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Scleractinian corals are increasingly subjected to local stressors combined with
global changes. In subtropical areas, corals exhibit metabolic plasticity and
resilience in response to variability and extremes in local temperature, salinity,
and light; however, the physiological mechanisms by which corals acclimate or
adapt to these changing conditions remain disputed. We assessed the
physiological status of the coral Platygyra carnosa during a two-year in situ
monitoring survey. To obtain metabolic rates (respiration and photosynthesis),
photochemical efficiency (Fv / Fm), and biocalcification measurements, non-
invasive techniques such as underwater respirometry, Pulse Amplitude
Modulated (PAM) fluorometry, total alkalinity measurements, and digital
photography were used. Our findings show clear seasonality in water quality
parameters, which affected coral health. Elevated temperatures during the
summer were below the maximum monthly mean < 31°C) but reduced the
energetic productivity of corals (-44% relative to winter). Fluctuations in salinity
(25-38 ppt) and pH (7.65-8.44) were linked to rainfall and reduced calcification
rates. The conditions during the spring were favorable for coral metabolism and
calcification (+20% relative to summer). Overall, our research demonstrates that
the metabolic plasticity of P. carnosa in response to shifts in seawater quality allows
this species to survive ongoing environmental change. Our in situ observations
provide fundamental insights into coral response mechanisms under changing
environmental conditions and contribute to projections of coral health under
future scenarios of global change.
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1 Introduction

Global climate change is causing oceans to become warmer and
with reduced seawater pH which is having a major impact on marine
ecosystems (Keppel et al., 2012). These changes are especially
pronounced in tropical reefs, which experience annual thermal
perturbations with compounding effects from increasing
acidification (Hoegh-Guldberg et al., 2007; Hoegh-Guldberg et al.
2017). Subtropical reefs have evolved under fluctuating pH (Yuan
et al., 2019), and thermal conditions (Brown et al., 2000; Lee et al.,
2020). However, reefs located across a wide range of latitudes are
believed to be at their physiological threshold limit for reef
development, recruitment success, and coral survival (Kleypas et al.,
1999; Beger et al., 2014; Chui et al., 2016; Camp et al., 2018).

Extreme temperature events are increasing in frequency and
severity (Hobday et al., 2016; Wyatt et al,, 2020). A metabolic
threshold limit has been observed for corals when seawater
temperature exceeds the mean monthly maximum temperature by
1°C (Dias et al.,, 2019; Genevier et al.,, 2019; Silbiger et al., 2019;
Dellisanti et al., 2020a), although it is species- and location-specific.
Seasonal changes in coral metabolism are related to lower daily
energetic productivity and reduced coral growth in summertime
compared to winter (Roik et al., 2015; Vajed Samiei et al., 2015). In
addition, the impacts of ocean acidification resulting from increased
dissolution of anthropogenic CO, in seawater (Hoegh-Guldberg et al.,
2007; Kroeker et al, 2010) leads to depleted availability of Cco% ,
essential for the calcification process (Dove et al., 2013; Anthony,
2016; Comeau et al., 2019). However, modest increase in pCO, levels
can have the contrasting effect of stimulating greater primary
production and calcification rates in corals (Castillo et al.,, 2014;
Noonan et al., 2018; Biscere et al., 2019), increase the oxidative stress
of endosymbionts (Soriano-Santiago et al., 2013), or mitigate
warming effects (Pitts et al., 2020). In parallel to abrupt changes of
global climate conditions expected by 2030 (Trisos et al, 2020),
increasing local stressors, such as sedimentation (Browne et al,
2014), algal proliferations, and nutrient loads (Wooldridge and
Done, 2009; Browne et al., 2015), can have combined effects on
coral communities.

Coral communities inhabiting subtropical coastal areas continue
to thrive in the face of multiple stressors, including extreme seasonal
fluctuations of temperature, salinity, light intensity, sedimentation
rates, and nutrient loading (Courtney et al., 2017; Cybulski et al,
2020). Nevertheless, multiple stressors may affect the species
distributions of in-shore reefs and the relative delivery of ecosystem
services (Costanza et al., 2014; Loiola et al., 2019; Jones et al., 2020),
with consequences for metabolic adaptation (Jones et al., 2020;
Roberty et al., 2020). In particular, the ability of the coral
individuals to adjust to environmental changes is one of the key
features of stress-resistant corals affected by human activities (Heery
et al,, 2018; Ng et al., 2020).

Many species in the subtropical region of the South China Sea (SCS)
are considered to be stress-tolerant, typically being influenced by strong
seasonal changes in environmental conditions between summer (wet
season) and winter (dry season) including temperature and salinity (Ang
etal., 2005). Our study focuses on in situ observations of the physiological
status of a stress-tolerant coral living in Hong Kong, Platygyra carnosa
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(Veron, 2000), and its responses to environmental changes. Although an
overall decline in marine diversity has been documented (Wong et al.,
2018), P. carnosa remains abundant in the subtropical region of the SCS
(Yeung et al., 2021). Here, we apply a novel assessment approach based
on non-invasive in situ techniques combining an innovative respirometry
system, fluorescence measurements, and photographic analysis to assess
the metabolic response and energetics of P. carnosa under environmental
fluctuations. We hypothesized that P. carnosa is able to modulate its
metabolic rates according to seasonal conditions, with elevated
temperature and reduced salinity acting as the main drivers of
physiological stress. In particular, we expected reduced energetic
productivity and biocalcification during the summer. Overall, our
results provided new insights into the physiological status of this
species and its responses to the current and future climate scenarios.

2 Materials and methods
2.1 Survey site and coral monitoring

Hong Kong is located in the tropical area of the South China Sea,
with a subtropical seasonal monsoon-influenced climate
characterized by a clear wet season (summer, July-September) and
a dry season (winter, January-March) with transitional months in
between (spring and autumn; Yin, 2003; Lee et al., 2006). A shallow
(2-4 m depth) region was selected in Mirs Bay, Port Island (Hong
Kong, 22.502° N - 114.356° E; Figure 1A), where P. carnosa colonies
are abundant compared to other local species, although this site has a
relatively low coral cover (14%; Yeung et al, 2021). Repeated
measurements of coral health were conducted in situ on apparently
healthy coral colonies randomly selected (n = 5 per month) using
SCUBA surveys conducted between April 2018 and March 2020, as
described in the subsequent sections. Physical, chemical, and coral
metabolic data were collected on the same day and location at
monthly intervals at mid-day (between 10:30 am and 1:30 pm).

2.2 Physical and chemical parameters

Water column oceanographic parameters (temperature, salinity, pH,
dissolved oxygen, chlorophyll-a, and turbidity) were monitored with a
multi-parameter sonde (YSI EXO2 Water Quality Sonde) calibrated in
the laboratory prior to each sampling day (Figure 2). pH was calibrated
with National Bureau of Standards (NBS) buffers (pH 4.01, 7.00, and
10.06, Xylem Ltd.) at 25°C (Supplementary Information file).

In situ light intensity, rainfall data (from the Tap Mun station),
clouds cover, and evaporation (from the King’s Park station) were
obtained from the Hong Kong Observatory of the Government of
Hong Kong Special Administrative Region, China (www.hko.gov.hk;
Supplementary Table 1).

Discrete seawater samples (500 mL, n = 5 per month) were
collected at the same depth (2-4 m) beside the corals for the
determination of total alkalinity (A) (Dickson et al., 2007). Samples
were immediately treated with a saturated HgCl, solution (0.08% final
concentration) after collection and stored in the dark (+4°C) until
the analysis.
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FIGURE 1

Location of the survey site in Mirs Bay, Port Island (Hong Kong). (A) The area where P. carnosa corals were found is highlighted in red; (B, C) show
detailed images of the CISME underwater respirometer deployed on P. carnosa corals.

2.3 In situ coral physiological measurements

Physiological parameters of five randomly selected P. carnosa
(Figure 1B, C) were measured using the same protocols at each
deployment survey, giving repeated observations of health status under
natural conditions. Respiration (R) and net photosynthesis (P,) rates
were measured at the coral surfaces using an underwater respirometer
(CISME Instruments LLC) following the measurement and calibration
protocols as previously described by Dellisanti et al. (2020b). Similar
settings were used to quantify the rate of oxygen consumption during
dark incubation (5 min) and the subsequent rate of oxygen production by
the photosynthetic endosymbionts under simulated natural light
(10 min) in a continuously recirculating water chamber. The LED
intensity in the chamber was adjusted to match the mid-day irradiance
as measured at the coral-collection site (~460 pmol photons m ™= s™%).
Gross photosynthesis (P) was calculated by adding the absolute value of
R to P,, quantified as the oxygen flux during the incubations. The
holobiont productivity was quantified as the ratio of oxygen production
through gross photosynthesis (Pg) to consumption through respiration
(R), i, PgR (Figure 3A).
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At the end of each light incubation period, a sample of the
recirculated chamber water (20 mL) was collected for the
measurement of A,. Rates of coral calcification (CA; Figure 3B)
were determined using the alkalinity anomaly technique (Dickson
et al., 2007) as follows:

AAt -V -p

Calcification =
f 2t S

where AA, (umol kg') is the difference in A, between seawater
and the recirculation loop, Vis the total volume of the chamber (0.088
L), p is the seawater density (~1.023 g cm™), ¢ is the incubation time
(15 min), and § is the coral surface area investigated (24.5 cm?).

The photosynthetic capacity of the coral symbionts was measured
as the maximum quantum yield (Fv/Fm) using a Pulse Amplitude
Modulated (PAM) fluorometer (diving-PAM, Heinz Walz, Effeltrich,
Germany) equipped with a standard glass-fiber optic probe (Ralph
etal., 1999). The diving-PAM settings for “Measuring Light Intensity”
were set to 7, “Damping” to 3, “Gain” to 12, “Saturation-Pulse
Intensity” to 12, and “Saturating width” to 2.0 s (Dellisanti et al.,
2020a). PAM measurements were obtained from randomly selected
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FIGURE 2

Environmental parameters measured in situ between April 2018 and March 2020. (A) Temperature, (B) salinity, and (C) pH. Data were recorded every
month using a YSI multi-parameter sonde during daytime hours (between 10:30 am to 1:30 pm). Noise is added (jittering) for data visualization, the
vertical lines indicate the standard error, and the blue line indicates a generalized additive model fit (ggplot2).

polyps (n = 6) in the same area of the coral where the CISME device
was deployed, after 15 min dark acclimation (Figure 3C).

Finally, digital photographs were taken of the same coral areas for
colorimetric analysis to quantify whiteness levels as a measure of
discoloration/bleaching (Chow et al.,, 2016). The whiteness values were
obtained as the dissimilarity percentage in color composition using the
SIMPER tool of Primer 6.0 software (Primer-E Ltd, Figure 3D).

2.4 Data analysis

All data were grouped into the following four groups: spring
(April to June), summer (July to September), autumn (October to
December), and winter (January to March; Yin, 2003; Lee et al., 2006).
Data transformation (square-root) and normalization was performed
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prior to the multivariate analysis. Seasonal differences in coral
physiology were evaluated using a one-way analysis of variance
(ANOVA) with a post-hoc Tukey HSD t-test between seasons. The
environmental parameters were compared using a two-way
permutational multivariate analysis of variance (PERMANOVA)
with repeated measures based on Euclidean distances and visualized
using a principal coordinate analysis (PCoA). To evaluate the effect of
environmental variables measured in situ on coral physiological
measurements, a distance-based linear model (DistLM) was used.
The correlation between coral physiology and environmental
variables was then explored using Spearman’s rank correlation,
visualized with using a correlogram (two-tailed significance = 95%).
Thermal performance curves (TPCs) were modeled against the
average seawater temperature as measured during the data-
collection period. For each physiological trait, we applied four
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FIGURE 3

Metabolic parameters of P. carnosa corals (n = 5 per month) measured between April 2018 and March 2020 during daytime hours (between 10:30 am
and 1:30 pm). (A) Py/R ratio and (B) calcification (CA) were measured using a CISME device; (C) photosynthetic efficiency (Fv/Fm) was measured in the
same area of the coral using a diving Pulse Amplitude Modulated (PAM) fluorometer; and (D) whiteness was calculated based on photographic analysis.
Significance codes: ** p< 0.01; * p< 0.05; non-significant effects are not shown.

biologically relevant functions (Gaussian, exponentially modified
Gaussian, Weibull, and lognormal; Angilletta, 2006) and a linear
model, and determined the best fit with the corrected Akaike
Information Criterion (AICc). Results were considered significant
where p< 0.05. All analyses were performed with RStudio v.1.3.1093
(2020), and PRIMER v.6 with PERMANOVA+ (Anderson
et al., 2008).

3 Results
3.1 In situ environmental conditions

The water conditions measured in the water column at the study
site exhibited clear fluctuations in physical and chemical parameters
between seasons (Figure 2, Table 1). Mean seawater temperature
ranged from 28.29 + 1.08°C in summer to 19.55 + 1.19°C in winter
(Figure 2A), with a maximum of 30.5°C recorded in August 2018 at
the sea surface level and a minimum of 18.25°C in January 2019 below
a depth of 3 m. Salinity ranged from 32.99 + 1.87 ppt in summer to
36.12 + 1.8 ppt in winter, with a peak of 38.01 ppt observed in
December 2019 at 5.5 m depth and a minimum of 25.51 ppt in August
2018 at the sea surface level (Figure 2B). Seawater pH ranged from
8.09 +0.11 in spring to 7.81 + 0.09 in winter, with a maximum of 8.44
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in August 2018 at a depth of 0.5 — 4.8 meters depth and a minimum of
7.65 in March 2019 at the sea surface level (Figure 2C). Additional
data on seawater quality provided in the Supplementary
Information file.

3.2 Coral physiological measurements

The marked seasonal fluctuations in the environmental
parameters influenced the coral physiological status during the
period of study (Figure 3, Table 2). P4/R varied significantly
(ANOVA, F = 22.9, p< 0.01), with higher values during the winter
(3.77 + 1.27) and lower values during the summer (2.11 £ 0.17;
Figure 3A). Calcification rates also showed significant differences
among seasons (ANOVA, F = 6.93, p< 0.01), with lower rates in
winter (1.16 + 0.24 umol CaCO; cm? h'!) than in spring (1.53 + 0.35
pmol CaCOj3 cm? hl, p< 0.01; Figure 3B). No significant seasonal
differences in photosynthetic efficiency (Fv/Fm) were observed
(Figure 3C). The whiteness values of the corals also varied
significantly between seasons (ANOVA, F = 4.021, p< 0.01), with a
summer value 0.21 *+ 0.03%, a winter value of 0.29 + 0.07%
(Figure 3D). The ANOVA results for the coral metabolic
parameters and the associated Tukey HSD test between the seasons
are provided in Supplementary Table 2.
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TABLE 1 Environmental parameters (temperature, salinity, pH, oxygen, chlorophyll-a, and turbidity) measured using a YSI EXO2 device within the water
column at the study site in Mirs Bay, Port Island, Hong Kong.

Temperature
“c Salinity Chlorophyll a ug L™ Turbidity FNU

Average
spring 26.36 + 2.41 3302 + 1.34 8.09 + 0.11 6.76 £ 0.22 2.06 + 2.38 0.05 + 0.12
summer 28.29 + 1.08 32.99 + 1.87 8.12 +0.12 6.75 + 0.61 3.26 + 1.72 0.12 +0.17
autumn 2326 + 3.12 35.94 + 2.12 7.87 £ 0.1 7.04 +0.25 2.37 + 0.66 11+133
winter 19.55 + 1.19 3612+ 1.8 7.81 + 0.09 7.86 + 0.81 497 + 1.63 0.55 + 0.24
Min 18.25 25.51 7.65 3.38 0.18 0
depth 3-48m 0.48 m 0.5-1.5m 47 m 3.6 m 0.6-3.6 m
date 26 Jan 2019 13 Aug 2018 30 Mar 2019 6 Sep 2018 24 May 2018 13 Apr 2018
Max 30.5 38.01 8.44 9.49 219 5.39
depth 0.6 m 5.5 m 0.5-4.8 m 0.6-1.5 m 5.6 m 54 m
date 2 Aug 2018 19 Dec 2019 2 Aug 2018 26 Jan 2019 13 Aug 2019 17 Dec 2018

Seasonal average (+ SD) and minimum and maximum values observed are shown.

3.3 Multivariate analysis of environmental
conditions on coral metabolism

The results of the PERMANOVA (permutations n = 9,999)
indicated a clear seasonality in water-quality conditions (Figure 4;
p< 0.01), although no differences were observed between spring and
summer (Table 3). Thus, we investigated the influence of
environmental conditions on coral metabolism to determine those
factors that had the greatest effect on the health status of P. carnosa.
Among all the variables analyzed, temperature was significantly
associated with the health of P. carnosa during the study period (p<
0.01, proportion of variance = 19.5%; Table 4).

A correlogram of all environmental and coral metabolic variables
based on Spearman’s rank correlation coefficients is shown in
Figure 5. The temperature variation was negatively correlated with
Pg/R (p = - 0.74, p< 0.05). Moreover, the pH was negatively associated
with both P,/R and whiteness levels (p = - 0.48, p< 0.05; p = - 0.55, p<
0.05, respectively).

Our two-year dataset of coral metabolic variables was best fitted
using unimodal (Gaussian, lognormal or linear) models (Figure 6),
as indicated by the AIC in Table 5, enabling an assessment of the
distribution of each variable under different temperatures.

Holobiont productivity (P4/R) followed a lognormal distribution,
with the highest values at 18-20°C (winter) and a decline at higher
temperatures. The calcification rates followed a Gaussian
distribution, reaching maximum rates at 26°C (spring).
Photosynthetic efficiency (Fv/Fm) followed lognormal
distribution, with maximum values at 21°C (winter). Finally, the
coral whiteness levels followed a linear distribution, with higher
values at lower temperatures (winter) and decreasing at
higher temperatures.

4 Discussion

The capacity of corals to modulate their physiology during
thermal stress and environmental change is key to understanding
which species are able to cope with current and future environmental
conditions. Our examination of the stress-tolerant coral, P. carnosa,
within a subtropical habitat, demonstrated its capacity to modulate
energetic productivity (Pg/R) and key biological processes
(biocalcification) in response to changing seasonal conditions. The
physiological acclimation capabilities of subtropical corals under a
particularly wide range of environmental conditions provide a unique

TABLE 2 Analysis of variance (ANOVA) for coral metabolic parameters and a Tukey HSD test between the means of the “Season” groups.

Df. Sum Sq. Mean Sq. F-value pr (> F) Sig.
Py/R Season 3 37.06 12.35 229 <0.01 i
Residuals 102 55.03 0.54
Calcification Season 3 2.176 0.725 6.93 <0.01 >
Residuals 102 10.678 0.105
Fv/Fm Season 3 0.008 0.002 1.955 0.13
Residuals 102 0.138 0.001
Whiteness Season 3 0.13 0.043 4.021 < 0.01 b
Residuals 102 1.09 0.01

Df, degrees of freedom; Sum Sq., sum of squares; Mean Sq., mean sum of squares; F-value, F statistics; pr (> F), p-value of the F statistics; Sig., significance p-value, where ** indicates p< 0.01.
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Principal coordinates analysis (PCoA) of multivariate environmental data (A) and vectors of coral metabolic parameters (B) collected during the two-year
survey. Distances between each point are based on Euclidean distances with “Season” as the factor.

10.3389/fmars.2023.994591

Transform Square root
Normalise
Resemblance D1 Euclidean distance |

Whiteness

1 PR

PCO2 (14.8% of total variation)

-4 -2 0 2 4
PCO1 (57.6% of total variation)

and critical insight for understanding the response of corals to both
global and local stressors.

Temperature was the main factor affecting the physiology of
subtropical P. carnosa, with decreasing salinity likely a contributing
factor. The metabolic response of P. carnosa was a pronounced
reduction in its daily energetic productivity (P4/R) during the
summer (-44%) relative to winter (Figure 3A, Supplementary
Table 2). A similar seasonal trend was also observed in the
photosynthetic responses of acroporid corals between summer and
winter by Vajed Samiei et al. (2015). The negative impacts of elevated
temperature on coral metabolism are widely documented, especially
in the case of tropical reefs where corals live nearer to their upper
thermal limits year-round (McNeil et al., 2004; Oakley and Davy,
2018; Roth et al,, 2021). Our results confirm that seasonal variations
elicit a similar summertime response for subtropical corals, as

observed in situ, adding new information on the modulation of
energetics and threshold limits of corals. During winter, P. carnosa
displayed higher productivity rates, with lognormal TPC curves
indicating metabolic adaptability of this coral at low temperature
and high salinity (Figure 6A), which contrasts with the productivity
characteristics of other subtropical corals (Mcllroy et al., 2019).
Temperature variations are also a key factor in the modulation of
the internal carbonate system of corals and the biocalcification
process. For example, although outcomes can be species-specific,
elevated temperatures can reduce the concentration of dissolved
inorganic carbon (DIC) in the calcifying fluids in non-visibly
bleached corals (Schoepf et al., 2021) as well as net calcification
rates under high-temperature and low-pH conditions combined
(Guillermic et al., 2021). We observed a significant decrease in
calcification rates during the transition from spring to summer

TABLE 3 Permutational multivariate analysis of variance (PERMANOVA) with repeated measures on Euclidean distances for environmental parameters

analyzed.

PERMANOVA

Df. Sum sq. Mean sq. Pseudo-F p (perm) Unique perms p MQ)
Season 3 74.03 24.68 8.01 0 9943 0.00
Year 1 5.45 5.45 1.77 0.11 9948 0.13
Residuals 19 58.51 3.08
Total 23 138
Pair-wise Tests
Groups p (perm) Unique perms p (MC) Sig.
Spring, Summer 0.51 462 0.49
Spring, Autumn 0 462 0.01 *
Spring, Winter 0 462 0 b
Summer, Autumn 0 462 0 ot
Summer, Winter 0 462 0 *
Autumn, Winter 0 462 0.01 *

Pair-wise tests are shown among the different “Season” groups. ** p< 0.01; * p< 0.05.

Df., degrees of freedom; Sum Sq., sum of squares; Mean Sq., mean sum of squares; Pseudo-F, F statistics; p (perm), permutations p-value; Unique perms, permutations number; p (MC), Monte-Carlo

p-value. Significant values are highlighted in bold.
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(-20%), and from autumn to winter (-25%; Figure 3B). In contrast to
adaptation mechanisms observed in the subtropics (Ross et al., 2018),
these results suggest that P. carnosa living in subtropical areas may
not have the ability to modulate the calcifying fluids to counter-
balance seasonal changes in seawater carbonate chemistry,
temperature, and light. The calcification maxima observed in spring
(Figure 3B, 6B) were supported by the general increase in seawater
temperature following the cold season (rising from 19.55 to 26.36°C,
Table 1) combined with low chlorophyll-a and turbidity, and high
solar intensities. High calcification rates have also been observed
during the spring in the Red Sea, indicating that summertime
temperature exceeded the optimum conditions for coral growth
(Roik et al,, 2015). In the subtropics, a negative correlation between
high temperature and calcification rate is observed (Ross et al., 2018;
Silbiger et al., 2019), and, as found in our study, coral growth is not
maximized at warmer temperatures (i.e., summer). We recognize,
however, that these patterns can be species- and location-specific
responses driven by the local evolution in the subtropics (Cybulski
et al., 2020). Based on our data, the increase in temperatures across
the winter period was linked to a 2% increase in calcification rate for
every 1°C of warming. Nevertheless, much more research is needed to
estimate coral growth rates under future scenarios of ocean warming.

Interestingly, the photosynthetic efficiency (Fv/Fm) remained
relatively stable during our study (Figure 3C, 6C), which is similar
to reports of other coral species in the SCS (McIlroy et al., 2019). This
indicates that the endosymbionts of P. carnosa, belonging to
Cladocopium (formerly Symbiodinium Clade C; LaJeunesse et al.,
2018), are capable of acclimation under natural conditions (Wong
etal, 2016; Cai et al., 2018; Zhang et al., 2019). On the other hand, the
whiteness level of the corals was higher during the winter (+0.1%,
Figure 3D), when reduced temperatures, high salinity (Figure 6D),
and low pH had a whitening effect on P. carnosa (ANOVA, F = 7.639,
p<0.01). This is related to a reduced density of endosymbionts in the
coral tissue (Chow et al., 2016), which likely corresponds to the lower
calcification rates during the winter relative to the spring
(Supplementary Table 2). Importantly, this whitening effect
remained within the threshold limits of P. carnosa, and no
bleaching event was observed. In previous studies, P. carnosa
whitening resulted from both low temperatures in the field (Chow
et al., 2016), and low pH in the laboratory (Dellisanti et al., 2020a),
although this coral species exhibits co-tolerance and long-life
adaptations to multiple natural stressors (Yeung et al., 2021; Ip
et al., 2022).

10.3389/fmars.2023.994591

@ >
O N 5 O
& & ~ &
& & Q RN
\f}\\ Q Qo \‘<<\\ (0\6 N (\\@Q ‘(\0\0 .ﬁge
& QS QTR & & & O

1
Cak)lflcatlon 0 28 0.2 0.11 -0.3 0 -0.12-0.29-0.12-0.17

0.48-0.4 075
Temperature 0.35-0.3 05

Fv/Fm —016—001-011 02 03 -047| | .
Turb|d|ty 1 0.42 0.37 0.13 0.04 0.28
P,/R 0.15 0.19 0.28 ’
Salinity | 1 0.26 0.12 0.27 | [ *%°
Whiteness ' 1 0.22 0.3 -0.5
Chlorophylla 1 0.35 075

Oxygen 1
1

FIGURE 5

Correlogram of environmental variables and coral metabolic
parameters based on Spearman'’s correlation coefficients. Color
intensity is proportional to the strength of the correlation. Only
significant correlations (p< 0.05) are highlighted. The matrix was
reordered using a hierarchical clustering.

Regionally, we confirmed a strong environmental influence of the
seasonal monsoon and typhoons (Ang et al., 2005; Figure 2), which
characterize a unique marginal environment for coral adaptation and
survival (Goodkin et al., 2011; Duprey et al., 2016). We were able to
distinguish transitional seasonal conditions occurring in spring and
autumn (Yin, 2003; Lee et al., 2006; Figure 4) with notably drastic
changes during the winter-spring seasons. For example, in the eight-
week period between March and May 2019, the seawater temperature
in the study area increased by 5°C, salinity dropped by 1.9, and pH
increased by 0.56 (Figure 2). Combined with high sunlight intensities,
such changes can coincide with a proliferation of microalgae when
combined with high sunlight intensity during spring (Supplementary
Table 1). Indeed, algal blooms are well-studied in Hong Kong waters
(Lu and Hodgkiss, 2004) and may negatively affect the metabolism of
coral communities (Bauman et al., 2010; D’Angelo and Wiedenmann,
2014). Moreover, a combination of nutrient loading, rainfall, and
temperature can stimulate localized eutrophication events (Duprey
et al., 2020). Although no seasonal algal proliferation was observed
during our study, major events occurred in July 2019 and March
2020, with chlorophyll-a concentrations reaching 19.5 and 13.5 ug/L,

TABLE 4 Results of a distance-based linear model (DistLM) of the effect of environmental variables on coral metabolic parameters.

Variable R? Sum sg. Pseudo-F p Prop. Cumul. Res.df.
Temperature 0.195 17.93 533 0.00 0.19 0.19 22
pH 0.269 6.85 2.14 0.08 0.07 027 21
Turbidity 0.328 5.40 175 0.15 0.06 033 20
Salinity 0.364 333 1.08 037 0.04 0.36 19
Oxygen 0.399 320 1.04 039 0.03 0.40 18
Chlorophyll-a 0.434 323 1.06 038 0.04 0.43 17

R?, proportion of the variation.; Sum sq., sum of squares; Pseudo-F, F statistics.; p, p-value; Prop., proportion of the variation out of the total variation; Cumul., cumulative variation out of the total

variation; Res. Df., degrees of freedom residuals. Significant values are highlighted in bold.
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FIGURE 6

Thermal performance curves of each coral metabolic parameters: (A) Po/R; (B) calcification; (C) Fv/Fm; and (D) whiteness. Points show descrete
measurements collected every month between April 2018 and March 2020. Lines show the best-fitting models as determined by Akaike Information
Criterion (AICc). The color gradient of the points represents the salinity level at the time of data collection.

respectively (Table 1). This may have stimulated heterotrophy in the
corals, which can mitigate the stress from other factors, as evidenced
by the relatively low R rates and high P,4/R ratios during the winter
(Figure 3A; Houlbréque and Ferrier-Pages, 2009; Courtney
et al,, 2017).

Within a subtropical reef environment, changing water
conditions, such as low salinity and low pH, co-occur with elevated
temperature, having interactive effects on the metabolisms of P.
carnosa. Although the multivariate analysis showed that
temperature was the main driver of the observed metabolic
responses in P. carnosa, the Spearman’s correlation indicated that
other factors, such as pH (p = - 0.48), salinity (p = 0.7), and turbidity
(p = 0.42) also modulated coral productivity (Figure 5). Nevertheless,
despite of large variations, the recorded extremes in temperature,
salinity, and pH remained well within the tolerance limits of corals in
the subtropical region of the SCS (Yuan et al., 2019; Dellisanti et al.,
2020a). It is noteworthy, however, that low salinity, and hence A, can
lead to lower rates of biocalcification (Dellisanti et al., 2020b). In
summer, higher pigmentation (e.g., low whiteness) was observed,
indicating the seasonal adaptability of photosynthetic symbionts in
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association with increases in endosymbiont density and chlorophyll
concentrations (Chow et al., 2016).

Although our observations confirm the resilience of P. carnosa
under fluctuating environmental conditions, we recognize that our
measurements were limited to daytime hours, representing only a
limited period (a few hours) of metabolic activity each day. Indeed,
single monthly measurements of water parameters and coral
metabolic rates are not inclusive of daily and weekly fluctuation in
seawater and atmospheric conditions, especially during the summer,
which is characterized by short-term monsoons or typhoons over
periods of a few days. Therefore, longer-term and continuous
measurements (over weeks or months) of seawater parameters-in
particular temperature-are now needed to fully understand their
effects on coral physiology in the SCS.

Overall, our findings demonstrate the metabolic changes that
occur in stress-tolerant corals in response to seasonal changes in
environmental conditions in a subtropical habitat. Energetic
productivity and biocalcification were reduced at elevated
temperatures, while P. carnosa demonstrated the capability to
modulate its metabolism under variable salinity, pH, and turbidity
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TABLE 5 Results of best-fit models for each metabolic parameter and temperature determined using the Akaike Information Criterion (AlCc).

Variable Model AlCc Weight

PyR Gaussian 229.6993 0.264
Exponentially modified Gaussian 311.1498 0
Weibull 243.8039 0

Log normal 228.3182 0.527

Linear 230.0148 0.208

Calcification Gaussian 74.43197 0.456
Exponentially modified Gaussian 112.0579 0

Weibull 75.19314 0.345

Log normal 76.33212 0.177

Linear 80.38482 0.021

Fv/Fm Gaussian -395.9335 0.296
Exponentially modified Gaussian -98.78822 0

Weibull -395.5174 0.266

Log normal -396.4566 0.384

Linear -392.681 0.054

Whiteness Gaussian -171.6665 0.242
Exponentially modified Gaussian -148.6877 0

Weibull -160.3817 0.001

Log normal -171.8956 0.271

Linear -173.2289 0.487

conditions. Indeed, these corals are currently thriving under variable
natural conditions, with no evidence of stress. This strongly suggests
that P. carnosa exists in alternative states of development rather than
in disturbed or restricted states (Perry and Larcombe, 2003).

Although our study highlights the resilience of P. carnosa
physiology in response to seasonal changes in the SCS, other
stressors must also be considered including land reclamation and
increased sedimentation (Wong et al,, 2018; Yeung et al, 2021).
Importantly, corals are currently thriving in subtropical reefs subject
to highly variable environmental conditions, which may help partially
mitigate broader-scale declines in corals associated with global
climate change. As such, the seasonal drivers of coral productivity
and biocalcification in the subtropical coral species reported here
highlight the importance of identifying the full range of factors
affecting coral health at both local and global scales.
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