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1.  INTRODUCTION 

Coralline algae are calcareous red algae that belong 
to the orders Corallinales, Corallinapetrales, Hapa-
lidiales and Sporolithales and are common in the eu-
photic zone of many benthic habitats (Steneck 1986, 
Schubert et al. 2020). Crustose (i.e. nongeniculate) 
coralline algae (CCA) play a critical role in the eco -
logy of coral reefs. They contribute to reef resilience 
by providing settlement cues and hard substrata for 
corals and many benthic invertebrates (Morse et al. 
1988, Heyward & Negri 1999, Harrington et al. 2004, 

Nelson 2009, Gómez-Lemos et al. 2018, Jorissen et al. 
2021), whilst suppressing the recruitment and growth 
of macroalgae that would otherwise be harmful to co-
rals (Vermeij et al. 2011, Gómez-Lemos & Diaz-Pulido 
2017). After major disturbances, the rapid growth of 
CCA on dead corals may be pivotal in facilitating 
coral recruitment, leading to enhanced recovery of 
damaged reefs (Birrell et al. 2008, Perry & Morgan 
2017). Together with scleractinian corals, CCA are 
also considered as locally important framework 
builders and carbonate producers (Steneck & Adey 
1976, Payri 1997, Rasser & Riegl 2002, Gherardi & Bo-
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ABSTRACT: Crustose coralline algae (CCA) play a critical role in the ecology and resilience of 
coral reefs by contributing to reef carbonate production and facilitating coral recruitment. 
However, little is known about their rates of in situ growth and calcification, particularly at the spe-
cies level. To investigate the spatial and seasonal dynamics of CCA growth and calcification, we 
deployed CCA fragments embedded within epoxy rings at 3 mo intervals over 15 mo across 2 reef 
habitats in Moorea (French Polynesia). We studied 3 species differing in their microhabitat prefer-
ences (exposed, subcryptic and cryptic). Annual net calcification rates were highest in the exposed 
species Porolithon cf. onkodes (0.51 g CaCO3 cm–2 yr–1), intermediate in the subcryptic species 
Neogoniolithon cf. megalocystum (0.16 g CaCO3 cm–2 yr–1) and lowest in the cryptic species Litho-
phyllum sp. (0.03 g CaCO3 cm–2 yr–1). Growth and/or calcification rates differed between time 
intervals for all species. However, no consistent seasonal pattern was observed. P. cf. onkodes and 
N. cf. megalocystum had higher marginal growth rates at the fore reef habitat relative to the back 
reef habitat. This difference coincided with a lower occurrence of epiphytes on their crusts in the 
fore reef, suggesting that species interaction may be an important spatial driver of CCA growth. 
Our results show that CCA growth and calcification is species-specific and spatially and temporally 
variable. They highlight the need to consider subcryptic and cryptic CCA in reef carbonate 
budgets and provide important baseline information to understand how CCA communities are 
responding to environmental changes.  
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sence 2005). They can account for large proportions 
of coral reef carbonate production, especially follow-
ing major disturbances such as mass coral bleaching 
events (Perry & Morgan 2017, Courtney et al. 2018, 
2022). Under certain conditions, they can match or 
even exceed the contribution of corals to coral reef 
carbonate production (Cornwall et al. 2023). 

Despite the ubiquity and ecological importance of 
CCA, knowledge on their ecology and the factors that 
drive their growth and calcification rates is seriously 
lacking, particularly at the species level. Measure-
ments of individual CCA calcification rates are essen-
tial for understanding their contribution to the reef 
framework and carbonate budgets (Browne et al. 
2021, Cornwall et al. 2023). However, CCA are often 
considered as a single functional group (Deinhart et 
al. 2022). Their identification at the species and even 
genus level based solely on morphology is challeng-
ing (Caragnano et al. 2018, Gabrielson et al. 2018), 
and sampling in the field is rarely coupled with 
molecular identification. CCA typically grow on both 
light-exposed and cryptic (i.e. shaded) reef surfaces. 
Thick encrusting coralline algae can be a prominent 
feature of tropical exposed reef crest and upper reef 
slope habitats and contribute substantially to reef 
development (Bak 1976, Adey 1978, MacIntyre 1997, 
Montaggioni et al. 1997, Teichert et al. 2020). Calci-
fied algae also comprise a significant proportion of 
many coral reef cryptic assemblages (Kornder et al. 
2021). Cryptic encrusting assemblages are important 
carbonate producers, that, under certain conditions, 
can deposit calcium carbonate at rates equal to those 
of their exposed counterparts (Mallela 2007, Morgan 
& Kench 2017). However, most of the existing re -
search on individual CCA species have examined the 
growth and calcification of exposed species (Matsuda 
1989, Lewis et al. 2017, Tâmega & Figueiredo 2019). 
Therefore, measurements of growth and calcification 
of cryptic calcifying algae are needed to assess their 
contribution to reef carbonate production (Cornwall 
et al. 2023). 

The growth and calcification of CCA can be af -
fected by a number of environmental and biological 
parameters, such as temperature (Ichiki et al. 2001, 
Martin et al. 2006, Short et al. 2015), light intensity 
(Littler 1973, Bessell-Browne et al. 2017, Morgan & 
Kench 2017), pH (Kuffner et al. 2008, Martin & Gat-
tuso 2009, Diaz-Pulido et al. 2012, Martin et al. 2013), 
turbidity (Goh et al. 2021), sediment deposition (Ken-
drick 1991, Fabricius & De’ath 2001, Mallela 2013), 
nutrient loading (Tanaka et al. 2017), competition 
(Matsuda 1989, Short et al. 2014) and herbivory (Ste-
neck & Adey 1976, Steneck et al. 1991, Figueiredo 

1997). To date, most studies have relied on single ex -
perimental deployments and have rarely examined 
the role of seasonality on CCA growth and calcifica-
tion. In general, CCA grow faster in summer than in 
winter (Adey 1970, Payri 1997, Blake & Maggs 2003, 
Martin et al. 2006, Kamenos & Law 2010, Burdett et al. 
2011). However, this trend can vary, such as during 
prolonged heating events (Short et al. 2015, Tâmega 
& Figueiredo 2019). In situ seasonal studies compris-
ing multiple experimental deployments provide im -
portant first steps towards understanding how natu-
rally occurring communities of CCA respond to 
environmental changes. 

Baseline information on CCA in situ seasonal 
growth and calcification is particularly lacking in the 
South Pacific. To date, only 1 in situ study (Payri 1997) 
has been carried out in this region. In the present 
study, we examined the spatio-temporal variation in 
rates of growth and calcification of 3 CCA species in 
Moorea (French Polynesia). This study was con-
ducted in 2 distinct reef habitats (back reef and fore 
reef). All 3 CCA species inhabited both habitats, but 
differed in their microhabitat preferences (i.e. ex -
posed, subcryptic, cryptic). Species identification 
was based on morphological observations and gene -
tic characterisation. Since increased irradiance gen-
erally enhances CCA growth (Payri et al. 2001), we 
hypothesised that growth and calcification rates 
would be highest in the exposed species, intermedi-
ate in the subcryptic species and lowest in the cryptic 
species, and that, based on previous temporal studies, 
maximum seasonal growth and calcification rates 
would occur over the summer season. 

2.  MATERIALS AND METHODS 

2.1.  Study sites and species 

We studied CCA growth and calcification at 2 sites 
(17° 28’ 52.7” S, 149° 50’ 55.62” W and 17° 28’ 47.2” S, 
149° 51’ 06.8” W) representing 2 reef habitats (back 
reef and fore reef, respectively) during 5 ca. 3 mo time 
periods, from July 2021 to October 2022, on the island 
of Moorea, French Polynesia (Fig. 1). Moorea has a 
moist tropical climate divided into 2 distinct austral 
seasons: a cool, relatively dry season (approximately 
May to October) and a hot rainy season (approx-
imately November to April), although strong inter-
annual variations can occur, especially in recent dec-
ades. We refer to the 5 time periods as winter 2021 
(July to October), spring 2021 (October 2021 to Janu-
ary 2022), summer 2022 (January to April), autumn 
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2022 (April to June) and winter 2022 (June to 
October) (Fig. 2; for exact dates, see Table A1 in the 
Appendix). The seabed on the back reef consisted of 
scattered massive Porites colonies up to 4 m in dia -
meter and 2 m in height, separated by sand and coral 
rubble. The top of these colonies was mainly col-
onized by dense canopy-forming macroalgae (mainly 
Turbinaria and Sargassum), branching corals, CCA 
and turf (Bulleri et al. 2022). The fore reef consisted of 
low-relief coral spur-and-groove formations, pri-
marily covered by branching Pocillopora colonies, 
CCA, turf and low-lying macroalgae (mainly Lobo-
phora and Asparagopsis); herbivorous fishes were 
abundant, and nutrients were low (Adam et al. 2022). 
Despite repeated disturbances over the last decades, 
the coral communities on the back reef of Moorea 
have shown remarkable stability, while those on the 
fore reef have exhibited a relatively consistent re -
covery (Moritz et al. 2021). Light conditions in each 
habitat were measured by Dubé et al. (2021), who 
reported mean and maximum light levels (± SEM) of 
446.28 ± 20.99 and 2271.69 ± 63.80 μmol photons m–2 
s–1, respectively, on the back reef and 137.50 ± 6.82 
and 726.38 ± 22.55 μmol  photons m–2 s–1 on the fore 
reef (13 m). In addition, we recorded temperatures 
using Onset UA-002-64 HOBO® Pendant tempera-
ture loggers placed in un shaded locations at each of 
the 2 habitats during the entire study duration. The 
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Fig. 1. Moorea Island (French Polynesia), showing the location 
of the back and fore reef habitats. The line represents the ap-
proximate extent of the reef front around Moorea, and the  

grey sections represent the island of Moorea

Fig. 2. Daily seawater temperatures at the back reef and fore reef habitats on Moorea from June 2021 to October 2022. Grey and  
white shading indicates deployment periods
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highest daily means oc curred at the back reef during 
the summer 2022 (29.4°C), while the lowest was dur-
ing the winter 2022 (26.4°C), also at the back reef 
(Fig. 2). Daily means at the fore reef were on average 
0.3°C lower than those at the back reef. 

We studied 3 CCA species: Porolithon onkodes, 
Neo  goniolithon megalocystum and Lithophyllum sp. 
(Fig. 3). These species were chosen because they (1) 
are abundant in both reef habitats on the coral reefs of 
Moorea, (2) can be reliably identified to species level 
in the field (Jorissen et al. 2020, 2021) and (3) occupy 
their respective preferred microhabitat within each 
habitat. We defined exposed microhabitats as small 
areas within each reef habitat that receive direct sun-
light and offer easy access to grazers and good water 
circulation, and cryptic microhabitats as those not 
exposed to direct sunlight and less readily accessible 
to grazers (e.g. holes, overhangs, crevices, cavities), 
with the subcryptic microhabitats being intermediary 
(e.g. vertical walls or under overhangs). P. onkodes is 
an important reef builder on coral reefs throughout 
the tropical Pacific Ocean (Payri et al. 2000, Dean et 
al. 2015). It typically grows in exposed microhabitats. 
N. megalocystum is found in subcryptic microhab-
itats, low in light intensity and relatively protected 
from grazers (Jorissen et al. 2020). Finally, Lithophyl-
lum sp. is readily encountered in cryptic microhab-
itats, such as in coral cavities or on the underside of 
rubble. CCA samples were identified based on exter-
nal morphological observations in the field and labo-
ratory (Fig. 3), and DNA analyses were carried out on 
24 samples, all species pooled (for exact sample sizes 
for each species, see Table S1 in the Supplement at 
www.int-res.com/articles/suppl/m739p031_supp.
xlsx). DNA-based identification was conducted on the 
chloroplast gene psbA, the mitochondrial cytochrome 
c oxidase subunit 1 (COI) gene and 2 rDNAs (small 
subunit, SSU; and large subunit, LSU). DNA extrac-
tion, amplification and sequencing followed Carag-
nano et al. (2018). The sequences obtained were 
edited in Geneious version 7.1.9 (www.geneious.com, 
Kearse et al. 2012). The Basic Local Alignment Search 
Tool (BLAST; https://blast.ncbi.nlm.nih.gov/, NCBI 
1988) was then used to compare our sequences with 
the GenBank database and assign them to species 
when possible.  

2.2.  Sample collection and staining 

At the start of each sampling period, we collected 
12 fragments of each CCA species using hammer and 
chisel from each of the 2 reef habitats, at depths of ca. 

1–2 m and 12–14 m for the back reef and fore reef, 
respectively. Each replicate fragment was selected 
from a haphazardly chosen individual patch. In the 
laboratory, each specimen was cleaned of epiphytes 
and cut into a ca. 3 × 2 cm chip with angle pliers. 
Chips were placed in 5 l of fresh seawater and stained 
with Alizarin Red Stain at 0.25 g l–1 for 18 h. Alizarin is 
an efficient marker to estimate the growth and calcifi-
cation of P. onkodes at this concentration and immer-
sion time (Lewis & Diaz-Pulido 2017). Treatment con-
tainers were kept within a temperature range of 
26–28°C under constant aeration. Light intensity was 
regulated by artificial lights (Aquarium Light System, 
Viparspectra) above the containers, simulating light-
intensity conditions at 12 m depth without any clouds 
(i.e. 350 μmol quanta m−2 s−1) during daylight hours. 

After staining, chips were rinsed with fresh sea-
water to eliminate any residual stain. They were indi-
vidually embedded within small PVC rings (42 mm 
dia meter × 15 mm height) using epoxy (Minute 
MendTM) under running seawater, taking care to 
embed all cut surfaces in the epoxy, and left in flow-
through aquaria for 24 h to harden. The purpose of the 
epoxy ring was to provide a flat surface for surficial 
marginal growth to occur and to protect the underside 
skeleton from potential dissolution (Lewis et al. 2017). 
Two holes were drilled into the lower edge of each 
PVC ring for later attachment to the reef substratum 
with cable ties (see below). P. onkodes and N. megalo-
cystum chips were set with the living crust facing up, 
while Lithophyllum sp. chips were set with the living 
crust facing down to mimic their respective natural 
microhabitats (Fig. 4A). Once prepared (ca. 48 h fol-
lowing sample collection), PVC rings with chips were 
buoyantly weighted using an Ohaus Pioneer PA2102 
balance (±0.01 g) for growth and calcification mea-
surements (see Section 2.3). Weight was averaged 
across 3 repeated measurements. After weighing, 
samples were photographed in high definition using a 
Canon EOS6D and a macro 100 mm lens to determine 
the initial surface area of living CCA tissue (Fig. 4B). 
Samples were submerged in fresh seawater in a plas-
tic dish placed on a copy stand to ensure the same dis-
tance was kept from camera to crust surface through-
out the photographs. Two halogen lamps were used 
to provide even and reproducible illumination. Sam-
ples were then returned to the field to the same hab-
itats and depths from which CCA patches were col-
lected. Holes were drilled into dead coral substratum 
using a pneumatic drill to insert cable tie mounts 
(Panduit product code HVMPM-08-C0). Each ring 
was secured to the reef substratum using 2 plastic 
cable ties, each inserted through the head of 1 cable 
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tie mount and a hole of the PVC ring. This attachment 
technique resulted in a ca. 10 mm gap between the 
base of the PCV ring and the reef substratum, allow-
ing for water exchange underneath the ring. CCA 
species were positioned in their natural microhabitats 
(i.e. exposed, subcryptic and cryptic for P. onkodes, 
N. megalocystum and Lithophyllum sp., respectively) 
as follows: rings with P. onkodes chips were placed 
horizontally with direct exposure to sunlight, rings 
with N. megalocystum chips were placed vertically 
under overhangs, and rings with Lithophyllum sp. 
were placed horizontally with the CCA facing the reef 
substratum (Fig. 4A). 

Following each deployment period, all samples 
were collected and replaced with rings with new CCA 
chips (prepared as described above) for the next 
period. The same cable tie mounts were used, allowing 
the rings to be positioned in the exact same places. 
After careful removal of fouling organisms, PVC rings 
with chips were buoyantly weighted and photo-
graphed (as described above) before being oven-dried 
at 60°C for 24 h. Samples that showed no extension of 

the crust over the epoxy were not included in the sub-
sequent measurements to exclude samples which may 
have been impacted by the experimental procedure 
(i.e. staining, cutting, setting in epoxy). Only 1 sample 
was lost during the entire experiment. 

2.3.  Health, growth and calcification measurements 

CCA health variables included rates of partial tis-
sue paling and mortality. Tissue paling was calcu-
lated as the percentage of tissue area being dis -
coloured (i.e. pale pink or yellow), but not dead, on 
the CCA crust (from the final photograph) using 
ImageJ software. Tissue mortality was calculated as 
the percentage of dead tissue area. In addition, we 
recorded the occurrence of epiphytes for each sample 
when epiphytes were present on the surface or mar-
gin of the living crust. 

We defined marginal growth as the lateral exten-
sion of the living crust. The perimeter and surface 
area of living crust were derived by tracing around the 
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Fig. 4. Top row: Porolithon cf. onkodes; middle row: Neogoniolithon cf. megalocystum; bottom row: Lithophyllum sp. (A) PVC 
rings with crustose coralline algae (CCA) chips attached to the reef substratum. Ring diameter = 42 mm. (B) Initial (left) and 
final (right) photographs of each PVC ring. (C) CCA cross-section cut out at the end of the deployment using a Dremel rotary 
tool. Lines show measurements of vertical growth from the alizarin stain to the edge of the crust. Scale bars = 500 μm. Note  

the absence of stain for N. cf. megalocystum
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edge of the crust in the initial and final photographs 
using ImageJ software. Marginal growth was com-
puted by dividing the increase in surface area be -
tween the initial and final measurements by the initial 
perimeter of the crust and expressed in mm d–1. The 
annual marginal growth rate was calculated by sum-
ming the average daily growth in each of the 4 sea-
sons (normalised to 91 d season–1). 

We defined vertical growth as the vertical increase 
in crust thickness. A ca. 3 mm thick cross section of 
each oven-dried sample was sliced from the middle of 
the crust using a Dremel rotary tool with a diamond 
cut wheel. Vertical growth was obtained by measur-
ing the distance between the alizarin mark and the 
growing edge of the crust under a compound micro-
scope (Fig. 4C) and expressed in μm d–1. One mea-
sure was taken in the middle of the crust along the 
cross section. As for marginal growth, the annual ver-
tical growth rate was computed by summing the aver-
age daily growth in each of the 4 seasons (normalised 
to 91 d season–1). 

Net calcification was determined by the buoyant 
weight method (Jokiel 1978). Weight was converted 
to dry weight based on the density of skeletal calcium 
carbonate and seawater following Davies (1989). Net 
calcification was calculated as the difference between 
the initial and final weight (W0 and W1), normalised to 
the surface area of living crust (initial and final sur-
face area: A0 and A1), and the number of days (d), and 
expressed in g CaCO3 cm–2 yr–1: 

                                                             (1) 

Annual net calcification was computed by summing 
the average daily net calcification in each of the 4 
 seasons (normalised to 91 d season–1). 

2.4.  Statistical analysis 

All statistical analyses were performed using R 
(v.4.2.2). Since the different CCA species varied 
greatly in their ecology and growth patterns, we 
 analysed the different metrics for each species sep-
arately. Prior to analysis, data were tested for normal-
ity (Shapiro–Wilk test) and homogeneity of variance 
(Levene’s test) using the ‘Shapiro_test’ and ‘levene_
test’ functions of the ‘rstatix’ package. Since tissue 
paling and mortality data did not meet these assump-
tions, a 2-way aligned rank transform ANOVA was 
used to test the differences between habitat (2 levels, 
fixed) and time period (5 levels, fixed) on these 2 vari-
ables using the ‘art’ function of the ‘ARTool’ package 

(Elkin et al. 2021), followed by Tukey’s HSD pairwise 
comparisons using the same package with the 
‘art.con’ function. A multiple logistic regression was 
run on the presence of epiphytes using the ‘glm’ func-
tion. Tukey pairwise comparisons were performed 
using the ‘glht’ function of the ‘multcomp’ package. 
A 2-way parametric ANOVA was carried out to test 
the differences between habitat and time period on 
marginal and vertical growth and net calcification 
rates using the ‘rstatix’ package, followed by Tukey’s 
HSD pairwise comparisons using same package. Un-
like net calcification, marginal and vertical growth 
data did not meet assumptions of normal distribution 
and homogeneity of variance and were rank-
transformed prior to the analysis to meet assumptions 
of parametric ANOVA. The alizarin staining rarely 
produced usable marks in N. megalocystum, and indi-
viduals with usable marks hardly showed any vertical 
growth, so differences in vertical growth rates were 
not analysed for this species. 

3.  RESULTS 

3.1.  Species identification 

A total of 65 sequences was obtained from the sam-
ples (i.e. 16 PsbA, 11 COI, 16 SSU and 22 LSU) and 
submitted to GenBank (under accession numbers 
PP351864–PP351952) (see Table S1 for detailed re -
sults). The BLAST analyses confirmed that DNA 
sequences of collected Porolithon onkodes individ-
uals were genetically close but not similar to the 
sequences of P. onkodes lectotypes (TRH A26-1494). 
We therefore assigned our specimen to P. cf. onkodes. 
Samples of Neogoniolithon, previously identified as 
N. fosliei based on field identification (Jorissen et al. 
2020), were genetically different from the latter. They 
were closer to the sequences of N. megalocystum, 
although there is no type sequence for this species. 
These specimens were therefore assigned to N. cf. 
megalocystum. Finally, sequences of samples of Litho-
phyllum, previously identified as L. prototypum based 
on field identification (Jorissen et al. 2021), did not 
match those of L. prototypum from the GenBank data-
base or any other described species. We therefore 
assigned these samples to Lithophyllum sp. 

3.2.  Health measurements 

The percentage of pale tissue of P. cf. onkodes var-
ied across habitats (aligned rank transform ANOVA, 

     WNet calcification =
A + A`
W1–W
0 1

1     W
j/2

W0 /d # 3650
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F = 22.78, df = 1, p < 0.001, Table 1). It was 11 times 
higher on the fore reef (mean ± SEM: 0.33 ± 0.16%) 
than on the back reef (0.03 ± 0.03%) (Tukey’s pair-
wise comparisons p < 0.05, Fig. 5A, Table A2). How -
ever, values were extremely low (≤1% pale tissue) for 
any given habitat × time period combination. The 
percentage of pale tissue of N. cf. megalocystum var-
ied significantly between habitats and time periods 
(habitat: F = 8.83, df = 1, p = 0.004; time period: F = 
2.86, df = 4, p = 0.027). Specifically, it was 5.2 times 
higher at the back reef (3.98 ± 1.31%) than at the fore 
reef (0.76 ± 0.29%), and it was 6.6 times higher in 
winter 2021 (3.92 ± 3.42%) than in autumn 2022 
(0.59 ± 0.20%). Likewise, the percentage of pale tis-
sue of Lithophyllum sp. varied between habitats and 

time periods (habitat: F = 19.11, df = 1, p < 0.00; time 
period: F = 2.84, df = 4, p = 0.030). It was 4.7 times 
higher at the back reef (4.23 ± 2.07%) than at the fore 
reef (0.90 ± 0.90%), and it was reduced by 100% in 
winter 2022 (0.0 ± 0.0%) compared to summer 2022 
(5.96 ± 1.44%). 

The percentage of dead tissue of P. cf. onkodes did 
not vary between time periods or habitats (Table 1) 
and remained low (2.47 ± 0.81%) (Fig. 5B, Table A2). 
The percentage of dead tissue of N. cf. megalocystum 
varied between time periods (F = 2.91, df = 4, p = 
0.025). It was 11.7 times higher in autumn 2022 (4.46 ± 
3.98%) than in spring 2021 (0.38 ± 0.18%). No signifi-
cant time period or habitat difference in the percent-
age of dead tissue was found for Lithophyllum sp. This 
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Fig. 5. (A) Partial tissue paling, (B) partial tissue mortality, and (C) percentage of patches with epiphytes of the 3 CCA species at 
the back reef and fore reef habitats for the different time periods. Data are mean ± SEM. Number of replicates (n) for each factor  

combination are indicated in (C)
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species generally experienced the highest percentage 
of dead tissue (8.99 ± 2.56%) across all habitat × time 
period combinations compared to the other 2 taxa. 

There were significant effects of habitat and time 
period on the percentages of P. cf. onkodes and N. cf. 
megalocystum samples with epiphytes (Table 1). The 
percentage of samples with epiphytes declined from 
63.3% at the back reef to 30.0% at the fore reef for P. cf. 
onkodes, and from 53.3% at the back reef to 33.3% at 
the fore reef for N. cf. megalocystum, representing re-
ductions of 53 and 38% between back reef and fore 
reef for P. cf. onkodes and N. cf. megalocystum, re -
spectively (Fig. 5C). The percentage of P. cf. onko des 
samples with epiphytes was 67% higher in winter 2022 
than in winter 2021, while the percentage of N. cf. meg-
alocystum samples with epiphytes was 71% higher in 
summer and autumn 2022 than in winter 2021. There 
was a significant effect of habitat on the percentage of 
Lithophyllum sp. samples with epiphytes (multiple lo-
gistic regression, χ2 = 14.57, df = 1, p < 0.001). Unlike 
the other species, the percentage of Lithophyllum sp. 
samples with epiphytes was re duced by 59% at the 
back reef compared to that at the fore reef. 

3.3.  Growth and calcification measurements 

There were significant effects of habitat and time 
period on marginal growth rates of P. cf. onkodes (2-
way parametric ANOVA, habitat: F1,107 = 8.06, p < 
0.001; time period: F4,107 = 28.66, p < 0.001; Table 1). 
Marginal growth of P. cf. onkodes was 1.8 times 
higher at the fore reef (0.043 ± 0.003 mm d–1) than at 
the back reef (0.023 ± 0.002 mm d–1) and was 2.8 
times higher in summer 2022 (0.046 ± 0.005 mm d–1) 
than in winter 2021 (0.016 ± 0.003 mm d–1) (Tukey’s 
pairwise comparisons p < 0.05; Fig. 6A, Table A2). 
There were also significant effects of habitat and time 
period on marginal growth rates of N. cf. megalocys-
tum (habitat: F1,99 = 69.42, p < 0.001; time period: 
F4,99 = 4.37, p = 0.003). Marginal growth of N. cf. meg-
alocystum was 5.3 times higher at the fore reef 
(0.043 ± 0.004 mm d–1) than at the back reef (0.008 ± 
0.002 mm d–1) and was 3.1 times higher in winter 2022 
(0.05 ± 0.01 mm d–1) than in autumn and summer 
2022 (0.016 ± 0.004 mm d–1). No significant differ-
ence was found in the marginal growth of Lithophyl-
lum sp. between habitats or time periods. Seasonal 
averages for each species × habitat combination gave 
a minimum annual marginal growth rate of 2.17 mm 
yr–1 for Lithophyllum sp. at the back reef and a maxi-
mal rate of 15.19 mm yr–1 for P. cf. onkodes at the fore 
reef (Table 2). 

The staining procedure produced visible alizarin 
marks in all P. cf. onkodes and Lithophyllum sp. sam-
ples. However, only 3 out of 108 samples of N. cf. 
mega lo cystum had a distinguishable mark. These pro-
duced a vertical growth rate of 0.10 ± 0.09 μm d–1, 
suggesting that N. cf. megalocystum shows little to no 
vertical growth. Thus, vertical growth data were not 
analysed for this species. Vertical growth varied sig-
nificantly among time periods for P. cf. onkodes (2-
way parametric ANOVA, F4,107 = 9.91, p < 0.001; 
Table 1). Values ranged from 3.61 ± 0.25 μm d–1 in 
winter 2021 to 5.69 ± 0.33 μm d–1 in winter 2022 
(Fig. 6B, Table A2). Post hoc Tukey multiple compari-
son tests showed that 3 groups of time periods formed 
homogeneous sets (winter and spring 2021; spring 
2021, autumn and summer 2022; autumn, summer and 
winter 2022). There was a significant effect of time 
period on vertical growth rates of Lithophyllum sp. 
(F4,72 = 2.86, p = 0.029). Vertical growth of Lithophyl-
lum sp. was 3.7 times higher in spring 2021 (1.73 ± 
0.34 μm d–1) than in winter 2022 (0.47 ± 0.27 μm d–1). 
Seasonal averages for each species × habitat combi-
nation (excluding N. cf. megalocystum) gave a mini-
mum annual vertical growth rate of 0.32 mm yr–1 for 
Lithophyllum sp. at the fore reef and a maximal rate of 
1.55 mm yr–1 for P. cf. onkodes at the fore reef 
(Table 2). 

As with marginal and vertical growth, net calcifica-
tion of P. cf. onkodes varied among time periods (2-
way parametric ANOVA, F4,106 = 12.40, p < 0.001; 
Table 1). Values ranged from 0.40 ± 0.03 g CaCO3 
cm–2 yr–1 in winter 2021 to 0.76 ± 0.05 g CaCO3 cm–2 
yr–1 in winter 2022 (Fig. 6C, Table A2). Post hoc 
Tukey multiple comparison tests showed that 4 
groups of time periods formed homogeneous sets 
(winter and spring 2021; spring 2021 and autumn 
2022; autumn and summer 2022; summer and winter 
2022). There were significant differences in net calci-
fication of N. cf. megalocystum across both habitats 
and time periods (habitat: F1,99 = 58.06, p < 0.001; time 
period: F4,99 = 3.55, p = 0.009). Net calcification of 
N. cf. megalocystum was 4.1 times higher at the fore 
reef (0.33 ± 0.02 g CaCO3 cm–2 yr–1) than at the back 
reef (0.08 ± 0.03 g CaCO3 cm–2 yr–1) and was 2.3 
times higher in winter 2022 (0.30 ± 0.05 g CaCO3 
cm–2 yr–1) than in summer 2022 (0.13 ± 0.04 g CaCO3 
cm–2 yr–1). Net calcification of Lithophyllum sp. 
showed no difference across habitats or time periods. 
Seasonal averages for each species × habitat combi-
nation gave a minimum annual net calcification rate 
of 0.02 g CaCO3 cm–2 yr–1 for Lithophyllum sp. at the 
back reef and a maximal rate of 0.55 g CaCO3 cm–2 
yr–1 for P. cf. onkodes at the fore reef (Table 2). 
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4.  DISCUSSION 

Our results validate our first hypothesis that CCA 
growth and calcification rates are highest in the ex -
posed species, intermediate in the subcryptic species 
and lowest in the cryptic species. Annual net calcifi-
cation rates averaged across habitats were highest in 
exposed Porolithon cf. onkodes (0.51 g CaCO3 cm–2 
yr–1), intermediate in subcryptic Neogoniolithon cf. 
megalocystum (0.16 g CaCO3 cm–2 yr–1) and lowest in 
cryptic Lithophyllum sp. (0.03 g CaCO3 cm–2 yr–1). 
Similar trends were observed for annual marginal 
growth rates. The microhabitat greatly affects net cal-
cification rates by CCA (Adey & Vassar 1975) and 

encrusting communities (Mallela 2007, Morgan & 
Kench 2017). Cryptic CCA species may be adapted to 
low-light environments and benefit from lower herbi-
vory pressure and algal biomass in their habitat (Chis-
holm 2000). However, their calcification may be lim-
ited due to reduced light availability (i.e. limiting 
carbohydrate production from photosynthesis re -
quired for growth and calcification, Payri et al. 2001) 
and water motion (i.e. which regulates nutrient and 
gas exchanges, Leigh et al. 1987). For example, CCA 
crusts in areas of low hydrodynamic energy are more 
porous (Martindale 1992, Gherardi & Bosence 2001). 

CCA are notoriously difficult to identify in the field 
(Caragnano et al. 2018, Gabrielson et al. 2018), and 
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few studies to date have taken all the relevant steps 
for their identification. In the present study, identifi-
cation based on external morphological observations 
in the field and laboratory for all 3 species matched 
well with their DNA-based identification. Although 
this may not work for all species, these results support 
that future studies should couple detailed morpho-
logical observations with genetic characterisation, at 
least on a subset of samples. 

Marginal growth rates (0.3–1.65 mm mo–1) of P. cf. 
onkodes were within the range of those found by 
other studies for this species (e.g. 1.53–2.52 mm mo−1 
in Lewis et al. 2017 and Table 3 therein for earlier 
records), as well as a recent study on the fore reef of 
Moorea (1.21 mm mo–1, Jorissen et al. 2020). Simi-
larly, annual vertical growth rates (1.5 mm yr–1) of P. 
cf. onkodes were within the expected range for this 
species based on previous studies (e.g. 1.4 mm yr–1 in 
Lewis et al. 2017 and Table 3 therein). Its annual net 
calcification averaged 0.48 and 0.55 g CaCO3 cm–2 
yr–1 at the back reef and fore reef habitats, respec-
tively. These values are of the same order of magni-
tude as those published for this species by Payri 
(1995, 1997) in Moorea (0.41 g CaCO3 cm–2 yr–1) or 
by Chisholm et al. (1990) on the reef crest at Lizard 
Island in the Great Barrier Reef (0.31 g CaCO3 cm–2 
yr–1). They are lower than those found by Lewis et al. 
(2017) for this species on the outer slope of Heron 
Island in the Great Barrier Reef (2.72–3.40 g CaCO3 
cm–2 yr–1), but higher than those found by Goh et al. 
(2021) for encrusting organisms dominated by CCA 
in turbid reefs off Singapore (0.009 to 0.052 g CaCO3 
cm–2 yr–1). Differences between studies may be re -
lated to differences in methods, environmental con-

ditions and/or seasons. P. onkodes is well adapted to 
high-light environments (Tâmega & Figueiredo 2019) 
and typically dominates shallow and sunlit reefs 
(Payri 2000). Together with its widespread distribu-
tion throughout the tropical Pacific Ocean (Payri et 
al. 2000, Dean et al. 2015), our data confirm the impor-
tance of P. onkodes in reef carbonate production. 

Annual net calcification rates of N. cf. megalocys-
tum and Lithophyllum sp. approached those reported 
for cryptic encrusting communities (i.e. 0.066 g 
CaCO3 cm–2 yr–1, Morgan & Kench 2017). While the 
annual net calcification rates of Lithophyllum sp. were 
on average 17 times lower than those of P cf. onkodes, 
it should be noted that cryptic surfaces can account 
for up to 82% of the total reef surface area and that 
calcifying algae occupy approximately 15 and 35% of 
the exposed and cryptic surfaces, respectively (Korn-
der et al. 2021). Together, these data underline the 
need to include calcification by subcryptic and cryp-
tic CCA species in reef carbonate budgets. Lithophyl-
lum sp. had low net calcification rates associated with 
low marginal and vertical growth rates. In addition, 
this species showed the highest rates of partial tissue 
paling (~4 and ~1% for the back reef and fore reef, 
respectively, averaged across time intervals) and 
mortality (~9% averaged across habitats and time 
intervals). Exposure to very low light levels can cause 
tissue discolouration and partial mortality in CCA 
(Bessell-Browne et al. 2017). As a cryptic species, 
Litho phyllum sp. is likely to be well adapted to low 
light levels. However, this species forms a thin crust 
with a single-layer hypothallium and a perithallium 
that consists of a single layer or is absent. This growth 
form is often heavily grazed and outcompeted (Adey 
& Vassar 1975, Arnold & Steneck 2011, McCoy & 
Pfister 2014). In contrast, P. onkodes and N. megacys-
tum have well developed thick crusts which are more 
resilient to damage and quickly regenerate (Steneck 
1986, Steneck et al. 1991). 

Our alizarin staining protocol resulted in visible 
marks in both P. cf. onkodes and Lithophyllum sp., but 
not in N. cf. megalocystum, which showed little to no 
vertical growth. Alizarin produces greater mark vis-
ibility on CCA individuals that have high growth rates 
(Lewis & Diaz-Pulido 2017). While alizarin has been 
widely used to stain several CCA species without 
affecting growth (Andrake & Johansen 1980, Blake & 
Maggs 2003, Steller et al. 2007), the toxicity of alizarin 
can potentially reduce CCA and coral calcification 
rates for several days immediately following staining 
(Dodge et al. 1984, Payri 1997). Since we used a con-
centration and immersion time which have been dem-
onstrated to be not toxic to P. onkodes (Lewis & Diaz-
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                                      P. cf.       N. cf. megalo-         Litho- 
                                  onkodes           cystum           phyllum sp. 
 
Marginal growth (mm yr–1) 
Back reef                     7.46                  2.22                    2.17 
Fore reef                    15.19                11.89                   5.50 
Pooled habitats        11.32                 7.05                    3.84 
Vertical growth (mm yr–1) 
Back reef                    1.52                  0.07                    0.46 
Fore reef                     1.55                  0.01                    0.32 
Pooled habitats         1.53                  0.04                    0.39 
Net calcification (g CaCO3 cm–2 yr–1) 
Back reef                     0.48                  0.06                    0.02 
Fore reef                      0.55                  0.27                    0.05 
Pooled habitats         0.51                  0.16                    0.03

Table 2. Annual marginal and vertical growth and net calcifi-
cation rates of the 3 crustose coralline algae species in the  

back reef and fore reef habitats
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Pulido 2017), we are confident that our results are rep-
resentative at least for this species. Marginal growth 
rates (0.77–2.49 mm mo–1) of N. cf. megalocystum 
were lower than those of unstained individuals re -
ported on the fore reef of Moorea (2.89 mm mo–1, 
Jorissen et al. 2020), which could suggest an inhib-
itory effect. It would have been useful to compare our 
marginal growth and calcification rates with those of 
non-stained individuals to evaluate potential alizarin 
effects, but this was out of the scope of the present 
study. 

Our results demonstrate significant differences 
among time periods in all measured growth and calci-
fication variables. However, they do not support a 
strong seasonal pattern in growth and calcification 
rates of CCA in Moorea. We can reject our second 
hypothesis that maximum seasonal growth and calci-
fication rates occur over the summer season. While 
marginal growth and calcification rates of P. cf. 
onkodes were higher in summer 2022 than in winter 
2021, differences between summer 2022 and winter 
2022 were not significant. Likewise, there were no 
consistent seasonal trends for N. cf. megalocystum 
and Lithophyllum sp. Although marginal growth and 
calcification rates of N. cf. megalocystum were lower 
in summer 2022 than in winter 2022, differences 
between summer 2022 and winter 2021 were not sig-
nificant. This lack of summer maxima contrasts with 
the study of Payri (1997) showing higher calcification 
rates of the rhodolith Hydrolithon reinboldii in the 
summer in Moorea, as well as previous studies from 
tropical (Pulecio-Plaza et al. 2023), temperate (Adey 
& McKibbin 1970, Martin et al. 2006, Kamenos & Law 
2010, Burdett et al. 2011, Egilsdottir et al. 2016) and 
polar (Adey 1970, Blake & Maggs 2003, Halfar et al. 
2008) regions. However, it agrees with the studies of 
Short et al. (2015) and Lewis et al. (2017). On the 
Great Barrier Reef, maximum seasonal growth and 
calcification rates of P. onkodes did not occur over the 
summer (Lewis et al. 2017). Deviations in expected 
summer maxima may be explained by elevated tem-
perature, low seasonal temperature variability and 
various stress factors during the summer season 
(Lewis et al. 2017). Short et al. (2015) found a distinct 
lack of seasonality in temperate CCA species belong-
ing to the sub-family Hydrolithoideae following a 
marine heatwave off Western Australia. In our study, 
water temperatures were typical, with summer max-
ima not surpassing the coral bleaching threshold re -
ported for Moorea (i.e. 29.2°C; Adjeroud et al. 2002). 
Daily mean temperature varied by only 3°C between 
winter and summer, which is less than that of the 
Great Barrier Reef reported by Lewis et al. (2017) (i.e. 

5°C) or of the Artic region (i.e. 12°C, Freiwald & Hen-
rich 1994), making it the most likely explanatory 
 factor. 

We found significant spatial differences in the mar-
ginal growth rates of P. cf. onkodes and N. cf. megalo-
cystum. For both species, marginal growth rates were 
higher at the fore reef compared to the back reef. In 
addition, N. cf. megalocystum also showed higher 
rates of net calcification at the fore reef. These differ-
ences could be explained by a combination of in -
creased herbivory and decreased light levels at the 
fore reef, which may have resulted in less vigorous 
epiphytic growth. In our study, this hypothesis is sup-
ported by the lower occurrence of epiphytes on both 
P. cf. onkodes and N. cf. megalocystum at the fore reef. 
The fore reefs of Moorea typically exhibit higher her-
bivory and lower light levels relative to the back reefs 
(Adam et al. 2011, 2022, Dubé et al. 2021). CCA need 
herbivores to remove epiphytes, especially turf algae, 
which limit their growth by trapping sediments (Ste-
neck 1986, Williams & Carpenter 1990, Steneck 1997, 
Figueiredo et al. 2000). CCA are typically more abun-
dant in shallow environments, where herbivore pres-
sure and wave exposure reduce turf algal biomass, as 
well as in deeper or cryptic habitats, where light 
intensities are not sufficient to sustain the fast growth 
of competitive species (Chisholm 2000). In the Abrol-
hos, the lateral growth of P. onkodes is positive on the 
reef edge and base, but zero on the reef flat, which is 
explained by desiccation and high epiphytic cover of 
non-calcareous crusts due to low herbivory (Figueire -
do & Steneck 2002, Tâmega et al. 2016). In addition, 
CCA species show various degrees of photo inhibition 
depending on light exposure during growth (Payri et 
al. 2001). For example, shaded fragments of P. onko -
des grow faster (both vertically and marginally) than 
those in full sunlight on the Great Barrier Reef (Lewis 
et al. 2017). Photoinhibition may be more pronounced 
in shaded plants (Payri et al. 2001), which is consis-
tent with the large differences in both growth and cal-
cification of N. cf. megalocystum between the fore reef 
and back reef. Furthermore, the relatively low growth 
and calcification rates of this species in the summer 
period at both habitats suggests that photoinhibition 
could be exacerbated by elevated water temperature, 
which is consistent with other studies (e.g. Vásquez-
Elizondo & Enríquez 2016). 

This study increases our knowledge on the growth 
and calcification of CCA in the South Pacific. Our re -
sults reveal that CCA growth and calcification is 
 species-specific and can be spatially and temporally 
variable. They support the need to consider spatio-
temporal variations in calcification rates, as well as 
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calcification by subcryptic and cryptic species, to 
improve the accuracy of reef carbonate budgets. Field 
census-based assessment of CCA cover and species 
composition residing in subcryptic and cryptic micro-
habitats is clearly challenging, but quantifying ben-
thic communities in these microhabitats has been 
successfully conducted using endoscopic and 3D 
reconstruction approaches (Richter et al. 2001, Korn-
der et al. 2021). In addition, sampling in the field 
should be coupled with external morphological ob -
servations and molecular identification to increase 
our understanding of the contribution of different 
species to calcification. Similar studies should be con-
ducted at other locations to explore inter-annual and 
inter-habitat variabilities in coralline algal growth 
and calcification. In situ studies such as this one pro-
vide important baseline information to understand 
how CCA communities are responding to environ-
mental changes. 
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                                                                 Winter 2021              Spring 2021           Summer 2022           Autumn 2022          Winter 2022 
 
Back reef             Deployment                 13/07                    19/10/2021                   23/01                          15/04                       22/06 
                                Collection                   15/10                    21/01/2022                   11/04                          22/06                       06/10 
Fore reef              Deployment                 15/07                    21/10/2021                   25/01                          13/04                       22/06 
                                Collection                   15/10                    21/01/2022                   11/04                          22/06                       06/10

Appendix. Deployment and collection dates and heath and growth measurement of CCA species 
 

Table A1. Deployment and collection dates of PVC rings in both reef habitats. Dates are given as d/mo

                                         P. cf. onkodes                              N. cf. megalocystum                           Lithophyllum sp. 
                                 n     Max  Mean (SEM)     Min          n    Max     Mean (SEM)       Min            n       Max     Mean (SEM)   Min 
 
(a) Back reef 
Tissue discolouration (% pale tissue area) 
Winter 2021         12       0.00     0.00 (0.00)       0.00         9   35.87         7.34 (3.99)         0.00          9       88.50    10.58 (9.77)       0.00 
Spring 2021         12       0.00     0.00 (0.00)       0.00        10  13.42         3.94 (1.67)         0.00          8          2.26      0.28 (0.28)       0.00 
Summer 2022      12       0.00     0.00 (0.00)       0.00        10  46.96         6.35 (4.60)         0.00          8       47.76      7.40 (5.94)       0.00 
Autumn 2022      11       0.00     0.00 (0.00)       0.00         9     0.00         0.39 (0.39)         0.00          6       17.39      2.90 (2.90)       0.00 
Winter 2022         11       1.65     0.15 (0.15)       0.00        11  12.55         1.91 (1.22)         0.00          7          0.00      0.00 (0.00)       0.00 
Tissue mortality (% dead tissue area) 
Winter 2021         12       9.18     1.79 (0.82)       0.00         9   18.72         4.50 (2.23)         0.00          9          8.99      1.00 (0.99)       0.00 
Spring 2021         12     24.37     3.48 (2.20)       0.00        10    1.97         0.20 (0.20)         0.00          8       47.69      6.83 (5.90)       0.00 
Summer 2022      12     18.01     1.76 (1.50)       0.00        10  36.89         5.92 (3.81)         0.00          8       43.75      6.88 (5.45)       0.00 
Autumn 2022      11     20.96     3.19 (1.97)       0.00         9   34.15         8.44 (4.27)         0.00          6       28.97    19.80 (13.69)     0.00 
Winter 2022         11     15.79     1.66 (1.43)       0.00        11  45.33         4.12 (4.12)         0.00          7       43.89    15.70 (5.90)       0.00 
Marginal growth (mm d–1) 
Winter 2021         12       0.04   0.015 (0.003)     0.001       9     0.03       0.007 (0.005)   –0.01          9          0.04    0.009 (0.008) –0.02 
Spring 2021         12       0.05   0.019 (0.006) –0.017      10    0.04       0.012 (0.006)   –0.01          8          0.03    0.012 (0.005) –0.01 
Summer 2022      12       0.09   0.041 (0.008) –0.01        10    0.01 –0.0001 (0.003)   –0.02          8          0.04    0.008 (0.008) –0.02 
Autumn 2022      11       0.05   0.012 (0.004) –0.003       9     0.03       0.005 (0.005)   –0.02          6          0.01    0.002 (0.005) –0.02 
Winter 2022         11       0.05     0.03 (0.004)     0.01        11    0.05       0.015 (0.005)   –0.02          7          0.01    0.002 (0.004) –0.001 
Vertical growth (μm d–1) 
Winter 2021         12       7.16     4.09 (0.41)       2.03         9     1.54         0.17 (0.17)         0.00          9          2.46      1.37 (0.22)       0.53 
Spring 2021         12       6.94     4.69 (0.31)       3.64        10    0.00         0.00 (0.00)         0.00          8          4.32      2.53 (0.60)       0.00 
Summer 2022      12       7.61     5.15 (0.34)       2.83        10    7.55         0.75 (0.75)         0.00          8          3.69      0.82 (0.48)       0.00 
Autumn 2022      11       5.25     4.35 (0.23)       3.18         9     0.00         0.00 (0.00)         0.00          6          2.72      1.30 (0.49)       0.00 
Winter 2022         11       8.89     5.65 (0.48)       3.82        11    0.00         0.00 (0.00)         0.00          7          1.41      0.20 (0.20)       0.00 
Net calcification (g CaCO3 cm–2 yr–1) 
Winter 2021         12       0.80     0.46 (0.05)       0.20         9     0.36         0.08 (0.06)     –0.15          9          0.20      0.02 (0.05)   –0.30 
Spring 2021         12       0.81     0.52 (0.04)       0.34        10    0.33         0.10 (0.05)     –0.15          8          0.17      0.07 (0.03)   –0.08 
Summer 2022      12       0.86   0.064 (0.05)       0.24        10    0.19   –0.001 (0.05)     –0.29          8          0.19      0.02 (0.05)   –0.17 
Autumn 2022      11       0.58     0.46 (0.03)       0.31         9     0.34         0.04 (0.07)     –0.33          6          0.10   –0.03 (0.07)   –0.39 
Winter 2022         11       1.13     0.71 (0.06)       0.45        11    0.47         0.17 (0.06)     –0.27          7          0.07      0.02 (0.01)   –0.01

Table A2. Summary of the number of replicates and maximum, minimum, mean and SEM values for the different health, growth  
and calcification variables for each species × season combination at the (a) back reef and (b) fore reef sites

Table continued on next page
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                                         P. cf. onkodes                              N. cf. megalocystum                           Lithophyllum sp. 
                                 n     Max  Mean (SEM)     Min          n    Max     Mean (SEM)       Min            n       Max     Mean (SEM)   Min 
 
(b) Fore reef 
Tissue discolouration (% pale tissue area) 
Winter 2021         12       3.89     0.54 (0.37)       0.00        12    5.99         0.50 (0.50)         0.00          6          0.00      0.00 (0.00)       0.00 
Spring 2021         12       0.00     0.00 (0.00)       0.00        12  21.54         1.80 (1.80)         0.00         10        0.00      0.00 (0.00)       0.00 
Summer 2022      12       0.00     0.00 (0.00)       0.00        12    8.52         0.71 (0.71)         0.00         10      45.19      4.52 (4.52)       0.00 
Autumn 2022      12       9.75     0.81 (0.81)       0.00        12    9.54         0.79 (0.79)         0.00         11        0.00      0.00 (0.00)       0.00 
Winter 2022         11       3.29     0.30 (0.30)       0.00        11    0.00         0.00 (0.00)         0.00          7          0.00      0.00 (0.00)       0.00 
Tissue mortality (% dead tissue area) 
Winter 2021         12     33.14     4.86 (2.96)       0.00        12    4.27         0.64 (0.44)         0.00          6       38.53      7.31 (6.30)       0.00 
Spring 2021         12       0.00     0.00 (0.00)       0.00        12    4.61         0.56 (0.41)         0.00         10      14.74      5.04 (1.87)       0.00 
Summer 2022      12       0.00     0.00 (0.00)       0.00        12  11.68         2.27 (1.12)         0.00         10      22.93      6.56 (2.76)       0.00 
Autumn 2022      12     14.71     2.07 (1.34)       0.00        12    5.70         0.48 (0.48)         0.00         11      39.56      5.95 (4.04)       0.00 
Winter 2022         11     47.35     5.88 (4.32)       0.00        11  26.25         2.94 (2.40)         0.00          7       56.67    14.83 (7.64)       0.00 
Marginal growth (mm d–1) 
Winter 2021         12       0.04   0.018 (0.006) –0.01        12    0.08       0.041 (0.008)       0.001        6          0.04    0.003 (0.004) –0.01 
Spring 2021         12       0.07   0.052 (0.004)     0.03        12    0.09       0.043 (0.006)       0.013       10        0.02    0.005 (0.003) –0.01 
Summer 2022      12       0.10   0.051 (0.007)     0.02        12    0.06       0.025 (0.006)       0.003       10        0.16    0.033 (0.002) –0.01 
Autumn 2022      12       0.10   0.046 (0.008)     0.01        12    0.07       0.032 (0.006)       0.001       11        0.05    0.012 (0.006) –0.01 
Winter 2022         11       0.09   0.048 (0.009) –0.02        11    0.18       0.080 (0.017)       0.02          7          0.17    0.034 (0.023) –0.01 
Vertical growth (μm d–1) 
Winter 2021         12       3.81     3.14 (0.22)       1.41        12    1.63         0.14 (0.14)         0.00          6          2.26      0.85 (0.31)       0.00 
Spring 2021         12       6.99     3.91 (0.51)       0.00        12    0.00         0.00 (0.00)         0.00         10        2.77      1.09 (0.27)       0.00 
Summer 2022      12       9.90     5.59 (0.56)       2.07        12    0.00         0.00 (0.00)         0.00         10        2.56      1.17 (0.30)       0.00 
Autumn 2022      12       9.92     5.25 (0.52)       3.76        12    0.00         0.00 (0.00)         0.00         11        3.22      0.89 (0.36)       0.00 
Winter 2022         11       7.71     5.72 (0.49)       3.48        11    0.00         0.00 (0.00)         0.00          7          3.39      0.74 (0.50)       0.00 
Net calcification (g CaCO3 cm–2 yr–1) 
Winter 2021         12       0.49     0.34 (0.03)       0.17        12    0.57         0.33 (0.05)         0.02          6          0.10    0.006 (0.03)   –0.12 
Spring 2021         12       0.95     0.53 (0.07)       0.00        12    0.57         0.34 (0.04)         0.17         10        0.11      0.03 (0.02)   –0.06 
Summer 2022      12       1.21     0.71 (0.07)       0.30        12    0.51         0.25 (0.05)         0.05         10        0.35      0.09 (0.05)   –0.16 
Autumn 2022      12       1.24     0.65 (0.06)       0.38        12    0.66         0.30 (0.06)         0.01         11        0.22      0.05 (0.03)   –0.17 
Winter 2022         11       1.13     0.80 (0.07)       0.48        11    0.63         0.45 (0.05)         0.20          7          0.26      0.07 (0.04)   –0.07
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