unique genotypes (Camp et al., 2020c). 

 

More symbionts per surface area for nursery-grown corals after 12 months were accompanied 

by almost 50% higher respiration rates (R) in nursery coral compared to wild corals after 12 

months growth. Higher R indicates higher basal metabolic traits (Bruno and Edmunds, 1998; 

Szmant-Froelieh and Pilson, 1984) associated with greater heterotrophic activity (Levy et al., 

2006; Wooldridge, 2014) of either stored energy or acquisition of new energy, which in the 

latter case for corals may occur through enhanced feeding (Levy et al., 2006; Wooldridge, 

2014). Indeed, corals have previously been suggested to grow faster through enhanced 

capacity to feed in higher flow waters compared to the reef (Borell et al., 2008). We, 

therefore, propose that greater respiratory rates may be due to higher rates of heterotrophic 

activity, which may be a critical feature supporting higher growth rates possibly through 

enhanced feeding in our nurseries. However, future studies should verify this hypothesis with 

targeted feeding studies. 

 

All coral groups had higher C:N:P values than 106:16:1 (typically from phytoplankton; 

Ptacnik et al., 2010; Redfield, 1934), and might be explained by the coral-symbiont 

relationship and their nutrient cycling and uptake (Dubinsky and Jokiel, 1994; Rahav et al., 

1989). All coral groups exhibited similar C:N (values of ~7), which is consistent with recent 

studies (Blanckaert et al., 2020; Grima et al., 2022), highlighting the conservative nature of 

this feature in corals, but also across other taxa, e.g., phytoplankton (Garcia et al., 2018). 

Higher C:N is indicative of elevated carbon-rich storage materials (Szmant et al., 1990), so 

the stability of C:N despite the increase in total lipids compared to carbohydrates measured 



73 
 

over time (Fig. 2.5AC and Fig. 2.6) could be considered surprising. However, in marine 

phytoplankton under N limitation, species that accumulated lipids over carbohydrates saw 

small changes in their C:N (Liefer et al., 2019), which could perhaps explain the results 

observed here but clearly requires further targeted investigation in future. Our data 

demonstrated similar C:P and N:P for both the wild and nursery corals at the end of the 

experiment, despite the marked differences in their growth rates. Intriguingly, the Growth 

Rate Hypothesis (GRH) predicts a positive relationship between phosphorus (P) content and 

growth rate in invertebrates, where P content decreases due to allocation to RNA synthesis 

during the organism’s growth (Main et al., 1997). Thus our observations for corals here add 

to the growing body of evidence refuting the GRH when P is not limiting and can be stored in 

excess (Camp et al., 2022; Norici et al., 2011; Sterner and Elser, 2003). 

 

Of the coral elemental profiles (n = 20) in our study, corals grown in their (non-native) 

nursery environments exhibited higher growth but no change in elemental content suggesting 

that the “biochemical niche” (sensu Grima et al., 2022) largely did not differ from 

neighbouring reef (Fig. S2.9). As such, biogeochemical service provision — e.g., elemental 

quotas available for trophic transfer — was unaltered through nursery growth. The one 

exception was the higher Cu for nursery corals compared to the wild colonies after 12 

months. Given the higher respiration rates for nursery grown corals, it is plausible to propose 

that this higher Cu reflects higher metabolic requirements where Cu is an essential cofactor 

for aerobic respiration (it acts as a redox cofactor in the Cytochrome c Oxidase) (Llases et al., 

2019). In Chlamydomonas, the “Cu economy” involves substituting copper-containing 

plastocyanin with heme-containing cytochrome; in turn, the Cu that is saved by this 

replacement is used instead for COX biosynthesis, prioritizing allocation and reallocation of 

copper to respiration vs. photosynthesis (Kropat et al., 2015). Verifying this hypothesis 
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warrants further investigation (e.g., the presence of transcripts encoding proteins belonging to 

COX). 

 

Finally, greater metabolic potential to support enhanced growth is important to ensure that 

coral skeletal properties are retained, i.e., more resources to ensure faster growth does not 

result in a weaker skeleton. We observed lower light and dark calcification rates per coral 

surface area for nursery and wild corals after 12 months compared to initial wild colonies 

(but differences were only detected in WT12-WT0 light and dark calcification rates and 

WT12-NT12 dark calcification rates; Fig. 2.4E-F). Based on our current data available, it is 

not clear why calcification rates lower after 12 months, however this reduction might reflect 

that environmental conditions have changed over time. Importantly, we observed that dark 

calcification rates per coral surface area were, in fact, > 5 times higher for nursery compared 

to wild corals after 12 months, aligning with the higher growth rates for nursery corals (20-25 

times higher). Such an outcome is perhaps expected since higher growth is accompanied by 

higher calcification (Kuffner et al., 2017; Lizcano-Sandoval et al., 2018) in other coral 

species reared in nurseries. Further analysis of skeletal properties (bulk volume, biomineral 

density, bulk density, pore volume, apparent (internal) porosity, hardness, and colony mass 

per area; Fig. 2.7) did not reveal differences between nursery and wild grown corals that 

overall did not impact on skeletal strength. In particular, Lizcano-Sandoval et al., (2018) 

showed that skeletal density was maintained despite an increase in growth and calcification, 

as the opposite of another study (Kuffner et al., 2017) where there were trade-offs between 

skeletal density and growth, while calcification rate was conserved, depending on the nursery 

environment. 
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2.4.2 Towards a multi-trait approach to evaluate benefits of coral propagation 

In evaluating 90 traits spread across multiple properties (bio-optics, metabolism, energy, lipid 

diversity, elementome, and skeleton), we demonstrate that faster-growing corals in nurseries 

undertake a significant change in metabolism and resource partitioning compared to wild 

grown corals, which could conceivably impact the interpretation of ecosystem service value 

beyond just areal gain in coral cover (see also Hein et al., 2021). Specifically, higher 

respiration and dark calcification can inherently alter ecosystem metabolic balance (Cyronak 

et al., 2018) and, in turn, biogeochemical cycling of key elements that underpin CO2 and O2 

inventories (Camp et al., 2019, 2016b). Similarly, lower calcification may reduce skeletal 

strength (Crook et al., 2013; Fantazzini et al., 2015) that is critical for dissipating wave 

energy. Based on our nursery observations, the gains observed in areal coverage (growth rate) 

clearly need to be balanced in terms of costs (or additional benefits) to other ecosystem 

services, highlighting the need to introduce multi-trait assessments to robustly determine how 

nursery growth may aid reef ecosystem service value(s). In our study the enhanced growth of 

nursery corals did not come at a cost to skeletal integrity/strength, likely as a result of the 

greater metabolic activity, thus ensuring corals locally re-planted are likely of a similar 

robustness as the original source colonies.  

 

Whilst we used a multi-trait approach here as a proof-of-concept for a deeper examination of 

biological attributes, it is clear that broad examination of many traits (initially 90 but reduced 

to 14 in our case) is neither routinely feasible nor often warranted. The final PCA (Fig. 2.8). 

showed multiple components that are driving the variation among coral groups. Whilst these 

provide a diagnostic of key factors that stand out in the biological processes of this specific 

case (i.e., Acropora cf. hyacinthus in an optimal nursery environment in the Northern GBR), 

in isolation, it is hard to resolve the collective process, although it might also indicate where 
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greater investigation of specific properties is required to unlock the underlying mechanisms at 

play. Therefore, deeper diving into the various properties is initially needed to understand 

why and how this final PCA emerges. In this regard, the individual PCAs (Fig. S2.10) 

showed how several key traits were instrumental in driving differences amongst nursery and 

wild grown corals, whereas other traits could be considered redundant. For example, vectors 

of surface area-normalised chlorophyll a and c2 and total pigments all closely aligned (as 

were those for the various symbiont cell density normalised pigment contents), suggesting 

one descriptor of pigmentation is likely sufficient to differentiate coral groups. Similarly, in 

the case of the PAM-based photobiology, Fq´/Fm´MAX (derived maximum photochemical 

efficiency) separated the coral groups along an opposite vector to all of EK, [1-Q], and [1-C], 

suggesting that Fq´/Fm´MAX and EK may be adequate to retain these coral groups since [1-Q] 

and [1-C] often (but not always) reflect strategies underpinning changes to EK (e.g., Camp et 

al., 2019; Nitschke et al., 2018). 

 

Overall, fewer traits are likely sufficient to retain groupings. However, our data demonstrate 

that most traits provide meaningful descriptors at play (operating along different vectors). 

Despite the challenges of reconciling actual processes from distilling 90 traits down to 14, a 

multi-trait approach clearly generates deeper insight to enable more informed decision 

making for restoration; for example, to select species (Madin et al., 2023), stress tolerance 

(Gardner et al., 2017; Hoadley et al., 2021; Nitschke et al., 2018), growth factors (Suggett et 

al., 2022), and genetic and microbiome dynamics (Wright et al., 2019). So, practices that 

quantify success based on wider traits are more likely to inform how restoration may retain or 

alter diverse ecosystem service values. This also extends to measuring the success of nursery-

grown corals once outplanted in the reef, as this is crucial to ensure the long-term future of 

restored corals (Boström-Einarsson et al., 2020), since the performance of coral fragments 
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can vary from the nursery stage to the outplanting (O’Donnell et al., 2018), and ecological 

success (Nuñez Lendo et al., 2024, Chapter 4), may only be temporary in the absence of 

self-sustaining coral populations. 

2.5 Conclusion 

In conclusion, by using a multi-trait proof-of-concept, we have shown how changes in the 

biological machinery underpin enhanced coral growth through nursery-based propagation 

compared to original donor wild corals. Our diverse trait-based observations collectively 

evidence an enhanced metabolism (photosynthetic, respiratory, and calcifying activity) and 

pigmentation, likely through heterotrophic feeding under nursery conditions. As such, we 

show that nursery grown corals carry attributes that may impact the perceived ecosystem 

value beyond simply addition of new coral biomass to the reef; for example, changes in the 

biogeochemical cycling of key elements that underpin CO2 and O2 inventories (through 

respiration and dark calcification). Our findings strongly support the notion of the need for 

coral restoration practices to move beyond a few “simple” metrics of growth and survivorship 

(e.g., Hein et al., 2021) as measures of success, where goals are to improve (or retain) the 

ecosystem service value(s). 
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2.7 Supplementary Material 

 

Figure S2.1 Map of study site on Mojo, Opal Reef, Great Barrier Reef, Australia. Corals 
were collected from the reef patch adjacent to the coral nursery at 5–6 m in depth. Coral 
fragments were held on the coral nursery, which is located on the sand patch, suspended at 4-
5 m in depth. Delineation of the management zones for Opal Reef is shown. Satellite image: 
Landsat 8 OLI, bathymetric composite RBG bands 431, acquired September 5th, 2021. 
Source: NASA/USGS/Pearce, S. 2021. 
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Figure S2.2 Sea Surface Temperatures (SST, °C) for Opal Reef and Mojo nursery (mean ± 
SEM, n = 13 and 9 months, respectively). Satellite-derived data (MODIS-aqua) was extracted 
from the GIOVANNI online system maintained by NASA 
(https://giovanni.gsfc.nasa.gov/giovanni/). SST were obtained using monthly area-averaging 
bounded to 145° 53’ 53.8’’E, 16°12’ 23.4’’S between February 2020 and February 2021 
(encompassing the entire Opal Reef of ca. 30 km2 for a year); black line. Imposed onto the 
SST are the mean monthly SST recorded by the HOBO logger (every 1 h) from February to 
September 2021 at the Mojo nursery; dashed line. 

  

https://giovanni.gsfc.nasa.gov/giovanni/
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Figure S2.3 A) Mean (± SEM) relative linear growth rate (% growth in cm yr-1) of wild and 
nursery corals from 12 months propagation. All data are fragments of Acropora cf. 
hyacinthus (n = 6 for both groups). Means were compared by paired Student’s t-tests (see 
main text) where ** indicates a statistical significance of p ≤ 0.01. B) Nursery-grown coral 
derived from colony #1 with an initial area of 64.3 cm2 in February 2020 (B) and 12 months 
post-fragmentation the same nursery coral was six times higher (394.8 cm2) compared to its 
initial size (C). 
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Figure S2.4 Bio-physical colouration of wild and nursery corals. Traits encompass (a) red 
(R), b) green (G), (c) blue (B), (d) hue, (e) saturation, (f) brightness, and bleaching state. 
Significant differences in the RGB values among coral groups were revealed by a one-way 
RM ANOVA (F(1.9,9.5) = 7.5, p = 0.0114 for R; F(1.8,8.8) = 7.6, p = 0.0137 for G; and F(1.3,6.7) = 
21.0, p = 0.0021 for B). Tukey’s test revealed significant differences between WT12 and 
NT12 (p = 0.0247, 0.0126, and 0.0215 for R, G, and B, respectively), suggesting a different 
colouration between these two coral groups. Additional differences in B values among WT0 
vs WT12, and WT0 vs NT12 (p = 0.0317 and 0.0077, respectively) were also found. Hue 
values were approximately doubled for WT0 (85.2 ± 44.4, n = 6) compared to WT12 (34.8 ± 
1.2, n = 6) and NT12 (39.5 ± 6.5, n = 6). However, no significant differences in hue levels 
were detected among coral groups (one-way RM ANOVA, F(1.5,7.7) = 0.2, p = 0.7972). 
Regarding the saturation levels, they approximately halved in WT0 (33.3 ± 4.4, n = 6) 
compared to WT12 and NT12 (70.0 ± 4.6, and 64.7 ± 3.6, respectively; n = 6), and significant 
differences were found among coral groups (one-way RM ANOVA, F(1.9,9.3) = 19.0, p = 
0.0006). Tukey’s test showed significant differences for WT0 vs WT12 (p = 0.0029) and 
WT0 vs NT12 (p = 0.0113). In general, brightness values were low among coral groups 41.7 
± 3.7, 54.5 ± 2.4, and 38.0 ± 2.2 for WT0, WT12, and NT12, respectively (n = 6 for each 
coral group). Significant differences in brightness levels were found (one-way RM ANOVA, 
F(2.0,9.9) = 8.0, p = 0.0087), and Tukey’s test revealed to be between WT12 vs NT12 (p = 
0.0257). Statistical significance is shown as ns (no statistical significance), * and ** (p ≤ 0.05 
and 0.01, respectively). 
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Figure S2.5 Predicted ITS2 type profiles for wild and nursery corals. Corresponding 
samples are visualised as a stacked bar chart with a single column representing a sample. The 
relative abundance of predicted ITS2 type profiles is plotted for each column in the stacked 
bar plots. All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for W0, W12, 
and N12, respectively). 

  



85 
 

0.0

0.1

0.2

0.3

B) Soluble proteins

Coral groups
m

g 
: m

g 
A

FD
W

ns

✱

ns

0.0

0.1

0.2

0.3

C) Total lipids

Coral groups

m
g:

 m
g 

A
FD

W

ns

ns

ns

0.0

0.1

0.2

0.3

A) Carbohydrates

Coral groups

m
g 

: m
g 

A
FD

W

ns

ns

ns

0.0

0.2

0.4

0.6

0.8

E) Soluble proteins

Coral groups

m
g 

: c
m

2

ns

ns

ns

0.0

0.5

1.0

1.5

2.0

2.5

F) Total lipids

Coral groups

m
g 

: c
m

2

ns

ns

ns
Wild corals at T0
Wild corals at T12
Nursery corals at T12

0.0

0.2

0.4

0.6

D) Carbohydrates

Coral groups

m
g 

: c
m

2

ns

ns

ns

 

Figure S2.6 Mean (± SEM) (a) carbohydrates, (b) soluble proteins, and (c) total lipids 
(mg per ash-free dry mass), and same biomolecule content normalised to mg per surface 
area (d-f) of the initial wild colonies (WT0) and wild and nursery corals from 12 months 
propagation (WT12 and NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 
6, and 6 for WT0, WT12, and NT12, respectively). Means were compared by analysis of 
variance (ANOVA) with post hoc Tukey tests (see main text) where ns indicates no statistical 
significance, and * and ** indicates p ≤ 0.05 and 0.01, respectively. 
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Figure S2.7 Mean (± SEM) of 19 fatty acid methyl esters (mg per dry mass) (A-S) of the 
initial wild colonies (WT0) and wild and nursery corals from 12 months propagation 
(WT12 and NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for 
WT0, WT12, and NT12, respectively). Means were compared by analysis of variance 
(ANOVA) with post hoc Tukey tests (see main text) where ns indicates no statistical 
significance, and *, ** and *** indicates p ≤ 0.05, 0.01 and 0.001, respectively. 
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Figure S2.8 Mean (± SEM) of (a) saturated fatty acids (SFA), (b) mono- and (c) poly-
unsaturated fatty acids (MUFA and PUFA, respectively) (µg per dry mass) of the initial 
wild colonies (WT0) and wild and nursery corals from 12 months propagation (WT12 
and NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for WT0, 
WT12, and NT12, respectively). No significant differences in SFA were found (one-way 
ANOVA, F(2,13) = 3.8, p = 0.0501), however, differences in MUFA and PUFA were detected 
among coral groups (p = 0.0324 and 0.0099, respectively). Tukey’s test revealed significant 
differences between WT0 and NT12 (p = 0.0287 and 0.0080, respectively). Statistical 
significance is shown as ns (no statistical significance), * and ** (p ≤ 0.05 and 0.01, 
respectively). 
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Figure S2.9 Mean (± SEM) of 18 elements, (A) Carbon [C], (B) Nitrogen [N], (C) 
Magnesium [Mg], (D) Phosphorus [P], (E) Sulphur [S], (F) Potassium [K], (G) Calcium 
[Ca], (H) Vanadium [V], (I) Manganese [Mn], (J) Iron [Fe], (K) Nickel [Ni], (L) Copper 
[Cu], (M) Zinc [Zn], (N) Strontium [Sr], (O) Molybdenum [Mo], (P) Cadmium [Cd], (Q) 
Tim [Sn], and (R) Lead [Pb] — macronutrients (A-G) and micronutrients (H-R) in 
mmol or µmol (element) per dry mass, respectively; absolute values — of the initial wild 
colonies (WT0) and wild and nursery corals from 12 months propagation (WT12 and 
NT12). All data are fragments of Acropora cf. hyacinthus (n = 4, 6, and 6 for WT0, WT12, 
and NT12, respectively). Means were compared by analysis of variance (ANOVA) with post 
hoc Tukey tests, except for Cd and Pb (Kruskal-Wallis’s test followed by Dunn’s test) where 
ns indicates no statistical significance, and * and ** indicates p ≤ 0.05 and 0.01, respectively. 
Cobalt [Co] and Selenium [Se] values were negligible and hence not shown here. 
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A) Physical appearance 

A.1) PCA biplot, including a cut-off for the cos2 = 0.5 
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A.2) Contribution of variables to PC1 and PC2 
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B) Photobiology 

B.1) PCA biplot, including a cut-off for the cos2 = 0.5 
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B.2) Contribution of variables to PC1 and PC2 
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C) Metabolism 

C.1) PCA biplot, including a cut-off for the cos2 = 0.5 
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C.2) Contribution of variables to PC1 and PC2 
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D) Energy reserves 

D.1) PCA biplot, including a cut-off for the cos2 = 0.5 

  



99 
 

D.2) Contribution of variables to PC1 and PC2 
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E) FAME 

E.1) PCA biplot, including a cut-off for the cos2 = 0.5 
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E.2) Contribution of variables to PC1 and PC2 
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F) Elementome 

F.1) PCA biplot, including a cut-off for the cos2 = 0.5 
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F.2) Contribution of variables to PC1 and PC2 
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G) Skeletal properties 

G.1) PCA biplot, including a cut-off for the cos2 = 0.5 
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F.2) Contribution of variables to PC1 and PC2 
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H) Multitraits 

H.2) PCA biplot, including a cut-off for the cos2 = 0.5 

   

Figure S2.10 Examination of the traits per biological property. 1) Principal Component Analysis (PCA) biplot, including a cut-off for the 
cos2 = 0.5, and 2) the contribution of variables to dimensions (principal components, PC) 1 and 2, for the following seven biological properties: 
(A) physical appearance (tissue colouration), (B) photobiology, (C) metabolism, (D) energy reserves, (E) fatty acid methyl esters (FAME), (F) 
elementome, and (G) skeletal properties. Regarding the cut-off for the cos2 = 0.5, a good representation of the variable on the PC is indicated in 
a solid line (>0.5). As opposed, <0.5 (dashed line) indicates that the variable is not perfectly represented by the PCs. (H) Contribution plot for 
the 14 (out of 90) selected traits used in the final PCA (the so-called multitraits).  
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Table S2.1 A total of 90 traits were selected for this study. Survival and growth are 
considered emergent properties. Seven biological properties were investigated to unveil the 
biological machinery underpinning coral survival and growth: physical appearance (tissue 
colouration), photobiology, metabolism, energy reserves, fatty acid methyl esters (FAME), 
elementome, and skeletal properties. 

 

 Variable Biological property 
1 

Individual survival success 
Survival (emergent property) 
(1 trait) 

2 Relative linear growth rate 
Growth (emergent property) 
(3 traits) 

3 Relative areal growth rate 
4 Relative increase in areal tissue 
5 Red [R] 

Physical appearance (7 traits) 

6 Green [G] 
7 Blue [B] 
8 Hue [H] 
9 Saturation [S] 
10 Brightness [B] 
11 Bleaching state 
12 Light saturation coefficient [EK] 

Photobiology (13) 

13 Derived maximum photochemical efficiency 
[Fq´/Fm´MAX] 

14 Photochemical quenching [1-C]MAX 
15 Non-photochemical quenching [1-Q]MAX 
16 Symbiont cell density 
17 Total pigment density 
18 Chl a density 
19 Chl c2 density 
20 Total pigments per cell 
21 Chl a per cell 
22 Chl c2 per cell 
23 a:c2 ratio 
24 Symbiodiniaceae ITS2 identity 
25 Gross Photosynthesis rate [PG] 

Metabolism (7 traits) 

26 Net Photosynthesis rate [PN] 
27 Respiration rate [R] 
28 PG:R ratio 
29 Light-dependent calcification [GL] 
30 Dark-dependent calcification [GD] 
31 GL:GD ratio 
32 Carbohydrates 

Energy reserves (9 traits) 
33 Soluble proteins 
34 Total lipids 
35 Total energy reserves 
36 Dry weight biomass [DW] 
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37 Ash-free dry weight biomass [AFDW] 
38 Saturated fatty acids [SFA] 
39 Mono-unsaturated fatty acids [MUFA] 
40 Poly-unsaturated fatty acids [PUFA] 
41 Methyl dodecanoate (Methyl laurate) 

Fatty acid methyl esters 
(19 traits) 

42 Methyl myristoleate 
43 Methyl tetradecanoate 
44 Methyl pentadecanoate 
45 Methyl palmitoleate 
46 Methyl palmitate 
47 Methyl gamma-linolenate 
48 Linolelaidic acid methyl ester 
49 cis-9-Oleic acid methyl ester 
50 trans-9-Elaidic acid methyl ester 
51 Methyl octadecanoate (methyl stearate) 
52 cis-5,8,11,14-Eicosatetraenoic acid methyl ester 
53 cis-5,8,11,14,17-Eicosapentanoic acid methyl ester 
54 cis-8,11,14-Eicosatrienoic acid methyl ester 
55 cis-11,14-Eicosadienoic acid methyl ester 
56 Methyl cis-11-eicosenoate 
57 Methyl arachidate 
58 Methyl cis-4,7,10,13,16,19-docosahexanoate 
59 Methyl docosanoate 
60 Carbon [C] 

Elementome (24 traits) 

61 Nitrogen [N] 
62 Phosphorus [P] 
63 Magnesium [Mg] 
64 Sulphur [S] 
65 Potassium [K] 
66 Calcium [Ca] 
67 Vanadium [V] 
68 Manganese [Mn] 
69 Iron [Fe] 
70 Nickel [Ni] 
71 Copper [Cu] 
72 Zinc [Zn] 
73 Strontium [Sr] 
74 Molybdenum [Mo] 
75 Cadmium [Cd] 
76 Tin (Sn) 
77 Lead (Pb) 
78 Cobalt [Co] 
79 Selenium [Se] 
80 C:N ratio 
81 C:P ratio 
82 N:P ratio 



109 
 

83 C:N:P ratio 
84 Bulk volume 

Skeletal properties (7 traits) 

85 Bulk density 
86 Biomineral density 
87 Pore volume 
88 Apparent (internal) porosity 
89 Hardness 
90 Colony mass per area [CMA] 
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Table S2.2 (A) Contributions of traits to the first (PC1) and second (PC2) principal 
components (dimensions, Dim.), and (B) cumulative variance percent of PC1 and PC2 of the 
Principal Component Analysis (PCA) for all coral groups (WT0, WT12, and NT12) for the 
following seven biological properties: (1) physical appearance (tissue colouration), (2) 
photobiology, (3) metabolism, (4) energy reserves, (5) fatty acid methyl esters (FAME), (6) 
elementome, and (7) skeletal properties. Variables not considered in the PCA, followed by a 
brief rationale, are written in italic font. 

 

(1) Physical appearance 

A) 

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 
R 31.6206 1.3084 1.9096 13.0399 19.0309 
G 26.9003 6.8402 0.0569 11.9012 46.7686 
B 3.9886 34.0950 4.4406 24.2456 31.1878 
H 2.8506 23.9952 70.5499 2.4823 0.0023 
S 1.4011 33.3520 22.6193 39.1327 2.8521 
B 33.2388 0.4092 0.4237 9.1983 0.1584 

Bleaching state Not considered in the PCA – Same mean among coral 
groups 

Max 33.2388 34.0950    
 

B) 

 Eigenvalue Variance percent Cumulative variance percent 
Dim.1 2.913796342 48.56327 48.56327 
Dim.2 2.341441905 39.02403 87.5873 
Dim.3 0.497617839 8.293631 95.88093 
Dim.4 0.162169825 2.70283 98.58377 
Dim.5 0.076554886 1.275915 99.85968 
Dim.6 0.008419204 0.14032 100 
 

 

(2) Photobiology 

A) 

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 
EK  5.1987 26.6999 1.4242 0.0001 5.2212 
Fq´/Fm´MAX  1.4808 31.9670 1.1472 0.4556 2.5874 
[1-C]MAX  5.6758 27.6816 1.1604 1.8134 0.0906 
[1-Q]MAX  3.2701 0.0498 11.4605 55.7836 26.3817 
Symbiont cell density  16.2934 1.3953 0.9728 0.0348 8.1392 
Total pigments per cell  12.6732 1.9627 15.8342 1.9703 0.4704 
Chl a per cell  10.9460 1.0385 18.3146 6.8279 5.6070 



111 
 

Chl c2 per cell  13.2879 3.7717 9.1909 0.8278 5.7688 
Total pigment density  11.2486 0.4460 21.2471 0.0570 9.5985 
Chl a density  12.2270 1.1168 18.1577 1.5564 2.7992 
Chl c2 density  7.6984 3.8706 1.0902 30.6730 33.3359 
a:c2 ratio  Not considered in the PCA – correlated variable 
Symbiodiniaceae ITS2 identity Not considered in the PCA – separated analysis 
Max 16.2934 31.9670    
 

B) 

 Eigenvalue Variance percent Cumulative variance percent 
Dim.1 5.5426 50.3868 50.3868 
Dim.2 2.1633 19.6668 70.0536 
Dim.3 1.4563 13.2390 83.2926 
Dim.4 0.9174 8.3403 91.6329 
Dim.5 0.5093 4.6298 96.2626 
Dim.6 0.3281 2.9825 99.2452 
Dim.7 0.0504 0.4585 99.7037 
Dim.8 0.0216 0.1966 99.9003 
Dim.9 0.0108 0.0978 99.9982 
Dim.10 0.0002 0.0018 100 
Dim.11 0.0000 0.0000 100 
 

 

(3) Metabolism 

A) 

Variable Dim.1 Dim.2 Dim.3 Dim.4 
PG  25.2170 15.7727 58.8025 0.2077 
R  22.8459 32.9157 38.9191 5.3194 
GL  22.8623 42.1456 0.0145 34.9776 
GD  29.0748 9.1660 2.2639 59.4953 
PN Not considered in the PCA – correlated variable 
PG:R ratio  Not considered in the PCA – correlated variable 
GL:GD ratio  Not considered in the PCA – correlated variable 
Max 29.0748 43.2690   
 

B) 

 Eigenvalue Variance percent Cumulative variance percent 
Dim.1 2.7954 69.8843 69.8843 
Dim.2 0.6937 17.3420 87.2263 
Dim.3 0.3151 7.8769 95.1031 
Dim.4 0.1959 4.8969 100 
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(4) Energy reserves 

A) 

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 
Carbohydrates 3.2689 9.3847 80.7235 2.5182 1.3333 
Soluble proteins 11.2480 1.7960 0.3635 56.1005 5.0368 
Total lipids 14.4013 0.6165 2.2743 21.5480 17.3157 
Total energy reserves 16.3038 0.0155 0.1611 7.2519 13.1736 
DW 10.0800 21.0473 4.8151 0.0496 1.2671 
AFDW 4.5481 36.1047 10.5442 0.6925 24.9418 
SFA 13.3980 10.5302 0.6915 1.8248 13.8113 
MUFA 12.7655 13.3530 0.4101 0.0141 22.8679 
PUFA 13.9865 7.1521 0.0167 10.0004 0.2526 
Max 16.3038 36.1047    
 

B) 

 Eigenvalue Variance percent Cumulative variance percent 
Dim.1 5.7656 64.0623 64.0623 
Dim.2 1.6886 18.7617 82.8239 
Dim.3 0.7897 8.7748 91.5988 
Dim.4 0.5422 6.0249 97.6236 
Dim.5 0.1299 1.4429 99.0665 
Dim.6 0.0416 0.4624 99.5289 
Dim.7 0.0329 0.3656 99.8945 
Dim.8 0.0095 0.1055 100 
Dim.9 0.0000 0.0000 100 
 

 

(5) FAME 

A) 

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 
Methyl dodecanoate (Methyl laurate)  4.5296 6.3910 8.2101 12.1580 5.7245 
Methyl myristoleate  1.1248 31.0531 15.5815 0.2351 2.1852 
Methyl tetradecanoate  6.2957 3.1204 1.1346 1.0295 0.1908 
Methyl pentadecanoate  3.3638 1.3373 15.5860 0.7500 43.3103 
Methyl palmitoleate  6.7975 1.7657 0.1563 0.2544 3.4341 
Methyl palmitate  6.6846 3.3675 0.0522 1.1446 0.0015 
Methyl gamma-linolenate  6.8010 3.0476 0.0342 0.1024 0.6519 
Linolelaidic acid methyl ester  6.9194 2.1673 0.0130 0.5957 0.2817 
cis-9-Oleic acid methyl ester  6.6072 2.8631 0.1934 1.2013 0.2376 
trans-9-Elaidic acid methyl ester  4.5489 0.0025 6.3168 23.2085 9.8063 
Methyl octadecanoate (methyl stearate)  6.4669 0.7402 0.8740 1.6713 1.2937 
cis-5,8,11,14-Eicosatetraenoic acid methyl ester  2.7717 12.3910 19.9539 6.8242 1.3452 
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cis-5,8,11,14,17-Eicosapentanoic acid methyl 
ester  4.8286 2.6687 11.9613 14.1291 0.4607 
cis-8,11,14-Eicosatrienoic acid methyl ester  6.4285 0.8736 1.6020 1.8776 3.9898 
cis-11,14-Eicosadienoic acid methyl ester  4.0681 5.3021 5.4458 13.6460 8.8238 
Methyl cis-11-eicosenoate  6.7016 0.5646 0.9777 0.3517 0.0324 
Methyl arachidate  7.0173 0.2211 0.0674 0.0234 0.9073 
Methyl cis-4,7,10,13,16,19-docosahexanoate  6.8776 0.0167 0.0003 0.8352 0.7760 
Methyl docosanoate  1.1671 22.1064 11.8395 19.9621 16.5470 
Max 7.0173 31.0531    
 

B) 

 Eigenvalue Variance percent Cumulative variance percent 
Dim.1 13.7769 72.5101 72.5101 
Dim.2 1.6666 8.7714 81.2815 
Dim.3 1.3988 7.3619 88.6434 
Dim.4 0.7310 3.8476 92.4910 
Dim.5 0.5610 2.9528 95.4437 
Dim.6 0.3666 1.9294 97.3731 
Dim.7 0.2672 1.4062 98.7793 
Dim.8 0.1146 0.6033 99.3826 
Dim.9 0.0481 0.2533 99.6359 
Dim.10 0.0305 0.1605 99.7964 
Dim.11 0.0187 0.0982 99.8946 
Dim.12 0.0092 0.0486 99.9432 
Dim.13 0.0068 0.0358 99.9790 
Dim.14 0.0031 0.0165 99.9956 
Dim.15 0.0008 0.0044 100 
Dim.16 0.0000 0.0000 100 
Dim.17 0.0000 0.0000 100 
 

 

(6) Elementome 

A) 

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 
C 2.6486 1.3640 26.0665 0.3851 1.0684 
N 1.1952 2.7462 24.1221 1.2097 0.0000 
Mg 9.7099 2.8341 0.0201 0.3247 13.3444 
P 12.3261 2.9743 0.2688 0.1815 0.4344 
S 12.4359 2.3319 0.2149 0.0710 4.0831 
K 12.8652 1.6407 0.7068 0.4213 0.6535 
Ca 3.7779 19.4596 3.5618 3.1166 0.5431 
V 4.0875 0.1406 9.7251 6.0440 0.2984 
Mn 9.7192 4.6204 0.8377 0.1391 0.1436 
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Fe 1.7347 20.7758 5.1418 4.0856 0.0744 
Ni 5.7239 1.0432 2.8882 0.5712 1.8847 
Cu 3.0263 8.5536 7.5049 6.0276 0.0028 
Zn 0.5536 0.7571 0.5293 7.1245 62.4249 
Sr 2.0974 24.7451 1.9668 3.5381 0.0553 
Mo 6.8485 0.0187 3.1194 0.3931 12.1547 
Cd 10.4207 0.4837 5.3482 0.5565 0.0173 
Sn 0.7494 4.6955 0.2076 32.4132 2.6328 
Pb 0.0800 0.8154 7.7699 33.3973 0.1843 
Co Not considered in the PCA – negligible values 
Se Not considered in the PCA – negligible values 
C:N ratio  Not considered in the PCA – correlated variable 
C:P ratio  Not considered in the PCA – correlated variable 
N:P ratio  Not considered in the PCA – correlated variable 
C:N:P ratio  Not considered in the PCA – correlated variable 
Max 12.8652 24.7451    
 

B) 

 eigenvalue Variance percent Cumulative variance percent 
Dim.1 6.6577 36.9874 36.9874 
Dim.2 2.9695 16.4970 53.4844 
Dim.3 2.6163 14.5352 68.0196 
Dim.4 1.4923 8.2908 76.3104 
Dim.5 1.1061 6.1451 82.4555 
Dim.6 1.0025 5.5695 88.0250 
Dim.7 0.7559 4.1994 92.2244 
Dim.8 0.5615 3.1197 95.3441 
Dim.9 0.3185 1.7697 97.1137 
Dim.10 0.2198 1.2210 98.3347 
Dim.11 0.1602 0.8901 99.2248 
Dim.12 0.0822 0.4569 99.6817 
Dim.13 0.0337 0.1873 99.8690 
Dim.14 0.0183 0.1019 99.9710 
Dim.15 0.0052 0.0290 100 
Dim.16 0.0000 0.0000 100 
Dim.17 0.0000 0.0000 100 
 

 

(7) Skeletal properties 

A) 

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 
Bulk volume 17.1538 22.7144 0.9498 4.6148 10.9643 
Biomineral density 6.8420 29.8519 12.7337 0.5533 4.4352 
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Bulk density 6.5315 1.0573 38.4064 42.3730 11.2445 
Apparent internal porosity 12.4627 28.9573 2.7592 0.0639 8.4386 
Pore volume 30.6449 1.7048 4.8685 1.3828 10.7470 
Hardness 0.0173 12.3524 31.8928 50.6400 5.0352 
CMA 26.3478 3.3620 8.3896 0.3721 49.1353 
Max 30.6449 29.8519    
 

B) 

 Eigenvalue Variance percent Cumulative variance percent 
Dim.1 2.8077 40.1093 40.1093 
Dim.2 1.9907 28.4380 68.5473 
Dim.3 1.3188 18.8401 87.3874 
Dim.4 0.6429 9.1849 96.5723 
Dim.5 0.1471 2.1012 98.6735 
Dim.6 0.0791 1.1294 99.8029 
Dim.7 0.0138 0.1971 100 
  



116 
 

Table S2.3 (A) Contributions of traits in the first (PC1) and second (PC2) principal 
components, and (B) cumulative variance percent of PC1 and PC2 of the Principal 
Component Analysis (PCA) for all coral groups (WT0, WT12, and NT12) for the following 
14 traits: brightness, blue, symbiont cell density, maximum photochemical efficiency of PSII 
[Fq´/Fm´MAX], dark and light calcifications [GD and GL, respectively) , total energy reserves, 
ash-free dry weight biomass (AFDW), methyl arachidate, methyl myristoleate, potassium 
[K], strontium [Sr], pore volume, and biomineral density (the so-called multitraits). 

 

Multitraits 

A) 

Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 
Brightness 0.2833 25.7740 0.2306 2.2163 2.2905 
Blue 11.4690 4.7036 0.5115 2.2645 6.0934 
Symbiont cell density  8.9553 8.2251 5.2107 6.1435 0.5043 
Fq´/Fm´MAX 7.4004 3.3073 2.2258 7.9685 21.9005 
GD  6.3396 15.7967 6.5647 0.0450 2.5363 
GL  9.0069 8.1766 4.6114 2.2954 3.1284 
Total energy reserves 14.4930 0.5451 4.6535 0.6593 2.2232 
AFDW 3.2435 11.5057 1.0206 4.3227 36.5346 
Methyl arachidate  15.4141 1.3167 0.5815 5.8518 1.0506 

Methyl myristoleate  5.4729 5.8476 7.8773 24.7291 0.1513 
K 10.4707 2.2531 5.7307 5.5037 0.3124 
Sr 2.0983 3.5268 11.9187 26.2633 9.1224 
Pore volume 

5.0154 8.1006 8.8985 5.8832 9.0851 
Biomineral density 

0.3376 0.9210 39.9643 5.8534 5.0671 
Max 15.4141 25.7740    
 

B) 

 Eigenvalue Variance percent Cumulative variance percent 
Dim.1 4.8285 34.4891 34.4891 
Dim.2 2.3888 17.0631 51.5522 
Dim.3 1.9974 14.2674 65.8197 
Dim.4 1.2469 8.9066 74.7262 
Dim.5 0.9305 6.6465 81.3728 
Dim.6 0.7767 5.5481 86.9208 
Dim.7 0.6209 4.4348 91.3556 
Dim.8 0.3677 2.6262 93.9817 
Dim.9 0.3270 2.3355 96.3172 
Dim.10 0.2993 2.1377 98.4549 
Dim.11 0.1470 1.0499 99.5048 
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Dim.12 0.0455 0.3250 99.8298 
Dim.13 0.0142 0.1011 99.9309 
Dim.14 0.0097 0.0691 100.0000 
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Table S2.4 Analysis of variance (ANOVA) and post hoc Tukey HSD to compare the extracted ordination axes (A) PC1 and (B) PC2 of Fig. 2.8 
across coral groups, WT0, WT12, and NT12. Data were assessed for normality. Means were compared by one-way (repeated measures) analysis 
of variance (ANOVA) with post hoc Tukey tests, where ns indicates no statistical significance, and * indicates p ≤ 0.05. 

 

A) PC1 

Repeated measures ANOVA summary    
  Assume sphericity? No      
  F 6.167      
  P value 0.0337      
  P value summary *      
  Statistically significant (P < 
0.05)? Yes      
  Geisser-Greenhouse's epsilon 0.719      
  R squared 0.5523      
       
Was the matching effective?     
  F 1.67      
  P value 0.2291      
  P value summary ns      
  Is there significant matching (P < 
0.05)? No      
  R squared 0.2721      
       
ANOVA table SS DF MS F (DFn  DFd) P value 

  Treatment (between columns) 139290 2 69645 
F 
(1.438 

 7.190) = 
6.167 P=0.0337 

  Individual (between rows) 94268 5 18854 F (5  10) = 1.670 P=0.2291 
  Residual (random) 112928 10 11293    
  Total 346487 17     
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Data summary      
  Number of treatments (columns) 3      
  Number of subjects (rows) 6      
  Number of missing values 0      
 

Post-hoc comparisons (Tukey’s test) 
Number of families 1        
Number of comparisons per 
family 3        
Alpha 0.05        
         
Tukey's multiple 
comparisons test 

Mean 
Diff. 

95.00% 
CI of diff. 

Below 
threshold? Summary 

Adjusted P 
Value   

  Wild corals at T0 vs. Wild 
corals at T12 

-
166.3 

-332.7 to 
0.01167 No ns 0.05 A-B   

  Wild corals at T0 vs. 
Nursery corals at T12 

-
201.8 

-366.5 to -
37.10 Yes * 0.0237 A-C   

  Wild corals at T12 vs. 
Nursery corals at T12 

-
35.45 

-290.0 to 
219.1 No ns 0.8952 B-C   

         

Test details 
Mean 
1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF 

  Wild corals at T0 vs. Wild 
corals at T12 126.4 292.8 -166.3 51.12 6 6 4.601 5 
  Wild corals at T0 vs. 
Nursery corals at T12 126.4 328.2 -201.8 50.61 6 6 5.638 5 
  Wild corals at T12 vs. 
Nursery corals at T12 292.8 328.2 -35.45 78.21 6 6 0.641 5 
 

B) PC2 
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Repeated measures ANOVA summary    
  Assume sphericity? No      
  F 21.94      
  P value 0.0025      
  P value summary **      
  Statistically significant (P < 
0.05)? Yes      
  Geisser-Greenhouse's epsilon 0.6203      
  R squared 0.8144      
       
Was the matching effective?     
  F 4.454      
  P value 0.0214      
  P value summary *      
  Is there significant matching (P < 
0.05)? Yes      
  R squared 0.2925      
       
ANOVA table SS DF MS F (DFn  DFd) P value 

  Treatment (between columns) 0.4375 2 0.2188 
F 
(1.241 

 6.203) = 
21.94 P=0.0025 

  Individual (between rows) 0.2221 5 0.04442 F (5  10) = 4.454 P=0.0214 
  Residual (random) 0.09973 10 0.009973    
  Total 0.7594 17     
       
Data summary      
  Number of treatments (columns) 3      
  Number of subjects (rows) 6      
  Number of missing values 0      
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Post-hoc comparisons (Tukey’s test) 
Number of families 1        
Number of comparisons per 
family 3        
Alpha 0.05        
         
Tukey's multiple 
comparisons test 

Mean 
Diff. 

95.00% CI 
of diff. 

Below 
threshold? Summary 

Adjusted P 
Value   

  Wild corals at T0 vs. Wild 
corals at T12 0.2665 

0.04586 to 
0.4872 Yes * 0.025 A-B   

  Wild corals at T0 vs. 
Nursery corals at T12 

-
0.1036 

-0.1911 to -
0.01609 Yes * 0.027 A-C   

  Wild corals at T12 vs. 
Nursery corals at T12 

-
0.3701 

-0.5920 to -
0.1482 Yes ** 0.0067 B-C   

         

Test details 
Mean 
1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF 

  Wild corals at T0 vs. Wild 
corals at T12 0.6146 0.3481 0.2665 0.06782 6 6 5.558 5 
  Wild corals at T0 vs. 
Nursery corals at T12 0.6146 0.7182 -0.1036 0.0269 6 6 5.448 5 
  Wild corals at T12 vs. 
Nursery corals at T12 0.3481 0.7182 -0.3701 0.0682 6 6 7.676 5 
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Table S2.5 PERMANOVA using Bray-Curtis dissimilarity to compare differences between 
coral groups (WT0, WT12, and NT12) at “Mojo” site at Opal reef on the Great Barrier Reef. 

 

Permutation test for adonis under reduced model 
 
Terms added sequentially (first to last) 
 
Permutation: free 
 
Number of permutations: 9999 
 
adonis2(formula = multi.dist ~ Group, data = multi, permutations = 9999, method = 
"bray") 
 Df SumOfSqs R2 F  Pr(>F) 
Group  2 23344.1 0.89567 64.385 0.3767 
Residual 15 2719.3 0.10433   
Total 17 26063.3 1.00000   
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3. Abstract 

Global warming is resulting in unprecedented levels of coral mortality due to mass bleaching 

events, challenging the resilience and persistence of coral reefs. To minimise accelerating 

climate-driven reef decline, coral restoration practices are increasingly being used globally as 

a management tool to boost coral biomass and support coral reef recovery. A key challenge 

for coral restoration is considering how to “future-proof” coral propagation stock to maximise 

the chance of survival to future environmental change and how the propagation process may 

impact the innate thermal tolerance of coral taxa. Here we use a standardised short-term acute 

heat stress assay (i.e., Coral Bleaching Automated Stress System, CBASS) to resolve 

differences in coral thermotolerance of wild and 12-month nursery-propagated Acropora cf. 

hyacinthus from Opal Reef, the northern Great Barrier Reef. Nursery corals have been 

documented to grow larger and faster within this restoration program, and thus, whether this 

comes at the cost of their ability to maintain stress tolerance remains unresolved. We have 

previously shown that these 12-month propagated corals exhibit higher growth rates 

compared to their wild source colonies, and thus, whether this comes with a trade-off to 

altered thermal tolerance is unexplored. Overall, nursery-propagated corals exhibited 

remarkably similar bio-physical (e.g., measures of tissue colour change) and photo-

physiological (e.g., photosynthetic efficiency [Fv/Fm], and algal symbiont and pigment 

density) responses to wild corals facing acute thermal stress. Similar Fv/Fm effective dose 

values (i.e., ED50; proxy for thermal tolerance) for wild and nursery corals for the acute 

thermal assay (33.67 °C vs 33.88 °C) were observed, demonstrating that coral propagation 

retains innate heat tolerance despite higher growth rates before outplanting back to degraded 

areas. In the 34 °C temperature treatment, no differences in mean Fv/Fm values at the final 

time point (Tend) among wild and nursery corals were observed. However, the nursery corals 

had a greater range in Fv/Fm values due to three genotypes having ~2-3 higher Fv/Fm values at 
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Tend in the nursery compared to their respective wild donor colonies, which could reflect 

subtle thermotolerance enhancement for some genotypes in the nursery environment. 

 

3.1 Introduction 

Coral reefs are critically important marine systems yet one of the most susceptible to the 

impacts of climate change (Suggett and Smith, 2020). Of particular concern has been the rise 

of more frequent and intense “marine heatwaves” that result in mass coral bleaching events 

(Frölicher et al., 2018; Hughes et al., 2017b), whereby thermal stress drives the breakdown of 

symbiosis between corals and their photosynthetic symbiotic algae (Symbiodiniaceae) (Baker 

and Cunning, 2015; Suggett and Smith, 2020). While corals can recover from bleaching, the 

increase in frequency and intensity of thermal stress events, alongside other anthropogenic 

stressors, is leading to global declines in coral reef structure, functionality, and associated 

service value (Harborne et al., 2017; Hughes et al., 2017a; Williams and Graham, 2019); in 

turn, these various declines are eroding reef resilience to further stress (Ellis et al., 2019; 

Hughes et al., 2021). Local management efforts are increasingly turning to restoration 

practices to aid reef recovery in efforts to offset the continued declines in reef health (e.g., 

Kleypas et al., 2021). Current restoration practices are diverse (reviewed in Suggett and van 

Oppen, 2022), spanning direct interventions to speed repopulation of corals and hence rebuild 

coral biomass, targeting specific coral traits and processes (e.g., coral cover and growth, coral 

recruitment; Boström-Einarsson et al., 2020), whereas others focus on the reef environment 

(e.g., substrate stabilisation; Ceccarelli et al., 2020) to enable corals to recolonise. Such 

restoration activities do not negate prioritising immediate climate action to reduce climate 

change-driven impacts on reef health (Anthony et al., 2017, 2015; Kleypas et al., 2021; 

Suggett and Smith, 2020), but increasing evidence suggests local coral restoration can boost 
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coral cover and diversity at sites around the world (van Woesik et al., 2020; Williams et al., 

2019), including the Great Barrier Reef (Howlett et al., 2023; Nuñez Lendo et al., 2024, 

Chapter 4; Roper et al., 2022). The rate and extent of emission reductions remain uncertain, 

and hence a fundamental prerequisite is the need for restored corals to be resistant to future 

thermal stress events.  

 

To address the fundamental need to “future-proof” restoration activities, research has started 

to trial strategies that may increase the likelihood of long-term survivorship (Camp, 2022). 

Examples include (i) targeting restoration in natural refugia (Mertz and McDonald, 2021), (ii) 

employing assisted evolution methods to boost preferential traits (Buerger et al., 2020; 

Quigley et al., 2023) via the selective breeding of sexual recruits (Guest et al., 2014; Quigley 

et al., 2020) and/or assisted gene flow (i.e., corals or their sexual gametes from one 

population are imported to another population; Bay et al., 2017; Hagedorn et al., 2021; Van 

Oppen et al., 2015), and (iii) identifying and propagating naturally resilient corals (Lirman 

and Schopmeyer, 2016; Rinkevich, 2014). Potential for enhanced coral thermotolerance has 

been identified in recent years by sampling across diverse coral genotypes (Bay and Palumbi, 

2014; Dixon et al., 2015; Lundgren et al., 2013; Morikawa et al., 2019; Muller et al., 2018; 

Osman et al., 2018; Parkinson et al., 2015), populations (e.g., Barshis et al., 2013; Kenkel et 

al., 2013; Palumbi et al., 2014), and reef regions (Fine et al., 2013; Guest et al., 2012; Hume 

et al., 2013); these include some examples for heritability and hence persistent 

thermotolerance (e.g., Dixon et al., 2015; Kenkel et al., 2015; Meyer et al., 2009). 

 

Importantly, heat-tolerant corals could be used as broodstock and source material for 

restorative interventions and help boost the number of heat-tolerant individuals in restored 
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populations (Lohr and Patterson, 2017; Morikawa et al., 2019; van Oppen et al., 2017). 

However, a prerequisite for field implementation of this strategy is to first locate and identify 

heat-tolerant colonies in an efficient and consistent manner and move beyond the more 

traditional approaches for colony selection. Specifically, selecting “survivors” after a 

bleaching event (Cunning et al., 2016; Glynn et al., 2001; McClanahan, 2004), incorrectly 

assuming all survived by enhanced heat tolerance (e.g., Gardner et al., 2019), or relying on 

time-consuming and expensive experimental approaches (Edmunds, 1994; Muller et al., 

2018). Nevertheless, for restoration purposes, it is important to ascertain whether the corals’ 

ability to withstand thermal stress was either the result of the native environment (e.g., a coral 

population adapted to a mangrove lagoon) (Camp et al., 2019), local conditioning (e.g., 

aclimation when propagating corals on a nursery setting; i.e., the objective of this current 

study), or environmental memory or history (e.g., the memory of previous exposure to 

environmental stress; Hackerott et al., 2021). In the latter case, environmental memory of a 

thermal stress event can lead to “thermal stress hardening” (Martell, 2023), or alternatively, 

corals may possess an innate thermal tolerance or have survived stress via refugia (Camp et 

al., 2018); thus understanding the factors underlying coral thermal variation is important to 

estimate the likelihood of future survival to stress events and in turn, maximise return-on-

effort of coral restoration activities. 

 

Significant variability in coral heat tolerance has been observed across geographical and 

environmental gradients (Berkelmans, 2002; Coles et al., 1976; Dixon et al., 2015; Drury and 

Lirman, 2021; Kenkel et al., 2013; Osman et al., 2018; Ulstrup et al., 2006; Voolstra et al., 

2021b), with higher thermotolerance in coral populations from warmer locations. Such 

thermal differences have also been recorded amongst populations distributed over small 

spatial scales (i.e., microhabitats) (Oliver and Palumbi, 2011; Schoepf et al., 2015; Voolstra 
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et al., 2020), highlighting strong natural selection across microenvironments (i.e., 

evolutionary adaptation) and/or acclimatisation mechanisms (Brown et al., 2002; Humanes et 

al., 2022; Palumbi et al., 2014). Thus, optimising restoration strategies requires investigating 

the potential for restoration practices themselves to impact thermotolerance; for example, 

propagation of corals in nurseries, which can have very different environments compared to 

wild source colonies on the reef, drive different biological responses (e.g., Nuñez Lendo et 

al., 2023, Chapter 2; Strudwick et al., 2022). In particular, vastly greater growth 

accompanied by an enhanced metabolism (i.e., photosynthesis, calcification, and/or 

respiration; Nuñez Lendo et al., 2023, Chapter 2) was observed in 12-month nursery-reared 

corals compared to their native donor coral colonies (hereafter referred to as “Wild”). Thus, it 

seems plausible to expect that nurseries could also change other important coral biological 

traits, including the potential to induce more thermally tolerant coral taxa (i.e., coral 

thermotolerance), specifically where higher respiration rates have been reported in corals that 

thrive in extreme environmental conditions, including hot waters (Camp et al., 2019). 

Alternatively, and still unresolved, high coral growth may come at an energetic cost to the 

ability to maintain stress tolerance and, thus, may reduce thermal tolerance. 

 

Additionally, the higher gases exchange during photosynthesis-respiration is manifested in a 

more dynamic boundary layer around the coral tissue, which could alleviate thermal stress 

(Jimenez et al., 2011; Merk and Prins, 1954). Also, coral nursery propagation may select for 

very different microbiomes as a result of different environments (and hence nutritional 

strategy) (Nuñez Lendo et al., 2023, Chapter 2; Strudwick et al., 2022). Microbial 

associations do not always have the same thermotolerant effect on corals as conspecifics from 

the same habitat, despite hosting the same symbiont types, can show marked differences in 

bleaching susceptibility (Cunning et al., 2016; Ritson-Williams and Gates, 2020). 
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Consequently, thermal tolerance varies significantly at the individual level (Drury, 2020; 

Drury et al., 2017; Kavousi et al., 2020; Kirk et al., 2018; Morikawa et al., 2019; Wright et 

al., 2019), and the result of complex interactions of the coral (host) genotype and its 

symbiotic partners (Baums et al., 2014; Kenkel et al., 2013).  

 

Resolving variation in coral thermal tolerance is commonly achieved using experiments and 

observations that track bleaching severity (e.g., Suggett & Smith 2020, Nielsen et al.,2022), 

and unsurprisingly restoration efforts are adopting these assays to screen populations for 

selecting more stress-tolerant individuals (e.g., Morikawa & Palumbi 2019, Cunning et 

al.,2021). Bleaching monitoring in coral nurseries has traditionally been based on 

observations of naturally occurring bleaching severity and mortality (e.g., dela Cruz et al., 

2015; Lohr and Patterson, 2017; Merselis et al., 2018; O’Donnell et al., 2017; Shaish et al., 

2010, 2008). However, exceptions include long-term laboratory heat stress exposure (200 

days) of multiple species from nurseries (American Samoa; Morikawa et al., 2019), and both 

long-term (~2 months) (Muller et al., 2018) and a standardised 18-h short-term acute 

experiments (Cunning et al., 2021) of nursery reared Acropora cervicornis, the latter case 

using the Coral Bleaching Automated Stress System (CBASS, Voolstra et al., 2020). 

Mapping the natural occurrence of coral bleaching resistance on reefs (Cornwell et al., 2021) 

has also been used to guide initial nursery stock selection (Morikawa et al., 2019). Despite 

these few studies, we still have a limited understanding of how to identify (thermal) resilient 

individual coral colonies to propagate, as well as how nursery-propagation impacts coral 

bleaching thresholds of propagated corals that will be later used for outplanting activities. 
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Here, we assessed the thermal performance of nursery propagated colonies of the coral 

Acropora cf. hyacinthus versus their wild adult counterparts — source colonies retained on 

the reef — from the northern Great Barrier Reef (GBR, Australia) to resolve differences in 

coral thermally induced bleaching susceptibility using the CBASS assay. We first examined 

the thermotolerance of wild coral colonies and then whether identical genotypes in the 

nursery exhibited decreased, enhanced, or conserved thermotolerance. For this, we compared 

the corals’ response to the CBASS standardised 18-h heat stress assay (3 h heat-ramp, 3 h 

heat-hold, 1 h ramp-down, 11 h hold) using 12-month-old nursery and adult fragments. We 

analysed a suite of bio-physical (tissue colouration) and photo-physiological metrics 

(maximum photochemical efficiency [Fv/Fm], symbiont density, and chlorophyll a and c2 

(Chl a and c2) concentrations at three temperature treatments (31 °C, 34 °C, and 37 °C). The 

effective dose of heat stress required to reduce Fv/Fm by 50% (ED50) was also determined. 

We discuss how restorative interventions such as nursery propagation may aid/complement 

increasing coral biomass without compromising the critical trait of thermal resistance and 

providing heat-resilient coral material for outplanting activities. 

 

3.2 Materials and Methods 

3.2.1 Study site and sample collection 

Thermal tolerance of wild and nursery-propagated colonies of Acropora cf. hyacinthus (n = 6 

each), a key coral species for the northern Great Barrier Reef (GBR), Australia (Ortiz et al., 

2021), including for restoration activities (e.g., Howlett et al., 2022, 2021), was investigated 

in February 2021. Wild adult colonies (129.0 ± 18.3 cm in diameter, n = 6) for propagation 

were first selected at “Mojo” site at Opal Reef, 50–60 km from Port Douglas, Queensland 

(145° 53’ 50.3’’E, 16°12’ 30.4’’S) (Fig. 3.1) in February 2020. Colonies were located at 
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depths 5–6 m and spaced by a minimum of 10 m apart to minimise the potential of sampling 

clonal genotypes (Baums et al., 2006; Howlett et al., In Review). Wild colonies were tagged 

and photographed for subsequent relocation, and a partial fragment was carefully removed 

for nursery propagation. Each partial fragment was subsequently further fragmented into 

three (each triplicate with an average initial area of 127.1 ± 8.2 cm2), tagged, and secured 

with cable ties in an adjacent coral nursery facility to grow out for 12 months (as per Nuñez 

Lendo et al., 2023, Chapter 2). The coral nursery was comprised of two aluminium 

diamond‐mesh frames (2.0 x 1.2 m) placed 1–2 m above a sand patch by means of 2 × 9 kg 

Besser blocks and a 20-L float (Howlett et al., 2021; Suggett et al., 2019) so that corals were 

suspended at 4–5 m depth (Nuñez Lendo et al., 2023, Chapter 2). 
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Figure 3.1 Map of study site on Mojo, Opal Reef, Great Barrier Reef, Australia. Corals 
were collected from the reef patch adjacent to the coral nursery at 5–6 m in depth. Coral 
fragments were held on the coral nursery, which is located on the sand patch, suspended at 4–
5 m in depth. Delineation of the management zones for Opal Reef is shown. Satellite image: 
Landsat 8 OLI, bathymetric composite RBG bands 431, acquired September 5th, 2021. 
Source: NASA/USGS/Pearce, S. 2021. 

 

Both the wild colonies and nursery retained fragments were then all sampled after 12 months 

(February 2021; termed wild and nursery, respectively) to resolve differences in coral 

thermally-induced bleaching susceptibility using the Coral Bleaching Automated Stress 

System (CBASS) method (Voolstra et al., 2020). Fragments (~60 cm2) were taken from each 

wild colony and nursery-propagated fragments (n = 6 each; 12 fragments) using wire clippers 
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for CBASS experimentation, detailed below. Each sample was temporarily stored in Ziploc 

plastic bags upon underwater collection and transported to the operations vessel (Wavelength 

5). All samples were held onboard in a flow-through tank supplied with native seawater for 1 

h until experimentation (i.e., before temperature ramping began). All corals were collected 

under permits from the Australian Great Barrier Reef Marine Park Authority (Permit no. 

G21/45224.1). 

 

Temperature was initially set up to record in 1-h intervals for the reef, and the nursery using 

in situ deployed Temperature HOBOTM loggers over the 12 months of growth (i.e., from 

February 2020 to February 2021). However, the logger installed at the reef failed post-

deployment, and the nursery one lasted nine months. Therefore, sea surface temperature 

(SST) was extracted from GIOVANNI online system for satellite-derived data maintained by 

NASA (https://giovanni.gsfc.nasa.gov/giovanni/) by using monthly area-averaging bounded 

to 145° 53’ 50.3’’E, 16°12’ 30.4’’S (Opal Reef) between the beginning of February 2020 and 

the end of February 2021. Additionally, HOBO SST data from the nursery at Mojo was 

overlaid with Giovanni SST data for Opal Reef (Fig. S3.1A). Maximum Monthly Mean 

(MMM) temperature for February 2021 was 28 °C and was calculated using the 5 km 

resolution SST dataset (Coral Reef Watch CoralTemp V3.1 1985–2012 climatology; 

https://coralreefwatch.noaa.gov/product/5km/index_5km_sst.php). Note that during the time 

the HOBOTM logger was recording, the temperature at the nursery environment was ~1 °C 

above than the Maximum Monthly Mean for Opal Reef. During this period, the GBR 

experienced its third (and most widespread) mass bleaching event in five years (i.e., March 

2020, 1 month after the onset of our study, Fig. S3.1B), and our studied A. cf. hyacinthus 

colonies and fragments at Opal Reef visibly paled (including on the nurseries, JE, Pers. 

Comm.); however, no mortality of our experimental coral material was observed. The extent 

https://giovanni.gsfc.nasa.gov/giovanni/
https://coralreefwatch.noaa.gov/product/5km/index_5km_sst.php
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and intensity of the bleaching event are represented in the 5-km product from NOAA Coral 

Reef Watch (CRW) (https://coralreefwatch.noaa.gov/) and includes SST anomaly, Degree 

Heating Weeks (DHW) and bleaching alert (Fig. S3.1C). 

 

3.2.2 Short-term acute heat stress assays (CBASS) 

Six small fragments (~5 cm2) were prepared from each sample (i.e., 6 replicates x 6 nursery 

and 6 wild; n = 36 for each coral group and n = 72 fragments in total). Fragments were 

individually tagged and distributed across the CBASS temperature treatment replicated tanks 

(n = 6); specifically, one fragment of nursery and wild coral was placed in each tank. The 

system consisted of two replicate tanks (21 L flow-through tanks) capable of running three 

independent temperature profiles with light settings adjusted in situ light conditions. Each 

fragment was secured with a wire cable coated in PVC to a plastic frame at the bottom of 

each tank, and all fragments per tank were photographed for consistent monitoring over the 

CBASS assay. Initially, we intended a target of four temperature treatments in line with 

previous CBASS assays: control/baseline corresponding to MMM for February 2021 – 28 °C 

(Fig. S3.1A), medium – 31 °C, high – 34 °C, extreme – 37 °C. However, the ambient 

temperature at the onset of the heat stress assay in February 2021 was 31 °C and cooling to 

28 °C was not possible due to technical difficulties. Therefore, our heat stress assay 

ultimately consisted of two replicated flow-through tanks corresponding to three temperature 

profiles spaced by 3 °C such that fragments from each coral (i.e., 6 colonies x 2 coral groups) 

were in each treatment condition (new control/baseline – 31 °C, medium – 34 °C, high – 37 

°C), to yield a total of 2 x 36 fragments (6 colonies x 2 coral groups = 12 fragments; 12 

fragments per tank x 3 temperatures = 36 fragments x 2 replicated tanks = 72 fragments) that 

https://coralreefwatch.noaa.gov/product/vs/map.php
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were subjected to an 18 h standardised short-term acute heat stress assay (CBASS) (Fig. 

3.2A-B). 
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A)

B)

Figure 3.2 Schematic experimental setup for the Coral Bleaching Automated Stress 
System (CBASS). A) Fragments of six coral colonies from two coral groups (donor and their 
nursery-derived corals) were subjected to an 18 h short-term acute heat stress assay 
(CBASS), run at control (31 °C), medium (34 °C) and high (37 °C) temperatures. To note, 
fragments from each coral colony were exposed to each temperature treatment. B) Targeted 
temperature profiles for the acute heat stress assay (CBASS). The graph shows the ambient 
temperature (31 °C) in February 2021 before exposing the corals to target experimental 
temperatures of 34 °C and 37 °C. Asterisk indicates the time point (Tend) of dark-adapted 
photosynthetic efficiency measurements together with coral sampling. Additionally, 
photosynthetic efficiency measurements were taken before starting the experiment (T0) and 
after 4.5 h as a check control to ensure the corals held in the CBASS were still alive. Dashed 
vertical lines designate the start and end of the heating hold.
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Each temperature treatment was controlled by an independent sump that was continuously 

supplied with Opal Reef seawater (Eheim CompactON 5000L/h) and fitted with a 600L/h 

powerhead (Aqua One Moray 360) to circulate water. Titanium aquarium heaters (200W, 

Schego, Germany) connected to a thermostat and temperature probe were used to maintain 

the target temperature in each tank. Treatment tanks were supplied with native seawater 

(Eheim CompactON 2500 L/h) at a rate of approximately 0.6 L/min (turnover = approx. 1.7 

h), receiving an equal flow rate in each replicate tank. Seawater was circulated within each 

tank using a submersible powerhead (Aqua One 320 lph), and temperature and light were 

recorded using inter-calibrated HOBOTM Pendant Data Loggers (30-minute interval, 

Microdaq, USA) for the duration of the experiment. Light intensity for experimental tanks 

was set to 300 µmol photons m−2 s−1, corresponding to the average light saturation coefficient 

(EK, mmol photons m-2 s-1) — a measure of the long-term light acclimation state (e.g., 

Suggett et al., 2022) — as determined via rapid light curves (RLCs) assessed by Pulse 

Amplitude-Modulated (PAM) fluorometer (Walz GmbH, Germany) as previously (e.g., 

Nitschke et al., 2018). For each RLC, an initial dark measurement and 8 actinic light steps 

were applied, whereby each light intensity was applied for 20 s. The actinic light levels 

(verified against a factory-calibrated LI-192 quantum sensor, Li-Cor) of the RLC were 0, 

115, 195, 265, 350, 500, 710, 1020, 1400 µmol photons m–2 s–1. Irradiance was supplied via 

white LED aquarium lights (Hydra 52, Aqua Illuminations, Illinois, USA) positioned directly 

above the experimental tanks and measured using a PAR meter equipped with a 4π sensor 

(Li-Cor LI-250A) to match reef in situ light fields (~300 µmol photons m−2 s−1). 

 

The CBASS assay was initiated at noon (12:00 h), and the three temperature treatments were 

as follows: the control/baseline replicated tanks were maintained at 31 °C for the entire 

duration of the experiment (18 h). A 3-h heat-ramp was applied to the two thermal stress 
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treatment replicated tanks to reach 34 °C and 37 °C. Once target temperatures were achieved, 

they were held for 3 h, followed by a 1 h ramp-down to return to the control/baseline 

temperature of 31 °C (19:00 h). Maximum photochemical efficiency of the photosystem II 

(PSII) (Fv/Fm, dimensionless) was measured on each coral fragment by means of the PAM as 

a proxy for heat stress response before the start of the experiment (field temperature, T0), 

approximately halfway down of the assay (4.5 h; Tmid), and after 7 h for each target 

temperature (Tend) (Fig. 3.2A-B). Only the resulting data from Tend were used to build a dose-

response curve for each coral (6 wild and 6 nursery corals) based on the effective dose of heat 

stress required to reduce Fv/Fm by 50% (ED50 value; Evensen et al., 2021), and used as a 

metric of coral thermal tolerance (Fig. 3.3, Fig. S3.3). All corals were kept at 31 °C overnight 

until sampling the following day (08:00 h), thereby completing the 18-h cycle of the CBASS. 

All tanks were continuously supplied with Opal Reef seawater (see above) and active 

photosynthetic radiation of 300 µmol photons m−2 s−1 on a 12:12 h day/night cycle. At the 

end of the CBASS experiment, all coral fragments were photographed (to describe the bio-

physical colouration of the coral tissue) before being snap-frozen in liquid nitrogen and 

stored at -80 °C until further photo-physiological analysis at UTS. 
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Figure 3.3 Thermal tolerances of donor (wild) and 12-months-propagated Acropora cf. 
hyacinthus (nursery) in Opal Reef (the northern Great Barrier Reef). Maximum quantum 
yield of photosystem II (Fv/Fm) at the final time point (Tend) fitted to log-logistic, dose 
response curves. Curve fits were used to determine the Fv/Fm ED50 for each coral group 
(vertical lines), which represent the x-value (in temperature) at the inflection point of the 
curve where Fv/Fm values in the model fit were 50% lower in comparison to the initial values 
of the model. 

 

3.2.3 Photographic assessment of coral bleaching 

Changes in coral tissue colouration can result from a loss of symbiont cells, a loss of 

chlorophyll pigment content within those cells (Chow et al., 2016), or the loss of coral tissue 

itself. On the other hand, photosynthetic efficiency is a direct measure of viability of the algal 
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symbiotic partners and only an indirect indicator of thermotolerance of the coral holobiont 

(Middlebrook et al., 2010; Suggett and Smith, 2011). For this reason, we examined whether 

tissue colour change also captured differences among coral groups during the acute thermal 

assay (Nielsen et al., 2022). Each tank (containing 12 coral fragments corresponding to 6 

wild and 6 nursery corals) was photographed at both the start (T0) and end (Tend) of the heat 

stress assay before being snap-frozen in liquid nitrogen and stored at -80 °C until further 

laboratory processing. Only values from Tend are reported for the purpose of comparison with 

thermotolerance obtained from Fv/Fm (Tend). Photographs were taken at exposure 0 and a 

fixed distance of 25 cm with an Olympus Stylus TOUGH TG-4 digital camera, together with 

two underwater colour references — a black and white reference (Chow et al., 2016) and the 

Coral Watch bleaching card (Siebeck et al., 2006). Manual settings were used to ensure the 

gain and white balance settings remained constant. Using the histogram function from Adobe 

Photoshop (version 20.013.20074), photographs were subsequently analysed to determine the 

hue (reflected colour, with values of 0-360°), saturation (proportion of grey in the hue), and 

brightness (relative lightness and darkness, both having values of 0-255, where 0 and 255 are 

absolute white and black, respectively) from ten selected sampling points on the coral 

fragment, which were then averaged (with the black and white colours as a reference) as per 

Nuñez Lendo et al., 2023, Chapter 2. In addition, red, green, and blue (RGB) values (values 

from 0 to 255 corresponding to standard white and black, respectively) were also extracted 

with Adobe Photoshop to infer loss of chlorophyll density (a measure that comprises 

symbiont cell density and chlorophyll content within each cell) as determined from an 

increase in R intensity (Nuñez Lendo et al., 2023, Chapter 2; Winters et al., 2009). Coral 

tissue colouration was further categorised according to the bleaching state by use of the Coral 

Watch bleaching card as per Siebeck et al., (2006), where a colour score difference > 2 is 
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considered indicative of a significant change in symbiont density and chlorophyll a 

concentration, and thus bleaching state.  

 

3.2.4 Symbiodiniaceae cell density and pigment content 

Previously snap-frozen fragments in liquid nitrogen were defrosted to analyse symbiont cell 

density and pigment content. Coral tissue was removed from the coral fragments with an air-

gun (Deschaseaux et al., 2013) in a small Ziplock bag containing 4 mL of 0.2 µm filtered 

seawater (FSW) (Minisart NML 16534 syringe filters, Sartorius, Germany). A 1 mL aliquot 

of the resulting coral slurry was used to determine chlorophyll a and c2 concentration. Host 

and symbiont fractions were separated via centrifugation (4 °C at 3500 RPM for 5 min), and 

the pellet was resuspended in 1 mL FSW. The 1 mL-algal suspension was washed twice, 

pelleted, and the cells lysed with 3 mL of 100% acetone in a scintillation vial placed on an ice 

bath and sonicated for 10 min. To minimise any chlorophyll degradation, samples were 

covered with aluminium foil throughout. After sonication, samples were stored at -4 °C to 

allow pigment extraction. After 24 h, samples were centrifuged to remove cellular debris and 

measured on a spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, 

USA); λ = 630, 663 and 750 nm in a 4 mL-glass cuvette. Chlorophyll a and c2 were derived 

from spectrophotometric equations (Jeffrey and Humphrey, 1975) by standardising values to 

fragment surface area through the wax dipping method (pg cell-1 and pg cm-2), in addition to 

calculating chlorophylls ratio (a:c2). 

 

A second aliquot of the coral slurry (1 mL) was then used to determine symbiont cell 

concentrations. The symbiont fraction was again isolated from the host tissue via 

centrifugation (as described above), and the symbiont pellet was resuspended in 1 mL FSW. 
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The algal suspension was preserved with 20 µL of 2% glutaraldehyde, and cell counts were 

later performed using a hemacytometer under a Nikon Ti microscope at 10x magnification. 

Cell density was obtained by standardising the values to volume and fragment surface area. 

 

3.2.5 Statistical analysis  

Data analyses were performed using Rstudio (version 1.4.1717) and GraphPad Prism (version 

9.1.2). Assumptions of normality were assessed visually via QQ plots and a Shapiro-Wilk’s 

test, and equal variances were assessed using the Brown-Forsythe test (Shapiro and Wilk, 

1965). Data were transformed to meet normality assumptions where required. In particular, 

log transformation [log (Y)] was carried out for symbiont cell density; arcsine (Y/100) for 

percentages (1-100%), such as saturation and brightness; and sin (Y) for degree data, such as 

hue. Significance was set at p < 0.05 (for all tests), and the mean ± the standard error of the 

mean (SEM) was reported unless expressly noted. A series of (repeated measures) two-way 

analysis of variance (ANOVA) with post hoc tests (Tukey) were undertaken to evaluate 

differences among coral groups (also referred to as environments, wild vs nursery) across 

temperature treatments at the end of the experiment (Tend) for the bio-physical and photo-

physiological traits (RGB, HSB, bleaching state, symbiont cell density, pigment content, and 

Fv/Fm). 

 

The effects of time point and temperature on Fv/Fm response variable for the start of the 

experiment (T0), halfway down the assay (4.5 h, Tmid), and after 7 h (Tend) for each target 

temperature (31 °C, 34 °C, and 37 °C) were analysed (e.g., Evensen et al., 2021). Data were 

first standardised and analysed using a pairwise permutational multivariate analysis of 

variance (PERMANOVA; perm = 999) on Euclidian distances using the “vegan” R package 
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(time point and temperature as fixed variables). Post hoc pairwise comparisons were 

conducted using “pairwiseAdonis” R package with Bonferroni adjusted p-values. 

 

A second PERMANOVA (coral group as a fixed variable) was performed within each time 

point (T0, Tmid, and Tend) to detect differences in Fv/Fm among coral groups and temperature 

treatments (31 °C, 34 °C, and 37 °C) to (i) record initial photosynthetic efficiencies (T0) (i.e., 

to detect any coral group effect on Fv/Fm within their native seawater of 31 °C before starting 

the CBASS experiment), (ii) monitor photosynthetic efficiencies halfway down the 

experiment (Tmid) (i.e., checkpoint control to ensure the continuation of the experiment), and 

(iii) record final Fv/Fm values (Tend) (i.e., to report values as per Voolstra et al., (2020) and to 

calculate the Fv/Fm ED50 metric as a proxy for the thermal tolerance of coral, Evensen et al., 

(2021). Data were first standardised, and PERMANOVA was conducted on Euclidian 

distances, with 999 permutations used to generate p values. Post hoc pairwise comparisons 

were conducted using “pairwiseAdonis” R package with Bonferroni adjusted p-values. 

 

Individual response variables were also analysed using linear mixed-effects (LME) models, 

with coral group and temperature as fixed effects and genotype and tank replicate as random 

effects to account for any potential genotype or tank effects. Time points were again analysed 

separately. Models were conducted in the “lmerTest” R package (Evensen et al., 2021). 

 

Finally, Fv/Fm values (Tend) were used to build a dose-response curve for each colony based 

on the effective dose of heat stress required to observe a 50% reduction in photosynthetic 

efficiency relative to the baseline temperature, used as a metric of colony thermal tolerance as 

per Evensen et al., 2021. Log-logistic dose-response curves of the wild and 12-month-
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propagated A. cf. hyacinthus (nursery) were compared through the function “EDcomp” 

(Eldridge et al., 2022). 

 

3.3 Results 

3.3.1 Initial screening of photosynthetic efficiency 

Maximum PSII photosynthetic efficiency (Fv/Fm) varied among time points (T0, Tmid, and 

Tend) and temperature treatments (31 °C, 34 °C, and 37 °C) (p < 0.001 and < 0.001 for time 

point and temperature, respectively, Fig. S3.2, Table S3.1). Values of Fv/Fm were similar for 

Tmid vs Tend (p = 0.7223; Table S3.1), highlighting that after 4.5 h of heat stress treatment 

(Tmid), the decrease in photosynthetic efficiency was similar to that of 7 h of thermal stress 

(Tend). 

 

No differences in Fv/Fm values were found for nursery vs wild corals (within their native 

seawater of 31 °C) (T0, p = 0.567), and hence at the start of the experiment, but also for Tmid 

(p = 0.852) and Tend (p = 0.852) (Table S3.2). More specifically, wild corals exhibited Fv/Fm 

values of 0.2759 ± 0.0254 (31 °C), 0.0975 ± 0.0257 (34 °C), and 0.0000 ± 0.0000 (37 °C), 

with slightly higher values observed in nursery corals, 0.3175 ± 0.0140 (31 °C), 0.1396 ± 

0.0627 (34 °C), and 0.0000 ± 0.0000 (37 °C). Colony-specific differences were observed for 

some temperatures. At the medium temperature (34 °C), 3 of the 6 nursery corals exhibited 

higher values of Fv/Fm — putatively indicative of enhanced thermotolerance (2.02-2.74 times 

higher) — than their wild corals (0.2605 ± 0.0065, 0.2700 ± 0.0050, and 0.3070 ± 0.0200 for 

nursery colonies #2, #3, and #5, respectively, compared to 0.0950 ± 0.0950, 0.1335 ± 0.1335, 

and 0.1470 ± 0.1470 for wild colonies #2, #3, and #5, respectively). However, a 100% 

decrease in photosynthetic efficiency was observed in nursery colony #4 compared to their 
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wild colony (0.0000 ± 0.0000 vs 0.1615 ± 0.1615). These findings suggest that more 

divergent phenotypes resulted in the nursery (e.g., greater variance in Fv/Fm at 34 °C; Fig. 

3.4A) than on the reef. For the purpose of resolving thermotolerance of propagated corals vs 

wild corals, only Fv/Fm values from Tend were used (as per Evensen et al., 2021; Voolstra et 

al., 2020), where differences were only observed among temperature treatments (p < 0.0001) 

but not coral groups (p = 0.852) (PERMANOVA; Table S3.2C). Linear mixed-effects 

(LME) models discarded any genotype effect on the initial Fv/Fm values of propagated and 

wild corals (T0, p = 0.6515; Table S3.3A) and similarly discarded any genotype or tank 

effect at Tend (p = 0.2261 and 0.2284, respectively; Table S3.3C). 
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Figure 3.4 Photobiological performance under heat stress of donor (wild) and 12-
months-propagated Acropora cf. hyacinthus (nursery). Mean (± SEM) (A) dark-adapted 
photosynthetic efficiency (Fv/Fm), (B) symbiont cell density (cells x 106 cm-2), (C) total 
pigments, (D) chlorophyll a and (E) c2 density (C-E, µg cm-2), and chlorophylls ratio (F) of 
donor (wild, in blue) and 12-months propagated Acropora cf. hyacinthus (nursery, in yellow) 
at different heat stress temperatures. All data are fragments of Acropora cf. hyacinthus (n = 6 
for each coral group and temperature treatment). Means were compared by RM-ANOVA (A-
F), ANOVA with post hoc tests (see main text) where ns indicates no statistical significance. 

 

3.3.2 ED50 thermal threshold to resolve coral thermotolerance differences during 

nursery propagation 

A small increase in ED50 thermal thresholds was observed for 12-month nursery-propagated 

A. cf. hyacinthus compared to wild colonies (Fig. 3.3, Fig. S3.3); specifically, thresholds 

were 33.67 °C ±  1.49 (n  =  6) for wild corals, and 33.88 °C ±  0.53 (n  =  6) for the 

propagated corals. However, log-logistic dose-response curves of these thermal thresholds 



147 
 

analysed through the function “EDcomp” (Eldridge et al., 2022) yielded no significant 

difference (p = 0. 8979; Table S3.5). 

 

3.3.3 Algal symbiont density and chlorophylls metrics in response to acute thermal 

stress 

More traditional metrics of coral bleaching, i.e., symbiont densities and chlorophyll content 

(McLachlan et al., 2020), were also measured at the end of the 18 h assay (Fig. 3.2A). 

Symbiont cell densities (cells x 106 cm-2) were higher in the control (31 °C) treatment — 

0.6820 ± 0.0228 and 0.6725 ± 0.0253 for wild and nursery corals, respectively — compared 

to the 34 °C and 37 °C treatments (0.0817 ± 0.0009 and 0.0818 ± 0.0009, and 0.0760 ± 

0.0012 and 0.0747 ± 0.0015, respectively; two-way RM ANOVA test of temperature, F(2,10) = 

5207, p < 0.0001; Fig. 3.4B, Table S3.4I). Additionally, no differences in symbiont densities 

among nursery vs wild corals across temperatures were found (two-way RM ANOVA test of 

environment, F(1.0,5.0) = 0.4677, p = 0.5245).  

 

Pigment content (chlorophyll a and c2 concentration, µg cm-2) of corals from the nursery and 

reef (wild corals) decreased with temperature, in line with tissue whitening (two-way RM 

ANOVA test of environment: F(1.0,5.0) = 3.149, p = 0.1361 for total pigments; F(1.0,5.0) = 1.574, 

p = 0.2650 for Chl a; and F(1.0,5.0) = 3.634, p = 0.1149 for Chl c2; Table S3.4J-L). 

Specifically, total pigment values were 6.6 ± 1.1, 0.9 ± 0.3, and 0.3 ± 0.1 (31 °C, 34 °C, and 

37 °C, respectively) for wild corals and 6.8 ± 1.1, 2.1 ± 0.8, and 0.7 ± 0.3 for nursery corals; 

Fig. 3.4C. For Chl a (Fig. 3.4D), values were 5.3 ± 1.0, 0.8 ± 0.2, and 0.2 ± 0.1 for wild 

corals, and 5.2 ± 0.8, 1.7 ± 0.6, and 0.5 ± 0.2 for nursery corals. Finally, for Chl c2 values 
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were 1.31 ± 0.19, 0.19 ± 0.06, and 0.13 ± 0.06 for wild corals, and 1.6 ± 0.4, 0.4 ± 0.2, and 

0.2 ± 0.1 for nursery corals. 

 

Total pigment, Chl a and Chl c2 concentration all varied among temperatures treatments (31 

°C, 34 °C, and 37 °C) but not coral groups (nursery vs wild corals) (two-way RM ANOVA 

test of temperature: F(1.3,6.4) = 23.52, p = 0.0018; F(1.4,6.8) = 26.75, p = 0.0010; and F(1.1,5.6) = 

13.46, p = 0.0109, respectively; two-way RM ANOVA test of environment: F(1.0,5.0) = 3.149, 

p = 0.1361, F(1.0,5.0) = 1.574, p = 0.2650, and F(1.0,5.0) = 3.634, p = 0.1149, respectively); Fig. 

3.4C-E, Table S3.4J-L. Interestingly, the chlorophyll ratio (a:c2) was higher in the control 

(31 °C) and medium (34 °C) treatments — 3.9 ± 0.2 and 3.9 ± 0.6 for wild and nursery 

corals, respectively — compared to the 37 °C treatments (1.7 ± 0.4 and 2.4 ± 0.5, 

respectively); two-way RM ANOVA test of temperature, F(1.4,7.0) = 10.32, p = 0.0112 (Fig. 

3.4F, Table S3.4M). Furthermore, no differences in the chlorophyll a-to-c2 ratio among 

nursery vs wild corals across temperatures were observed (two-way RM ANOVA test of 

environment, F(1.0,5.0) = 0.02802, p = 0.8736; Fig. 3.4F, Table S3.4M).  

 

In summary, after 12 months of growth, nursery and wild colonies contained similar 

symbiont cell (and pigment) concentrations that collectively decreased with increasing 

temperature treatment. However, loss of total pigmentation with temperature preceded a 

temperature-induced change in pigment ratio. 
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3.3.4 Increased whitening of corals from the wild and nursery environments under heat 

stress 

We determined changes in traits related to bio-physical colouration (red [R], green [G], blue 

[B], hue, saturation, brightness, and bleaching state) of pictures taken from coral fragments to 

examine the effect of different temperature treatments on the relative Chl concentrations of 

corals from different environments (wild vs nursery; Fig. S3.4). Higher RGB and brightness 

values correspond to a paler colouration (i.e., closer to white). This approach is based on the 

negative relationship between the relative loss of Chl density and value intensity increase in 

the RGB channels in standardised digital photographs (Nishiguchi et al., 2018; Winters et al., 

2009) and the positive relationship between relative loss of symbiont density and chlorophyll 

a concentration when colour score (1-6) decrease in the Coral Watch bleaching card (Siebeck 

et al., 2006).  

 

RGB values for wild corals (Fig. S3.4A-C) at the end of the 18 h assay (Fig. 3.2A) were 

127.2 ± 12.4 (31 °C), 210.2 ± 10.9 (34 °C), and 217.8 ± 6.6 (37 °C) for R; 96.7 ± 10.8 (31 

°C), 181.8 ± 14.4 (34 °C), and 213.0 ± 5.9 (37 °C) for G; and lastly 77.3 ± 9.9 (31 °C), 152.3 

± 13.9 (34 °C), and 202.3 ± 5.4 (37 °C) for B. For nursery corals (Fig. S3.4A-C), final RGB 

values were 126.2 ± 12.5 (31 °C), 199.0 ± 14.0 (34 °C), and 202.8 ± 8.1 (37 °C) for R; 97.5 ± 

12.0 (31 °C), 178.8 ± 17.5 (34 °C), and 198.8 ± 7.3 (37 °C) for G; and for B values as 

follows, 76.3 ± 11.3 (31 °C), 151.3 ± 17.4 (34 °C), and 185.0 ± 13.1 (37 °C). Nursery and 

wild corals displayed a similar increase in red channel pixel intensity (two-way RM ANOVA 

test of environment, F(1.0,5.0) = 1.280, p = 0.3093) (alongside the green and blue channel pixel 

intensities; Table S3.4A-C) with increasing temperature treatments. This increase in red 

value corresponded with tissue whitening (i.e., increase in bleaching state; two-way RM 
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ANOVA test of environment, F(1.0,5.0) = 0.6897, p = 0.4441; Fig. S3.4G) (alongside 

brightness values, two-way RM ANOVA test of environment, F(1.0,5.0) = 1.486, p = 0.2773; 

Fig. S3.4D, Table S3.4D). The results indicated similar colouration between these two coral 

groups at each temperature treatment. We also observed similar saturation and hue levels 

among wild and nursery corals (see two-way RM ANOVA test of environment: F(1.0,5.0) = 

0.0000, p = 0.9945, and F(1.0,5.0) = 0.03441, p = 0.8601, respectively; Fig. S3.4E-F, Table 

S3.4E-F). For more details on the two-way ANOVA test of temperature and interaction for 

all studied bio-physical traits, refer to Table S3.4. In summary, at 12 months post-

fragmentation, corals propagated within the nursery had similar colouration compared to 

those retained in the reef (wild corals) at each temperature treatment. 

 

3.4 Discussion 

In situ nurseries have been shown to change the underlying growth and metabolism of 

propagated corals (Nuñez Lendo et al., 2023, Chapter 2), yet how these changes potentially, 

in turn, alter tolerance to stressors remains unexplored. This study investigates for the first 

time the thermotolerance response of nursery-propagated Acropora cf. hyacinthus vs their 

wild colonies from Opal Reef, a key coral species for the northern Great Barrier Reef (GBR), 

Australia (Ortiz et al., 2021), including for restoration activities (e.g., Howlett et al., 2021). 

Using Fv/Fm ED50 as a standardised metric (Evensen et al., 2021), we found a generally 

homogenised (i.e., conserved) variation in thermal tolerance among 12 colonies, ranging 

from 33.67 °C to 33.88 °C (Fig. 3.3, Fig. S3.3). While these temperatures are not 

representative of the temperatures of a natural mass bleaching event, they do serve as a 

reliable metric of relative coral thermal tolerance (Voolstra et al., 2020) that enables 

comparing thermal differences among multiple individuals (e.g., Cunning et al., 2021; 



151 
 

Nielsen et al., 2022). The 0.21 °C difference in ED50 between the wild and nursery 

propagated populations is small in relation to the broad thermal ranges of corals inhabiting 

larger distribution ranges (e.g., ~2.5-2.7 °C; Cunning et al., 2021; Evensen et al., 2022; 

Voolstra et al., 2021), however, this small but insignificant difference might be due to the low 

statistical power of our small sample size (n = 12; 6 nursery and 6 wild corals). 

 

Our study revealed a range in thermal tolerance among coral groups of < 1 °C, which seems 

plausible for a highly interconnected coral population (i.e., our nursery and wild corals were 

separated approximately 10 m apart in Opal Reef and had a Maximum Monthly Mean 

(MMM) temperature for February 2021 of 28 °C), compared to other coral populations such 

as the Red Sea populations which span approximately 900 km and have a MMM temperature 

gradient of 3.7 °C (Evensen et al., 2022; Voolstra et al., 2021b), or the Florida population 

which covers 300 km and has 1 °C in MMM (Cunning et al., 2021). Despite likely different 

environmental conditions of the nursery vs the reef (Howlett et al., 2021; Nuñez Lendo et al., 

2023, Chapter 2), such as improved light availability (lower sedimentation), increased water 

flow, enhanced planktonic supply, reduced intra- and interspecific competition, and 

controlled corallivory within the nurseries (Bongiorni et al., 2011; Levy et al., 2010; 

Rinkevich, 2005; Shafir and Rinkevich, 2010, 2008), we detected small but insignificant 

ED50 (0.21 °C) between the wild and nursery propagated. Such reduced transport of 

nutrients, sediment and flow — and hence transport of heat — is therefore expected on the 

reef compared to the nursery setting, which may reduce thermal tolerance (Pomeroy et al., 

2023). As such, our observations would imply that our nursery platforms, which are located 

close to the native reef site, do not exhibit substantial environmentally-driven changes in 

coral thermotolerance but could be important for coral recovery after a heat stress event 

(Morikawa et al., 2019; Shaish et al., 2010), which is not examined by the CBASS approach. 
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Furthermore, it is plausible that the heat stress event that occurred in March 2020 might have 

dampened — or conditioned — the thermal response of all local coral populations. 

 

In addition, resource allocation was prioritised towards growth in the nursery corals, as 

observed by their higher growth (Nuñez Lendo et al., 2023, Chapter 2), yet it did not impact 

their thermotolerance. Regardless of the different initial sizes of the nursery and wild corals, 

the thermal response of corals was similar.. The size and life stage (age) of corals used in 

restoration endeavours will inevitably impact the resource allocation towards the vital 

processes of survival (maintenance), growth (development), and reproduction. Consequently, 

freshly fragmented coral tends to display higher growth/regeneration (Bak, 1983; Chadwick 

and Loya, 1990; Loya, 1976; Meesters et al., 1994). This stands in contrast to well-

established adult colonies, which, upon reaching a size threshold, allocate resources from 

growth to sexual reproduction (Babcock, 1991; Kojis and Quinn, 2001; Soong, 1993). 

 

As expected from other CBASS studies (e.g., Cunning et al., 2021), the mean thermal 

tolerance (ED50) for each coral group (33.67 °C and 33.88 °C for wild and nursery corals, 

respectively) did not correlate with the MMM temperature of Opal Reef (28 °C), indicating 

no straightforward thermal acclimatisation response to this temperature. Mean thermal 

tolerance was slightly lower for wild corals (33.67 °C) than nursery corals (33.88 °C). This 

slight and non-significant thermal reduction was observed despite the different metabolic 

responses we have previously reported for these same groups of corals (i.e., higher 

calcification, photosynthesis, and respiration rates of nursery corals vs their wild colonies; 

Nuñez Lendo et al., 2023, Chapter 2). Specifically, we previously found that these nursery 

corals exhibited a higher growth rate and comparable survivorship than their wild colonies 
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via enhanced metabolic traits and particularly respiration (Nuñez Lendo et al., 2023, Chapter 

2). However, a high variation in Fv/Fm values at Tend values was observed in nursery corals, 

explained by a ~2-3 increase fold of some genotypes (i.e, 3 out of 6). Such an outcome of 

subtle variation in thermotolerance may not, in fact, come as a surprise whereby our sampling 

approach was designed to capture different “wild” genotypes, specifically, where work at 

Opal Reef has recently shown that A. cf. hyacinthus genetic diversity is retained on the reef 

by as little as 2 m distance between colonies (Howlett et al., In Review). In this case, our 

findings are perhaps intriguingly consistent with reports of corals adapted to extreme 

environmental conditions, including hot waters (Camp et al., 2019, 2017), whereby corals 

consistently exhibit higher respiration rates than their conspecific populations on 

neighbouring reefs. Such higher respiration rates are, of course, species-specific in these 

extreme environments (Jacquemont et al., 2022), and thus more research is needed to 

understand the different thermal responses of different coral species when nursery 

propagating. 

 

Differences in ED50 capture the average response of the tested population; higher 

thermotolerance variation (as greater variability in Fv/Fm values at Tend) within nursery-grown 

corals compared to the wild corals raises a critical operational point. Specifically, current 

restoration practices aiming to screen thermotolerant wild individuals to use for propagation 

may not well resolve thermotolerance variation that can ultimately be achieved through 

nursery propagation. Our study shows that nursery propagation can enhance the 

thermotolerance of a priori lower thermotolerant corals, as well as can also have negative 

impacts (e.g., a 100% decrease in thermotolerance for 1 out 6 of coral genotypes). However, 

detecting a potentially higher effect on thermotolerance was not possible to resolve with the 

small sample size of our study.  
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Both bio-physical colouration and photobiological traits were observed to be similar for 

nursery- compared to wild-grown corals across temperature treatments. Photographic-based 

traits revealed colonies became paler in both coral groups (Fig. S3.4), accompanied by less 

pigmentation per colony surface area (Fig. 3.4C-E). At face value, this paler colouration 

might appear indicative of lower symbiont cell densities and less photosynthetic efficiency 

(Fv/Fm), as decreases in coral pigmentation commonly occur via thermal stress (e.g., Evensen 

et al., 2022, 2021; Voolstra et al., 2020). Intriguingly, despite the reduction in symbiont cell 

density, the chlorophyll ratio (a:c2) was maintained similarly (~4) at 31 °C and 34 °C and 

halved at the highest temperature treatment (37 °C). These findings correspond with similar 

ratios in Goniastrea aspera during a bleaching event, where each individual symbiont cell 

maintains the chlorophylls ratio under limited thermal stress as a potential photoprotective 

function of the chlorophylls to maintain the coral/algal symbiosis (Baghdasarian et al., 2017). 

As such, nursery-propagated corals retained the same symbiosis photoprotection (i.e., as seen 

by similar chlorophyll ratios at high temperatures) as their wild counterparts. 

 

3.5 Conclusion 

In conclusion, despite no differences observed in mean thermotolerance (ED50) between 

nursery vs wild corals, we observed a high variation in Fv/Fm values for 3 out of 6 coral 

genotypes of ~2-3-fold higher in thermotolerance in a 12-month period. Such variability may 

reflect growth in environments that differ for nurseries compared to the reef (Nuñez Lendo et 

al., 2023, Chapter 2) that may result in divergence of thermotolerance for some individuals 

in the nurseries compared to reef. However, how such divergence further translates to 

bleaching recovery potential remains to be further investigated. Quantitative thermal 

tolerance rankings represent valuable information for restoration programmes designed to 



155 
 

build thermotolerant coral biomass to increase climate reef resilience (Baums et al., 2019). 

For example, more thermotolerant nursery corals can serve as stock — through both sexual 

and asexual propagation — to aid targeted restoration strategies (e.g., Shaver et al., 2022). 

Furthermore, selective breeding techniques could be applied to more thermotolerant nursery 

corals to boost the resilience of new sexual recruits used for restoration (van Oppen et al., 

2015), and thermal priming can be applied to these already corals with existing enhanced 

thermotolerance to push their thresholds to higher temperatures (Hackerott et al., 2021; 

Martell, 2023). Our findings strongly support the notion of the need for coral restoration 

practices to move beyond a few “simple” metrics of growth and survivorship as measures of 

success and include critical metrics for a projected warming climate, such as thermotolerance 

thresholds, if restoration goals are to improve (or retain) the reef resilience. However, more 

sophisticated assays of thermotolerance may be required — that can not only capture rates of 

decline but also recovery — to resolve subtle differences amongst genetically diverse 

populations.  
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3.7 Supplementary Material 

A) 

 

B) 
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C) 

 

Figure S3.1 Sea Surface Temperatures (SST, °C) for A) Opal Reef and Mojo nursery 
(mean ± SEM, n = 13 and 9 months, respectively) and for B) the Northern Great 
Barrier Reef (GBR), and C) physical parameters during the 2020 bleaching event on the 
GBR. A) Satellite-derived data (MODIS-aqua) was extracted from the GIOVANNI online 
system maintained by NASA (https://giovanni.gsfc.nasa.gov/giovanni/). SST were obtained 
using monthly area-averaging bounded to 145° 53’ 53.8’’E, 16°12’ 23.4’’S between February 
2020 and February 2021 (encompassing the entire Opal Reef of ca. 30 km2 for a year); black 
line. Imposed onto the SST are the mean monthly SST recorded by the HOBO logger (every 
1 h) from February to September 2021 at the Mojo nursery; dashed line. B) Temperature, 
wind, salinity and ocean currents on the GBR for the month of March 2020 when the mass 
bleaching event occurred (based on the 4 km eReefs Hydrodynamic model 
https://ereefs.aims.gov.au/. C) Two-year time series graphic of the 5 km product of SST, 
Degree Heating Week (DHW) and bleaching alert from NOAA Coral Reef Watch (CRW) 
(https://coralreefwatch.noaa.gov/). 

 

  

https://giovanni.gsfc.nasa.gov/giovanni/
https://ereefs.aims.gov.au/
https://coralreefwatch.noaa.gov/
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Figure S3.2 Maximum quantum yield of photosystem II (Fv/Fm) measurements in 
response to temperature treatment for each coral individual (1-6) across coral groups. 
Measurements were taken at at the initial, middle, and final time points (T0, Tmid, and Tend, 
respectively). Circles refer to nursery corals and triangles to their wild donors. Individual 
measurements (corresponding to each coral individual) are plotted according to the colour 
legend. Donor and 12-months-propagated A. cf. hyacinthus are referred as wild and nursery, 
respectively, in the graph. The mean ± the standard error of the mean (SEM) of each coral 
individual is represented by a black circle (nursery) or triangle (wild) in each time point and 
temperature treatment. 
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Figure S3.3 Thermal tolerances of donor and 12-months-propagated Acropora cf. 
hyacinthus in Opal Reef (the northern Great Barrier Reef). Maximum quantum yield of 
photosystem II (Fv/Fm) measurements at the final time point (Tend) fitted to log-logistic dose-
response curves. Dotted lines represent 95% confidence intervals. Curve fits were used to 
determine the Fv/Fm ED50 for each coral group (vertical lines), which represent the x-value 
(in temperature) at the inflexion point of the curve where Fv/Fm values in the model fit were 
50% lower in comparison to the initial values of the model. Donor and 12-months-propagated 
A. cf. hyacinthus are referred as wild and nursery, respectively, in the graph. 
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Figure S3.4 Bio-physical colouration of donor and 12-months-propagated A. cf. hyacinthus during the 
Coral bleaching automated stress systems (CBASS). Traits encompass (a) red (R), b) green (G), (c) blue 
(B), (d) brightness, (e) hue, (f) saturation, and (g) bleaching state. Donor and 12-months-propagated A. cf. 
hyacinthus are referred as wild (ib blue) and nursery (in yellow), respectively (n = 6 for each coral group). 
Graphs show only the two-way RM ANOVA test of environment (i.e., coral group). See Table S3.4 for the 
results of the two-way RM ANOVA test of temperature and interaction. No significant differences in the 
RGB values among coral groups were revealed by a two-way RM ANOVA test of environment (F(1.0,5.0) = 
1.280, p = 0.3093 for R; F(1.0,5.0) = 0.6242, p = 0.4653 for G; and F(1.0,5.0) = 0.6265, p = 0.4645 for B). 
Furthermore, no significant differences in brightness, hue, and saturarion levels, and bleaching state were 
detected among coral groups (two-way RM ANOVA test of environment (F(1.0,5.0) = 1.486, p = 0.2773 for 
brightness; F(1.0,5.0) = 0.03441, p = 0.8601 for hue; F(1.0,5.0) = 0.03441, p = 0.8601 for saturation; and (F(1.0,5.0) 
= 0.6897, p = 0.4441 for bleaching state). Statistical significance is shown as ns (no statistical significance). 
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Table S3.1 Pairwise permutational multivariate analysis of variance (PERMANOVA; perm  =  999) on Euclidian distances using the “vegan” R 
package (time point and temperature as fixed variables) for maximum quantum yield of photosystem II (Fv/Fm) measurements. Post hoc pairwise 
comparisons were conducted using “pairwiseAdonis” R package with Bonferroni adjusted p-values. The effects of time point and temperature on 
Fv/Fm response variable for the start of the experiment (T0), halfway down the assay (4.5 h, Tmid), and after 7 h (Tend) for each target temperature 
(31 °C, 34 °C, and 37 °C) were analysed (e.g., Evensen et al., 2021). 

Results PERMANOVA fixed variables TimePoint and Temperature       
 Df SumOfSqs R2 F Pr(>F)  
Timepoint 2 0,152733507 0,043242207 8,597253105 0,001 *** 
Temp 1 2,02914426 0,574495261 228,4379778 0,001 *** 
Residual 152 1,350169226 0,382262532    
Total 155 3,532046994 1    
       

POST-HOC COMPARISONS  
Results Pairwise PERMANOVA fixed variables TimePoint and 
Temperature       

T0_vs_Tmid       
 Df SumOfSqs R2 F Pr(>F)  

Timepoint 1 0,1342927163 0,07152471867 14,13207814 
1,00E-

04 *** 

Temp 1 0,9735603333 0,5185212637 102,4510568 
1,00E-

04 *** 
Residual 81 0,7697176528 0,4099540176    
Total 83 1,877570702 1    

T0_vs_Tend       
 Df SumOfSqs R2 F Pr(>F)  

Timepoint 1 0,1474977857 0,07923466732 18,16797976 
1,00E-

04 *** 

Temp 1 1,056430021 0,5675060194 130,1253381 
1,00E-

04 *** 
Residual 81 0,6576031458 0,3532593133    
Total 83 1,861530952 1    
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Tmid_vs_Tend       
 Df SumOfSqs R2 F Pr(>F)  
Timepoint 1 0,001083506944 0,0003280968888 0,1200895257 0,7223  

Temp 1 2,02914426 0,6144454561 224,8983942 
1,00E-

04 *** 
Residual 141 1,272171559 0,385226447    
Total 143 3,302399326 1    
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Table S3.2 PERMANOVA for maximum quantum yield of photosystem II (Fv/Fm) measurements (perm  =  999) on Euclidian distances using 
the “vegan” R package (coral group as fixed variable) was performed within each time point (T0, Tmid, and Tend) to detect differences in Fv/Fm 
among coral groups and temperature treatments (31 °C, 34 °C, and 37 °C) to (a) record initial photosynthetic efficiencies (T0) (i.e., to detect any 
coral group effect on Fv/Fm within their native seawater of 31 °C before starting the CBASS experiment), (b) monitor photosynthetic efficiencies 
halfway down the experiment (Tmid) (i.e., checkpoint control to ensure the continuation of the experiment), and (c) record final Fv/Fm values 
(Tend) (i.e., to report values as per Voolstra et al., (2020) and to calculate the Fv/Fm ED50 metric as a proxy for the thermal tolerance of coral, 
Evensen et al., (2021). Post hoc pairwise comparisons were conducted using “pairwiseAdonis” R package with Bonferroni adjusted p-values.  

a) 

Results PERMANOVA Data T0 fixed variables Coral Group       
 Df SumOfSqs R2 F Pr(>F)  
CoralGroup 1 0,006165333333 0,07904509964 0,8582950111 0,567  
Residual 10 0,07183233333 0,9209549004    
Total 11 0,07799766667 1    
 

b) 

Results PERMANOVA Data Tmid fixed variables Coral Group       
 Df SumOfSqs R2 F Pr(>F)  
Temp 1 0,9735603333 0,5846224939 97,15726381 0,001 *** 
CoralGroup 1 0,0003083472222 0,0001851623529 0,03077176769 0,852  
Residual 69 0,6914116389 0,4151923438    
Total 71 1,665280319 1    
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POST-HOC COMPARISONS  
Results Pairwise PERMANOVA Data Tmid fixed variables Coral Group       
31_vs_34       
 Df SumOfSqs R2 F Pr(>F)  
Temp 1 0,2283900208 0,2483061671 14,87474933 4,00E-04 *** 
CoralGroup 1 0,0004625208333 0,0005028537363 0,03012338907 0,8631  
Residual 45 0,6909394375 0,7511909792 NA NA  
Total 47 0,9197919792 1 NA NA  
31_vs_37       
 Df SumOfSqs R2 F Pr(>F)  
Temp 1 0,9735603333 0,9103427919 464,8298674 1,00E-04 *** 
CoralGroup 1 0,001633333333 0,001527273838 0,7798408488 0,3745  
Residual 45 0,09425 0,08812993422    
Total 47 1,069443667 1    
34_vs_37       
 Df SumOfSqs R2 F Pr(>F)  
Temp 1 0,2588671875 0,3029862899 19,68789899 2,00E-04 *** 
CoralGroup 1 0,0038341875 0,004487653521 0,2916055021 0,6051  
Residual 45 0,5916844375 0,6925260565    
Total 47 0,8543858125 1    
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c) 

Results PERMANOVA Data Tend fixed variables Coral Group       
 Df SumOfSqs R2 F Pr(>F)  
Temp 1 0,9735603333 0,5846224939 97,15726381 0,001 *** 
CoralGroup 1 0,0003083472222 0,0001851623529 0,03077176769 0,852  
Residual 69 0,6914116389 0,4151923438 NA NA  
Total 71 1,665280319 1 NA NA  
 

POST-HOC COMPARISONS  
Results Pairwise PERMANOVA Data Tend fixed variables Coral Group       
31_vs_34       
 Df SumOfSqs R2 F Pr(>F)  
Temp 1 0,2283900208 0,2483061671 14,87474933 4,00E-04 *** 
CoralGroup 1 0,0004625208333 0,0005028537363 0,03012338907 0,8631  
Residual 45 0,6909394375 0,7511909792    
Total 47 0,9197919792 1    
31_vs_37       
 Df SumOfSqs R2 F Pr(>F)  
Temp 1 0,9735603333 0,9103427919 464,8298674 1,00E-04 *** 
CoralGroup 1 0,001633333333 0,001527273838 0,7798408488 0,3745  
Residual 45 0,09425 0,08812993422    
Total 47 1,069443667 1    
34_vs_37       
 Df SumOfSqs R2 F Pr(>F)  
Temp 1 0,2588671875 0,3029862899 19,68789899 2,00E-04 *** 
CoralGroup 1 0,0038341875 0,004487653521 0,2916055021 0,6051  
Residual 45 0,5916844375 0,6925260565    
Total 47 0,8543858125 1    
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Table S3.3 Linear mixed-effects models (LME) were used to analyse individual response variables, with coral group and temperature as fixed 
effects, and genotype and tank replicate as random effects to account for any potential genotype or tank effects. 

 

A) Field/T0 - comparing Coral Group at the start of experiment values: 

At the time T0 only was used in 1 tank. No random effect from the tank could be evaluated. The random effect was evaluated just by Genotypes. 

There is no random effect by genotypes. There are no differences between Coral Groups at T0: 

Backward reduced random-effect table: 
 
               Eliminated npar logLik      AIC     LRT Df Pr(>Chisq) 
<none>                       4 8.8009  -9.6018                       
(1 | Genotype)          0    3 8.6989 -11.3978 0.20407  1     0.6515 
 
Backward reduced fixed-effect table: 
Degrees of freedom method: Satterthwaite  
 
           Eliminated    Sum Sq   Mean Sq NumDF DenDF F value Pr(>F) 
CoralGroup          1 0.0061653 0.0061653     1     5  1.0728 0.3478 
 
Model found: 
AVE_PAM ~ (1 | Genotype) 
 

ANOVA results from the model (The same as above, Not differences between Coral Groups – Nursery and Wild): 

Type III Analysis of Variance Table with Satterthwaite's method 
              Sum Sq   Mean Sq NumDF DenDF F value Pr(>F) 
CoralGroup 0.0061653 0.0061653     1     5  1.0728 0.3478 
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B) Tmid - comparing temp and Coral Group at the middle of experiment values: 

At Tmid random effect from the tank was found, and there are no by Genotypes. Differences were found between Temperatures. 

Backward reduced random-effect table: 
 
               Eliminated npar logLik     AIC    LRT Df Pr(>Chisq)    
<none>                       9 53.279 -88.558                         
(1 | Genotype)          1    8 53.253 -90.507 0.0516  1   0.820326    
(1 | NewTank)           0    7 49.858 -85.716 6.7902  1   0.009166 ** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Backward reduced fixed-effect table: 
Degrees of freedom method: Satterthwaite  
 
                Eliminated   Sum Sq  Mean Sq NumDF DenDF F value  Pr(>F)   
Temp:CoralGroup          1 0.010627 0.005313     2    63  0.6162 0.54321   
CoralGroup               2 0.000308 0.000308     1    65  0.0362 0.84972   
Temp                     0 0.178746 0.089373     2     3 10.6442 0.04341 * 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Model found: 
 

ANOVA results from the model (The same as above, with differences between temperatures): 

Type III Analysis of Variance Table with Satterthwaite's method 
      Sum Sq  Mean Sq NumDF DenDF F value  Pr(>F)   
Temp 0.17619 0.088095     2     3  10.644 0.04341 * 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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Post-Hoc analysis emmeans (Estimated marginal means): Differences were found between temp31 – temp37 

$`emmeans of Temp` 
 Temp emmean     SE   df lower.CL upper.CL 
 31    0.285 0.0439 3.06   0.0764    0.493 
 34    0.147 0.0439 3.06  -0.0616    0.355 
 37    0.000 0.0439 3.06  -0.2085    0.208 
 
Degrees-of-freedom method: kenward-roger  
Confidence level used: 0.95  
Conf-level adjustment: sidak method for 3 estimates  
 
$`pairwise differences of Temp` 
 1               estimate     SE df t.ratio p.value 
 Temp31 - Temp34    0.138 0.0617  3   2.234  0.2107 
 Temp31 - Temp37    0.285 0.0617  3   4.613  0.0386 
 Temp34 - Temp37    0.147 0.0617  3   2.379  0.1862 
 
Degrees-of-freedom method: kenward-roger  
P value adjustment: tukey method for comparing a family of 3 estimates  
 

C) Tend - comparing temp and Coral Group at the end of experiment values: 

At Tend Not random effect from the tank was found, and neither was by Genotypes. Differences were found between Temperatures. 

Backward reduced random-effect table: 
 
               Eliminated npar logLik      AIC    LRT Df Pr(>Chisq) 
<none>                       9 58.679  -99.359                      
(1 | Genotype)          1    8 57.947  -99.893 1.4653  1     0.2261 
(1 | NewTank)           2    7 57.221 -100.443 1.4508  1     0.2284 
 
Backward reduced fixed-effect table: 
                Eliminated Df Sum of Sq     RSS     AIC F value Pr(>F)     
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Temp:CoralGroup          1  2    0.0070 0.55138 -342.78  0.4244 0.6559     
CoralGroup               2  1    0.0140 0.56538 -342.98  1.7266 0.1933     
Temp                     0  2    1.0707 1.63604 -270.48 65.3315 <2e-16 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Model found: 
AVE_PAM ~ Temp 
 

ANOVA results from the model (The same as above, with differences between temperatures): 

Type III Analysis of Variance Table with Satterthwaite's method 
      Sum Sq Mean Sq NumDF  DenDF F value  Pr(>F)   
Temp 0.40766 0.20383     2 3.0028  28.524 0.01113 * 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

Post-Hoc analysis emmeans (Estimated marginal means): Differences were found between temp31 – temp 34 and temp31 – temp37 

$`emmeans of Temp` 
 Temp  emmean     SE   df lower.CL upper.CL 
 31   0.29671 0.0297 3.71  0.17413    0.419 
 34   0.11854 0.0297 3.71 -0.00404    0.241 
 37   0.00091 0.0297 3.72 -0.12165    0.123 
 
Degrees-of-freedom method: kenward-roger  
Confidence level used: 0.95  
Conf-level adjustment: sidak method for 3 estimates  
 
$`pairwise differences of Temp` 
 1               estimate     SE df t.ratio p.value 
 Temp31 - Temp34    0.178 0.0394  3   4.519  0.0408 
 Temp31 - Temp37    0.296 0.0394  3   7.498  0.0100 
 Temp34 - Temp37    0.118 0.0394  3   2.982  0.1143 
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Degrees-of-freedom method: kenward-roger  
P value adjustment: tukey method for comparing a family of 3 estimates  
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Table S3.4 Statistical analysis for bio-physical colouration and photobiological performance of donor and 12-months-propagated A. cf. 
hyacinthus during the CBASS. Mean ± the standard error of the mean (SEM) and N (sample size) alongside a two-way RM ANOVA is 
reported for (a) red (R), (b) green (G), (c) blue (B), (d) brightness, (e) hue, (f) saturation, (g) bleaching state, (h) maximum photochemical 
efficiency [Fv/Fm], (i) symbiont density, (j) pigment density (k) chlorophyll a and c2 density. Values were obtained at the end of the 18-h heat 
stress assay (a-g) and at Tend (7 h after the onset of the experiment). 

At the end of the 18-h experiment 
     

a) 
      

CBASS_RED Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 127.2 12.4 6 126.2 12.5 6 

34 210.2 10.9 6 199.0 14.0 6 

37 217.8 6.6 6 202.8 8.1 6 

       
       
Table Analyzed CBASS_RED_Grouped: RM Two-way ANOVA   

 
            

 
Two-way RM ANOVA Matching: Both factors       

 
Assume sphericity? No         

 
Alpha 0.05         

 
            

 

Source of Variation 
% of total 
variation P value P value summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 69.4 <0.0001 **** Yes 0.7615 

 
Environment 0.9771 0.3093 ns No 1 

 
Temperature x Environment 0.4158 0.6599 ns No 0.6531 
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Coral x Temperature 4.895         
 

Coral x Environment 3.818         
 

Coral 13.62         
 

            
 

ANOVA table SS DF MS F (DFn, DFd) P value 
 

Temperature 52417 2 26208 F (1.523, 7.615) = 70.89 P<0.0001 
 

Environment 738 1 738 F (1.000, 5.000) = 1.280 P=0.3093 
 

Temperature x Environment 314.1 2 157 F (1.306, 6.531) = 0.3022 P=0.6599 
 

Coral x Temperature 3697 10 369.7     
 

Coral x Environment 2883 5 576.7     
 

Coral 10283 5 2057     
 

Residual 5196 10 519.6     
 

       
       
b) 

      
CBASS_GREEN Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 96.7 10.8 6 97.5 12.0 6 

34 181.8 14.4 6 178.8 17.5 6 

37 213.0 5.9 6 198.8 7.3 6 

       
       
Table Analyzed CBASS_GREEN_Grouped: RM Two-way ANOVA   
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Two-way RM ANOVA Matching: Both factors       
 

Assume sphericity? No         
 

Alpha 0.05         
 

            
 

Source of Variation 
% of total 
variation P value P value summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 74.57 <0.0001 **** Yes 0.6573 

 
Environment 0.256 0.4653 ns No 1 

 
Temperature x Environment 0.3496 0.6581 ns No 0.776 

 
Coral x Temperature 5.087         

 
Coral x Environment 2.05         

 
Coral 12.83         

 
            

 
ANOVA table SS DF MS F (DFn, DFd) P value 

 
Temperature 77719 2 38860 F (1.315, 6.573) = 73.29 P<0.0001 

 
Environment 266.8 1 266.8 F (1.000, 5.000) = 0.6242 P=0.4653 

 
Temperature x Environment 364.4 2 182.2 F (1.552, 7.760) = 0.3594 P=0.6581 

 
Coral x Temperature 5302 10 530.2     

 
Coral x Environment 2137 5 427.4     

 
Coral 13367 5 2673     

 
Residual 5069 10 506.9     

 
c) 

      
CBASS_BLUE Wild     Nursery     
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Temperature Mean SEM N Mean SEM N 

31 77.3 9.9 6 76.3 11.3 6 

34 152.3 13.9 6 151.3 17.4 6 

37 202.3 5.4 6 185.0 13.1 6 

       
       
Table Analyzed CBASS_BLUE_Grouped: RM Two-way ANOVA   

 
            

 
Two-way RM ANOVA Matching: Both factors       

 
Assume sphericity? No         

 
Alpha 0.05         

 
            

 

Source of Variation 
% of total 
variation P value P value summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 74.65 <0.0001 **** Yes 0.6733 

 
Environment 0.3318 0.4645 ns No 1 

 
Temperature x Environment 0.4736 0.6406 ns No 0.9569 

 
Coral x Temperature 5.15         

 
Coral x Environment 2.648         

 
Coral 11.52         

 
            

 
ANOVA table SS DF MS F (DFn, DFd) P value 

 
Temperature 84100 2 42050 F (1.347, 6.733) = 72.48 P<0.0001 

 
Environment 373.8 1 373.8 F (1.000, 5.000) = 0.6265 P=0.4645 

 



176 
 

Temperature x Environment 533.6 2 266.8 F (1.914, 9.569) = 0.4528 P=0.6406 
 

Coral x Temperature 5801 10 580.1     
 

Coral x Environment 2983 5 596.6     
 

Coral 12975 5 2595     
 

Residual 5891 10 589.1     
 

       
       
d) 

      
CBASS_BRIGHTNESS Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 49.8 4.8 6 49.3 4.9 6 

34 82.5 4.3 6 78.0 5.5 6 

37 85.8 2.4 6 80.0 3.2 6 

       
       
Table Analyzed CBASS_BRIGHTNESS % - Transform - Arcsin (Y/100)   

 
            

 
Two-way RM ANOVA Matching: Both factors       

 
Assume sphericity? No         

 
Alpha 0.05         

 
            

 

Source of Variation 
% of total 
variation P value P value summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 64.93 0.0002 *** Yes 0.6339 
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Environment 1.242 0.2773 ns No 1 
 

Temperature x Environment 0.6207 0.6258 ns No 0.7764 
 

Coral x Temperature 5.753         
 

Coral x Environment 4.18         
 

Coral 15.78         
 

            
 

ANOVA table SS DF MS F (DFn, DFd) P value 
 

Temperature 1.633 2 0.8166 F (1.268, 6.339) = 56.43 P=0.0002 
 

Environment 0.03124 1 0.03124 F (1.000, 5.000) = 1.486 P=0.2773 
 

Temperature x Environment 0.01561 2 0.007807 F (1.553, 7.764) = 0.4144 P=0.6258 
 

Coral x Temperature 0.1447 10 0.01447     
 

Coral x Environment 0.1051 5 0.02103     
 

Coral 0.3969 5 0.07938     
 

Residual 0.1884 10 0.01884     
 

       
       

e) 
      

CBASS_HUE Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 23.7 2.4 6 25.5 2.4 6 

34 31.3 3.0 6 35.5 3.8 6 

37 62.5 21.5 6 70.8 28.3 6 
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Table Analyzed CBASS_HUE - Transform - Sin (Y) - change   
 

            
 

Two-way RM ANOVA Matching: Both factors       
 

Assume sphericity? No         
 

Alpha 0.05         
 

            
 

Source of Variation 
% of total 
variation P value P value summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 0.5787 0.8271 ns No 0.7203 

 
Environment 0.2116 0.8601 ns No 1 

 
Temperature x Environment 5.209 0.4155 ns No 0.8396 

 
Coral x Temperature 24.57         

 
Coral x Environment 30.74         

 
Coral 10.64         

 
            

 
ANOVA table SS DF MS F (DFn, DFd) P value 

 
Temperature 0.1005 2 0.05027 F (1.441, 7.203) = 0.1178 P=0.8271 

 
Environment 0.03675 1 0.03675 F (1.000, 5.000) = 0.03441 P=0.8601 

 
Temperature x Environment 0.9049 2 0.4524 F (1.679, 8.396) = 0.9284 P=0.4155 

 
Coral x Temperature 4.269 10 0.4269     

 
Coral x Environment 5.34 5 1.068     

 
Coral 1.848 5 0.3696     

 
Residual 4.873 10 0.4873     
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f) 

      
CBASS_SATURATION Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 39.7 2.7 6 40.5 3.1 6 

34 28.2 3.6 6 25.2 3.7 6 

37 8.0 1.9 6 10.2 4.0 6 

       
       
Table Analyzed CBASS_SATURATION % - Transform - Arcsin (Y/100)   

 
            

 
Two-way RM ANOVA Matching: Both factors       

 
Assume sphericity? No         

 
Alpha 0.05         

 
            

 

Source of Variation 
% of total 
variation P value P value summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 74.75 0.0001 *** Yes 0.5851 

 
Environment 3.7E-05 0.9945 ns No 1 

 
Temperature x Environment 0.5574 0.6896 ns No 0.8125 

 
Coral x Temperature 4.693         

 
Coral x Environment 3.509         

 
Coral 7.89         
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ANOVA table SS DF MS F (DFn, DFd) P value 
 

Temperature 0.626 2 0.313 F (1.170, 5.851) = 79.64 P=0.0001 
 

Environment 3.1E-07 1 3.125E-07 F (1.000, 5.000) = 5.317e-005 P=0.9945 
 

Temperature x Environment 0.00467 2 0.002334 F (1.625, 8.125) = 0.3240 P=0.6896 
 

Coral x Temperature 0.0393 10 0.00393     
 

Coral x Environment 0.02938 5 0.005877     
 

Coral 0.06608 5 0.01322     
 

Residual 0.07205 10 0.007205     
 

       
       
g) 

      
CBASS_BLEACHING Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 5.7 0.3 6 5.7 0.3 6 

34 3.2 0.7 6 3.7 0.6 6 

37 1.0 0.0 6 1.2 0.2 6 

Table Analyzed CBASS_BLEACHING_Grouped: RM Two-way ANOVA   
 

            
 

Two-way RM ANOVA Matching: Both factors       
 

Assume sphericity? No         
 

Alpha 0.05         
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Source of Variation 
% of total 
variation P value P value summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 79.5 0.0002 *** Yes 0.6068 

 
Environment 0.2803 0.4441 ns No 1 

 
Temperature x Environment 0.2453 0.6887 ns No 0.8174 

 
Coral x Temperature 7.323         

 
Coral x Environment 2.032         

 
Coral 6.868         

 
            

 
ANOVA table SS DF MS F (DFn, DFd) P value 

 
Temperature 126.1 2 63.03 F (1.214, 6.068) = 54.28 P=0.0002 

 
Environment 0.4444 1 0.4444 F (1.000, 5.000) = 0.6897 P=0.4441 

 
Temperature x Environment 0.3889 2 0.1944 F (1.635, 8.174) = 0.3271 P=0.6887 

 
Coral x Temperature 11.61 10 1.161     

 
Coral x Environment 3.222 5 0.6444     

 
Coral 10.89 5 2.178     

 
Residual 5.944 10 0.5944     

 
At Tend (7 h) 

      
h) 

      
CBASS_Fv/Fm Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 0.2759 0.0254 6 0.3175 0.0140 6 

34 0.0975 0.0257 6 0.1396 0.0627 6 
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37 0.0000 0.0000 6 0.0000 0.0000 6 

       
       
Table Analyzed CBASS_Fv/Fm_Grouped: RM Two-way ANOVA   

 
            

 
Two-way RM ANOVA Matching: Both factors       

 
Assume sphericity? No         

 
Alpha 0.05         

 
            

 

Source of Variation 
% of total 
variation P value 

P value 
summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 75.5 0.0006 *** Yes 0.6158 

 
Environment 0.9873 0.0783 ns No 1 

 
Temperature x Environment 0.4937 0.5761 ns No 0.5241 

 
Coral x Temperature 10.26         

 
Coral x Environment 1.012         

 
Coral 5.149         

 
            

 
ANOVA table SS DF MS F (DFn, DFd) P value 

 
Temperature 0.5353 2 0.2677 F (1.232, 6.158) = 36.81 P=0.0006 

 
Environment 0.007 1 0.007 F (1.000, 5.000) = 4.877 P=0.0783 

 
Temperature x Environment 0.0035 2 0.00175 F (1.048, 5.241) = 0.3741 P=0.5761 

 
Coral x Temperature 0.07272 10 0.007272     

 
Coral x Environment 0.007177 5 0.001435     
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Coral 0.0365 5 0.007301     
 

Residual 0.04678 10 0.004678     
 

       
       
i) 

      
CBASS_Cell density (cells x 106 x cm-2) Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 0.6820 0.0228 6 0.6725 0.0253 6 

34 0.0817 0.0009 6 0.0818 0.0009 6 

37 0.0760 0.0012 6 0.0747 0.0015 6 

       
       
Table Analyzed CBASS_Cell density (cells x cm-2)_Grouped: RM Two-way ANOVA 

 
            

 
Two-way RM ANOVA Matching: Both factors       

 
Assume sphericity? No         

 
Alpha 0.05         

 
            

 

Source of Variation 
% of total 
variation P value 

P value 
summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 98.78 <0.0001 **** Yes 0.5064 

 
Environment 0.004091 0.7554 ns No 1 

 
Temperature x Environment 0.005336 0.8016 ns No 0.5035 

 
Coral x Temperature 0.4155         
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Coral x Environment 0.1889         
 

Coral 0.2279         
 

            
 

ANOVA table SS DF MS F (DFn, DFd) P value 
 

Temperature 2.8687E+12 2 1.43E+12 F (1.013, 5.064) = 1189 P<0.0001 
 

Environment 118802733 1 1.19E+08 F (1.000, 5.000) = 0.1083 P=0.7554 
 

Temperature x Environment 154966804 2 77483402 F (1.007, 5.035) = 0.07143 P=0.8016 
 

Coral x Temperature 1.2067E+10 10 1.21E+09     
 

Coral x Environment 5484551633 5 1.1E+09     
 

Coral 6617333054 5 1.32E+09     
 

Residual 1.0847E+10 10 1.08E+09     
 

       
       
j) 

      
CBASS_Total pigments (a + c2) density Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 6.6 1.1 6                                 6.8                                       1.1  6 

34 0.9 0.3 6                                 2.1                                       0.8  6 

37 0.3 0.1 6                                 0.7                                       0.3  6 

       
       
Table Analyzed CBASS_Total pigments (a + c2) density_Grouped: RM Two-way ANOVA 

 
            

 
Two-way RM ANOVA Matching: Both factors       
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Assume sphericity? No         
 

Alpha 0.05         
 

            
 

Source of Variation 
% of total 
variation P value 

P value 
summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 71.52 0.0018 ** Yes 0.6391 

 
Environment 0.9386 0.1361 ns No 1 

 
Temperature x Environment 0.4078 0.2423 ns No 0.7738 

 
Coral x Temperature 15.2         

 
Coral x Environment 1.49         

 
Coral 9.233         

 
            

 
ANOVA table SS DF MS F (DFn, DFd) P value 

 
Temperature 263.6 2 131.8 F (1.278, 6.391) = 23.52 P=0.0018 

 
Environment 3.46 1 3.46 F (1.000, 5.000) = 3.149 P=0.1361 

 
Temperature x Environment 1.503 2 0.7515 F (1.548, 7.738) = 1.691 P=0.2423 

 
Coral x Temperature 56.04 10 5.604     

 
Coral x Environment 5.492 5 1.098     

 
Coral 34.03 5 6.807     

 
Residual 4.445 10 0.4445     

 
       
       
k) 

      
CBASS_Chlorophyll a (ug/cm2) Wild     Nursery     
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Temperature Mean SEM N Mean SEM N 

31 5.3 1.0 6 5.2 0.8 6 

34 0.8 0.2 6 1.7 0.6 6 

37 0.2 0.1 6 0.5 0.2 6 

       
       
Table Analyzed CBASS_Chlorophyll a (ug/cm2)_Col: _Grouped: RM Two-way ANOVA 

 
            

 
Two-way RM ANOVA Matching: Both factors       

 
Assume sphericity? No         

 
Alpha 0.05         

 
            

 

Source of Variation 
% of total 
variation P value 

P value 
summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 72.18 0.001 *** Yes 0.6786 

 
Environment 0.6887 0.265 ns No 1 

 
Temperature x Environment 0.6659 0.2087 ns No 0.6244 

 
Coral x Temperature 13.49         

 
Coral x Environment 2.187         

 
Coral 9.131         

 
            

 
ANOVA table SS DF MS F (DFn, DFd) P value 

 
Temperature 164.2 2 82.09 F (1.357, 6.786) = 26.75 P=0.0010 

 
Environment 1.567 1 1.567 F (1.000, 5.000) = 1.574 P=0.2650 
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Temperature x Environment 1.515 2 0.7574 F (1.249, 6.244) = 2.006 P=0.2087 
 

Coral x Temperature 30.69 10 3.069     
 

Coral x Environment 4.976 5 0.9951     
 

Coral 20.77 5 4.154     
 

Residual 3.776 10 0.3776     
 

       
       
l) 

      
CBASS_Chlorophyll c2 (ug/cm2) Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 1.31 0.19 6 1.6 0.4 6 

34 0.19 0.06 6 0.4 0.2 6 

37 0.13 0.06 6 0.2 0.1 6 

       
       
Table Analyzed CBASS_Chlorophyll c2 (ug/cm2)_Grouped: RM Two-way ANOVA   

 
            

 
Two-way RM ANOVA Matching: Both factors       

 
Assume sphericity? No         

 
Alpha 0.05         

 
            

 

Source of Variation 
% of total 
variation P value 

P value 
summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 57.85 0.0109 * Yes 0.5597 
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Environment 1.806 0.1149 ns No 1 
 

Temperature x Environment 0.2382 0.7467 ns No 0.6474 
 

Coral x Temperature 21.5         
 

Coral x Environment 2.485         
 

Coral 9.516         
 

            
 

ANOVA table SS DF MS F (DFn, DFd) P value 
 

Temperature 11.79 2 5.894 F (1.119, 5.597) = 13.46 P=0.0109 
 

Environment 0.368 1 0.368 F (1.000, 5.000) = 3.634 P=0.1149 
 

Temperature x Environment 0.04854 2 0.02427 F (1.295, 6.474) = 0.1803 P=0.7467 
 

Coral x Temperature 4.38 10 0.438     
 

Coral x Environment 0.5064 5 0.1013     
 

Coral 1.939 5 0.3878     
 

Residual 1.346 10 0.1346     
 

       
       
m) 

      
CBASS_Ratio (a : c2) Wild     Nursery     

Temperature Mean SEM N Mean SEM N 

31 3.9 0.2 6 3.9 0.6 6 

34 4.7 0.7 6 4.2 0.3 6 

37 1.7 0.4 6 2.4 0.5 6 
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Table Analyzed CBASS_Ratio (a : c2)_Grouped: RM Two-way ANOVA   
 

            
 

Two-way RM ANOVA Matching: Both factors       
 

Assume sphericity? No         
 

Alpha 0.05         
 

            
 

Source of Variation 
% of total 
variation P value 

P value 
summary Significant? Geisser-Greenhouse's epsilon 

 
Temperature 46.99 0.0112 * Yes 0.6991 

 
Environment 0.0461 0.8736 ns No 1 

 
Temperature x Environment 2.134 0.4432 ns No 0.5254 

 
Coral x Temperature 22.77         

 
Coral x Environment 8.227         

 
Coral 4.811         

 
            

 
ANOVA table SS DF MS F (DFn, DFd) P value 

 
Temperature 38.75 2 19.38 F (1.398, 6.991) = 10.32 P=0.0112 

 
Environment 0.03803 1 0.03803 F (1.000, 5.000) = 0.02802 P=0.8736 

 
Temperature x Environment 1.761 2 0.8803 F (1.051, 5.254) = 0.7103 P=0.4432 

 
Coral x Temperature 18.78 10 1.878     

 
Coral x Environment 6.786 5 1.357     

 
Coral 3.968 5 0.7936     

 
Residual 12.39 10 1.239     
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Table S3.5 Statistical comparison of relative potencies between the ED50 dose-response 
curves. Log-logistic dose-response curves of the donor (wild) and 12-month-propagated A. 
cf. hyacinthus (nursery) were compared through the R function “EDcomp”. 

Estimated ratios of effect 
doses 

    

 
Estimate 

Std. 
Error t-value p-value 

W/N:50/50 0,993995 46,598 
-

0,128868 0,897854 
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4. Abstract 

Coral carbonate production is fundamental to reef accretion and, consequently, the 

preservation of essential reef ecosystem services, such as wave attenuation and sustained reef 

biodiversity. However, the unprecedented loss of coral reefs from anthropogenic impacts has 

put these valuable ecosystem services at risk. To counteract this loss, active rehabilitation of 

degraded reef sites has accelerated globally. A variety of restoration practices exist, tailored 

to local site needs and reef types. For sites where there is a significant unconsolidated 

substrate, Mars Assisted Reef Restoration System (MARRS, or “Reef Stars”) has been 

utilised to contribute toward rubble stabilisation and reef accretion. However, the effect of the 

Reef Stars on the local carbonate budgets and structural complexity has not been assessed. 

For that purpose, we assess coral cover and reef complexity through a census-based approach 

to identify the contribution of carbonate producers and eroders alongside studying coral 

skeletal properties to estimate current carbonate budgets on a rehabilitated site compared to 

natural unrehabilitated reef and rubble patches on the mid-Great Barrier Reef. Our research 

identified positive ecological processes and ecological functions such as increased carbonate 

budget, coral cover and structural complexity at the restored site compared to the non-

intervened reef and rubble patches. In general, no impacts on skeletal rigour relative to this 

active reef restoration were found for two key coral species and the Acropora rubble for most 

of the skeletal traits. However, Pocillopora damicornis hardness seemed to decrease on the 

restored site compared to the other sites, demonstrating different performances of coral 

species during restoration activities that should be considered to maximise return-on-effort of 

restoration activities. Overall, our data demonstrate that consideration of carbonate budgets is 

important for measuring success of coral restoration initiatives and that coral restoration can 

be a relevant tool to recover lost local carbonate budgets. 
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4.1 Introduction 

Declines in live coral cover since the 1970s have dramatically slowed reef accretion on a 

global scale. Mean rates of contemporary reef carbonate production for the Caribbean are 

below mean historical and geological levels (Alvarez-Filip et al., 2009; Gardner et al., 2003; 

Perry et al., 2012). Similarly, Indo-Pacific reefs have been driven into net negative accretion 

states and reef structural collapse following coral mortality (Bak, 1990; Eakin, 1996), 

including recent bleaching-driven coral die-offs (Perry and Morgan, 2017). On the Great 

Barrier Reef (GBR), coral cover has been declining since the mid-1980s (De’Ath et al., 2012; 

Sweatman et al., 2011) from the combined effects of both local (e.g., coastal development; 

Halpern et al., 2008) and global (e.g., climate change; Hughes et al., 2018) stressors. Recent 

recurrent episodes of mass bleaching (i.e., four major events between 2016 and 2022), 

corresponding with extreme thermal anomalies in 2016, 2017, 2020, and notably the first 

documented mass bleaching event under La Niña cool conditions in 2022, have driven coral 

cover to all-time lows (e.g., Hughes et al., 2021, 2017). Despite catastrophic coral loss, only a 

few studies have investigated changes to reef carbonate budgets (i.e., balance between rates 

of carbonate production and erosion) for the GBR, often focussing on a particular organism, 

process, or environmental condition, such as the calcareous green alga Halimeda (Castro-

Sanguino et al., 2020; Rees et al., 2007), bioerosion activity (Aline, 2008; Tribollet and 

Golubic, 2005), highly turbid reefs (Browne et al., 2013), and island geomorphological 

habitats (Brown et al., 2021). So far, few studies have focussed on carbonate budgets in the 

Southern and Middle GBR regions; therefore, knowledge of the entire GBR is wholly 

lacking. 
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Hard (scleractinian) corals are the main contributors to the structure and function of coral reef 

ecosystems, providing (1) reef accretion (Perry et al., 2013), (2) habitat structure (Alvarez-

Filip et al., 2009; Graham et al., 2006), and (3) biogeochemical cycling (Cole et al., 2008; 

Goreau et al., 1979; Wild et al., 2004). Fundamental to the provision of these features is 

carbonate production. Scleractinian corals undergo skeletogenesis (Al-Horani, 2015) to 

rapidly precipitate calcium carbonate (CaCO3) (reviewed in McCulloch et al., 2017) that — 

on a community level — results in the reef framework. CaCO3 production is continuously 

exposed to both biological (associated with fish and invertebrate grazing and endolithic 

borers) and physical (e.g., storm disturbance) agents of reef bioerosion (Perry and Hepburn, 

2008) that ultimately comprise the net three-dimensional structure and function of the reef 

(Leggat et al., 2019). Healthy-functioning reef systems in effect self-repair, balancing growth 

(carbonate production) with erosion processes (UNEP-WCMC, 2006); consequently, 

stressors that tip the balance in carbonate production versus loss will inevitably undermine 

the many ecosystem services that reef structure provides (Pratchett et al., 2021), both directly 

as wave attenuation and shoreline protection for coastal communities (Storlazzi et al., 2018; 

Yates et al., 2017) and indirectly via reef habitat structure (Perry et al., 2013; Perry and 

Morgan, 2017) as fisheries productivity (Bell et al., 2013; Rogers et al., 2014, 2018) and 

biodiversity (Stuart-Smith et al., 2018; Wilson et al., 2006). 

 

To counteract rapidly declining coral cover, global management approaches are expanding 

beyond traditional protection (and stress mitigation) practices to include proactive 

interventions (e.g., Shaver et al., 2022; Suggett and Van Oppen, 2022) aimed at recovering 

reef ecosystem services (Hein et al., 2021). Measurements of restoration success have 

conventionally been evaluated via two coarse metrics of coral growth and survivorship 

(Boström-Einarsson et al., 2020; Hein et al., 2017; Nuñez Lendo et al., 2023, Chapter 2), 
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even though restoration goals are often centred on recovering broader ecosystem service 

value attributes (Hein et al., 2021, Shaver et al. 2022). As such, how restoration activities 

may impact healthy reef functioning — in terms of long-term consequences for different 

ecosystem service attributes — remains hard to ascertain. Maintaining desirable features such 

as high coral cover, structural complexity, and fish biomass are common conservation 

objectives. Even so, the processes underpinning these features (including calcium carbonate 

dynamics) are poorly defined and understood (Brandl et al., 2019). For example, trade-offs in 

resource acquisition and partitioning that potentially regulate growth versus survival may 

yield very different outcomes towards factors governing reef accretion and structural integrity 

(Nuñez Lendo et al., 2023, Chapter 2). For reef restoration programs focused on regaining 

reef structure and function, resolving goal-relevant metrics, such as carbonate production and 

coral skeletal traits, will therefore be critical to actually evaluate success. 

 

Reef restoration methods span multiple disciplines ranging from coral biology and ecology to 

ecological modelling and geoengineering (Suggett and van Oppen, 2022). Where reef 

substrates have become unconsolidated — through blast fishing or framework collapse 

following mass bleaching or cyclone disturbance (Harmelin-Vivien, 1994; Leggat et al., 

2019) — restoration often requires substrate enhancement to initiate regrowth (Ceccarelli et 

al., 2020). For example, practices that use mesh or netting over the rubble to boost natural 

binding and cementation processes (Raymundo et al., 2007), or rock piles placed on rubble 

fields to stabilise loose reef substrate (Fox et al., 2019). Such activities can significantly boost 

coral cover compared to neighbouring non-stabilised reefs (Fox et al., 2019). One example of 

substrate stabilisation that has recently gained popularity is the so-called MARRS (Mars 

Assisted Reef Restoration System, or “Reef Stars”), which are hexagonal-shaped structures 

made of reinforcing steel rods that each enclose an area of 0.337 m2, and are interconnected 
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with cable ties in a web to cover large areas (Fig. S4.1; Williams et al., 2019). Reef Stars 

have been successfully used in Indonesia following physical damage caused by blast fishing 

and are in one of the world’s largest restored reef efforts to date (Lamont et al., 2022; 

Williams et al., 2019). This successful example of a restored degraded area initially extended 

to 7,000 km2 of stabilised coral rubble by using around 198,000 coral fragments on 11,000 

Reef Stars (Williams et al., 2019). 

 

Reef Stars were first installed on the GBR as part of a broader restoration plan for Moore 

Reef (central GBR) to stabilise an accumulated coral rubble field produced from the 2011 

Cyclone Yasi. A set of 87 Reef Stars (named also “Block A2” to differentiate from other 

installations) holding corals of opportunity was installed in October 2020. By March 2023, a 

total of 439 Reef Stars have been completed, with 6,471 coral fragments of opportunity. 

Whilst ecological recovery from this and other Reef Stars installations is already evident 

(Fig. 4.1) — and is the focus of other ongoing research — the impact towards changes in reef 

accretion and structural rigour (i.e., coral density, porosity, and hardness) remains unknown. 

As such, we examined the Moore Reef installation as a novel means to identify how this reef 

stabilisation approach impacts the rate of reef-structure gain (or loss) compared to 

neighbouring non-restored reef controls via the balance of constructional (i.e., calcification) 

and de-constructional (i.e., erosion) processes (Hubbard et al., 1990; Perry et al., 2012; 

Scoffin et al., 1980; Stearn et al., 1977) and therefore resolve carbonate budgets (Lange et al., 

2020). We specifically document spatial variability in carbonate budgets using a census-

based approach (see a schematic view in Fig. 4.2; Perry et al. 2012) in which rates of 

carbonate production and erosion were estimated for three reef sites (i.e., at a 16 month 

restored reef site using the Reef Stars; a nearby representative natural reef; and a degraded 

area represented by coral rubble). We further studied the skeletal properties — bulk volume, 

https://aslopubs.onlinelibrary.wiley.com/doi/full/10.1002/lno.11184#lno11184-bib-0055
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biomineral density, bulk density, pore volume, apparent (internal) porosity, and hardness — 

of the dominant calcifying biota (i.e., coral), focussing on the main coral species in Moore 

Reef (Acropora intermedia and Pocillopora damicornis) alongside branching Acropora 

rubble (which was dominantly present in the study area). For this approach, we identified 

how reef stabilisation can enhance accretion by 6-29% compared to unrestored sites, and we 

discuss how this approach potentially provides critical means for practitioners to evaluate 

wider ecosystem service values attained through restoration. 
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A)           D) 

        

B)           E) 

        

C)           F) 

        

Figure 4.1 Moore Reef study sites. In February 2021, (A) Natural healthy-looking representative 
neighbouring reef with high coral cover (positive control, ‘PC’) (B) View of a 11-year-old rubble field, 
created by Cyclone Yasi without rehabilitation (negative control, ‘NC’) (C) Stabilisation reef plot, showing 
the Reef Stars structures holding corals of opportunity (4 months post-installation). Approximately 11 
months later (December 2021), same reef sites ‘PC’, ‘NC’, and ‘E’ (D-F). Note the high coral cover 
observed on the Reef Stars in the intervened rubble site ‘E’. Credits: Nuñez Lendo, C.I., and Mars 
Sustainable Solutions. 
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Figure 4.2 Schematic view of the methodology used to estimate coral reef carbonate budgets on the three studied Moore Reef sites. Our 
study was based on the Reef Budget methodology from Perry et al., (2012). Positive and negative contributions to reef accretion (production and 
erosion, respectively) are visualised. Specifically, net carbonate production [Equation 1], gross carbonate production [Equation 2], and gross 
bioerosion [Equation 3], and the main contributors to production and erosion processes. Credits: Nuñez Lendo, C.I. 
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4.2 Materials and Methods 

4.2.1 Study location 

MARRS Reef Stars were installed at Moore Reef (3–5 m depth), a mid-shelf patch reef 

located 50 km east of Cairns, in the central Great Barrier Reef (GBR), Australia (146° 14’ 

40.9’’E, 16°51’ 59.0’’S). Our study location (~2,000 m2) is an area divided into three sites 

(30 x 20 m), where each site is marked with star pickets at the corners corresponding to (i) a 

stabilised substrate section using the Reef Stars (Experimental, “E”), and two nearby sites of 

(ii) a rubble patch where no Reef Stars were deployed (negative control, “NC”), and (iii) a 

non-intervened healthy-looking representative neighbouring reef area with high coral cover 

and diversity (positive control, “PC”) (Fig. S4.2). Herein we refer to Reef Stars, rubble, and 

reef site, as their abbreviations, E, NC and PC. Two months post-deployment hard coral 

cover on all sites was below 50% (25.8, 32.3 and 39.3% for the NC, PC, and E sites) (AM, 

FN, and EEF, Pers. Comm.). 

 

On October 22, 2020, Mars Sustainable Solutions and partners deployed a set of 87 Reef 

Stars (the so-called Block A2 with ~29.32 m2) with attached coral fragments (i.e., corals of 

opportunity, mainly Acropora and Pocillopora spp.). Whilst additional Reef Stars 

installations have been conducted, COVID-19 restrictions meant that our study site could 

only be first accessed in February 2021 (six months post-installation), and during this time, 

we took initial imagery data for coral growth. We revisited the study site after a 12-month 

period (February 2022) to examine the Reef Stars’ effects on reef accretion (including hard 

coral cover, rugosity, carbonate budgets, skeletal properties of key coral taxa, and growth). 
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Temperature HOBOTM loggers (1-h logging interval) were deployed in February 2021 to 

track key environmental variance over the 12 months of growth but unfortunately failed after 

8 months. Therefore, additional environmental data for the entire 12-month study period were 

extracted from GIOVANNI online system for satellite-derived data maintained by NASA 

(https://giovanni.gsfc.nasa.gov/giovanni/). Sea surface temperature (SST) was obtained using 

monthly area-averaging bounded to 146° 14’ 40.9’’E, 16°51’ 59.0’’S (Moore Reef) between 

the beginning of the monitoring (February 2021) and the end of the experiment (February 

2022). SST data from HOBOTM loggers for the reef and MARRS/rubble sites was therefore 

overlayed onto that derived from Giovanni SST data for Moore Reef (Fig. S4.3). 

 

4.2.2 Experimental design 

In February 2022, a commonly applied census-based approach was undertaken to characterise 

benthos and determine the carbonate budget for the E, NC, and PC sites (i.e., restored, 

negative, and positive control sites; Perry et al., 2012). The Reef Budget methodology is 

detailed in the section below. In addition, coral fragments (< 5 cm; two coral species, n = 5 

each) were collected from the inner side (avoiding cutting eroded fragments from the outer 

edge) of randomly selected colonies using steel pliers and stored in individual Ziploc bags. 

Once on board the research vessel, the collected fragments were firstly immersed in 

freshwater followed by sodium hypochlorite to remove coral tissue for subsequent analysis of 

skeletal properties of bulk volume, biomineral density, bulk density, pore volume, apparent 

(internal) porosity, and hardness (Fantazzini et al., 2015; Leggat et al., 2019; Madin et al., 

2016b). Data on Acropora spp. coral growth was obtained by underwater photographs 

(Lirman et al., 2014; Siebeck et al., 2006) in February 2021 and 2022 (1-year growth period). 

The various methods for these attributes are detailed in the following sections.  

https://giovanni.gsfc.nasa.gov/giovanni/
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4.2.3 Coral reef carbonate budgets and benthic characterisation  

We developed carbonate budgets using an adapted version of the Reef Budget protocol (Perry 

et al., 2012), a census-based approach that quantifies cover/abundance of carbonate- (CaCO3) 

producing (corals and crustose coralline algae (CCA)) and bioeroding taxa (urchins, 

parrotfish and micro- and macro-endolithic taxa), and combines these data with already 

published measures of species/genera CaCO3 production and erosion rates to calculate net 

carbonate budget. 

 

We estimated both gross carbonate production and bioerosion rates, and the resultant net 

carbonate production (G = kg CaCO3 m−2 yr−1) on each site (E, NC, and PC) in February 

2022 using 3 x 10 m transects, each separated by 5–10 m, with which to collect all relevant 

data (except parrotfish data). Along each transect, benthic classes (hard/soft corals, CCA, 

rubble, other calcareous encrusters, and eroders) were determined following the Reef Budget 

taxa-specific codes (Appendix A, Reef Budget, Perry et al., 2012). Categories were 

photographed with an Olympus Stylus TOUGH TG-4 digital camera, and codes were noted 

on an underwater notebook. Within each meter of the 10 m transect, the distance (cm) 

covered by each benthic component immediately beneath the transect was measured using a 

short (~1 m) flexible tape. Sea urchin bioerosion was determined from the abundance and 

size of bioeroding urchins of the family Diadematidae (Diadema spp., and Echinothrix spp.) 

and the genera Echinometra, Echinostrephus, and Eucidaris, which was tallied 2 m either 

side of each 10 m transect (and hence a 40 m2 belt) (Bak, 1994, 1990). To complement 

bioerosion rates, we also collected data on fish abundance at each survey site by deploying 

additional belt transects (30 x 5 m, n = 3 separated by 5–10 m at each site) (Reef Budget, 

Perry et al., 2012). Initial and developmental phases of parrotfish species were tallied across 
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nine size classes as assigned based on fish fork length: 8–10 for the juvenile phase, 11– 20, 

21–30, 31–40 for the initial phase, and 11–20, 21–30, 31–40, 41–50, and 51–60 for the 

terminal phase. At site E only, due to the reduced size being 30 m x 20 m, the fish transect 

was placed in an S-shaped to ensure the surveys were only conducted on that habitat. 

 

Net (total) carbonate production (i.e., the carbonate budget) was estimated as the balance 

between gross carbonate production and gross bioerosion (see equations). 

 

[Eq. 1]  Net carbonate production = gross carbonate production – gross bioerosion 

[Eq. 2]  Gross carbonate production = hard coral carbonate production + CCA 

carbonate production 

[Eq. 3]  Gross bioerosion = macrobioerosion + microbioerosion + urchin bioerosion + 

parrotfish bioerosion 

 

Within this methodology, carbonate production is driven by hard corals and CCA, whereas 

macro- and microbioerosion are related to the substrate (dead reef substrate, sponge and CCA 

cover for macrobioerosion, or rock, sand and seagrass cover for microbioerosion) available 

for internal bioeroders (e.g., reef-dwelling organisms such as worms, bivalves and sponges) 

(Rice et al., 2020; Tribollet et al., 2002). External bioeroders, such as parrotfish and urchins, 

are also major contributors to the bioerosion of the reefs and, together with macro- and 

microbioerosion, constitute the gross bioerosion. 
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In February 2022, benthic characterisation was also carried out as part of the Reef Budget 

protocol (Perry et al., 2012) for each site, and this included metrics such as the benthic cover 

of major functional categories (hard and soft coral, CCA, sediment producers, macro- and 

turf algae, rubble, rock, limestone pavement, sand, and others), alongside estimating the 

rugosity (R; Equation 4) which is an index of surface roughness that is a common measure 

for quantifying landscape structural complexity (i.e., topographic heterogeneity) 

(McCormick, 1994). 

 

[Eq. 4]  R = Contoured distance / Planar distance (OR Contoured area / Planar area) 

 

4.2.4 Coral survival and growth 

Since most of the corals seeded on the Reef Stars in October 2020 belong to the genus 

Acropora (> 95%; compared to < 5% for Pocillopora spp.; Mars Sustainable Solutions pers. 

comm.), coral survival and growth was followed on the same Acropora fragments (n = 15) 

for 12 months. Coral fragments were photographed in situ using a GoPro Hero 8 digital 

camera together with a scale reference by SCUBA in February 2021 (T0) and 2022 (T12) on 

site E. Survival rate as the proportion of all initial coral individuals remaining over time (%) 

and growth rates for each coral were determined as the change in size (areal and linear 

extension) over this 12-month period (ΔG; cm2 y-1 and cm y-1) and averaged. 

 

4.2.5 Coral sampling and skeletal properties 

Two key coral taxa (Acropora intermedia and Pocillopora damicornis) at Moore Reef (and 

used to originally seed the Reef Stars) were targeted to study their skeletal properties. Whilst 
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P. damicornis was present at all sites, A. intermedia was not present in the rubble patch (NC) 

where this site was predominantly covered by dead branching Acropora spp. or rubble. 

Therefore, we collected Acropora “rubble” instead (its homolog but in a non-living state). 

Fragments (< 5 cm in length) of A. intermedia, P. damicornis and Acropora rubble were thus 

collected (n = 5 each) as follows: A. intermedia at the E and PC sites, P. damicornis at the E, 

PC, NC sites, and Acropora rubble only from the rubble patch (NC site). See Table S4.1 for 

details of the coral collection. 

 

Hardness testing was conducted using a Shore D Hardness Tester (TE-271) calibrated using 

reference material in accordance with the manufacturer’s recommendation (Vander Voort, 

1999) as per Leggat et al., (2019) on a coral fragment (< 2 cm) which was previously cleaned 

and dried. Hardness was consistently determined on the base of the branch for all fragments, 

with 10 measurements performed for each. In addition, the buoyant method applied for corals 

(adapted from Bucher et al., 1998; Jokiel et al., 1978), combined with the Archimedes 

principles, were used to test bulk volume, biomineral density, bulk density, pore volume, and 

apparent (internal) porosity on a second coral sample (< 2 cm) (Fantazzini et al., 2015). 

Briefly, the fragment was previously weighed to obtain the dry weight (DW; g) before being 

inserted in a glass vessel in a 50 °C water bath for two h under vacuum. The glass vessel was 

filled with Mili-Q to obtain the saturated weight (SW; g) of the coral, followed by the 

measurement of the buoyant weight (BW; g). Skeletal properties were extracted using the 

previous measurements and the density of water (ρH2O) at 20 °C (0.9982 g cm-3) as per the 

following equations: 

 

[Eq. 5]  VA = (ms - m)/ρH2O; the pore volume connected to the external surface (VA) 
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[Eq. 6]  VB = (ms - mh)/ ρH2O; the total volume occupied by the coral skeleton (called 

bulk volume) 

[Eq. 7]  PA = VA/VB = (ms - m)/(ms - mh); the apparent porosity (or effective or 

connected porosity, PA) (ratio of the pore volume connected to the external surface (VA) to 

VB) 

[Eq. 8]  db = m/VB; the bulk density (ratio of the mass to VB) 

[Eq. 9]  dr = m/(VB - VA); the biomineral density (ratio of the biomineral mass to 

biomineral volume, excluding pore volume connected to the external surface, also called real 

density or micro-density) 

 

4.2.6 Statistical analysis 

Data analyses were performed using Rstudio (version 1.4.1717) and GraphPad Prism (version 

9.1.2). Assumptions of normality were assessed visually via QQ plots and a Shapiro-Wilk’s 

test, and equal variances were assessed using Brown-Forsythe test (Shapiro and Wilk, 1965). 

Significance was set at p < 0.05 (for all tests), and the mean ± the standard error of the mean 

(SEM) was reported unless expressly noted. A series of analysis of variance (ANOVA) (or its 

non-parametric homolog, Kruskal-Wallis tests) with post hoc tests (Tukey or Dunn) were 

undertaken to compare each coral class (A. intermedia, P. damicornis and Acropora rubble) 

across sites (E, NC, and PC) for the skeletal traits, as well as comparing wild A. intermedia 

and P. damicornis fragments (from the PC site — the nearby healthy-looking-reef —) to 

observe potential natural interspecific differences. 
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4.3 Results 

4.3.1 Benthic cover and rugosity 

Three well-differentiated sites were studied on Moore Reef, (i) a stabilised substrate area 

using the MARRS Reef Stars (Experimental, “E”), and two nearby sites of (ii) a coral rubble 

substrate where no Reef Stars were installed (negative control, “NC”), and (iii) a non-

intervened healthy-looking representative neighbouring reef zone with high coral cover and 

diversity (positive control, “PC”). All sites contained variations in substrate type including 

rubble cover, live and dead coral cover, primary or major secondary carbonate producers (i.e., 

corals, and CCA), and coral morphology. In February 2022, the benthic cover of major 

functional categories (e.g., hard and soft coral, crustose coralline algae (CCA), turf, rubble, 

limestone pavement; Fig. S4.4) was estimated (Reef Budget, Perry et al., 2012). Relatively 

high hard and soft coral cover (47.5 ± 3.8 and 22.5 ± 4.0 %, n = 3 each) alongside turf algae 

mats (25.1 ± 7.2 %, n = 3) were observed in the non-intervened reef site (PC). The non-

restored impacted site (NC) was characterised by an open framework of rubble (84.7 ± 2.5 %, 

n = 3) and low hard coral cover (14.9 ± 2.4 %, n = 3). In contrast to both control sites, the 

MARRS restored site (E) had a high hard coral cover of 98.0 ± 2.0 % (n = 3), where the 

initial rubble patch became negligible (2.0 ± 2.0 %, n = 3) after 16 months of Reef Stars 

installation (Fig. 4.3A). High coral cover present in the site E consisted mainly of Acropora 

spp. (95.5 ± 3.9 %, n = 3) (in descending order, branching (47.7 ± 23.9 %, n = 3), 

corymbose/digitate (37.8 ± 30.5 %, n = 3), tabular (5.1 ± 3.2 %, n = 3), and 

hispidiose/arborescent (4.9 ± 3.2 %, n = 3) growth forms). Coral diversity was also 

dominated by Acropora spp. on the site PC (64.7 ± 11.9 %, n = 3), where 37.7 ± 0.8 % (n = 

3) were corymbose/digitate, followed by 25.5 ± 12.8 % (n = 3) hispidiose/arborescent, tabular 

(1.2 ± 1.2 %, n = 3) and branching (0.3 ± 0.3 %, n = 3) morphologies. The low hard coral 

cover present at the site NC consisted of 11.8 ± 1.9 % Acropora spp., where 6.7 ± 0.4, 4.5 ± 
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2.3, and 0.6 ± 0.6 (n = 3 each) corresponded to hispidiose/arborescent, corymbose/digitate, 

and branching morphologies, respectively. 
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Figure 4.3 Average hard coral cover and rugosity. (A) Hard coral cover (%) and (B) 
rugosity index were estimated following the Reef Budget methodology (Perry et al., 2012) at 
the three studied sites, (i) Reef Stars (Experimental, ‘E’), (ii) a rubble patch (negative control, 
‘NC’), and (iii) a non-intervened healthy-looking representative neighbouring reef zone 
(positive control, ‘PC’) in February 2022 (16 months post-deployment of the Reef Stars). 
Means (n = 3 per reef site) (± SEM; standard error of the mean) were compared by analysis 
of variance (ANOVA) with post hoc Tukey tests (see main text) where **, ***, and **** 
indicate p ≤ 0.01, 0.001, and 0.0001, respectively. 

 

Rugosity (dimensionless) was higher at the Reef Stars restored site (E) compared to the two 

control sites (PC and NC). In increasing order, the rugosity index was as follows: 1.13 ± 0.03, 

1.43 ± 0.03, and 1.86 ± 0.06 for sites NC, PC, and E, respectively (Fig. 4.3B; one-way 

ANOVA, F(2,6) = 0.5, p < 0.0001; Tukey’s test PC-NC, PC-E, and NC-E, p = 0.0039, 0.0006, 

and < 0.0001, respectively).  
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4.3.2 Survivorship and growth 

Acropora spp. survivorship after 12 months was 100% ± 0.0 at the Reef Stars (E; n = 15) 

alongside a moderate (close to 50%) relative areal growth rate (ΔGA; % growth in cm2 y-1) 

over 12 months (43.9 ± 19.3) (Fig. S4.5A). This outcome was also observed in the relative 

increase in area covered by coral tissue (%), i.e., final areal size / initial starting size x 100 

(143.9 ± 19.3). However, the observed relative linear growth rate (ΔGL; % growth in cm y-1) 

appeared to be < 50% (27.5 ± 11.0) for this 12-month period. Of the 15 fragments examined, 

the highest areal growth rates were consistently observed for fragment #9 (from 27.6 to 78.6 

cm2 in the same period; see example in Fig. S4.5B-C).  

 

4.3.3 Net carbonate production 

Calculating net (total) carbonate production (i.e., the carbonate budget, G; kg CaCO3 m−2 

yr−1, Fig. 4.4A) using the Reef Budget census-based approach in February 2022, was 

estimated as the balance between gross carbonate production and gross bioerosion. Net 

carbonate production rates were significantly higher on reef site E compared to NC and PC 

sites. The unstabilised rubble patch (NC) was in a net negative carbonate budget state (-3.7 ± 

1.8), and hence carbonate production processes for this area were highly susceptible to 

bioerosion processes. The same site, but that underwent a restoration intervention using the 

Reef Stars (E), exhibited much higher net carbonate production (25.3 ± 1.0), a rate that was 

also higher than the nearby natural coral reef, which had a net carbonate budget of 4.3 ± 3.4. 
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Figure 4.4 Average (A) net and (B) gross carbonate production, and (C) gross 
bioerosion expressed in kg CaCO3 m−2 yr−1 (following the Reef Budget methodology, Perry 
et al., 2012) across Moore Reef studied sites, (i) Reef Stars (Experimental site, ‘E’), (ii) the 
negative control ‘NC’ constituted of unconsolidated coral rubble substrate, and (iii) the 
positive control ‘PC’ represented by a natural healthy-looking neighbouring reef area, in 
February 2022 (16 months post-installation of the Reef Stars). Means (n = 3 per site) were 
compared by analysis of variance (ANOVA) with post hoc Tukey tests (see main text) where 
ns indicates no statistical significance, and **, ***, and **** indicate p ≤ 0.01, 0.001, and 
0.0001, respectively. 

 

4.3.4 Gross carbonate production 

Higher gross carbonate production (G; kg CaCO3 m−2 yr−1) was evident for the site E (29.0 ± 

0.7), followed by the PC (8.6 ± 0.8) and NC (2.2 ± 0.3) sites. Carbonate production of the 

Reef Stars restored site (E) was 3.4 and 13.2 times higher than PC and NC sites, respectively, 

after 16 months post-deployment. This contrast was revealed as significant differences in 

gross carbonate production among sites (one-way ANOVA, F(2,6) = 488.4, p < 0.0001; 

Tukey’s test PC-NC, PC-E, and NC-E, p = 0.0009, < 0.0001, and < 0.0001, respectively; Fig. 

4.4B). Thus, even in the absence of bio-erosion, carbonate production remained much lower 

for the two control sites than compared to the Reef Star site, presumably reflecting the 

different extent of coral cover/diversity amongst the sites.   
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4.3.5 Gross bioerosion 

Bioerosion processes encompassed internal (micro- and macro-bioerosion) and external 

bioeroders (urchin and parrotfish bioerosion) (G; kg CaCO3 m−2 yr−1). In general, micro- and 

macro-borer erosion when combined was similar for all sites at ~0.5 (Fig. S4.6A) (one-way 

ANOVA, F(2,6) = 1.1, p = 0.4046). However, when considered individually, significant 

differences were evident for both erosion categories between sites (macrobioerosion, one-

way ANOVA, F(2,6) = 46.1, p = 0.0002; Tukey’s test PC-NC, PC-E, and NC-E, p = 0.0028, 

0.0227, and 0.0002, respectively, and microbioerosion, one-way ANOVA, F(2,6) = 88.0, p < 

0.0001; Tukey’s test PC-NC, PC-E, and NC-E, p = 0.0039, 0.0006, and < 0.0001, 

respectively; Fig. S4.6B-C). The Reef Star site (E) showed the highest microbioeroding rates 

(0.4877 ± 0.0149), followed by PC and NC sites (0.3744 ± 0.0071 and 0.2952 ± 0.0068, 

respectively). In contrast, higher macrobioerosion rates were found at the rubble site NC 

(0.2001 ± 0.0086), followed by negligible levels on sites PC and E (0.0833 ± 0.0217 and 

0.0082 ± 0.0081, respectively). 

 

Urchins were not observed across sites during the daytime surveys (0.0 individual/m2), and 

hence did not contribute to our gross bioerosion rates. The contribution of parrotfish to 

bioerosion was similar across sites and estimated, in ascending order, at 3.2 ± 1.3, 3.8 ± 2.6, 

and 5.4 ± 1.5 for the sites E, PC, and NC, respectively (one-way ANOVA, F(2,6) = 0.3, p = 

0.7202; Fig. S4.6D). Lastly, an overall gross bioerosion rate (the sum of parrotfish, urchin, 

macro- and microbioerosion rates, G; kg CaCO3 m−2 yr−) was calculated to be 3.7 ± 1.4, 4.3 ± 

2.6, and 5.9 ± 1.5 for E, PC, and NC, respectively. Despite the slightly higher gross 

bioerosion rates at NC, no significant differences were found among sites (one-way ANOVA, 

F(2,6) = 0.3, p = 0.7223; Fig. 4.4C).  
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4.3.6 Skeletal properties 

Skeletal traits (bulk volume, bulk density, biomineral density, pore volume, and apparent 

(internal) porosity) for both A. intermedia (living and non-living forms) and P. damicornis 

were generally consistent across the three experimental sites (Fig. 4.5A-E). The exception 

was hardness (HD) (one-way ANOVA, F(5,24) = 14.8, p < 0.0001). Fragments of P. 

damicornis had the lowest HD at the E site, where they were on the Reef Stars (36.3 ± 1.1) 

compared to those inhabiting the reef at the PC and NC sites (50.3 ± 1.4 and 44.1 ± 0.8; 

Tukey’s test PC-NC, PC-E, and NC-E, p = 0.0297, < 0.0001, and 0.0041, respectively; Fig. 

4.5F). Furthermore, the dead Acropora spp. rubble showed the lowest hardness (35.9 ± 2.4) 

compared to the alive A. intermedia fragments on the PC and E sites (42.0 ± 1.4 and 42.3 ± 

0.7; Tukey’s test PC-NC and NC-E, p = 0.0342, and 0.0223, respectively). Differences in 

pore volume (cm3) and apparent (internal) porosity (%) among wild A. intermedia and P. 

damicornis from the natural-healthy looking reef (PC) were also observed (0.8 ± 0.1 vs 0.4 ± 

0.0, and 80.2 ± 7.3 vs 31.9 ± 1.8, for A. intermedia vs P. damicornis, respectively; Tukey’s 

test, p = 0.0016 and 0.0099) alongside differences in HD (42.0 ± 1.4 vs 50.3 ± 1.4, 

respectively; Tukey’s test, p = 0.0021). Thus, overall, the Reef Stars did not appear to have 

an impact on coral skeletal properties examined, except for P. damicornis where HD was 

lowered. 
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Figure 4.5 Mean (± SEM) skeletal (A) bulk volume (cm3), (B) bulk density (g cm-3), (C) 
biomineral density (g cm-3), (D) pore volume (cm3), (E) apparent (internal) porosity 
(%), and (F) hardness (HD) of three dominant coral classes (Acropora intermedia, 
Acropora rubble, and Pocillopora damicornis) across sites: E, NC, and PC). All data are 
fragments (n = 5 for each group). Means (n = 3 per reef site) were compared by one-way 
analysis of variance (ANOVA) with post hoc Tukey tests (see main text) where ns indicates 
no statistical significance, and *, **, and **** indicate p ≤ 0.05, p ≤ 0.01, and p ≤ 0.0001.  
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4.4 Discussion 

Reef stabilisation approaches are becoming increasingly popular as means to aid reef 

recovery where reef structure has become unconsolidated (e.g., Ceccarelli et al., 2020); 

however, how these approaches potentially enhance carbonate budgets and the means for 

reefs to enhance accretion rates remains untested. Our results using Reef Stars provide new 

evidence that such practices can increase carbonate budgets, from our example of a degraded 

mid-shelf patch reef on the central Great Barrier Reef (GBR), in turn, highlighting the 

importance of carbonate budgets as a metric to evaluate coral restoration success. In doing so, 

we also present new estimates for carbonate budgets for representative Australian reef 

environments.  

 

Carbonate budgets (G = kg CaCO3 m−2 yr−1) we observed for the representative “healthy” 

control reef site (PC; 4.3 ± 3.4) were similar to values reported across the Indian Ocean (3.7; 

Perry et al., 2018) but surprisingly lower than turbid reefs on the central GBR (6.9-12.3 for 

Middle Reef and Paluma Shoals, respectively, Browne et al., 2013) and higher than for 

Western Australia (2.5 for Ningaloo Reef; Perry et al., 2018). All of these Australian reefs 

(including our studied reef) are characterised by similar gross carbonate production and hard 

coral cover but different coral community structure at the time of the study (Browne et al., 

2013; Perry et al., 2018). However, gross bioerosion rates (mainly driven by parrotfish 

eroding activity), were doubled in Moore Reef compared to the two turbid reef zones (4.3 vs 

1.51-1.62), which seems to explain the lower carbonate budget observed in our studied reef 

site. Whilst values for the carbonate production in Ningaloo Reef are considered amongst the 

highest contemporary budgets for the Indian Ocean (alongside those from Mozambique, 

Perry et al., 2018), they are lower than our study sites (and accompanied by ~3 times lower 
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bioerosion rates). However, this lower bioerosion for Ningaloo may reflect that the sites 

examined were deeper (8 m) compared to ours (3-5 m) and the associated coral community 

composition and associated fauna. 

 

At the restored site (E), the highly concentrated (e.g., 15 coral fragments per Reef Star, and 

so ~750 corals in 600 m2) deployment of typically fast-growing (e.g., branching Acropora 

spp.) corals resulted in a very high net carbonate budget (25.3 ± 1.0), and ~6 times higher 

than the carbonate budget of our representative “healthy” control site (PC; 4.3 ± 3.4). By 

including the NC rubble site within our experimental design, we demonstrated that without 

intervention, the rubble site — which is still evident post Cyclone Yasi 2011 — is in a state 

of net erosion (a net negative carbonate budget; -3.7 ± 1.8). Furthermore, rugosity, which is 

an important metric to describe reef habitat complexity (i.e., the structural changes that reefs 

undergo from coral renewal and mortality and balance between rates of carbonate bioerosion 

and production; Alvarez-Filip et al., 2009), was half that of the restored site (E). While our 

study only assesses the first 16 months of deployment, our data demonstrate that restoration 

structures, such as the MARRS Reef Stars, can positively enhance not only carbonate budgets 

and structural complexity (and the services they support, such as wave energy dissipation and 

habitat provision; Alvarez-Filip et al., 2011; Ferrario et al., 2014) on local reef sites but boost 

coral reef recovery that is often very low on rubble areas (Fox et al., 2019; Johns et al., 2018; 

Kenyon et al., 2020; Viehman et al., 2018). In the case of the NC site in our study, 11 years 

after Cyclone Yasi hit Moore Reef, the recovery trajectory of this unconsolidated reef patch 

(as seen by the number of small colonies and recruits on the rubble, and derived low 

carbonate production, 2.2 ± 0.3) cannot cope with the gross bioerosion processes (e.g., 

parrotfish erosion activity is intensified on the remaining/new small colonies; Huertas et al., 

2021)  or natural mortality of the corals when rubble moves (Kenyon et al., 2023). This 
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situation highlights that the balance in carbonate production versus loss will inevitably 

undermine the ecosystem services the reef structure provides (Pratchett et al., 2021) on 

Moore Reef unless a restoration intervention such as MARRS Reef Stars is taken place. To 

note that our study focused on a degraded reef originated by a cyclone, but there are more 

risks to coral calcification, and thus reef accretion, in the Anthropocene, including ocean 

acidification (Hoegh-Guldberg et al., 2017) and increased potential substrate loss post coral 

bleaching (Leggat et al., 2019). Thus, efforts to restore reefs and sustain CaCO3 production 

are important to be considered in restoration programs (Hughes et al., 2023). 

 

An important consideration for restoration activities is the selection of coral species. As 

observed for natural reef recovery (Lange and Perry, 2019), the community composition used 

in restoration will clearly influence the carbonate budget, rugosity and, ultimately, ecosystem 

service provision. Currently, the restored Moore Reef site use disproportionate fast-growing 

Acropora species that provide a high carbonate production and rugosity, but the lack of other 

coral growth forms could potentially come with other functional costs (e.g., Madin et al., 

2023). For example, acroporids have been observed to be generally less heat-tolerant than 

both massive and encrusting growth forms (e.g., Porites spp., the non-scleractinian Heliopora 

spp., Leptastrea spp.) during past bleaching events (Carroll et al., 2016; Loya et al., 2001; 

Marshall and Baird, 2000; McClanahan et al., 2002; Pratchett et al., 2013). However, 

restoring with slower growing (and architecturally less complex) taxa is likely less beneficial 

for sites in need of fast recovery in terms of carbonate budgets (e.g., Tortolero-Langarica et 

al., 2019) and sustaining biodiversity (Lirman et al., 2010; Nithyanandan et al., 2018; Tiddy 

et al., 2021; Xin et al., 2016), but also where Acropora spp. were preferentially lost during 

recent bleaching of the GBR (Hoogenboom et al., 2017). Including heat-resistant variants of 

coral species may still come at a cost to growth (Cornwell et al., 2021) within the restoration 
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strategy but could potentially confer reef resilience and maintain reef framework while 

allowing the more susceptible coral species to recover as well as still providing (modified but 

not lost) services such as coastal protection and fish productivity (e.g., Tortolero-Langarica et 

al., 2019). Moreover, rugosity as a proxy for reef habitat complexity can increase fish 

diversity (Santoso et al., 2022) but not necessarily cryptofauna. Several studies have 

highlighted enhanced invertebrate density and diversity in coral rubble compared to sites with 

high live coral cover (Enochs et al., 2011; Fraser et al., 2021; Nelson et al., 2016; Stella et al., 

2022; Wolfe et al., 2023). Therefore, restorative interventions through structures that support 

ecological communities (e.g., Reef Stars) should match the niche of target species, and this 

also includes the micro-habitat for reef-associated organisms (besides macro-habitat for coral 

species), thus, promoting habitat heterogeneity to enhance reef biodiversity and ecological 

functions (Bishop et al., 2022). 

 

Another factor that may ultimately drive the enhanced carbonate budgets observed for the 

Reef Stars is presumably the size of material used for restoration. When a sexually mature 

coral colony is fragmented below a certain size, resources are directed towards regrowth 

instead of reproduction (Lirman, 2000; Zakai et al., 2000). As such, the size and life stage 

(age) of corals used for restoration will inevitably impact the carbonate budgets retrieved as 

freshly fragmented coral show higher growth/regeneration (i.e., following trauma, corals 

undergo rapid tissue and skeletal repair; Bak, 1983; Chadwick and Loya, 1990; Loya, 1976; 

Meesters et al., 1994) than well-established adult coral colonies, which above a size 

threshold, shift resources from growth to sexual reproduction (Babcock, 1991; Kojis and 

Quinn, 2001; Soong, 1993). Larger coral size classes will further exercise more inter- and 

intraspecific competition for resources (e.g., space, food, light), thus limiting potential coral 

growth and survival (Box and Mumby, 2007; Evensen et al., 2015).  
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Most structural property traits examined in our study were not compromised within the 

experimental restored setting (E) for either A. intermedia or P. damicornis, yet a reduction in 

hardness for P. damicornis was detected when they were on the Reef Stars (E). Whilst the 

cause of the reduced hardness cannot be ascertained from our current data set, it potentially 

indicates a trade-off in resource acquisition and partitioning towards mineral deposition from 

an altered resource landscape on the Reef Stars (E). For example, calcium carbonate 

dissolution (not measured with the used Reef Budget methodology) reduces coral skeletal 

hardness and density after a marine heatwave event (Leggat et al., 2019) and varies according 

to reef environmental conditions (inshore vs offshore reefs, Aline, 2008). Coral restoration 

efforts in the Caribbean have also shown reduced coral skeletal density (while calcification 

rate was conserved and growth was enhanced) attributed to the grow-out method used (thus 

nursery environment) (Kuffner et al., 2017). Taken together, this evidence would suggest that 

species-specific trade-offs in physiological properties require measurements of success to 

include structural properties to robustly resolve whether ecosystem service value (e.g., reef 

accretionary potential) will be retained. Importantly, hardness was lower in Acropora spp. 

rubble compared to its living form (A. intermedia). New coral rubble (dead coral) is known to 

be very breakable (Davies and Hutchings, 1983; Greenstein and Pandolfi, 2003; Scoffin, 

1992), and hardness increases when crustose coralline algae (CCA) colonises the surface of 

the dead coral fragment. As such, 11 years post-cyclone, CCA colonisation on the coral 

rubble may still be in progress, again highlighting the importance of restoration interventions 

on reef sites with poor recovery trajectory. 

 

Macroerosion was expected to be low in the restored site (E) because of the lack of substrate 

susceptible to being eroded compared to the rubble patch (NC). Our study showed that 

macrobioerosion was lower at the restored site (E; contrary to microbioerosion, which was 
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higher) (0.0082 ± 0.0081 and 0.4877 ± 0.0149, respectively), but combined rates and 

parrotfish erosion rates (and hence gross bioerosion rates) were similar across reef sites 

suggesting that bioeroders did not drive differences amongst net carbonate budgets we 

observed. However, our results should be taken with caution as eroding activity has been 

observed to be intensified on the scarce new small coral colonies due to a lack of larger coral 

size classes (Huertas et al., 2021). Despite parrotfish bioerosion being similar across sites, the 

unique coral composition of each reef site is intimately related to unique fish assemblages 

(Chong-Seng et al., 2012), which will have different effects on the reef community. Also note 

that the lack of urchins during our daytime census might not fully resolve erosion rates since 

urchins are more active at night (Young and Bellwood, 2011). 

 

The census-based approach of the Reef Budget methodology (i.e., calculated from biota 

cover/abundance and taxa- or species-specific rates of growth/erosion) employed in our study 

is a frequent and globally used method to determine coral reefs carbonate budgets, and hence 

a useful means to inter-compare observations. Yet the methodology has assumptions that are 

acknowledged (e.g., potential error from using abundance snapshots, unconsidered 

lithification or dissolution processes, and limited spatial scale and depth; Lange et al., 2020). 

In the case of census-based net carbonate budgets (i.e., gross carbonate production – gross 

bioerosion) and chemistry-based net calcifications (i.e., balance between calcification and 

calcium carbonate dissolution), they quantify different processes at different spatial and 

temporal scales. Several studies have highlighted the significance of calcium carbonate 

dissolution within the reef framework and sediments in driving shifts in reef communities 

(Andersson et al., 2009; Cyronak et al., 2013; Tribble et al., 1990). Hence, coupling 

biogeochemical monitoring of coral reef state variables such as analysing the unique 

stoichiometry of elements (the so-called “elementome”; Grima et al., 2022; Peñuelas et al., 
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2019) or through chemistry-based net calcification (Broecker and Takahashi, 1966; Chisholm 

and Gattuso, 1991; Smith and Key, 1975) is highly recommended to improve census based 

assumptions (Courtney et al., 2022). 

 

Despite not having a tailor-made Reef Budget methodology for the GBR, the approach can (i) 

determine the relative contribution of different carbonate producers/eroders, (ii) allow spatial 

comparisons of different reef environments, and (iii) support other indices of reef 

functionality (e.g., rugosity) as has been successfully demonstrated at sites around the world 

(Courtney et al., 2022; Perry et al., 2018), and here for the first time in a restoration setting on 

the GBR. As such, within the context of reef restoration, and despite the need to tailor the 

methodology, there is clearly a benefit in expanding “best practice” to optimise return-on-

effort by integrating this method into restoration guides so practitioners can consider 

carbonate assessments from the onset of their restorative interventions. 

 

In 2019, the United Nations Environment Assembly adopted Resolution 4/13 on sustainable 

coral reefs management, requesting the United Nations Environment Programme (UNEP) 

and the International Coral Reef Initiative (ICRI) to better define best practices for coral 

restoration for the maintenance of ecosystem goods and services. However, reporting of 

success has primarily focused on a few metrics (e.g., coral growth and survival — see 

Suggett et al., 2019) rather than metrics related to ecosystem function and health (Boström-

Einarsson et al., 2020; Hein et al., 2017; Nuñez Lendo et al., 2023, Chapter 2), making it 

difficult to assess the success of restorative interventions in maintaining or restoring desirable 

ecosystem service value. Therefore, understanding the carbonate budget of both natural and 

restored reefs will become increasingly important as they continue to experience 
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environmental stress (e.g., tropical cyclones/hurricanes and changes in sea-surface 

temperature; Done, 1992; Glynn, 1984) in order to evaluate their capacity to provide essential 

ecosystem goods and services (e.g., coastal protection and fish nursery areas). 

 

4.5 Conclusion 

In conclusion, our finding highlights the relevance of using more goal-oriented metrics (e.g., 

carbonate budgets, rugosity, and skeletal properties) to evaluate restoration success 

depending on the desired returned ecosystem service (e.g., coastal protection and habitat 

provision). In doing this, we can assess if a restoration intervention is maintaining or 

restoring reef functioning and associated ecosystem services, which is the ultimate goal of 

restoration, and optimised return-on-effort.  
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4.7 Supplementary Material 

 

Figure S4.1 Diagram of a Mars Assisted Reef Restoration System (MARRS) Reef Star. 
The Reef Stars are hexagonal-shaped structures made of reinforcing steel rod and rust-
protected with a double coating (first fibreglass resin and then coarse beach sand or 
limestone). The perimeter of the Reef Star’s hexagon is 216 cm, covering an area of 0.337 
m2. The Reef Star is elevated by six ‘legs’ (each 15.6 cm), and the highest point above the 
reef substrate is 28 cm (in the middle of the Reef Star). Extracted from Williams et al., 
(2019). 
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Figure S4.2 Map of MARRS study site on Moore Reef, Great Barrier Reef, Australia. The 
location (~ 2,000 m2) targeted for restoration is an area divided into three zones (30 x 20 m), 
and each site is marked with star pickets at the corners, which correspond to a stabilised 
substrate section using the MARRS Reef Stars (Experimental, E). Two nearby sites, a rubble 
patch where no Reef Stars were deployed and that act as a negative control (NC), and a non-
intervened healthy-looking neighbouring reef area that has not been influenced by cyclones 
and possesses high coral cover and diversity (positive control, PC). Extracted from the 
Operational Procedure for Reef Star installation, maintenance and monitoring (GBR Biology, 
2021). 
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Figure S4.3 Sea Surface Temperatures (SST, °C) for Moore Reef (mean ± SEM; standard 
error of the mean, n = 13 and 8 months, respectively). Satellite-derived data (MODIS-aqua) 
was extracted from the GIOVANNI online system maintained by NASA 
(https://giovanni.gsfc.nasa.gov/giovanni/). SST were obtained using monthly area-averaging 
bounded to 146° 14’ 40.9’’E, 16°51’ 59.0’’S between February 2021 (Reef Stars’ first 
monitoring) and February 2022 (16 months post-deployment of the Reef Stars), 
encompassing the entire Moore Reef of ca. 30 km2 for a year; black line. Imposed onto the 
SST are the mean monthly SST recorded by the HOBO logger (every 1 h) from February 
2021 to February 2022 at the Moore Reef; dashed line.  
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Figure S4.4 Average benthic cover (%). Benthic cover of major functional categories, 
including hard coral, crustose coralline algae (CCA), sediment producers, soft corals, 
macroalgae, turf, rubble, rock, limestone pavement, sand, and others, was estimated 
following the Reef Budget (Perry et al., 2012) at the three studied sites, (i) Reef Stars 
(Experimental, ‘E’), (ii) a rubble patch (negative control, ‘NC’), and (iii) a non-intervened 
healthy-looking representative neighbouring reef zone (positive control, ‘PC’) in February 
2022 (16 months post-deployment of the Reef Stars).
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Figure S4.5 Mean (± SEM) (A) survivorship (%), relative linear and areal growth rate 
(% growth in cm and cm2 yr-1, respectively), and relative increase in area covered by 
coral tissue (%) of coral fragments held on the Reef Stars (experimental site, E) for a 
12-month period. All data are fragments of Acropora spp. (n = 15). Reef Stars’ corals 
derived from star #15 with an initial averaged area of 77.3 cm2 in February 2021 (B) and 12 
months after on the same Reef Star, corals were on average 1.4 times higher (106.4 cm2) 
compared to its initial size (C). Note that fragment #9 was three times higher (from 27.6 to 
78.6 cm2) in the same period. 
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Figure S4.6 Mean (± SEM) (A) macro- and microbierosion, (B) macrobioerosion, (C) 
microbioerosion, parrotfish (D) bioerosion, (E) density and (F) biomass across Moore 
Reef studied sites. The three studied sites were (i) the restored site using Reef Stars 
(Experimental, ‘E’), (ii) a rubble field (negative control, ‘NC’), and (iii) a non-intervened 
healthy-looking representative neighbouring reef site (positive control, ‘PC’) in February 
2022 (16 months post-installation of the Reef Stars). Bioerosion rates are expressed in kg 
CaCO3 m−2 yr−1, and density and biomass as abundance or kg hectacte-1, respectively. 
Urchins were not present across sites (0.0 individual/m2); hence, their bioerosion contribution 
is not plotted. Means (n = 3 per reef site) were compared by analysis of variance (ANOVA) 
with post hoc Tukey tests (see main text) where ns indicates no statistical significance, and *, 
**, ***, and **** indicate p ≤ 0.05, 0.01, 0.001, and 0.0001, respectively. 
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Table S4.1 Coral individuals collected in February 2022 to study their skeletal 
properties. Acropora intermedia, Acropora spp. rubble, and Pocillopora damicornis are 
represented in light blue, mid-blue, and orange, respectively. The reef site where the corals 
were collected from is also provided in the table. Moore Reef studied sites consisted of (i) 
Reef Stars (Experimental site, ‘E’), (ii) the negative control ‘NC’ constituted of 
unconsolidated coral rubble mat, and (iii) the positive control ‘PC’ represented by a natural 
healthy-looking neighbouring reef area. In detail, fragments (< 5 cm in length) of A. 
intermedia, P. damicornis and rubble were collected at each site (n = 5 each) as follows: A. 
intermedia at the E and PC sites, P. damicornis at the E, PC, NC sites, and Acropora rubble 
only from the rubble patch (NC site), in February 2022 (16 months post-deployment of the 
Reef Stars). 

 

 

  

Coral spp. Reef site origin No of individuals Analysis 

A. intermedia E  5 Coral skeletal 
properties: bulk 
volume, biomineral 
density, bulk density, 
pore volume, 
apparent (internal) 
porosity, and 
hardness 

A. intermedia PC  5 

Acropora spp. rubble NC 5 

P. damicornis E 5 

P. damicornis PC 5 

P.damicornis NC 5 
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Chapter 5 General Discussion 

Synthesis of results, future directions, and conclusions 

 

5.1 Summary 

Coral and/or reef restoration has increased in both need and popularity in response to the 

recent drastic decline in global coral populations (Hein et al., 2021; Kleypas et al., 2021), and 

since 2017 on the Great Barrier Reef (GBR, Australia) (McLeod et al., 2022). Recent coral 

restoration methods on the GBR have particularly adopted coral propagation and out-planting 

methods alongside substrate stabilisation (McLeod et al., 2022). Whilst these various 

methods diverge in terms of approach, they share the primary goal to increase coral cover at 

individual degraded reef sites (Bowden-Kerby, 2001; Rinkevich, 2015; Rinkevich, 1995; 

Young et al., 2012), and hence are considered “targeted” restoration. Success of such 

restoration efforts has traditionally been evaluated using common metrics of coral growth and 

survivorship (Boström-Einarsson et al., 2020; Hein et al., 2017; Lirman and Schopmeyer, 

2016; Suggett et al., 2019), including recent restoration activities conducted on the GBR 

(e.g., Howlett et al., 2023, 2022; Roper et al., 2022), and only in some exceptional examples 

has success rested on ecological metrics (e.g., Calle-Triviño et al., 2021; Harrison et al., 

2021; Hein et al., 2020). The ultimate restoration goals are often centred on maintaining or 

recovering a functionally healthy, and self-sustaining, reef ecosystem and associated service 

values. Consequently, there remains a vast mismatch between restoration current success 

metrics and goals, as well as uncertainty surrounding how restoration activities may impact 

coral reef performance, functionality and associated services, and resilience (Boström-

Einarsson et al., 2020; Hein et al., 2021, 2017).  
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My PhD aimed to overcome this fundamental gap in knowledge associated with the growing 

interest in coral restoration; specifically, I evaluated the biological and ecological “success” 

of novel coral restoration efforts on the GBR by developing a holistic multi-trait 

measurement approach based on a broader range of coral traits beyond survival and growth. 

This multi-trait approach has facilitated the identification of key traits that better describe 

“success” during coral reef restoration techniques that more meaningfully contribute to 

desired ecosystem service outcomes. In particular, my research findings have provided new 

insights into the impacts of recent coral restoration practices on the GBR at the level of coral 

and/or reef performance, functioning, associated services, and resilience (Fig. 5.1). I 

evaluated the success of novel active reef management approaches that focus on coral 

propagation and outplanting, and rubble stabilisation to enhance reef accretion at a local 

scale. Specifically, building on actual GBR restoration activities that are showing immense 

promise to aid ongoing management (McLeod et al., 2022) of the (i) “Coral Nurture 

Program” (CNP) — a world-first partnership between tourism operators and scientists to up-

scale coral restoration practices and identify high-value reef sites that can be managed by 

local stewardship (Howlett et al., 2022) — and (ii) Mars Incorporated “Mars Assisted Reef 

Restoration System (MARRS)”, a global enterprise that specialises in stabilising large areas 

of unconsolidated rubble to boost coral recruitment (Williams et al., 2019). 

 



233 
 

 

Figure 5.1 Schematic representation of some knowledge gaps regarding the impacts of coral 
reef restoration practices. Continuous arrows indicate traits or metrics that are acknowledged 
to inform coral reef restoration practices. Dotted arrows accompanied by violet text in 
capitals show aspects of coral restoration found in minimal studies (or even not considered 
yet) that have been addressed in the three Chapters of this PhD thesis. 

 

5.2 Impacts of coral reef restoration practices to inform success  

Throughout my thesis, I have identified how coral nursery propagation and substrate 

stabilisation impact coral biology and reef ecology, including those features (or traits) that are 

the foundation of reef services; as such, these provide, in effect, new goal-oriented metrics to 

evaluate the success of coral restoration interventions (Fig. 5.1). I conducted the first multi-

trait assessment of coral nursery propagation success. Here, evaluation of 90 functional traits 

was pivotal in demonstrating how coral nurseries can effectively increase coral biomass 

without potentially impacting traits indicative of essential ecosystem services such as 

biogeochemical cycling and wave attenuation (Nuñez Lendo et al., 2023, Chapter 2; Fig. 

5.1). These findings were achieved by integrating traits related to elemental composition 

(C:N:P:X; i.e., carbon [C] with nitrogen [N], phosphorus [P] and other elements [X]), and 
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skeletal properties that have previously only been used in coral biology studies (e.g., 

Fantazzini et al., 2015; Grima et al., 2022) but not applied to coral restoration practices. My 

approach also highlighted that photobiological and energetic traits — critical for coral reef 

functioning and resilience (Chapron et al., 2022; Nitschke et al., 2018; Rodrigues and 

Grottoli, 2007; Warner and Suggett, 2016) — were well-sustained by nursery propagation 

(Nuñez Lendo et al., 2023, Chapter 2; Fig. 5.1). In fact, faster coral growth within nurseries 

was accompanied by higher photosynthesis, respiration, and calcification rates (i.e., enhanced 

metabolism) (Nuñez Lendo et al., 2023, Chapter 2; Fig. 5.1). Collectively, my novel multi-

trait-based approach was critical in revealing the biological machinery (and thus functional 

traits) supporting fast-tracked coral growth through nursery propagation, and hence useful to 

consider for propagation success (Nuñez Lendo et al., 2023, Chapter 2). 

 

A broader picture of the impact of nursery propagation on coral fitness was achieved through 

subsequent consideration of metrics related to thermal resilience (i.e., bleaching 

susceptibility) (Chapter 3). Heat-stress response of high growth- and metabolic-enhanced 

nursery corals vs their wild donors was evaluated for the first time through the Coral 

Bleaching Automated Stress System (CBASS, Voolstra et al., 2020) (Chapter 3). Exposure 

to controlled acute thermal stress demonstrated that nursery corals displayed similar thermal 

tolerance to their donor colonies; as such, bleaching susceptibility was not impacted during 

nursery propagation (Chapter 3) despite enhanced metabolism and growth — processes that 

have previously been suggested to come at a cost to thermal tolerance for the species I 

investigated (Acropora hyacinthus; Cornwell et al., 2021). Bio-physical and photo-

physiological metrics — common traits used to assess the effect of thermal stress on coral 

performance, functioning, and resilience (Nitschke et al., 2018) — all responded in a similar 

manner between nursery and donor material (Chapter 3). However, somewhat surprisingly, 
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despite small but insignificant differences in thermal tolerance among nursery and their wild 

donor corals, half of the nursery corals displayed a larger range in photosynthetic efficiency 

values (i.e., ~2-3 higher thermotolerance) compared to the respective donor colonies at the 

end of high-temperature treatment (i.e., 34 °C), suggesting some genotypic-variance in 

response that was masked by the relatively low sample size (Chapter 3). 

 

My focus subsequently shifted from nursery propagation to the use of the MARRS structures 

to both stabilise substrate and propagate coral in parallel (Nuñez Lendo et al., 2024, Chapter 

4). I demonstrated that MARRS resulted in remarkably enhanced reef accretion (i.e., high net 

carbonate budget) over a short period of time (16 months) compared to a nearby control reef 

site (Nuñez Lendo et al., 2024, Chapter 4). My research findings highlight the capacity of 

restoration interventions such as MARRS to regain coral cover, positive net reef accretion, 

and complexity of reef sites with poor recovery trajectory (Nuñez Lendo et al., 2024, 

Chapter 4). Through this work, I laid down the basis for improvement of traits indicative of 

an essential ecosystem service — wave attenuation (i.e., coastal protection Toth et al., 2023; 

Webb et al., 2023) — through the recovery of the three-dimensional structure of the reef. By 

integrating other metrics related to skeletal properties, I confirmed that species-specific trade-

offs in functional traits (e.g., decreased skeletal hardness) could occur when selecting 

different coral species in restoration activities (Nuñez Lendo et al., 2024, Chapter 4). Thus, 

measurements of success should also include structural properties to robustly resolve whether 

ecosystem service values, such as reef accretionary potential, are retained during restoration 

efforts (Nuñez Lendo et al., 2024, Chapter 4). Furthermore, appropriate selection of coral 

species will be critical where different coral communities will retrieve species-specific 

carbonate budgets and potential trade-offs in functional traits (Nuñez Lendo et al., 2024, 

2023, Chapter 2 and Chapter 4).  
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In this final Chapter, I synthesise these results from Chapters 2-4 to propose a new 

framework for how to evaluate future coral restoration efforts aimed at establishing self-

sustaining coral populations to advance reef recovery (Hein et al., 2021; Kleypas et al., 2021; 

Vardi et al., 2021). In turn, I highlight the implications of my findings to better design, 

implement, monitor, and achieve desired goals needed for restoration programs to be 

effective. I discuss how these findings are embedded in current natural ecosystem restoration 

and management practices, as well as the implications for considering critical — as yet 

under-recognised — aspects of coral biology (e.g., reproduction) in restoration metrics. I 

recommend future directions for priority research to optimise coral reef restoration practices 

by considering goal-oriented metrics. Collectively, these steps highlight the need to better 

tailor restoration practices with appropriate metrics aligned to their specific goals, spanning 

maintenance or reestablishment of coral and/or reef performance, functioning, service value, 

and resilience. 

 

5.3 Benefits of a multi-trait-based approach for coral reef restoration 

Effectively up-scaling coral reef restoration, in terms of spatial footprint and cost-efficiency, 

is a global priority (Boström-Einarsson et al., 2020; Suggett and van Oppen, 2022). In order 

to improve coral reef management, it is necessary to optimise current methodologies and 

monitoring protocols by incorporating meaningful goal-oriented metrics that can quantify the 

impacts of restoration practices on coral reef performance, functionality and associated 

service value (Boström-Einarsson et al., 2020; Hein et al., 2021, 2017; Nuñez Lendo et al., 

2024, 2023, Chapter 2 and Chapter 4; Chapter 3). One solution — as evidenced in my 

thesis — is through trait-based approaches (Madin et al., 2023) that have traditionally been 

used in evolutionary and ecological studies (e.g., Madin et al., 2016a) since traits 
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systematically link organismal responses to the environment. Trait-based approaches enable 

assessment of a broader array of functional traits and identification of the main properties 

driving organismal (coral) to ecosystem (coral reef) processes in past (e.g., Brown et al., 

2004; Finegan et al., 2015; Kunstler et al., 2016) and present (Nuñez Lendo et al., 2024, 

2023, Chapter 2 and Chapter 4; Chapter 3) environmental regimes. 

 

Major advances in comparative plant functional ecology over the last two decades have been 

enabled by fast development of a trait-based approach for plant function in agricultural 

systems (Garnier and Navas, 2012), and notably evaluating the impacts of management 

practices of grasslands and crop weeds. For instance, agronomic value of grassland has been 

improved due to better prediction of grassland biomass production, the date of peak 

production and the digestibility of herbage from using traits such as leaf traits and/or plant 

height (Ansquer et al., 2009; Khaled et al., 2006; Pontes et al., 2007) instead of using only 

survival and growth metrics. This example directly translates to coral restoration by, for 

example, adopting metrics such as carbonate budgets and rugosity (Nuñez Lendo et al., 2024, 

Chapter 4), as these are better predictors of reef accretion and biodiversity potential. In this 

sense, restoration at scale — as a more industrialised process to propagate coral (or 

silviculture, sensu Rinkevich, 2019, 2006) — aligns closely with approaches that are already 

tried-and-tested in terrestrial-based agriculture. Another example is improvement in 

understanding functional composition and community structure of crop weeds and how they 

could impact crop functioning. Use of traits may be an opportunity to detect groups of 

“weedy” species which similarly respond to a set of management practices (e.g., use or non-

use of pesticides) or affect crop yield (Garnier and Navas, 2012). Thus, whilst in Chapter 2 

(Nuñez Lendo et al., 2023), I focused on one coral species and screened 90 traits to identify 

how enhanced coral growth is modulated — and hence biological properties that could be 
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more appropriate— it is plausible that reef restoration practices also monitor traits of coral 

competitors in propagation habitats. Other applications of the use of traits are directed to 

detect plant responses to climate change (Lamarque et al., 2014; Madani et al., 2018; 

Schleuning et al., 2020). Thus, using trait-based approaches in coral reef restoration, but in a 

manner that capture complex ecological interactions, could also prove critical for modelling 

the future success of restoration activities that are inherently under environmental change 

pressures (Nuñez Lendo et al., 2024, 2023, Chapter 2 and Chapter 4; Chapter 3). 

 

5.4 Metrics used in ecosystem restoration and management 

Evaluating the success of ecosystem restoration and management is often challenging (Hein 

et al., 2021). Preferential use of one metric over another can result in profoundly different 

outcomes and, hence, important consequences for the management decisions and activities 

taken by stakeholders involved in restoration programs (Basconi et al., 2018). Therefore, 

choosing appropriate metrics to evaluate restoration efforts is extremely important (Nuñez 

Lendo et al., 2024, 2023, Chapter 2 and Chapter 4; Chapter 3). Generally, the most 

common metric when evaluating the success of restoration efforts in all marine habitats is the 

survival rate (Ruiz-Jaen and Aide, 2005), which for coral reefs is often combined with growth 

rate (Boström-Einarsson et al., 2020; Suggett et al., 2019). Along similar lines, oyster reef 

restoration programs carry three main success metrics: presence of (i) vertical structure above 

the seafloor, (ii) live oysters, and (iii) recruitment (La Peyre et al., 2014; Powers et al., 2009). 

In contrast, very different parameters are currently favoured when evaluating terrestrial 

habitats, such as biodiversity, vegetation structure and ecological functions (Löf et al., 2019; 

Ruiz-Jaen and Aide, 2005). In forest restoration, despite the high number of studies that still 

focus on survival (88% of seedling studies) and growth as height/length (60%), inclusion of 
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other metrics related to functioning (e.g., metrics related to seedling performance, seed 

performance, and plant community composition) is expanding (Dimson and Gillespie, 2020). 

So a lack of wider trait-based approaches for reef restoration success evaluations is currently 

at odds with more established disciplines. 

 

Terrestrial ecosystems have been restored and managed long before coastal marine 

ecosystems, which in the latter case are still comparatively young disciplines (Bayraktarov et 

al., 2016; Suding, 2011). In addition to this difference in age in terms of restoration science, 

many monitoring programs evaluate the success of their interventions in the short term, as is 

also the case for coral restoration programs (Boström-Einarsson et al., 2020), despite the 

strong scientific evidence that longer time scales provide more accurate estimates of 

restoration success since recovery of ecosystem services can be highly prolonged 

(Bayraktarov et al., 2016; Bell et al., 2008; Hein et al., 2021). Importantly, ecosystem 

service-based metrics could also introduce economic and social service value while 

enhancing biodiversity (Benayas et al. 2009; Adame et al. 2015). In fact, current movements 

to biodiversity credits (Alvarado-Quesada et al., 2014; Baruch Rinkevich, 2015) may place 

more need to prioritise biodiversity-driven metrics in reef restoration outcome metrics, which 

could require many years to rigorously evaluate and detect. Such challenges are amplified in 

marine systems where measurements are simply harder and more time-consuming to make 

than in terrestrial systems, and hence the need to innovate more automated and/or cost-

effective means to capture trait-based properties for reef restoration (e.g., Suggett et al., 

2022). 
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Evaluating restoration success using traits that relate to ecosystem services is an emerging 

field in marine ecology, except for coastal wetlands (Zhao et al., 2016); in the latter case, this 

discipline arguably stems directly from terrestrial-based restoration practices. Such trait-

based metrics, in fact, already exist for this habitat, such as the rapid assessment method (the 

so-called Galv-RAM), which combines biotic and abiotic parameters to obtain an ecosystem 

index score (Staszak and Armitage, 2013). New metrics are now under research for other 

habitats, such as the use of food web structure to assess restored macroalgae beds (Kang et 

al., 2008), fish assemblages to evaluate seagrass restoration efforts (Scapin et al., 2016), or 

fish tracking and habitat use to monitor the recovery of an estuary (Freedman et al., 2016). In 

addition, the next-generation restoration metric uses environmental DNA data to measure 

trajectories towards rehabilitation targets in soils (Liddicoat et al., 2022) and coastal estuaries 

(DiBattista et al., 2022). The findings of my thesis contribute to building this knowledge by 

identifying and testing new potential metrics that set the appropriate goals for coral reef 

restoration (i.e., maintenance or recovery of coral and/or reef performance, functioning, 

associated services, and resilience) to outweigh coral reef loss after a perturbation (Nuñez 

Lendo et al., 2024, 2023, Chapter 2 and Chapter 4; Chapter 3). 

 

To the best of my knowledge, no multi-trait-based approach has been applied to coral 

restoration except for the work of my thesis (Nuñez Lendo et al., 2024, 2023, Chapter 2 and 

Chapter 4; Chapter 3); that said, it is plausible that restoration programs posess a wealth of 

data — and hence trait metrics — but have not considered them beyond growth and survival 

since the latter are most commonly used to benchmark across activity. Arguably, many 

ecosystem service values do not have indicative metrics still commonly addressed in coral 

restoration, such as fisheries productivity, trophic transfer, water quality, and aesthetic value 

(see Fig. 5.2). Therefore, more targetted metrics are required that will inevitably alter the 
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scope of data collection and ultimately how programs — and their inherent monitoring 

commitments — are conducted. Some metrics serve for more than one ecosystem service and 

resilience indicator, such as thermal tolerance and successful reproduction, as they apply to 

all ecosystem services the reef provides (Fig. 5.2), and hence may be logical starting points. 

In contrast, other metrics are more specific, such as carbonate budgets as an indicative 

measurement of wave attenuation (Nuñez Lendo et al., 2024, Chapter 4). In Fig. 5.2, I 

expanded the list of metrics studied in my thesis by bringing metrics commonly used in 

biology and ecology but not yet commonly used in restoration. The point here is that 

restoration needs to apply a better framework to evaluate success, thus focusing on more 

meaningful traits (related to functioning, resilience, and services) that are better aligned with 

their specific restoration goals. 
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Figure 5.2 Framework to link coral (reef) traits to ecosystem service value. Ecosystem 
service values are diverse, but they all depend on the healthy functioning and resilience of the 
coral (reef), which are, in turn, informed through metrics related to coral (reef) functioning 
and resilience (left side), but also through already identified metrics that relate to ecosystem 
services (right side). In orange are the metrics studied in this thesis that inform coral (reef) 
functioning, resilience, and services. Ecosystem service values were initially defined by 
Woodhead et al., 2019, and expanded through the learnings of this thesis. OA = Ocean 
Acidification. 

 

5.5 Resolving coral fitness during coral restoration 

Survival and growth of corals are closely tied to the processes of coral reproduction, which is 

critical for the maintenance and persistence of coral reef ecosystems. Collectively, the 

survival (or “maintenance”), growth and reproduction capture fitness (e.g., Madin et al., 

2016a). Despite my research not being able to include reproductive traits due to the 

compounded timeframe of my thesis due to COVID-19 pandemic challenges, I propose that it 

is critical to include coral reproductive metrics in coral restoration activities, specifically 

where restoration efforts aim to establish self-sustaining, sexually reproducing coral 

populations that have a sufficient genetic and phenotypic variation to adapt to changing 
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environments (Guest et al., 2012; Humanes et al., 2022, 2021; Lachs et al., 2023). 

Maintaining local genetic variation with populations capable of sexual recruitment and 

genetic exchange while environmental conditions become stabilised may enable corals to 

adapt to climate change for the next 100 years or longer (Matz et al., 2018). Therefore, 

promoting continuous genetic adaptation is, in fact, arguably more crucial for the recovery of 

endangered species than focusing on other ecological goals, such as coral cover and habitat 

provision (Baums et al., 2019) or classical restoration metrics (e.g., survival and growth) 

since ecological success may only be temporary in the absence of self-sustaining coral 

populations. Even if survival and growth are suboptimal in a nursery setting for certain coral 

genotypes, their performance, once out-planted, can be considered optimal (O’Donnell et al., 

2018), including high reproductive output. 

 

Restoration focus is often recommended to maintain the genetic diversity and phenotypic 

resilience required for corals to survive and produce genetically diverse and viable offspring 

that could serve as raw material for natural selection (e.g., Baums, 2008; Baums et al., 2019, 

2022; Van Oppen et al., 2015; van Oppen et al., 2017; Voolstra et al., 2017). In order to 

protect coral populations and support their survival and growth (Nuñez Lendo et al., 2023, 

Chapter 2), it is important to understand and manage the factors that impact coral 

reproduction. However, sexual reproductive traits (such as fecundity, gamete quality, 

fertilisation success; Fig. 5.3) are hard to evaluate, not least because the majority of coral 

restoration projects are short-term (in general, less than two years of monitoring of the 

restored sites; Boström-Einarsson et al., 2020), but also where reproduction timings are often 

uncertain and activity — at least in the case of spawning — can be limited to only once per 

year. 
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Figure 5.3 Emergent properties that define the coral “fitness triangle”. Survival 
(“maintenance”), growth, and reproduction are emergent properties that are underpinned by 
complex biological machinery formed by functional traits. On the right side, various 
reproductive metrics for different coral life stages (adult, larva, and juvenile) are shown to be 
considered for initial screening to reduce the trait space and identify key reproductive metrics 
for restoration goals. 

 

Timing and frequency of coral reproduction are dependent on environmental factors such as 

water temperature, light, and nutrient availability (Bouwmeester et al., 2023; Richmond, 

1997; Shlesinger and Loya, 2019). In general, corals that are under stress, such as those 

exposed to increased temperatures or high levels of pollution, may be less likely to reproduce 

successfully (Richmond et al., 2018; Shlesinger and Loya, 2019). Thus, when propagating 

corals on a non-native structure and outside of their native reef location, impacts on spawning 

performance (e.g., gamete quality, spawning synchrony, energy reserves content; Fig. 5.3), 

compared to their wild conspecifics, could potentially appear as environmental conditions 

offered by the nursey are different from the native conditions (e.g., light and flow regimes), 

as seen in coral growth and metabolism in Nuñez Lendo et al., (2023), Chapter 2. In this 

regard, collecting data on metrics such as spawning cycles and synchrony (see Fig. 5.3) for 

different species, locations (including restored sites), and age and size classes would enable 
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restoration practitioners to have an efficient and reliable production of coral larvae for 

restoration (Randall et al., 2020). 

 

Recognition of key reproductive traits enables assessment of trade-offs amongst the coral 

fitness space, and thus can be used to assess how “successful” restoration is. For example, 

when a sexually mature coral colony is fragmented below a certain size, resources are 

directed towards regrowth instead of reproduction (Lirman, 2000; Zakai et al., 2000). In 

captivity, the regular fragmentation of many coral species is likely to be a factor in the 

relatively low spawning frequency of coral colonies that have been maintained for many 

years in aquaria. Corals undergoing fragmentation (into small sizes) typically lose 

reproductive viability for 4–6 months, even if fragments were initially of a reproductively 

viable age and size (Wallace, 1985; Szmant-Froelich, 1985; Smith and Hughes,1999). As 

such, the size and life stage (age) of corals used for restoration will inevitably impact the 

resource allocation towards reproduction as freshly fragmented coral show higher 

growth/regeneration (i.e., following trauma, corals undergo rapid tissue and skeletal repair; 

Bak, 1983; Chadwick and Loya, 1990; Loya, 1976; Meesters et al., 1994) than well-

established adult coral colonies, which above a size threshold shift resources from growth to 

sexual reproduction (Babcock, 1991; Kojis and Quinn, 2001; Soong, 1993). Similarly, stress 

“maintenance” can come at a cost to reproduction via the parallel need to make choices in 

allocation of energy. For example, the 1998 global bleaching event led to extensive coral 

bleaching at Heron Island, Great Barrier Reef (GBR), Australia. Nine months post-bleaching, 

the previously bleached and apparently recovered coral colonies had fewer reproductive 

polyps with fewer eggs (and these eggs were smaller than the eggs of unbleached colonies; 

Ward et al., 2002).  
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Despite not having data on reproductive traits of nursery corals and their donor colonies for 

my thesis, I would postulate that the enhanced metabolism of nursery corals that drives a 

higher growth in terms of coral biomass (Nuñez Lendo et al., 2023, Chapter 2) might be 

favourable for reproduction processes, as potentially enhanced feeding on the nursery might 

favour build-up of energy reserves in the coral available for stress tolerance (e.g., Grottoli et 

al., 2006). Furthermore, corals rely mainly on autotrophy to allocate carbon to gametes 

(Rodrigues and Padilla-Gamiño, 2022); thus it could be expected that corals with enhanced 

photosynthesis could have a greater reproductive output. In summary, coral reproduction is 

critical for the survival and growth of coral populations. Asexual reproduction is quick and 

efficient but potentially provides limited genetic diversity (e.g., Baums et al., 2019, 2022; 

Hagedorn et al., 2021). In contrast, sexual reproduction provides the genetic diversity 

essential for long-term coral survival, and new colonies established through genetic 

recombination are more likely to be robust and resistant to changing reef conditions, 

including environmental stress (Caruso et al., 2021; Morikawa et al., 2019; Rivera et al., 

2022; Thomas et al., 2018). By understanding and managing the factors that impact coral 

reproduction, we can optimise current restoration projects to help to protect and conserve 

these vital ecosystems. Including traits that relate to reproduction traits (e.g., gamete quality, 

fecundity, fertilisation success), apart from those related to survival and growth, can build a 

robust approach to provide a complete picture of coral fitness during restoration activities 

(see Fig. 5.2). 

 

5.6 Future directions 

Not all traits are equally relevant to restoration success, and some traits are challenging to 

measure (i.e., time-consuming, not cost-effective, and not informative enough). Therefore, 
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collecting the most appropriate data will be necessary to optimally manage and restore coral 

reefs. Potentially valuable phenotypic traits (supertraits; Madin et al., 2016b) for future 

climate scenarios could be, apart from high survival and high growth rate, high wound 

healing rate, bleaching resilience (Chapter 3; Table 5.1), infectious disease resilience, and 

high sexual reproductive output (Baums et al., 2019; see Table 5.1). Other traits that can 

influence the capacity of the coral to withstand stress are the adjustment of the 

photosynthesis-to-respiration ratio and calcification rate (Nuñez Lendo et al., 2023, Chapter 

2). Modulation of these physiological traits results from both the intraspecific trait variation 

and the individual phenotypic responses to the environment (e.g., nursery vs reef in Nuñez 

Lendo et al., 2023, Chapter 2). Furthermore, such traits are essential for corals to maintain 

their vital ecological functions (Nuñez Lendo et al., 2023, Chapter 2), and regulation of such 

traits is key in enabling corals to thrive in more extreme environments that are expected 

under climate change (Camp et al., 2017). Due to the novelty of my findings and the urgent 

need to actively propagate coral biomass at larger scales, it would be logical to recommend a 

future focus on developing new techniques that target metabolism-related traits (e.g., 

calcification, photosynthesis, and respiration) to increase growth yield (Nuñez Lendo et al., 

2023, Chapter 2; Table 5.1). Similar to interest in engineering thermal-tolerant corals 

(Humanes et al., 2021; Quigley et al., 2021; van Oppen et al., 2017, 2015; Voolstra et al., 

2021a), producing enhanced-metabolic corals could be an avenue to explore through the 

supplement of novel diets, different flow regimes and temperature pulses (e.g., Suggett and 

van Oppen, 2022; Table 5.1), or even assisted evolution to identify coral broodstock with 

enhanced metabolism for selective breeding and gene flow (Hagedorn et al., 2021; van 

Oppen et al., 2015) if these traits are heritable. Applying assisted evolution techniques (e.g., 

selective breeding or gene flow) and thermal priming (Brown et al., 2015; Hackerott et al., 

2021; Martell, 2023) on nursery corals that have shown enhanced thermotolerance (Chapter 
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3, see also Cunning et al., 2021) provides a convenient operational approach to enable 

practitioners to enhance resilience of out-planted material. 

 

Future direction  Key next steps to meet this goal 

Use of multi-trait-based approaches 

in coral and/or reef restoration 

programs. 

Collaboration between researchers and 

practitioners to apply multi-trait-based 

approaches to understand the impacts of coral 

and/or reef restoration practices (and also 

implement workflows to distill diverse trait 

matrices to key traits). 

Modelling restoration success. Identified key traits and range of values for 

commonly used coral species in restoration 

programs for models to predict restoration 

success outcomes of different combinations of 

techniques, species, reef environments, and 

climate scenarios. 

Coral performance and reef 

functioning traits underpin services 

and resilience. Identify and 

establish a direct interaction link 

and integrate these key traits in 

coral restoration evaluation 

protocols. 

Bring metrics (traits) from studies in coral 

biology and reef ecology to evaluate the 

success of coral restoration practices to fully 

understand factors that underpin survival and 

growth inherent to different ecosystem service 

values 
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Metabolism enhancement of corals. Research towards engineering enhanced-

metabolic corals by supplementing novel 

diets, different flow regimes and temperature 

pulses. 

Carbonate budget is a key metric 

that informs about coral reef 

functioning (reef accretion) but 

also services (wave attenuation). 

Integrate into coral restoration 

evaluation protocols. 

Provide training to researchers and 

practitioners for assessment of carbonate 

budgets. Advance accuracy, precision and 

suitability (e.g., across different reef regions) 

of carbonate budget techniques. 

Thermal tolerance is a key metric 

for understanding if restored coral 

reefs survive a warming climate. 

Integrate into coral restoration 

evaluation protocols. 

Provide training to researchers and 

practitioners for assessment of thermal 

tolerance. Advance accuracy, precision and 

suitability (e.g., across different reef regions) 

of stress assay techniques. 

Include reproductive traits into 

trait-based approaches and coral 

restoration evaluation protocols. 

Bring metrics (traits) from studies in coral 

biology and reef ecology specific to 

reproduction to evaluate the success of coral 

restoration practices to yield a complete 

picture of coral fitness, and fitness trade-offs. 

Table 5.1 Future research priorities and key steps to advance coral reef (science) restoration.  

 

In addition, coral morphology, also referred to as growth morph or growth form, is 

considered a key trait because it supports structural complexity and biodiversity in the reef 
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(Darling et al., 2012; Madin et al., 2016a, 2016b). It is also considered a good predictor of 

recovery after disturbances (Darling et al., 2012), including bleaching events (Graham et al., 

2015). Structural complexity (measured through the metric “rugosity”; Nuñez Lendo et al., 

2024, Chapter 4) is key in supporting services such as wave energy dissipation and habitat 

provision (Alvarez-Filip et al., 2011; Ferrario et al., 2014). Another very useful predictor of 

the balance between carbonate production and erosion processes, widely used in coral reef 

ecology, is the metric of “carbonate budgets”. Its applicability for evaluating success in 

restoration efforts is key for restoration programs aiming to recover the lost three-

dimensional reef structure in reef sites with unstabilised rubble substrate. It would be logical 

to use “carbonate budgets” as a key metric to evaluate reef accretion on degraded reefs for 

restoration (Nuñez Lendo et al., 2024, Chapter 4; Table 5.1) as this trait is directly related to 

the ecosystem service of wave attenuation and coastal protection (Nuñez Lendo et al., 2024, 

2023, Chapter 2 and Chapter 4; Chapter 3). In summary moving to key traits that capture 

coral performance and reef functioning that underpin reef services and resilience is a critical 

next step to advance reef restoration. By doing this, restoration programs will better tie their 

outcomes to specific reef ecosystem services that often frame their activity goals.  

 

Supertraits are considered particularly informative for ecological and evolutionary drivers of 

organism success (e.g., Madin et al., 2016b). In the case of corals, it would be logical 

regulation to extend the previously proposed supertrait of growth (Madin et al., 2016b) to 

more broadly consider resource allocation and growth over their lifespan, and hence colony 

mass per unit tissue surface area, i.e., the relationship between coral weight and volume; 

CMA; Madin et al., 2016b; Nuñez Lendo et al., 2023, Chapter 2). However, integrating 

reproductive traits that inform preferential resource allocation towards reproduction instead 

of survival (or “maintenance”) and growth into the evaluation of coral restoration practices is 
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paramount to fully understanding the impacts of restoration on coral fitness and reef 

functioning (Table 5.1).  

 

5.7 Conclusion 

I have demonstrated the value of employing a multi-trait-based approach to understand the 

effectiveness of coral and/or reef restoration practices on coral performance, reef functioning, 

and the supported services inherent to restoration success. Despite the considerable effort in 

time and resources needed to apply such an approach, my thesis has shown that the outcomes 

surpass the costs in knowledge and advancement in coral reef restoration science. Application 

of trait-based approaches might not be suitable for all cases. However, their integration into 

the structure of future restoration programs is key to fully understanding success and, 

ultimately, efficacy of restoration efforts. Whilst work presented throughout my PhD thesis 

focussed on real GBR restoration contexts, my findings carry widespread applicability to 

restoration programs aspiring to implement more diverse measures that are ultimately more 

meaningful descriptors of restoration outcomes. Whilst I have presented key examples of 

diverse trait landscapes to tackle specific ecosystem service attributes, it is clear that more 

research is warranted to examine the broader portfolio of ecosystem services sustained by the 

world’s coral reefs as restoration activities continue to accelerate as aids to managing for 

healthy reefs. 
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