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Abstract Although it is well established that different

coral species have different susceptibilities to thermal

stress, the reasons behind this variation are still unclear. In

this study, 384 samples across five dominant coral species

were collected seasonally between September 2013 and

August 2014 at Luhuitou fringing reef in Sanya, Hainan

Island, northern South China Sea, and their algal symbiont

density and effective photochemical efficiency (UPSII) were

measured. The results indicated that both the Symbiodinium

density and UPSII of corals were subject to significant

interspecies and seasonal variations. Stress-tolerant coral

species, including massive Porites lutea and plating

Pavona decussata, had higher symbiont densities but lower

UPSII compared to the vulnerable branching species of

Acropora over the course of all four seasons. Seasonally,

coral symbiont densities were the lowest during winter,

while during the same period, UPSII of corals was at the

highest point. Further analysis suggested that dissolved

inorganic nutrients and upwelling in the reef area were

probably responsible for the observed seasonal variations

in symbiont density. The fact that Porites lutea has the

lowest UPSII during all four seasons is likely related to their

symbionts’ lower capacity to provide required photosyn-

thates for calcification. These results suggest that a coral’s

thermal tolerance is primarily and positively dependent on

its symbiont density and is less related to its effective

photochemical efficiency.
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Seasonal variation � Thermal bleaching susceptibility

Introduction

Coral reef ecosystems, with high biodiversity and eco-

nomic value, are facing severe threats from local stressors

and global climate change (Hoegh-Guldberg et al. 2007;

Yu 2012). Coral reefs rely on the symbiotic relationship

between coral hosts and their resident photosynthetic

dinoflagellates, which are particularly sensitive to thermal

stress (Hoegh-Guldberg et al. 2007). Elevated sea surface

temperatures (SSTs) and/or strong solar radiation disrupt

the mutualistic endosymbiosis between corals and their

dinoflagellates, resulting in coral bleaching (stress-trig-

gered ejection of the symbionts), which has led to episodes

of mass coral mortality (Baker et al. 2008). Experimental

and field-based studies have found that coral susceptibility

to thermal bleaching varies greatly among species (Mar-

shall and Baird 2000; Wooldridge 2014). In the South

China Sea, for example, branching corals Acropora and

Pocillopora were highly susceptible to thermal bleaching

in comparison with the massive corals of Porites (Li et al.
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2008a, b, 2011), and this pattern of susceptibility is sus-

tained over broad geographic scales (Marshall and Baird

2000; Loya et al. 2001; McClanahan 2004; Li et al. 2008b;

Wooldridge 2014). Although the differences in suscepti-

bility to thermal bleaching have been linked to host genetic

effects (Baird et al. 2009), thermal history, environmental

acclimatization (Thompson and van Woesik 2009) and

Symbiodinium genotypes (Berkelmans and van Oppen

2006), the mechanisms of this are still controversial and

cannot be explained readily by the types of symbiotic algae

involved (LaJeunesse et al. 2003; Wooldridge 2014).

Physiological differences of symbionts do affect the

performance of symbiosis (Rowan 2004). It has been

shown that branching Acropora, the most vulnerable spe-

cies in bleaching events (Marshall and Baird 2000; Li et al.

2011), had lower Symbiodinium densities than massive

corals in field conditions (Li et al. 2008a). Variations in

symbiont density do not affect measurements of the

effective photochemical efficiency (UPSII), which reflects

only the photochemical capacity of Symbiodinium and has

predictive significance for bleaching (Lesser and Gorbunov

2001; Wicks et al. 2010). Additionally, some research has

suggested that the photosynthetic impairment of algal

symbionts is the primary step in the bleaching process

(Warner et al. 1999; Smith et al. 2005), with sustained

declines in photosystem II photosynthetic efficiency being

characteristic of response to environmental stress (high

light intensity and/or elevated SSTs) (Warner et al. 1996;

Jones et al. 2000; Ferrier-Pagès et al. 2007). Therefore, we

reason that bleaching susceptibility, as well as the function

of the symbiotic relationship, is dependent on both sym-

biont density and photosynthetic capacity. This suscepti-

bility cannot be fully comprehended without an

understanding of the variability of Symbiodinium popula-

tions and photosynthetic capacity in field conditions.

Previous studies have verified seasonal variations in

symbiont density and identified regular episodes of very

low densities (Brown et al. 1999; Fagoonee et al. 1999; Fitt

et al. 2000; Sawall et al. 2014), but they all focused on

corals characterized by a single morphology (either mas-

sive coral species or branched coral species) rather than a

range of morphologies during the same period and on the

same site. The dynamics of Symbiodinium that underlie

massive, branching and tabular coral resilience under field

conditions are poorly understood. In addition, only few

studies describe seasonal changes in UPSII of corals in

response to environmental conditions, and even in the few

studies, the findings vary. For example, a study from the

southern Great Barrier Reef (Heron Island) did not find

significant seasonal variations or intra-colony differences

in UPSII for Acropora valida (Ulstrup et al. 2008). In

contrast, two other studies found significant seasonal dif-

ferences in UPSII. Piniak and Brown (2009) revealed that

Symbiodinium in coral species generally had higher UPSII

in the winter than in the summer and suggested that this

result was likely due to the differences in ambient light.

Rodolfo-Metalpa et al. (2008), on the other hand, showed

that the temporal changes in corals Oculina patagonica and

Cladocora caespitosa were unrelated to either temperature

or light. It appears that more data are needed to distinguish

whether changes in UPSII are normal temporal variation or

early indications of bleaching (Piniak and Brown 2009).

Therefore, studying long-term changes in photosynthetic

properties in more types of corals is important to under-

stand the ecological impacts of environmental stress on

reef corals and identify which species will be more resilient

to the devastating effects of climate change.

With these goals in mind, we established a 1-yr (from

October 2013 to August 2014) coral monitoring program

focused on the five dominant reef-building coral species at

Luhuitou fringing reef in the northern South China Sea

(SCS), including the massive Porites lutea, branching

Acropora brueggemanni, A. humilis, A. hyacinthus and

plating Pavona decussata. The five species have different

thermal bleaching susceptibilities (Marshall and Baird

2000; Stimson et al. 2002; McClanahan 2004; Li et al.

2011; Wooldridge 2014). The aim of this study was to

investigate the densities of algae symbionts and their UPSII,

as well as the dynamics and influencing factors that

underlie massive and branching and tabular coral resi-

lience, to explain the different thermal bleaching suscep-

tibilities of corals in the field.

Materials and methods

Study site

Our study was conducted at Luhuitou fringing reef

(18�120N, 109�280E) near Sanya City, which is a typical

fringing coral reef with two biogeomorphological units (a

reef flat and a reef slope) located at the southernmost point

of Hainan Island in the northern SCS (Fig. 1). This reef is

*3 km long and *250–500 m wide, and the living corals

are mainly distributed on the reef slope, where the depth of

water is less than 6 m (Zhao et al. 2014; Yan et al. 2016).

The Luhuitou fringing reef has been protected as part of the

National Coral Reef Natural Reserves since 1990.

Although degradation has been shown by in situ surveys,

coral assemblages at this study site are still characterized

by high species biodiversity (Zhao et al. 2012, 2014). From

November to April, the Luhuitou fringing reef is affected

by east and northeast monsoons, during which it experi-

ences a dry climate. From May to October, it is influenced

by south and southwest monsoons and is characterized by a

wet season (Yan et al. 2016). The mean annual SST is
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relatively high at 27 �C (Yu et al. 2010), and the monthly

SST ranges from 23.1 �C (January) to 29.8 �C (August).

The mean annual sea surface irradiance measured as pho-

tosynthetic active radiation (PAR) is 42.98 Em-2 d-1, and

the monthly PAR ranges from 29.56 Em-2 d-1 (Decem-

ber) to 53.28 Em-2 d-1 (May). Additionally, the monthly

sea surface chlorophyll a (chl-a) concentrations ranged

from 0.24 mg m-3 (May) to 1.97 mg m-3 (December)

during the study period (http://oceandata.sci.gsfc.nasa.gov/).

SSTs, chl-a concentrations and PAR intensity at the water

surface were obtained from satellite-derived data sets of

NASA, Ocean Color Radiometry, monthly averaged

MODIS-Aqua 9 km, for the study period, ranging from

September 2013 to August 2014 (Fig. 2).

Sampling of corals

Three dominant genera (Porites, Acropora and Pavona),

including five dominant species (massive Porites lutea,

branching A. brueggemanni, A. humilis and A. hyacinthus,

and plating Pavona decussata), were sampled seasonally

from October 2013 to August 2014 on the reef slope at two

depths (shallow: 1–2 m, deep: 4–6 m) at which field sur-

veys have previously sampled at Luhuitou fringing reef

(Zhao et al. 2012, 2014). A total of 384 samples were

collected for this study, and the susceptibilities of the five

species to thermal bleaching were verified (Electronic

supplementary material, ESM Table S1). Due to the swell

conditions, some Acropora species and Pavona decussata

were not sampled at some time points (ESM Table S1).

Thus, we combined similar Acropora species into a species

complex (A. brueggemanni/humilis/hyacinthus) to deter-

mine genus-specific responses to seasonal changes in

environmental conditions. All species were randomly

sampled, and the sampling points were tagged for repeated

sampling (ESM Table S1). Two nubbin samples were

fragmented from the sun-adapted surfaces of each colony.

One nubbin (25–50 cm2) was immediately preserved at

0 �C before laboratory works, while the other nubbin was

transported to the Tropical Marine Biological Research

Station in Hainan (TMBRS, 100 m from the sampling site).

At TMBRS, nubbins were placed into flow-through aquaria

under natural sunlight, where circulated water was con-

stantly pumped in from the reef. The in situ measurements

were taken 2 h later when coral samples acclimated (Li

et al. 2008b; Ulstrup et al. 2008; Nir et al. 2011).

Determination of Symbiodinium density

Coral tissue was removed using a Waterpik containing

filtered seawater (0.45 lm). The initial volume of the

resulting slurry was measured with a graduated cylinder

and then homogenized. Four aliquots (3 mL each) were

taken from the homogenized slurry and subsequently cen-

trifuged. The pellet containing Symbiodinium was collected

and preserved in 5% formaldehyde (1 mL) for further

analysis. Densities of symbiotic dinoflagellates of the

preserved samples were quantified microscopically via

replicate (n = 8–12) hemocytometer counts and normal-

ized to the coral surface area by correlations between the

weight and surface area of aluminum foil imprints (Li et al.

2008a; Kemp et al. 2014).

Photochemical efficiency measurements

Variation in UPSII was measured seasonally using a pho-

tosynthesis yield analyzer (mini-PAM, Walz, Germany).

As UPSII reacts quickly to variations in light, it is particu-

larly important to ensure that the light conditions are rel-

atively constant when sampling corals. In this study, UPSII

Fig. 1 Map of study area.

Sampling area indicated by red

box and star
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measurements were taken between 0930 and 1100 hrs on

days with minimal cloud cover, and only upward-facing

surfaces of nubbins were measured in tanks under natural

sunlight (Lesser and Gorbunov 2001; Piniak and Brown

2009). The mini-PAM applied 3-ls pulses of weak

(\0.15 lmol photons m-2 s-1) light from a red light-

emitting diode (peak emission at 650 nm) as the measuring

light, for detection of minimum fluorescence. Saturation

pulses of white light ([4500 lmol photons m-2 s-1)

allowed for the detection of maximum fluorescence.

Chlorophyll fluorescence was detected at wavelengths

above 710 nm. The minimum and maximum fluorescence

(F and Fm0 of light-adapted samples) was recorded, and the

effective quantum yield was determined as the ratio

Yield ¼ UPSII ¼ DF=Fm0 ¼ Fm0 � Fð Þ=Fm0. All measure-

ments were taken with Walz fiber optics (active diameter

5.5 mm), held 3–4 mm from the sample and perpendicular

to the coral surface (Shearer et al. 2012; Hill and Takahashi

2014). Care was taken to avoid self-shading.

Statistical analyses

All statistical analyses were performed using IBM SPSS

Statistics 19 software. Homogeneity of variance was tes-

ted on all data sets using Levene’s test, and if necessary,

data were transformed through log transformation to meet

homoscedasticity in subsequent ANOVAs. Interspecific

differences in symbiont density and UPSII were investi-

gated seasonally by one-way ANOVA tests, and the

effects of depth (1–2 and 4–6 m) and time (four levels)

on Symbiodinium density and UPSII for each species were

tested using two-way factorial ANOVAs. Following sig-

nificant ANOVA results, Scheffe and SNK tests were

used as post hoc multiple comparisons for further analysis

of significance. All results are presented in text as

mean ± standard error (SE). A bivariate correlation

analysis was used to confirm the relationship between

UPSII and Symbiodinium density. Both Pearson’s correla-

tion coefficients (R) and Spearman’s q were chosen for

the subsequent correlation analyses of UPSII and Symbio-

dinium density. Statistical significance level was set at

P\ 0.05 for all analyses.

Results

Symbiodinium densities

Seasonal fluctuations of Symbiodinium density were signif-

icant across all coral species studied (p\ 0.001; Table 1).

Themean Symbiodinium density inPorites lutea varied from

2.23 ± 0.18 9 106 cells cm-2 to 6.08 ± 0.36 9 106 -

cells cm-2 across seasons (ESM Table S1), with the highest

density occurring in early October and the lowest in January

(Fig. 3). Among Acropora species, Symbiodinium density

varied from 1.29 ± 0.15 9 106 cells cm-2 to 3.16 ±

0.17 9 106 cells cm-2 (ESM Table S1). Since the densities

of Symbiodinium did not differ among Acropora species

across seasons (Scheffe and SNK, p[ 0.05; Fig. 3), we

combined them into an Acropora species complex (A.

brueggemanni/humilis/hyacinthus) to determine seasonal

variation, which revealed a lower density in January and

higher density in August (Fig. 3). The mean Symbiodinium

density in Pavona decussata varied from 1.93 ±

0.15 9 106 cells cm-2 to 4.49 ± 0.28 9 106 cells cm-2
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Fig. 2 Environmental parameters at the study site from September

2013 to August 2014. Sea surface temperatures (SSTs, a), chlorophyll
a concentrations (b), and intensity of photosynthetic active radiation

(PAR, c) at the water surface were obtained from satellite-derived

data sets of NASA, ocean color radiometry, monthly averaged

MODIS-Aqua 9 km, for the study period from September 2013 to

August 2014 (http://oceandata.sci.gsfc.nasa.gov/)
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among seasons (ESM Table S1), with the lowest density

found in January and higher density in August (Fig. 3).

Variation in symbiotic algal density was also significant

between the two depths (p\ 0.05; Table 1). There was a

significantly lower (p\ 0.001; Table 1) Symbiodinium

density within Porites lutea and Pavona decussata in

deeper corals (4–6 m) compared to those at shallow depths

(1–2 m) during four seasons. While neither Porites lutea

nor Pavona decussata showed a significant interactive

effect between time and depth (p[ 0.05; Table 1), the

interactive effect was highly significant for the Acropora

species complex (A. brueggemanni/humilis/hyacinthus)

(p = 0.001; Table 1).

Symbiodinium densities in corals were subject to sig-

nificant interspecies differences (p\ 0.05; Fig. 3). Porites

lutea generally had the highest Symbiodinium density,

followed by Pavona decussata, while the Acropora species

had the lowest mean density (Fig. 3). Statistical analyses

across all seasons and the two depths measured confirmed

these results. In October, the mean Symbiodinium density

in Porites lutea at the two depths was significantly higher

(Scheffe and SNK, p\ 0.05) than that of the Acropora

complex and Pavona decussata (Fig. 3). In January,

although no significant difference was observed among

corals (Scheffe and SNK, p[ 0.05), the Porites lutea still

had a higher algal density than other species (Fig. 3). In

April, the mean Symbiodinium density in Porites lutea was

significantly higher than that of the Acropora or the

Pavona decussata (Scheffe and SNK, p\ 0.05; Fig. 3). In

August, the mean Symbiodinium density in Porites lutea

was also significantly higher (Scheffe and SNK, p\ 0.05)

than that of the other corals (Fig. 3).

Photochemical efficiency of symbionts

The careful selection of sampling time was to ensure that

there was no light difference during light-adapted mea-

surements among species within a given season. Following

this measurement procedure, our data from Luhuitou

fringing reef showed no species-specific differences in

seasonal patterns occurred. For all coral species, UPSII

varied significantly among collection times (p\ 0.001;

Table 1), with higher values of UPSII occurring in January

at both depths (Fig. 4). The mean UPSII of Symbiodinium in

Porites lutea varied from 0.639 ± 0.005 to 0.718 ± 0.002

Table 1 Summary of two-way

ANOVAs testing the effect of

time and depth of collection on

Symbiodinium density and

effective photochemical

efficiency (UPSII)

Porites lutea A. brueggemanni/humilis/hyacinthus Pavona decussata

df F p df F p df F p

Symbiodinium density (9106 cells cm-2)

Time (T) (3,123) 31.1 \0.001 (2,137) 14.5 \0.001 (1,66) 19.2 \0.001

Depth (D) (1,123) 15.9 \0.001 (1,137) 6.8 \0.05 (1,66) 38.1 \0.001

T 9 D (3,123) 0.4 [0.05 (2,137) 7.6 = 0.001 (1,66) 1.6 [0.05

UPSII

Time (T) (3,130) 20.1 \0.001 (2,145) 49.4 \0.001 (1,66) 18.1 \0.001

Depth (D) (1,130) 2.4 [0.05 (1,145) 0.1 [0.05 (1,66) 0.1 [0.05

T 9 D (3,130) 22.2 \0.001 (2,145) 4.7 = 0.01 (1,66) 0.7 [0.05

Significant results are in bold
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across seasons, with a higher UPSII in January and a lower

value of UPSII in April (Fig. 4). For branching Acropora

species, the mean UPSII of Symbiodinium varied from

0.694 ± 0.005 to 0.761 ± 0.003 across seasons. Since the

UPSII among these three Acropora species was not signif-

icantly different across all seasons (Scheffe and SNK,

p[ 0.05; Fig. 4), we combined them into an Acropora

species complex (A. brueggemanni/humilis/hyacinthus) to

identify seasonal variation, which revealed that the highest

value of UPSII occurred in January and the lowest value in

April (Fig. 4). The mean UPSII of Symbiodinium in Pavona

decussata varied from 0.678 ± 0.008 to 0.722 ± 0.004

(ESM Table S1), with the highest value also found in

January (Fig. 4). However, UPSII in these five coral species

collected from 1–2 and 4–6 m was not significantly dif-

ferent (p[ 0.05; Table 1). There were interactive effects

observed with sampling time and depth for Porites lutea

(p\ 0.001; Table 1) and A. brueggemanni/humilis/hy-

acinthus (p = 0.01; Table 1), indicating that the effects of

the time and depth of the collection on the Symbiodinium

density and effective photochemical efficiency varied

among coral species.

Photochemical efficiency of corals was also subject to

significant interspecies differences during all four seasons

(p\ 0.05; Fig. 4). Acropora species had the highest mean

UPSII compared to Pavona decussata and Porites lutea

(Fig. 4). This significant distinction was confirmed by

statistical analysis in the four seasons and at the two depths

(Scheffe and SNK, p\ 0.05; Fig. 4). Among the three

Acropora species, no significant differences were found

across seasons (Scheffe and SNK, p[ 0.05; Fig. 4).

Discussion

Seasonal fluctuations in endosymbionts and their

drivers

Results of our year-long monitoring of the five dominant

species clearly revealed seasonal variations in Symbio-

dinium density and UPSII (Figs. 3, 4). Symbiodinium den-

sities were lowest during the coldest period of the year,

generally concurrent with the peak value in UPSII. Sym-

biodinium density in Porites lutea was approximately twice

as high in autumn as it was in winter. For the other four

coral species, Symbiodinium densities were also lower in

winter. UPSII of Symbiodinium was the highest in winter for

all coral species. This pattern was seen in corals sampled at

both depths at Luhuitou fringing reef. Based on these data,

Symbiodinium density varied 22–55% depending on coral

species, sampling depth and season. This implies that all

sampled colonies experienced a decrease in Symbiodinium

density during the year, regardless of whether or not the

colonies appeared lighter in color to human observers. In

fact, the corals, especially Porites lutea, appeared visibly

lighter in color to divers during the winter.

However, the finding that the lowest Symbiodinium

density occurred during winter is in contrast to previously

observed patterns (Stimson 1997; Fagoonee et al. 1999; Fitt

et al. 2000; Sawall et al. 2014). For example, Stimson

(1997) found that the density of Symbiodinium in tissues of

the coral Pocillopora damicornis from Hawaii was twice as

high in winter as it was in summer during a study over the

course of multiple years. In addition, Fagoonee et al.

(1999) showed that Symbiodinium densities were three

times as high in autumn and winter as they were in spring

and summer in Mauritius in a long-term field study. Hin-

richs et al. (2013) found higher densities of Symbiodinium

in A. digitifera but not A. spicifera during winter than in

summer at Ningaloo Reef in northwestern Australia.

Sawall et al. (2014) found that seasonality was evident in

the Red Sea, with 2–3 times higher Symbiodinium densities

observed in winter at all sites except at Farasan, where the
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density of Symbiodinium decreased in winter. Most studies

have indicated that Symbiodinium densities are regulated

by seasonal changes in SST, irradiance and water quality,

correlating negatively with PAR and SST and positively

with dissolved inorganic nutrients in the seawater (Stimson

1997; Brown et al. 1999; Fagoonee et al. 1999; Fitt et al.

2000; Hinrichs et al. 2013; Sawall et al. 2014).

The response of reef corals and their Symbiodinium to

changes in environmental conditions varies geographically

(and among different species) and does not exhibit similar

cycles related to symbiotic algae density and photophysi-

ology. Brown et al. (1999) revealed a lower symbiont

density during the dry season and higher density in the wet

season (when SST and PAR were low) in four shallow-

water coral species in Thailand. More recently, Browne

et al. (2015) assessed the health of four common inshore

reef coral species in Singapore where anthropogenic

influences are relatively high and did not detect a strong

seasonal cycle in Symbiodinium abundance.

There are several interpretations of the seasonal pattern

that we observed in this study. Firstly, the lower Symbio-

dinium density during the winter is likely linked to the

increase in sea surface chl-a concentration (which reaches

a maximum value of 1.97 mg m-3 in December) and its

effect on the nutrient environment. As newly introduced

dissolved inorganic nutrients are taken up rapidly and can

be regenerated by plankton communities in oligotrophic

reef waters (Furnas et al. 2005), elevated phytoplankton

density (usually measured as chl-a concentration) which is

a robust indicator of nitrification (Furnas et al. 2005)

affects corals by changing the nutrients available (D’An-

gelo and Wiedenmann 2014). Thus, water column chl-

a levels indicate both direct and indirect negative nutrient

effects on coral reefs (Wooldridge 2009; Wiedenmann

et al. 2013; D’Angelo and Wiedenmann 2014). We

observed monthly changes in water column chl-a concen-

tration at our sampling sites, with increases beginning

September, reaching a maximal peak in December and

subsequently followed by a decrease in January (Fig. 2).

As a consequence of elevated phytoplankton loads, dis-

solved inorganic nutrients (especially dissolved inorganic

nitrogen (DIN), which is essential since nitrogen (N) sup-

ports algal cell division and proliferation) are depleted,

resulting in the reduction in essential nutrient availability

for Symbiodinium (Wiedenmann et al. 2013). In addition,

DIN levels in Luhuitou Bay are substantially lower than

that required by the National First Class Water Quality

Standards for China (Huang et al. 2003; Wang et al. 2005),

and elevated phytoplankton density in December might

have exacerbated nutrient (specifically, N) limitation in the

water column.

Secondly, SST probably has less of an influence on coral

conditions in our study. One of the reasons is the monthly

SSTs at our study site ranged from 23.1 to 29.8 �C; thus,
the highest SST recorded was less than 30 �C during the

summer (Fig. 2), which is below the thermal bleaching

threshold of 32 �C reported by previous studies at Luhuitou

fringing reef (Li et al. 2008b; 2012); hence, there was no

decrease in Symbiodinium density caused by high SST.

Densities of Symbiodinium in all corals at this site were

higher during the summer, and corals were observed to

have visibly healthy colors by divers. Previous studies have

also shown that SST is not always the key driver of coral

condition including symbiont density and quantum yield

(Browne et al. 2015).

The third explanation for the high density during sum-

mer at this site could be linked to a cold-water upwelling

(Qingdong upwelling, QDU), which occurs during the

summer (July and August) and influences Sanya sea areas

(Huang et al. 2003; Jing et al. 2009). Luhuitou Bay is

located in the QDU region, where the cold-water upwelling

probably plays an important role in preventing sea water

temperature from reaching 30 �C in the summer (Jing et al.

2009). Moreover, the water from the upwelling not only

provides cooling effects, but also supplies dissolved inor-

ganic nutrients to reefs (Szmant and Forrester 1996).

Notably, nutrient levels were also slightly elevated during

the warming period at Luhuitou fringing reef (Fig. 2).

Slightly elevated nutrient levels lead to enhanced coral

symbiont physiological performance (Dunn et al. 2012), as

revealed by changes such as an increase in Symbiodinium

density. For example, Symbiodinium densities have been

shown to increase by 60% during summer months as

nutrients on coral reefs rose (Wooldridge 2014). In addi-

tion, the highest UPSII of Symbiodinium in winter for all

coral species could also support and sustain the low density

of Symbiodinium.

Seasonal fluorescence responses in UPSII

The five coral species showed an identical pattern of sea-

sonal fluorescence responses in UPSII, which was that all

corals had the highest UPSII in the winter. This agrees with

the results of Piniak and Brown (2009), who observed that

ten coral species generally had higher UPSII in the winter

than in the summer in Ofu, American Samoa. Although

some studies suggest that the temporal changes in UPSII are

unrelated to either temperature or light (Rodolfo-Metalpa

et al. 2008; Hinrichs et al. 2013), light and temperature are

most commonly associated with seasonal variation in coral

physiology. For example, Piniak and Brown (2009) indi-

cated that seasonal differences in UPSII could reflect a

response to long-term temporal variability and that this

variation in UPSII is likely due to the differences in ambient

light between winter and summer. In this study, we found
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that light is probably responsible for the seasonal variation

in UPSII.

The highest UPSII of our corals was in December and the

lowest in April. We attribute this to the variations of light

intensity at our study site. From October to December, the

monthly changes of PAR at our study site showed a

decreasing trend in light intensity. This was followed by an

increase in light intensity until May (Fig. 2). Coinciden-

tally, Iluz and Dubinsky (2015) reported similar observa-

tions; their quantum yields decreased considerably from

being near the theoretical maximum under low light to a

fraction of the maximum when ambient light increased.

Physiologically, algal cells in low-light-acclimated corals

have little ribulose-1,5-bisphosphate carboxylase/oxyge-

nase (RuBisCO), which is involved in fixing carbon diox-

ide during photosynthesis. Thus, they are saturated at a low

light intensity and, therefore, more efficient than the high-

light-acclimated corals (Iluz and Dubinsky 2015). Addi-

tionally, there were no species-specific differences in sea-

sonal patterns in our study, possibly indicating that most

reef corals’ photosystems reacted in similar ways to vari-

ation in environmental conditions at our study site.

Interspecific differences in coral condition and their

relationship with coral susceptibility to thermal

stress

Our study, based on 384 samples including massive,

branching and plating corals, shows that there is a signifi-

cant difference in Symbiodinium density among coral

species in all four seasons in the field. Massive Porites

lutea and plating Pavona decussata had significantly

higher algal densities compared to branching A. bruegge-

manni/humilis/hyacinthus. The order of decreasing mean

algal density was consistently found to be massive Porites

lutea[ plating Pavona decussata[ branched Acropora

over all four seasons.

Different Symbiodinium density among coral species has

often been linked to their respective susceptibility to

thermal bleaching. Previous tank-based indoor experi-

mental studies and field monitoring studies from the

Luhuitou fringing reef have indicated that branching corals,

especially Acropora, are the most susceptible species to

thermal bleaching, while massive Porites and plating

Pavona are highly resistant to thermal stress (Li et al.

2008a, b). This pattern of susceptibility has also been

reported over broad geographic scales (Marshall and Baird

2000; Loya et al. 2001; McClanahan 2004; Wooldridge

2014). For example, studies from the Indo-Pacific have

shown the following ranking of bleaching susceptibility

among coral taxa: Acropora[ Stylophora[Pocillo-

pora[Montipora[Heliopora[Favia[Porites (Mar-

shall and Baird 2000; Stimson et al. 2002). Although

symbiont genetic type is clearly of fundamental impor-

tance, susceptibility to bleaching cannot be solely

explained by differences in genotypes of Symbiodinium

among coral species (LaJeunesse et al. 2003; Wooldridge

2014). Stimson et al. (2002) observed that species with

high Symbiodinium densities had higher survival rates than

those with low algal densities during an extensive bleach-

ing event in Okinawa. Both Glynn (1993) and Stimson

et al. (2002) found that these branching survivors had a

relatively high density of symbiotic algae in comparison

with bleaching Pocillopora, Acropora, Stylophora and

Seriatopora. Li et al. (2008a) found that branching corals

usually had lower densities of Symbiodinium than massive

species, after investigating 39 coral species in Sanya Bay

and Daya Bay (northern SCS), and observed that the

Symbiodinium density decreased from the healthy tissue to

the completely bleached tissue in partially bleached coral.

All these studies have suggested that coral bleaching is

closely related to Symbiodinium density. Our data clearly

indicate that in field conditions, massive Porites lutea and

plating Pavona decussata had significantly higher algal

densities than branching Acropora species. This conforms

with global observations of corals’ thermal bleaching sus-

ceptibilities (ESM Table S1); we reason that different

thermal bleaching susceptibilities of corals may depend

primarily on the varying levels of Symbiodinium density

and that species with high levels of algal density are more

resistant to thermal stress.

It is interesting to note that Cunning and Baker (2013)

found that corals with high Symbiodinium cell ratio den-

sities were more vulnerable to bleaching. Although their

symbiont cell ratio density (standardizing symbionts to

host cell numbers) is distinct from our symbiont cell den-

sity (standardizing symbionts to coral surface area), the

results are consistent with each other. Cunning and Baker

(2013) suggested that during warming months, both host

and symbiont cell numbers decreased, while a greater net

loss of host cells could result in an increase in mean

symbiont cell ratio density, which is probably consistent

with the low symbiont cell density (symbionts to coral

surface area) (Stimson 1997; Fagoonee et al. 1999; Fitt

et al. 2000; Sawall et al. 2014). Unfortunately, Cunning

and Baker (2013) only reported a single coral species,

Pocillopora damicornis, and the effect of the symbiont cell

ratio density on bleaching susceptibilities among different

coral species is still to be explored.

There are two possible mechanisms driving lower sus-

ceptibility to thermal stress. Firstly, higher Symbiodinium

densities probably result in greater concentrations of

mycosporine-like amino acids (MAAs) in host tissues,

protecting corals from UV radiation and conferring

increased resistance to thermal bleaching. MAAs are

believed to be synthesized via the shikimic acid pathway in
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Symbiodinium, absorbing UV and dissipating UV energy as

toxic intermediates are not formed by thermal stress (Baird

et al. 2009). Additionally, MAAs can also reduce reactive

oxygen species and scavenge free radicals involved in anti-

oxidative stress response to thermal stress (Singh et al.

2008; Rosic et al. 2015). Secondly, higher Symbiodinium

densities in corals probably result in more efficient self-

shading, which could also allow for increased protection

from light, thus improving the resistance to thermal stress

as well.

This study also demonstrates a significant difference in

UPSII among coral taxa. Branching A. brueggemanni/hu-

milis/hyacinthus had significantly higher effective quantum

yield than massive Porites lutea and plating Pavona

decussata across seasons (Fig. 4), which is contrary to the

observed trend of the symbiont densities among different

corals. Correlation statistics showed that UPSII was nega-

tively correlated with overall Symbiodinium density

(p\ 0.001, n = 376; Fig. 5). However, we did not observe

a significant relationship between UPSII and symbiont

density in individual coral species under seasonal fluctua-

tions, and correlation statistics showed that UPSII was

weakly enhanced or diminished in relation to natural

fluctuations in symbiont density (p[ 0.05; Table 2). This

relationship agrees with the data on tropical coral species

that indicate that the rates of photosynthesis increase

asymptotically with increasing symbiont density and that

there is a broad range of symbiont densities for which the

net daily photosynthesis is approximately equivalent (An-

thony et al. 2009; Hoogenboom et al. 2010). In addition,

massive Porites lutea and plating Pavona decussata have

much higher Symbiodinium densities than branching

Acropora across all seasons, which is hypothesized to

result in more self-shading of the symbiont cells, leading to

lower photosynthetic efficiency in comparison with

branching species. Therefore, we speculate that the coral

host and its host-dependent characteristics, such as coral

morphology, are probably the key drivers influencing the

relationship between symbiont density and photosynthesis.
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Fig. 5 Relationship between Symbiodinium density and UPSII among

coral species (a 1–2 m, b 4–6 m depth). Points represent values

measured from individual nubbins. Lines represent linear regression

of Symbiodinium density against UPSII

Table 2 Correlation statistics between UPSII and Symbiodinium density from September 2013 to August 2014

Species Annual mean Season

October January April August

R q R q R q R q R q

Porites lutea r -0.055 -0.052 0.117 0.102 -0.072 -0.097 0.488* 0.507* 0.558** 0.670**

p 0.536 0.563 0.412 0.478 0.733 0.645 0.034 0.027 0.001 0.000

n 127 127 51 51 25 25 19 19 32 32

A. brueggemanni/humilis/

hyacinthus

r 0.074 0.106 0.257 0.349 0.100 0.084 -0.204 -0.255 -0.079 0.004

p 0.335 0.167 0.215 0.088 0.556 0.623 0.139 0.063 0.565 0.978

n 172 172 25 25 37 37 54 54 56 56

Pavona decussate r -0.062 -0.122 0.192 0.097 -0.079 -0.056 0.353 0.500 0.667 0.476

p 0.596 0.297 0.202 0.521 0.762 0.830 0.770 0.667 0.071 0.233

n 75 75 46 46 17 17 3 3 8 8

Results are tested by two-tailed tests; * p\ 0.05, ** p\ 0.01
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Corals’ bleaching susceptibility at Luhuitou fringing

reef may actually drive the long-term change of the ecol-

ogy of this coral reef. Alvarez-Filip et al. (2013) showed

that the loss of acroporids represents a major loss in

community calcification and results in low levels of

structural complexity, even if the coral cover shifts from

10% of Acropora to 40% of Porites. At our study site, the

Luhuitou fringing reef, the mean coral cover has decreased

dramatically from 80 to 90% in 1962 to*12% in 2009. By

2010, Porites lutea had become the dominant species on

the reef flat and the predominance of Acropora on the reef

slope has been weakened significantly by Porites (Zhao

et al. 2012, 2014). Stress-tolerant Porites lutea and Pavona

decussata are characterized by lower effective photo-

chemical efficiency, which is likely related to a lower

capacity of their symbionts to provide the photosynthates

required for calcification of the host. In this context, Por-

ites, even with high coral cover in communities, would be

unable to maintain reef development. Therefore, manage-

ment actions should be taken to help the survival and

propagation of branching corals like Acropora, rather than

simply evaluating the condition of coral reefs via coral

cover. Overall, our results provide an important basis for

better understanding coral symbiont physiology and pop-

ulation dynamics in the northern SCS and allow for insight

into variation in thermal susceptibilities of corals in the

field.
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