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The crucial role of crustose coralline algae (CCA) in inducing hard coral larval settlement
and ensuring the replenishment of coral reefs is widely accepted, and so are the negative
effects of anthropogenic CO2 emissions on both CCA abundance and coral development.
However, diversified and well-developed coral reef communities have been recently
discovered in natural conditions where CCA and corals would not be expected to
thrive. Back-reef pools, volcanic CO2 vents, mangrove estuaries, and semi-enclosed
lagoons systems can present seawater pH, temperature, and dissolved oxygen values
reaching or even exceeding the conditions currently predicted by the Inter Panel on
Climate Change (IPCC) for 2100. In the semi-enclosed lagoon of Bouraké (New
Caledonia, southwest Pacific Ocean), seawater pHT, dissolved oxygen, and
temperatures regularly fluctuate with the tide reaching respectively minimum values of
7.23 pHT units, 2.28 mg O2 L

-1, and maximum of 33.85°C. This study reports the effect of
such extreme environmental conditions on hard coral recruitment and CCA originally
settled at a forereef on artificial substrates that were transplanted over two years in two
fringing reef and at the Bouraké lagoon. Our data emphasize the negative effects of the
extreme conditions in our study sites on the CCA, which decreased in cover by ca. 80%
and lost in the competition with turf algae, which, in turn, increased up to 162% at the end
of the two years. Conversely, hard coral recruitment remained high at Bouraké throughout
the study, three-fold higher than at two sites located outside Bouraké where
environmental conditions were typical for coastal fringing reefs. Our findings show that
while such extreme, climate change like-conditions have a direct and adverse effect on
CCA abundance, and despite a certain persistence, coral larvae settlement was not
affected. Based on previous findings from Bouraké, and the present observations, both
coral recruits and adults seem to be unaffected despite the extreme environmental
conditions. This study supports previous research illustrating how extreme natural and
variable environments may reveal unexpected and positive insights on the processes
underlying coral acclimatization and adaptation to global change.

Keywords: coral recruitment, crustose coralline algae (CCA), extreme environmental conditions, persistence,
natural variability
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INTRODUCTION

Scleractinian corals begin their life as pelagic larvae eventually
settling to the reef, growing and establishing as adult, long-
lasting colonies (Harrison and Wallace, 1990). Healthy and
functional coral reef communities directly depend on coral
recruitment success that, in turn, depends on the abundance of
their preferred settling substrate i.e., crustose coralline algae
(CCA, fami ly Cora l l inaceae , L i thophyl laceae , and
Porolithaceae) (Heyward and Negri, 1999). Indeed, CCA are
known as framework binders and act as a preferential settlement
substrate for coral larvae (Morse et al., 1988; Heyward and Negri,
1999; Harrington et al., 2004; Nelson, 2009; Price, 2010). Whilst,
CCA thallus surface topography differences imply biotic
interaction changes (Figueiredo et al., 1996), this preferred
substrate is most likely induced by chemical cues from the
CCA wall-associated compounds and to a lesser extent from
their bacterial biofilm (Tebben et al., 2015; Gómez-Lemos et al.,
2018). The early-life stage is a harsh period for coral survival
since a multitude of biotic and environmental factors such as
light (Bessell-Browne et al., 2017), smothering from
sedimentation (Fabricius and Wolanski, 2000), and several
complex trophic interactions (Fabricius et al., 2015) including
competition with turf algae (Swierts and Vermeij, 2016; Jorissen
et al., 2020), suspension-feeders (Elmer et al., 2018), grazers and
predators (Penin et al., 2011; O’Leary et al., 2013), cause high
mortality rates (67-99%) in coral recruits (Wilson and Harrison,
2005). In particular, competitive interactions play a significant
role in the survival of both coral recruits and adult colonies
(Penin et al., 2011; Swierts and Vermeij, 2016). In this context,
the complex and only partially studied interactions between CCA
and coral larvae and their consequences on larval settlement,
have been shown to play a fundamental role in the replenishment
of the reef (O’Leary et al., 2012). Likely, this complex ecological
framework could be furthermore compromised in the future
when considering climate changes, in particular rising
temperatures and ocean acidification as it has been widely
described across several studies (e.g., Mccoy and Kamenos,
2015; Cornwall et al., 2021a; Page et al., 2021).

Ocean acidification (OA) is generally described as the rapid
and global decline of pH and calcium carbonate saturation in
surface seawater (Orr et al., 2005). Several lab-based experiments
addressing the effects of OA on CCA have demonstrated reduced
calcification and growth rates (Kuffner et al., 2008; Comeau et al.,
2013), increased dissolution (Anthony et al., 2008; Diaz-Pulido
et al., 2012), and reduced recruitment (Kuffner et al., 2008;
Bradassi et al., 2013). Field studies have shown as well reduced
recruitment (Fabricius et al., 2011; Fabricius et al., 2015) or
impaired capacity to attract coral larval settlement (Doropoulos
et al., 2012). However, it has been recently shown that lab-based
versus field experiments tend to conclude that OA has a stronger
impact on CCA (Page et al., 2022). Indeed, CCA and corals
persist at CO2 seep sites (Kamenos et al., 2016; Enochs et al.,
2020; but see also Fabricius et al., 2011 for an opposite finding)
and at low pH environments in Palau (Barkley et al., 2015). For
coral recruits, OA has been shown to cause skeletal
malformations (Foster et al., 2016), and decrease in availability
Frontiers in Marine Science | www.frontiersin.org 2
of settlement cues (Albright et al., 2010; Albright and Langdon,
2011). Thus, in general, OA could affect coral recruitment by
dissolving CCA or changing their microbial biofilms
compounds, hence decreasing the availability of a supposedly
ideal substrate for coral recruits (Webster et al., 2013) and finally
affecting the recruit survival (Doropoulos et al., 2012;
Doropoulos and Diaz-Pulido, 2013). However, OA is only one
of the ongoing threats to coral reefs, and its combination with
both ocean warming (OW) and deoxygenation (OD) will likely
cause CCA bleaching and mortality (Diaz-Pulido et al., 2012;
Cornwall et al., 2019; Hughes et al., 2020), and impairment of
coral larvae settlement (Jorissen and Nugues, 2021). Combining
all those environmental parameters and testing their effects using
short-term lab-based experiments is challenging. Natural
systems that are exposed to natural in-situ gradients can be
used to study their integrated effect (Page et al., 2022). Despite
several limitations, few study sites have been recognized as
natural laboratories to study the response of species and
ecosystem levels to future extreme environmental conditions
(e.g., Hall-Spencer et al., 2008; Fabricius et al., 2011; Kroeker
et al., 2013; Barkley et al., 2015; Agostini et al., 2018). The semi-
enclosed lagoon of Bouraké in New Caledonia is one of these
natural laboratories; it hosts well-diversified and complex coral
assemblages despite fluctuating acidified, warm, and
deoxygenated environments (Camp et al., 2017; Maggioni
et al., 2021). In this study, the Bouraké site provided the
opportunity to test the long-term responses of CCA and coral
recruitment to multiple stressors in a natural setting, which
would be hard to reproduce in tank experiments artificially
mimicking future climatic conditions.

Here, we assessed the effects of extreme and fluctuating
environmental conditions (i.e., low pH, O2, and high
temperature) on the abundance of CCA, algal turf, and coral
recruits. To address this objective, we obtained CCA-covered
tiles from a forereef and moved them to three fringing coastal
reef sites with distinct environmental conditions. We
investigated the effect of the environmental conditions typical
of coastal fringing reefs on the CCA cover twice during the two
years experiment and we quantified and identified the coral
family recruited on the tiles at the end. Based on the reported
effect of OA on CCA cover and coral recruitment rates, we
hypothesized that in Bouraké both will be heavily affected by the
extreme conditions.
MATERIALS AND METHODS

Study Sites, Coral Community
Characterization, and
Environmental Assessment
This study was conducted from September 2017 to October 2019
at a semi-enclosed lagoon within a mangrove ecosystem in
Bouraké, New Caledonia (St B3, Figure 1B), and at two
fringing reefs, one adjacent to Bouraké (St R2 in Figure 1C,
4 km away) and another one (St M1) located 80 km south in the
Maa’s Bay (Figure 1D). Station R2 is a large bay-sheltered reef
June 2022 | Volume 9 | Article 837877
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that is enclosed between two islets and has an abundant and
scattered reef. Station M1 is a typical fringing reef that is open to
the lagoon.

In Bouraké extreme conditions are recorded in seawater
temperature (range 17.5 - 33.8°C), dissolved oxygen (range
1.87 - 7.24 mg L-1), and pH (range 7.23 - 7.92 pHT units)
(Maggioni et al., 2021). Those environmental parameters
fluctuate regularly according to the tide (ca. 1 m high) and
only return close to coastal values during the high tide of
spring tides when seawater of the semi-enclosed lagoon is
partially renewed with seawater entering from the external
lagoon. As a result, daily fluctuations of dissolved oxygen
Frontiers in Marine Science | www.frontiersin.org 3
(DO), temperature, and pH fluctuate can reach 4.91 mg O2

L-1, 6.50°C, and 0.69 pHT units, respectively. Despite these
harsh conditions, at least 66 coral species form compact and
wealthy reefs all along the lagoon (Maggioni et al., 2021). In the
first assessment of the Bouraké lagoon (Camp et al., 2017), the
authors found that these coral species spent 44% of the time at
pHT 7.7–7.8, thus reaching the worst scenarios RCP7.0 and
RCP8.5 predicted in global ocean by the Inter Panel on Climate
Change for the end of the century (IPCC Report, 2021). During
particularly warm years, such as the El Niño event in 2016
(Camp et al., 2017), they experienced temperatures predicted
for the end of this century 71% of the time, while facing
FIGURE 1 | Map showing the location of the study sites in New Caledonia (A) and the position of the stations where the 2-year experiment took place (B-D).
Station B3 was located in the semi-enclosed lagoon of Bouraké (B), while two other stations were located either near Bouraké (St R2) (C) or in Maa’s Bay (St M1) (D).
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now the best case scenarios RCP2.6 and RCP1.9 (IPCC
Report, 2021).

The composition of the reef communities was assessed at each
station visually, by taking photographs of the corals found along
three 30-m line transects, and when necessary by collecting
fragments of corals and further observing their skeletal
structure under a stereomicroscope for final identification.
Most of the corals, which are common fringing reef species,
were recognized at the genus and species level, with reference to a
species list previously established for B3 and R2 (Maggioni et al.,
2021). Because the reef community composition might affect
coral recruitment rates and the comparison between sites, we
verified that the reef diversity was similar among the three
stations using the Shannon’s diversity index (H) on identified
species trough the stations (Supplementary Tables S1, S4). The
three stations were chosen because in addition to have similar
reef composition, they allow to compare the effect of a gradient of
seawater carbonate chemistry on the larvae and CCA settlement.
In fact, as previously found (Maggioni et al., 2021) and also
during our measurements (see results section), R2 could be
considered as an intermediate station between B3 and M1,
regarding pH absolute value. Therefore, this continuum in the
pH experienced by the organisms allows us to evaluate the
impact of three different pH scenarios: the end of the century,
future 30 years, and the actual conditions (i.e., B3, R2 and
M1, respectively).

For stations, B3 and R2, total scale seawater pHT, dissolved
oxygen, and temperature were periodically undertaken since
2016 (Maggioni et al., 2021) using Seabird SeaFET pH loggers,
YSI 600 OMS-M, and Hobo water temperature Pro V2, all settled
at 10-min logging intervals. For station M1, seawater pHT and
dissolved oxygen content (DO, mg L-1) were measured during
three 7-14 day periods (August 2017, June 2018, and January
2019). Unfortunately, the temperature probe was lost twice,
therefore the temperature variations could not be assessed for
this site.

Terracotta Tiles Set-Up and
Settlement Analyses
A total of 60 red terracotta tiles (11 x 11 x 1 cm) were deployed
after being soaked for 7 months at a forereef (22°17.152’S, 166°
10.992’E) at 12 meters depth. In September 2017, they were
transferred and randomly deployed at the three stations B3, R2,
and M1. This experimental approach was necessary to obtain 60
tiles having both the same CCA community and a similar
percentage cover that could be difficult to obtain if the tiles
were pre-soaked directly at the stations. This same basis cover
allowed us to consider in particular the effects of environmental
changes. At each station, 20 tiles were secured to the reef with
metal rods at 1.5-2 m depth. Tiles were arranged with a 30-
degree inclination at approximately 10 cm from the substrate.
They were positioned ca. 3 m distant along a transect of ca. 60 m.
The tiles were therefore photographed underwater before
moving them to the three stations (T0), two months after their
deployment (T2), and two years after deployment (T24/26). The
top sides of 39 (off 60) randomly chosen tiles were photographed
in situ at T0, using an underwater Canon G16 camera. The top
Frontiers in Marine Science | www.frontiersin.org 4
sides of all the tiles were imaged at T2. Tiles from B3 and R2 were
retrieved in September 2019 (T24). Tiles from M1 were collected
in October 2019 (T26). Of the 20 tiles initially installed at St B3
and M1, only 15 and 19 were found, respectively. All the
deployed tiles were recovered at R2. In the laboratory, both top
and bottom sides were photographed under a dissecting
stereomicroscope (tiles were immersed in seawater).

All photographs were analyzed using the photoQuad software
(version 1.4) as in Trygonis and Sini (2012), and the percent
cover of sessile organisms was assessed. Each photograph was
calibrated for size and pixels-segmented to the highest level
possible (segments ignored < 10 pixels). PhotoQuad’s image
segmentation is based on the SRM algorithm developed by Nock
and Nielsen (2004). The photograph’s size was usually comprised
between 3x106 pixels to 9x106 pixels for a surface area typically
around 125 cm2. For top sides, three main categories describing
the settled organisms were identified: (i) Algal turf, (ii) CCA, and
(iii) empty (i.e., tile surface devoid of any recognizable benthic
organisms). For bottom tile sides, one more category was
assessed, namely: (iv) suspension-feeders (i.e., ascidians,
sponges, serpulid worms, and bryozoans). At the end of the
experiment, tiles were cleaned for 24 h in a 10% NaCl solution to
remove all organic material, rinsed, and dried. The coral recruits
settled on the top, bottom, and the four lateral sides (all sides
pooled) of the tiles were counted under a stereomicroscope and
identified to the lowest possible taxonomic level. We were able to
categorize the coral recruits into three families: Acroporidae,
Poritidae, and Pocilloporidae.

Statistical Analyses and Data Presentation
The database for the map (Figure 1) was collected frommap tiles
at www.georep.nc (©Georep contributors) and customized in
QGIS (version 3.4.14). Statistical analyses were conducted and
figures were produced using RStudio (R Development Core
Team, version 4.1.0, 2021), including the packages: “ggplot2”,
“stats”, “dunn.test”, “FSA”. Homogeneity of variance was tested
using the Levene test and the normality of variance distribution
was tested using the Shapiro-Wilk test and checked graphically
with a Q-Q plot. When data did not conform to normality or
homogeneity of variance, we used the non-parametric Wilcoxon
test or the Kruskal-Wallis followed by the Dunn’s multiple
comparisons test (Bonferroni-adjusted). First, for each site
separately we used two factors Wilcoxon test (two groups) for
each of the three categories of organisms (CCA, Turf, and
Empty) settled on the top sides of tiles to test for statistical
differences first after two months of incubation (i.e., T0 vs T2),
and then after two years (i.e., T2 vs T24/26). To compare
significant differences between stations (i.e., B3, R2, and M1) at
the start of the study (T2), we used the non-parametric Kruskal-
Wallis followed by the Dunn’s multiple comparisons test
(Bonferroni-adjusted). The latter was also used for each of the
four categories identified on the bottom sides of tiles (i.e., Turf,
CCA, Suspension-feeders, and Empty) and the three categories
identified on the top sides of tiles (i.e., Turf, CCA and Empty) at
the end of the experiment (T24/26) to test for statistical differences
between stations (B3, R2, M1). The same tests were also used for
statistical differences in coral recruits between stations (B3, R2,
June 2022 | Volume 9 | Article 837877
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and M1) from all tiles sides pooled at T24/26. Data were
graphically reported as median values ± 25th and 75th

percentiles (box), minimum and maximum values (whiskers),
otherwise specified.
RESULTS

Environmental Parameters
Our results showed differences in the main environmental
parameters between stations with lower values at B3,
intermediates at R2, and normal at M1 (Table 1). At B3, pH was
strongly correlated with the tidal cycle decreasing and increasing
with the ebb and rising tide, respectively (Figure 2). Within a tidal
cycle, the pH reached a minimum of 7.23 and a maximum of 8.06
pHT units at B3 (Table 1) and it changed on average by about 0.15
units per hour. At stations R2 andM1, pH fluctuated between 7.69
and 8.12 pHT units for R2, and from 7.93 to 8.18 pHT units forM1.
Similar to pH values, the mean dissolved oxygen concentration
(DO) was lower in the Bouraké lagoon than at the other stations.
DO concentrations were lower in the early morning at R2 and M1
and higher atmid-day, while theywere tidally driven at B3with low
and high values coincident with low and high tide, respectively.
Over a 48-hour cycle, DO fluctuates up to 4.25 mg L-1 at station R2
and 3.75 mg L-1 at stations M1 and B3.

Changes in Crustose Coralline Algae
and Turf Covers
After 7 months of conditioning at a forereef, i.e., just before they
were moved and randomly shared between the three study
stations (T0), the top sides of the tiles were predominantly
covered in CCA (median percent cover of 69.21%, all tiles
pooled), while algal turf was rare (median percent cover of
11.95%). Two main CCA genera were recognized on the tiles
on a simple visual check regarding the conceptacles size and
disposal: Porolithon and Neogoniolithon. After two months (T2)
at the three stations, the CCA median percent cover was
significantly different among stations and significantly
Frontiers in Marine Science | www.frontiersin.org 5
decreased at B3 from 69.21% to 41.4% (Figure 3; Table 2).
CCA cover significantly increased at the two stations R2 and M1,
respectively 64.4% and 81.3%. In contrast, turf cover was
significantly different between stations, reaching the highest
values in B3 (20.4%), and only 6.4% and 9.7% at R2 and M1,
respectively. After two years of deployment (T24/26), CCA
median percent cover on the top sides of the tiles was lower
than the one at T2 at all stations: this decrease was dramatic at B3
(from 41.4% to 8.4%) and M1 (from 81.3% to 1.5%), but to a
much lower extent at R2 (from 64.4% to 49.3%).

Turf cover on the top significantly increased at all stations,
dramatically at both B3 and M1 (from 20.4% to 53.5%, and from
9.7% to 91.2%, respectively), to a much lower extent at R2 (from
6.4% to 18.7%). Similarly, Turf cover on the bottom was
significantly different between stations (Table S3; Figure S3),
low at B3 (31.89%) and high at R2 and M1 (71.79% and 71.56%,
respectively). Crustose coralline algae median percent cover on
the bottom was similar at B3 (16.12%) and R2 (21.21%), and
significantly lower at M1 (3.42%) after two years of immersion

Suspension-feeder percent covers on the bottom of tiles in B3
and R2 were as low as 2.74% and 9.57% for B3 and M1,
respectively, and rare for R2 (Table S3). Tile surface areas
devoid of settlers significantly differed between stations. They
were similar at M1 and R2 (6.78% and 6.26%, respectively) and
higher at B3 (39.47%).

Spatial Variability in Coral Recruitment
Coral recruitment significantly differed among stations and sides
after two years of tile immersion (Table S3). It was found to be
ca. 3-fold higher at B3 than R2 and M1 with 18.4, 4.6, and 5.5
recruits per tile (all tiles pooled per station), respectively.
Regarding where the larvae preferentially settled on the tile, the
number of recruits was always higher on the bottom than on the
top, and scarce on the lateral sides (Figure 4).

Acroporidae was the dominant family of coral recruits settled
in our experiment (Figure S4), with similar relative abundances
between stations (65.58%, 73.91%, and 67.33%, at B3, R2, and
M1, respectively). Pocilloporidae was the second most abundant
TABLE 1 | Main environmental parameters measured at Bouraké (B3) and the stations M1 and R2.

Study site B3 R2 M1

Temperature (°C) Mean 26.13 26.08 –

(SD) (2.67) (2.28) –

Min 17.49 19.22 –

Max 33.85 31.74 –

pHT (total scale) Mean 7.67 7.89 8.07
(SD) (0.23) (0.08) (0.05)
Min 7.23 7.69 7.93
Max 8.06 8.12 8.18

DO (mg L-1) Mean 5.23 6.48 6.10
(SD) (0.89) (1.05) (1.31)
Min 2.28 3.24 3.24
Max 7.10 10.06 9.18
June 2022 | Volume 9 | Article 8
Mean (SD), minimum (min) and maximum (max) values of temperature, pHT (total scale), and dissolved oxygen (DO). Values were calculated from data collected during August 2017, June
2018 and January 2019 at station M1, and during 3-year long-term monitoring at B3 and R2 considering both diel and seasonal fluctuations, and compiling several thousands of
measurements (Camp et al., 2017; Maggioni et al., 2021). The temperature at station M1 was only occasionally recorded during the 2-year study period, therefore not presented.
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family, with recruits who equally settled at all three stations in
terms of relative abundance (14.85%, 17.39%, and 16.83% at B3,
R2, and M1, respectively). Only a few Poritidae were found at B3
and M1 (17.39%, and 6.52%), and none at M1 which exhibit
more unknown genera.
DISCUSSION

Coral larvae are tied to preferred settlement substrates such as
CCA (Harrington et al., 2004; Price, 2010), which in turn can be
severely affected by environmental conditions, such as OA. In
fact, reducing both the availability of preferred substrate for coral
settlement, such as CCA and biofilms and increasing turf algae
cover, may negatively reduce recruitment rates and coral
population replenishment and/or recovery (Doropoulos et al.,
2012; O’Leary et al., 2012; Fabricius et al., 2017). Although the
Frontiers in Marine Science | www.frontiersin.org 6
CCA we transplanted at study sites suffered from moderate
bleaching, partially confounding the effect of environmental
conditions on their survival, the present study corroborates
previous findings reporting a decline in CCA cover and a shift
towards an increase in turf algae under extreme conditions
(Kuffner et al., 2008; Martin et al., 2008; Barott et al., 2012;
Kroeker et al., 2013; Porzio et al., 2013; Enochs et al., 2015).
While the CCA abundance decline was expected, surprisingly,
coral recruitment rates in Bouraké were higher than outside, at
both the two fringing reefs. Our study sites differed in several
ways, one is tidally driven and exhibits variable and extreme pH,
temperature and hypoxia while the two others are far less
variable and close to ambient values. While our findings
appear to contradict results from several OA laboratory-based
experiments (e.g., Doropoulos et al., 2012; Webster et al., 2013;
Jorissen et al., 2020), they are in accordance with some field
experiments (Kamenos et al., 2016; Enochs et al., 2020) showing
A D

B E

C F

FIGURE 2 | Seawater pHT (A–C) and dissolved oxygen (DO) (D–F) variations (black lines) recorded during 48 hours at Bouraké (St B3) and stations R2 and M1.
Data were collected at the end of March 2019 at St R2 for pH (B) and DO (E) and at St B3 for pH (A). DO was measured at St B3 at the beginning of April 2019
(D). At St M1, data were collected at the end of January 2019 (C, F). Tidal variations (grey lines) are on the right y-axis.
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A D

B E

C F

FIGURE 3 | Change in crustose coralline algae (CCA) (A–C) and Turf percent cover (D–F) on top sides of the tiles between the beginning (two months after the time
of deployment, T2) and the end (after ca two years of deployment, T24/26) of collector deployment at study stations B3, R2 and M1 (number of tiles n = 15, 20 and
19, respectively). Data are median values ± 25th and 75th percentiles (box), minimum and maximum values (whiskers), and outliers (dots). Stars represent statistical
significance (see Table 2).
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in general, a lesser impact of OA (Page et al., 2022). All these
observations together reinforce the idea that coral recruitment is
possible even under extreme conditions and that, particularly for
the Bouraké site, corals may have adapted to such variable and
extreme environmental conditions.

Shift Between CCA and Turf Algae
CCA cover on the top sides of the tiles remarkably declined at
Bouraké after only 2 months of immersion, while remaining
stable or slightly higher at the two other reef stations. This
suggests that ca. 40% of CCA settled during the tiles pre-
deployment, dissolved during a short-term exposure, therefore
further indicating a strong negative effect of the Bouraké natural
environmental conditions on CCA. At the same time, turf algae
cover was significantly higher at Bouraké than at other reef
stations. It could be argued that our findings were mostly due to
the effect of an abrupt change of environmental conditions,
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including light exposure, from those characterizing the forereef
where the tiles were soaked before deployment to the three study
sites. The abrupt deployment could have impacted the benthic
organisms present on tiles and indeed, moderate bleaching was
evident after the first two months at the study sites (see
Figure 5A–C), potentially accelerating a decline in the CCA
abundance. However, such deployment effect, should be
common across the three stations, and this has not been
observed. Indeed, while CCA cover decreased in Bouraké, it
was stable or slightly increased at the two stations R2 and M1,
after two months (Table 2), which we believe to be a long enough
time for any consequence of an abrupt displacement to occur.
Furthermore, the initial phase-shift between CCA and turf seen
after the first two months at Bouraké, was still confirmed after
our two-years in situ experiment: a significant loss in CCA cover
(ca. 80%) and a significant increase of turf algae (up to 162%)
were measured (Figure 5D–F). While we cannot fully dismiss
TABLE 2 | Statistical data on CCA, turf and empty cover on the top sides of tiles.

A)

Station Category df W p

Top sides, T0 vs T2
B3 CCA (1, 54) 445 0.002

Turf (1, 54) 66 <0.001

Empty (1, 54) 173 0.021

R2 CCA (1, 59) 373 0.798

Turf (1, 59) 480 0.149

Empty (1, 59) 379 0.866

M1 CCA (1, 58) 257 0.061

Turf (1, 58) 395 0.691

Empty (1, 58) 506 0.024

B)

Top sides, T2 vs T24/26

B3 CCA (1, 30) 0 <0.001

Turf (1, 30) 195 <0.001

Empty (1, 30) 129 0.507

R2 CCA (1, 40) 123 0.037

Turf (1, 40) 348 <0.001

Empty (1, 40) 222 0.561

M1 CCA (1, 38) 0 <0.001

Turf (1, 38) 361 <0.001

Empty (1, 38) 131 0.154

C)

Top sides, T2 between stations df K-W p Dunn’s multiple comparison

CCA (2, 54) 9.084 0.010 B3 < M1 = R2 (p < 0.025)
Turf (2, 54) 13.770 <0.001 B3 > M1 = R2 (p < 0.001)

Empty (2, 54) 5.326 0.070

Top sides, T24/26 between stations df K-W p Dunn’s multiple comparison

CCA (2, 54) 43.876 <0.001 R2 > B3 > M1 (p < 0.014)
Turf (2, 54) 38.877 <0.001 M1 > B3 > R2 (p < 0.014)

Empty (2, 54) 25.311 <0.001 M1 < B3 = R2 (p < 0.001)
June 2022
(A and B) Non-parametric Wilcoxon tests between the beginning (T0) and after two-month incubation (T2); and between the T2 and 2-year (T24/26) at the three stations. C) Non-parametric
Kruskal-Wallis test, followed by the Dunn’s multiple comparisons, between stations for CCA, Turf and Empty measured at the beginning (T2) and the end (T24/26). Significant values are in
bold (p<0.05).
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the hypothesis that the initial deployment has affected the tiles,
our 2-years observation did not show a substantial recovery in
the color of the settled CCA and we are unable to discern the
effect of bleaching from that environmental conditions. A
potential caveat of our experimental design is that forereef
where the CCA community (mostly Porolithon and
Neogoniolithon) had settled on the tiles was characterized by
different environmental condition compared to the three study
sites where the tiles were kept during the 2-year incubation.
Although both CCA families are also commonly found on
coastal fringing reefs (Claude Payri, personal communication),
and the same families were also found at our study sites, we are
unable to verify whether the CCAs we transplanted were the
same as those that would be found naturally at the study sites.

Inter-species interactions, in combination with a direct effect
of acidification and the extreme environmental conditions in the
Bouraké system on CCA skeletons, could partially explain this
cover drop-off despite a certain persistence obtained by altering
skeletal mineralogy, although it remains difficult to assess with
certainty (Goffredo et al., 2014; Kamenos et al., 2016). In
Bouraké, seawater pH decreased down to 7.23 and exhibited a
mean value of 7.67, thus reducing carbonate ion concentrations
([CO2−

3 ]) available and the saturation state of seawater with
respect to aragonite and calcite (Warag). Low values of seawater
pH have been experimentally shown to cause a decrease in CCA
growth and an increase in skeletal dissolution (Kuffner et al.,
2008; Comeau et al., 2013; Fabricius et al., 2015; Foster et al.,
2016), and are known to reduce their skeletal density (Chan et al.,
2020; Williams et al., 2021). Our findings are in agreement with
several reports of overall CCA cover reduction ranging from 43%
to 92% under low pH (Jokiel et al., 2008; Kuffner et al., 2008;
Doropoulos et al., 2012; Fabricius et al., 2015), and from 60% to
100% in combination with high temperature (Martin and
Gattuso, 2009; Diaz-Pulido et al., 2012; Vogel et al., 2016).
Dissolved oxygen concentration in Bouraké exhibits a mean
Frontiers in Marine Science | www.frontiersin.org 9
value of 5.23 mg L-1 with a minimum of 2.28 mg L-1 (Table 1)
which is equivalent to depletion by ca. 30% compared to both
stations R2 and M1. Despite the lack of research on hypoxia
effects, we could hypothesize an additional negative effect from
low dissolved oxygen on CCA growth as it has been previously
reported (Altieri et al., 2017; Nelson and Altieri, 2019).

The decline of CCA cover could also be due to the
combined effect of decreased light exposure and high
sedimentation. Indeed, under OA conditions, CCA growth
significantly decreases under the combination of low light
and low flow conditions (Comeau et al., 2019), and faces
dissolution in shade environments (Martin et al., 2013;
Besse l l -Browne et al . , 2017; McNichol l and Koch,
2021). Although light irradiance was not measured and
sedimentation rates in the Bouraké lagoon have yet to be
comprehensively measured, it has been suggested that high
turbidity in Bouraké could attenuate solar radiation
(Jacquemont et al., 2022). Indeed, the Bouraké lagoon is
inside a mangrove forest, and when the sediment interstitial
water is sucked by the current that empties the mangrove and
arrives in the lagoon during ebb tide (spring ebb tide in
particular), turbidity temporally increases because of the
organic compounds released from the mangrove. This, in
turn, and either alone or combined with the high pCO2 and
the warm temperatures in Bouraké may enhance turf algae
productivity by alleviating carbon limitation (Johnson et al.,
2017). Although such potential negative mechanisms, in
Bouraké more than 66 species of corals, and also some CCA
on coral rubbles were found (Maggioni et al., 2021). Further
measurements of light availability to CCA along diel and
seasonal cycles, as well as specific experiments will be
necessary to disentangle the contribution of turbidity in
combination with high pCO2 on the CCA growth and
dissolution. However, CCA and turf algae cover on the
bottom sides of the tiles i.e., the CCA cover median was low
FIGURE 4 | Number of coral recruits (per tile) found on the different sides of the tiles immersed during ca. two years at Bouraké (B3) and stations R2 and M1. Data
are means ± SD (number of tiles n = 15, 20, and 19, for B3, R2, and M1, respectively). Data from the lateral sides were pooled. Stars represent statistical
significance (see Table S3).
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in B3 than in R2, and quasi absent in M1, partially confirmed
data found on the top sides (Figure 5G–I). While the quasi
absence of CCA at M1 could be due to both the high turf algae
cover (ca. 75%) and the presence of suspension feeders such as
bryozoans, known to be efficient competitors for space
(Glassom et al., 2004; Elmer et al., 2018), the presence of
CCA at both B3 and R2 at bottom side support the hypothesis
that the decline of CCA found at the top side is due to the
combination of the high pCO2 and other factors such as light
and sedimentation.

Our results emphasized the extent to which CCA growth is
limited at Bouraké when compared to the station R2 where CCA
cover decreased by 24% during the two years of deployment. This
result was a bit unexpected because although previous
measurements suggested that R2 could show averaged pH
values lower than for a typical reef (Maggioni et al., 2021), the
study stations were selected having in mind that R2 and M1 were
two reef stations having the main environmental parameters
(e.g., seawater pH) close to ambient values typical for a coastal
Frontiers in Marine Science | www.frontiersin.org 10
fringing reef. However, in terms of seawater pH, R2 turned out to
be intermediate between Bouraké and M1 according to recent
data on the same site (Maggioni et al., 2021). With regard to R2,
the low seawater pH (mean of 7.89 and a minimum of 7.69 pHT

units) might explain why we measured some decrease in CCA
cover, since similar pH values have led experimentally to a
significant loss in CCA cover (Kuffner et al., 2008; Doropoulos
et al., 2012; Comeau et al., 2013; Fabricius et al., 2015). In fact,
this presupposed reference station actually exhibited a pH close
to values expected in global ocean from the RCP7.0 scenario in
30-40 years (IPCC Report, 2021). These unexpected
environmental conditions widened our opportunities to study
the effect of OA on CCA and coral recruitment. The low pH was
likely due to the site topography. Indeed, R2 is located in a “cul-
de-sac” between two islets with sparse but abundant reefs. It is
characterized by a fine sediment bottom, and a low seawater
renewal rate, likely such as for the Rock Islands in Palau
(Micronesia) (Barkley et al., 2015; Shamberger et al., 2018;
Kurihara et al., 2021). The combined effect of biological
A B C

D E F

G H I

FIGURE 5 | Photos of the tiles (randomly selected) deployed at Bouraké B3 (left), station R2 (middle), and station M1 (right). Pictures of the top sides were taken
after two months of deployment (T2) (A–C), and after 24 (D, E) and 26 months of deployment (F). Pictures of bottom sides of tiles after 24 months (G, H) and ca. 26
months of deployment (I).
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activities and carbonate disequilibrium likely caused such low
pH values which are frequent and typical for many coastal
fringing reefs with limited seawater exchanges with the lagoon.
In contrast to Bouraké, turbid waters were never observed at R2
that benefits from greater light intensity; despite low pH,
environmental conditions would still allow CCA persistence.

At station M1, CCA was completely dissolved after two years
and tiles were recovered by turf algae. While the effect of pH, in
this case, can be discarded (ambient pH of ca. 8.07 pHT units),
the combined effect of lower grazing pressure and well-
established wave exposure may partially explain this evolution.
It has been shown that grazer presence depends directly on
factors such as overfishing, tidal height and wave exposure
(Doropoulos et al., 2017). In particular, turf algae seems more
abundant where wave action is greater and grazers are less
present. Conversely, turf algae are less abundant in sheltered
areas where grazers are more active (Underwood and Jernakoff,
1984; Doropoulos et al., 2017). While Bouraké and R2 are
sheltered from wave action and quite isolated sites, M1 is an
open bay much more subject to wave action and a more intense
fishing pressure due to its proximity to Nouméa. Our findings
are in agreement with previous studies reporting both limited
CCA growing on the top of the tiles (O’Leary et al., 2012; O’Leary
et al., 2013) and an increase in the turf algal cover (Penin et al.,
2011). In addition, we observed a high sedimentation rate in M1
with fine particles being trapped by the dense algal cover. This
accumulation of sediment certainly contributed to smothering
the underlying CCA.

Coral Recruitment Seems to be
Maintained in Bouraké
Ocean acidification, warming and deoxygenation have been shown
to negatively affect coral larvae settlement by reducing the growth of
favorite substrate (e.g., Diaz-Pulido et al., 2012; Doropoulos et al.,
2012) and altering chemical biofilm and microbiological cues for
settlement onto CCA (Albright et al., 2010; Albright and Langdon,
2011;Webster et al., 2013; Fabricius et al., 2017; Jorissen et al., 2021).
Our findings seem to provide an alternative scenario using a natural
extreme environment where coral recruits survived. In fact,
although the extreme conditions reduced the CCA cover in
Bouraké, after two years of exposure we observed a 3-fold
increase in coral recruits when compared with the stations R2
and M1. Recruitment rates recorded in this study are difficult to
compare with the literature because values are quite variable. For
instance, in French Polynesia, it varies from 0 to 10.8 recruits tile-1

(Gleason, 1996; Adjeroud et al., 2007; Bramanti and Edmunds,
2016), and it was less in the Virgin Islands (average of 3 recruits tile-
1; Edmunds, 2021) and in Palau (0.3 to 3.9 recruits tile-1; Victor,
2008), while no data is available for New Caledonia. There might be
several explanations for our uncommon and counterintuitive
findings. Firstly, because the whole set of tiles was maintained in
situ for two years, potentially acted as substrates during two
consecutive spawning events. The latter follows the full moon in
November, coincident with the mass spawning period on the Great
Barrier Reef in Australia (Baird et al., 2010). During the first
spawning event, which happened 1-2 months after deployment,
Frontiers in Marine Science | www.frontiersin.org 11
the CCA cover was still quite high (41.4%) and still may have
allowed tiles to attract coral larvae. If coral recruitment intensity on
tiles was the result of a single spawning event, it was quite massive
and unusual. According to the disruptive effect of OA on the coral
skeleton, especially during early life stages (Cohen et al., 2009; Foster
et al., 2016), coral recruits would have been dissolved after two years
or at least would have shown important malformation which was
not the case (see below some considerations about the site M1).
Most likely, our tiles received recruits also during the second
spawning event, in spite of the low CCA cover. The role of
biofilm acting as an ideal chemical cue for coral larvae settlement
(Tebben et al., 2015) could be crucial in this case. Alternatively, coral
spawning was either low during two consecutive years at R2 andM1
or recruits did not survive and were covered by competitors, such as
bryozoans. The unexpected higher recruitment in B3 could also be
due to high concentrations of organic carbon and high levels of
nutrients such as [Si(OH)4], [NOx] and [PO4]

3- which were 8.88,
0.54 and 0.19 µmol L-1, respectively, in Bouraké (Maggioni et al.,
2021) and were, in general, more concentrated (up to 5 times) than
at station R2. These concentrations coupled together would have
increased coral heterotrophic rates and helped recruits to cope with
the extreme conditions (Anthony, 2006; Houlbrèque and Ferrier-
Pagès, 2009; Ragazzola et al., 2013; Goldberg, 2018). Increasing the
energy budget through heterotrophic nutrition could enhance
juvenile growth and facilitate coral recruitment under high
temperatures (Huffmyer et al., 2021). This energy budget
enhancement could also benefit coral larvae under deoxygenation
which has recently been shown to increase the coral larvae energy
needs at a dissolved oxygen concentration of around 2 mg L-1

(Alderdice et al., 2021).
The role of water circulation in the semi-enclosed lagoon of

Bouraké has also to be considered since a close water circulation
could enhance coral larvae settlement via a decrease in larval
dispersal (O’Connor et al., 2007). The particular morphology and
hydrodynamics of Bouraké could make this lagoon a real
recruitment hotspot as recently observed in St. John, US Virgin
Islands (Edmunds, 2021). Recruitment was especially noticeable on
the bottom sides of the tiles for each station, likely because tiles act as
a shelter against grazing and predation and enhance coral
recruitment compared with the top or lateral sides (Penin et al.,
2011). Indeed, the top and lateral sides are prone to a more intense
grazing activity. In addition, recruits face high levels of sedimentation
on top sides which induces smothering (Fabricius and Wolanski,
2000), settlement limitation (Ricardo et al., 2017) and decreases in
fertilization, embryogenesis and larval development (Jones et al.,
2015). This response was similar among the three stations despite the
different environmental conditions.

Our recruit identification revealed the same proportions of
corals taxa settled between stations with the Acroporidae as the
dominant family (70% of all recruits) followed by the Pocilloporidae
(ca. 16%) and only a few Poritidae. This is in agreement with
previous studies showing that Acroporidae and other broadcasting
corals have high recruitment rates, especially in low water-
circulation systems like Bouraké (Oprandi et al., 2019). The
dominance of branching morphologies (Acroporidae and
Pocilloporidae) may be due to their ability to compete with
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vertical CCA growth for space in light-limited environments
(Jorissen et al., 2020). On the contrary, recruits from massive
species such Poritidae, which mainly have a planar growth form,
were rare, likely because they are unable to face competitive
interactions with other coral species, CCA or suspension feeders.
In agreement with this hypothesis, we found only a few recruits of
Poritidae at R2 (6.52%) and zero at M1, the latter exhibiting a high
density of bryozoans. At site M1 some recruit malformations were
found and most of the recruits were classified as unknown genera.
Such skeleton malformations are likely to be due to the competition
with other organisms recovering the recruits, than to the effect of
dissolving seawater carbonate values.

In this study, we used one of the few natural sites exhibiting
extreme and highly variable environmental conditions including
high temperature, lowDO and low pH. Therefore, our experimental
setting benefits from the natural conditions, but in a unique setting
where CCA, adult corals and their recruits have been exposed to
extreme conditions for several generations over likely hundreds of
years. In particular, high pCO2 and low dissolved oxygen in Bouraké
were even worse than what is expected for 2100. Surprisingly,
healthy and diversified coral populations still persist as likely
because of unexpected high coral recruitment (this study) that
gives a glimpse of hope for the future of coral reefs facing climate
change. However, our findings need to be used with caution as the
Bouraké system is not a typical reef ecosystem. In fact, although our
results showed that recruitment is possible even under extreme
conditions, it does not mean that it might be the case for other reefs
in the future. For instance, it has been shown that OA can cause
morphological changes to the coral skeleton and thus, reduce their
bulk density and wave resistance (Fantazzini et al., 2015; Tambutté
et al., 2015). Further measurements on the skeleton of coral recruits
and adults (i.e., SEM observations) from Bouraké are underway to
shed light on this possibility.

Importantly, habitats displaying natural variability like
Bouraké have been hypothesized to be populated by resilient
coral reef organisms (Padilla-Gamiño et al., 2016; Vargas et al.,
2017; Kapsenberg and Cyronak, 2019; Enochs et al., 2020). Coral
recruits could as well benefit from such high natural variability
(Jiang et al., 2017; Jiang et al., 2020), although some studies
described small influences from variability on some corals and
CCA (Cornwall et al., 2018), increased negative effect of OA on
CCA calcification (Johnson et al., 2019), or no systematic coral
tolerance to warming (Klepac and Barshis, 2020). Defining how
variability in multiple co-varying parameters could influence
tolerance in biological responses of coral reef organisms remains
a significant challenge for the scientific community (Kapsenberg
et al., 2015; Boyd et al., 2016; Rivest et al., 2017). Even though the
effect of environmental parameters has not been fully deciphered
yet, we could assume that Bouraké’s corals could have acquired
specific mechanisms providing recruits with the ability to face
extreme environmental conditions (Putnam et al., 2016; Putnam
et al., 2017). Which mechanism is used and to what extent
acclimation vs adaptation is involved was not the objective of this
study and would need further experiments using genomic
approaches and reciprocal transplantations between Bouraké
and reference stations. However, the present study provided
Frontiers in Marine Science | www.frontiersin.org 12
evidence that survival and specific high coral recruitment are
possible in natural and extreme habitats such as Bouraké leading
to lifelong adapted coral reefs.
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