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Human activities beyond ecosystem capacity have resulted in serious effects on corals worldwide. Nowadays, many studies have focused on the influence of diving activities on coral communities, while the knowledge of physiological changes under corresponding environmental stresses remains largely undetermined. In the study, we aimed to investigate the physiological effects of touching, ammonia nitrogen enrichment (5 μmol⋅L–1), and sediment cover (particle size of less than 0.3 mm), which simulated improper self-contained underwater breathing apparatus (SCUBA) diving behaviors, on Acropora hyacinthus and Porites cylindrica in Wuzhizhou Island, the South China Sea. For A. hyacinthus, continuous touching caused the tentacles to shrink and secrete mucus, which consumed energy and dissolved oxygen. The skeletal growth rate was decreased by 72% compared with the control group. There was a rapid decline of Fv/Fm and alpha under the dual impacts of high ammonia nitrogen and touching, while the Chl a concentration and tissue biomass were decreased by 36 and 28% compared with touching alone, respectively. High ammonia nitrogen and touching increased the concentrations of lipid and protein. Nevertheless, zooxanthellae density was increased by 23% to relieve the effects of a lower concentration of Chl a in a high nutrient environment. Constant touching and sediment cover in diving areas with elevated ammonia content affected the photosynthesis and respiration of corals, and a significant decrease was observed for lipid, zooxanthellae density, and Chl a concentration. Coral bleaching occurred on day 7. For P. cylindrica, the decreasing magnitude of Fv/Fm and alpha under different stresses in the subsequent phase was less compared with A. hyacinthus. The contents of carbohydrate and protein under continuous touching were decreased by 7 and 15% compared with the control group, respectively, causing negative growth. Under the dual influences of high ammonia nitrogen and continuous touching, all energy reserves were significantly lower. Repeated touching and sediment cover in diving areas containing high ammonia content increased the concentrations of lipid and protein compared with the touching and high nutrient treatment group likely because that Porites associated with C15 zooxanthella increased heterotrophic feeding to compensate for restricted symbiodiniaceae photosynthesis. Additionally, P. cylindrica produced mucus to aid the removal of sediment, so that corals didn’t obviously bleach during the experiment. Collectively, P. cylindrica was more resistant to diving activities than A. hyacinthus which only relies on photoautotrophy. To ensure the sustainable development of coral reef dive tourism, it is necessary to strengthen the supervision of diving behaviors, rotate the diving areas, and conduct regular assessments on the coral status.
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INTRODUCTION

During the past decade, coral reef ecosystems have seriously degraded worldwide due to the mighty pressure of human activities and natural stresses (Guest et al., 2016). The coverage of fringing reefs off its coast in Hainan Island has been decreased by at least 80% since the last century, and such reduction is mainly attributed to human activities, such as overfishing, aquaculture, coastal engineering, and tourism (Li et al., 2012; Hughes et al., 2013; Huang et al., 2020). As one of the fastest-growing and most prevalent tourism projects worldwide (Ong and Musa, 2011), diving tourism has been considered as a sustainable pattern for coral reef use compared with coral harvesting and fishing for commercial purposes (Dearden et al., 2007). Nevertheless, diving activities exceeding ecosystem capacity have exerted profound negative effects on coral reefs (Zakai and Chadwick-Furman, 2002; Lamb et al., 2014). The coverage and biological diversity of coral reefs have been sharply decreased at high-intensity diving sites, such as the Caribbean Sea, the Red Sea, Great Barrier Reef, the west coast of India, and Redang and Payar (Malaysia), leading to a large number of dead corals and coral rubbles (Crehan et al., 2019; De et al., 2020). Over 50% of the coral communities in the diving areas in the Red Sea, especially in Eilat, have bleached (Jameson et al., 1999; Zakai and Chadwick-Furman, 2002). More than 80% of coral communities in Florida have been damaged, and the coverage of live corals has been reduced below 11% at high-intensity diving sites (Krieger and Chadwick, 2013).

Improper diving behaviors, such as touching, standing, kneeling, and walking on corals, snagging by equipment, and kicking corals with their fins (Abidin and Mohamed, 2014), can cause coral tissue damage, making them extremely sensitive to changes in water temperature and nitrogen content and hardly recover from stresses, such as undersea storms and bleaching (Carilli et al., 2010). Intensive diving activities also increase the prevalence of coral diseases (Lamb et al., 2014). The direct damage to corals and the resuspension of sediment due to diving may not have significant effects on corals, while their combinations with other stresses, such as increased nutrient levels, may weaken corals’ resistance to microbial infestation or indirectly increase pathogen toxicity (Nystrm et al., 2000; Altizer et al., 2013). Lamb et al. (2014) has found that the health rates of corals (79%) are much higher at low-intensity diving sites compared with high-intensity diving sites (45%) in Koh Tao, Thailand. The incidence of coral diseases, including skeletal eroding band, white syndrome, and black band, in high-intensity diving sites, is significantly higher compared with low-intensity diving sites. Many studies have shown that branching corals are more susceptible to diver’s damage than massive corals due to their fragile structure (Mastny, 2001; Barker and Roberts, 2004) and weak resistance to experimental pressure (Rouphael and Inglis, 2002), except for branching corals in Porites (Krieger and Chadwick, 2013). On the contrary, massive corals, such as many species in Porites, have stronger resistance to external pressures (Au et al., 2014; Crehan et al., 2019). Therefore, the susceptibility of different coral species to intensive recreational diving and repeated coral injury depends on community structures and local ecological conditions (Abidin and Mohamed, 2014).

The Wuzhizhou (WZZ) Island, located on the southeastern coast of the Hainan Island in the South China Sea, is a popular dive resort in China. WZZ has received about 3 million tourists in 2017, of which about 10% participate in the diving projects (Huang et al., 2020). Due to the rapid development of self-contained underwater breathing apparatus (SCUBA) diving, underwater sightseeing, and other recreational activities, turbidity and nutrient content [such as the dissolved inorganic nitrogen (DIN) and NH4+] of northern WZZ are much higher compared with the south. In 2017, the turbidity in the north of WZZ island is 0.41 FTU, and the contents of DIN and NH4+ are 3.37 μmol⋅L–1 and 2.61 μmol⋅L–1, respectively. In contrast, the turbidity in the south is 0.28 FTU, and the contents of DIN and NH4+ are 2.88 and 2.1 μmol⋅L–1, respectively. Meanwhile, the coverage of live corals in the north is decreased from 79.9% in 2007 to 30.2% caused by intensive construction, land-use change, and tourism development in 2016 (Huang et al., 2020). The studies on the impact of human activities are mostly based on field investigation. However, we cannot accurately understand the impacts of human activities, such as recreational diving, on coral reefs by analyzing macro-ecological indicators, such as live coral coverage, species diversity, and dominant species (Dinsdale and Harriott, 2004).

Combined with previous studies and our observations in diving areas, SCUBA diving activities affect coral growth mainly from the following three aspects. First, SCUBA divers affect the stony corals both intentionally and unintentionally through physical contact with their hands, bodies, equipment, and fins (Zakai and Chadwick-Furman, 2002; Uyarra and Co∧te′, 2007). The research has shown that Florida divers contact live corals 18 times every 60 min, including 12 times with fins, three times with hands, and two times with diving equipment (Krieger and Chadwick, 2013). Second, some diving tourists urinate in coral reef areas. Water quality may affect coral health (Reopanichkul et al., 2009). Third, when divers swim too close to corals, they may inadvertently stir up the benthic sediment, leading to increased sediment loads to coral polyps (Zakai and Chadwick-Furman, 2002; Wielgus et al., 2004), and resulting in asphyxia, reduction in growth rates of the coral skeleton, and abrasion on the live coral surface (Abidin and Mohamed, 2014). Wielgus et al. (2004) have concluded that the concentration of suspended particulate matter in diving spots of Eilat is two times higher compared with the control area with the same distance and depth. Accordingly, we considered that the main factors caused by improper diving behaviors in WZZ Island included repeated touching, ammonia enrichment, and sediment cover. In our previous study (unpublished data), we have found that the growth of Porites cylindrica (P. cylindrica) in the diving spots of WZZ Island is better compared with Acropora hyacinthus (A. hyacinthus). In the present study, we aimed to explore how the multiple stresses affected the physiological state of these two species and to explain the mechanisms underlying the additive or synergistic disturbance effects.



MATERIALS AND METHODS


Sample Collection and Coral Maintenance

This study was carried out in the coral culture laboratory of the Marine Institute at Hainan University between September and November 2020. The experiment for P. cylindrica and A. hyacinthus was performed separately. All coral samples were collected at 4–6 m depth from the coral nursery of WZZ located in Sanya, Hainan in July 2020. Corals from five colonies were chipped into 20 pieces (four pieces were chipped from each colony) of about 4–6 cm in length for each species and placed into number-labeled plates. Samples were divided into four groups and placed into plastic tanks (41 × 28 × 14 cm) containing artificial seawater. Each group was continuously aerated by a RESUN electromagnetic air pump (ACO-003, China). Water flow was maintained by a SUNSUN wave pump (HJ-211, China). The light was supplied by a SHARK full-spectrum LED lamp from 08:30 to 17:30 every day. Corals were acclimated to experimental conditions for 2 weeks until no mucus was produced and all tentacles displayed full polyp extension. Buoyant weight in seawater was determined for each sample by accurate buoyant weighing equipment (Davies, 1989) at 2 h before the start and end of the experiment. The skeletal growth rate of corals was expressed by the change of the results before and after the experiment.



Experimental Design

Touching, ammonia nitrogen enrichment, and sediment cover are considered key influencing factors caused by SCUBA diving. To imitate these three circumstances of improper diving behaviors, four groups were set up as follows. (1) The control group was defined as the normal culture conditions without additional treatment. (2) The entire surface of each sample in treatment group 1 was randomly touched with an appropriate strength of 15 times per day (once for 1 min at 30-s intervals) based on the research by Harriott et al. (1997) that the average contact of divers with corals in Marine Protected Areas of Eastern Australia is 35 times every 30 min. This condition was used to simulate the case that coral was repeatedly touched by diving tourists. (3) In treatment group 2, in addition to touching, the water supply was switched to seawater supplemented with 5 μmol L–1 NH4+ prepared by G.R. ammonium chloride because the concentration of NH4+ in the high-intensity diving area in WZZ is 1.28–4.07 μmol⋅L–1 in 2017 (Huang et al., 2020). This condition was used to simulate the case that coral was continuously touched in a high ammonia environment due to the urination of divers. (4) In treatment group 3, in addition to touching and high ammonia seawater, each coral was covered with 3 g of sediments for 40 min per day in a 100-mL glass beaker in tanks. The sediments on the surface were washed with a gentle stream of water after sediment treatment. This condition was used to simulate the case that divers repeatedly touched the coral in the high ammonia diving area and disturbed the sediments on the seabed with fins. The sediment was collected from the seabed of diving spots in WZZ in November 2018, and the sediment with a particle size of less than 0.3 mm was screened by a 60-mesh sieve. The experiment lasted for 10 days, and 1/2 volume of seawater was replaced by suctioning the bottom every 2 days. Normal artificial seawater was used in the control group and treatment group 1, while artificial seawater containing 5 μmol⋅L–1 NH4+ was used in treatment groups 2 and 3.



Environmental Parameters

Salinity, water temperature, pH, and dissolved oxygen (DO) in each tank were recorded at 09:00 every day before the stress treatment on the same day. Salinity was determined using a BK-056 salinity monitor, and temperature and pH were measured using a LICHEN pen acidometer (pH-100A, China). The unrelated environmental factors for different treatments were kept constant to obtain credible results. The average water temperature, pH, and salinity were 25.1 ± 0.1°C, 8.25 ± 0.01, and 34.2 ± 0.1 [n = 20, mean ± standard error (SE)], respectively. DO of each group was determined with a Presens stand-alone oxygen meter (Fibox 4 trace, Germany). Turbidity and underwater light intensity were recorded at 09:00 every 2 days before each 2-day water exchange cycle using an Aquatec turbidity meter (AQUAlogger 310TY, United Kingdom) and an LI-COR (LI-1500, United States) Light Sensor Logger (μmol photons⋅m–2⋅s–1), respectively.



Physiological Parameters and Photosynthetic Physiology

Coral samples were collected into a sealed bag after photobiological measurements and immediately frozen at −20°C before further analyses. For each physiological parameter of each species, we determined more than three biological samples in each group. The wet weights of all samples for physiological parameter analysis were about 1 g. The parameter of each sample was measured at least three times. Tissues were washed down from the skeleton with a Waterpik flosser (WP-70EC, WaterPik, Inc.) containing filtered seawater by filter membrane (0.45 μm, Whatman No. 1, United Kingdom), and the tissue biomass was then determined as previously described (Fitt et al., 2000). The surface area of corals was determined by wrapping up using aluminum foil (Li et al., 2006), and the tissue biomass was obtained by measuring the ash-free dry weight. Chlorophyll a (Chl a) was extracted with 100% acetone in the dark (Lei et al., 2008), and its concentration was determined with a Trilogy Laboratory Fluorometer (Turner Designs, 7200-000). Zooxanthellae density was assessed under the microscope according to a previously described method (Li et al., 2006). Carbohydrates were extracted in a trichloroacetic acid solution containing phenol and concentrated sulfuric acid (Dubios et al., 1956), and their absorbance values were measured using a TECAN spark full band microplate luminescence detector. Lipid was determined according to a previously described method (Xu et al., 2020). The coral samples were extracted with CM solution (Vchloroform: Vmethanol = 1:2), and 0.88% KCl was added before the dark treatment for about 24 h. Subsequently, the extract was dried with N2 at 39°C. Protein concentration was determined with a modified BCA Protein Assay Kit (Sangon Biotech, China) by the bicinchoninic acid method (Smith et al., 1985). To compare physiological parameters, energy reserves (proteins, carbohydrates, and lipids), zooxanthellae densities, and the Chl a concentration were normalized to the surface area as well as the tissue biomass (Edmunds and Gates, 2002). Photosynthetic parameters of corals were determined by a mini-PAM fluorometer (Walz, Germany), and these parameters were used to assess the maximum photosynthetic yield (Fv/Fm) and light use efficiency (alpha) at 10:00–11:00 on days 1, 4, and 10. Fv/Fm is a direct measure of coral’s efficiency in utilizing the light available for photosynthesis (Krause and Weis, 1991; Jones et al., 1999) and alpha reflects light use efficiency.



DNA Extraction and Amplicon Sequencing

Six samples were taken from each species for analysis of zooxanthellae clades and types. Total genomic DNA from coral samples including tissue and skeleton were extracted using CTAB/SDS method with the DNeasy Plant Mini Kit (QIAGEN, Germany). DNA concentration was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, United States) and DNA purity was monitored on 1% agarose gels. The target fragment were amplified using the Symbiodiniaceae ITS-specific primers ITSintfor2 (5′-GATTGCAGAACTCCGTG-3′) and ITS2-reverse (5′-GGATCCATATGCTTAAGTTCAGCGGGT-3′) (Chen et al., 2019). The volume of PCR reaction was 30 μL. The PCR process were carried out with pre-denaturation at 98°C for 1 min, followed by 30 cycles of denaturation. PCR products were detected by 2% agarose gel electrophoresis and purified with Genejet Gel Extraction Kit (Thermo Scientific, China). Sequencing was performed on the Illumina Miseq platform using the sequencing library generated with the NEB Next® UltraTM DNA Library Prep Kit for Illumina (NEB, United States). The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. The paired end readings of the original DNA fragments were assigned to each sample according to a unique encoding and combined using FLASH to remove redundant and invalid sequences. Operational taxonomic units (OTUs) were grouped at 97% similarity according to the method described by Tong et al. (2017). Only the OTUs of symbiotic algae were retained for subsequent analysis. The most abundant OTUs sequence selected by BLAST was used as the representative sequence for comparison with the ITS2 database for taxonomy annotation, which archives the largest number of Symbiodiniaceae ITS2 sequences known to date (Shi et al., 2020).



Data Analyses

All experiments of physiological and photosynthetic parameters were repeated at least three times, and the data were expressed as mean ± SE. Statistical analysis was carried out using the statistical package SPSS 23.0. All data were checked for normality and homogeneity of variances using the Shapiro-Wilk test and Levene’s test. The effects of treatments on physiological and photosynthetic parameters were analyzed by one-way ANOVA. P < 0.05 was considered statistically significant, and post hoc LSD tests were run for the separation of significant factors. Principal component analysis (PCA) and Pearson’s correlation were performed on the physiological and photosynthetic parameters of corals. PCA needs to meet the following conditions: (1) KMO test coefficient >0.5 (Kaiser and Rice, 1974) and (2) Bartlett’s test P < 0.05. Multivariate analysis of variance (MANOVA) was used to test the effects of the most essential principal components. The barplot of relative abundance for zooxanthellae types was completed using the R software.



RESULTS


Environmental Parameters in Two Trials

Turbidity and light intensity in treatment group 3 were significantly lower compared with the other groups in two trials (P < 0.05) (Table 1). For A. hyacinthus, the DO content in each treatment group was significantly lower compared with the control group (P < 0.05), and the DO content in treatment group 3 was significantly lower compared with the other two treatment groups (P < 0.05) (Table 1). For P. cylindrica, the DO content in treatment group 3 was significantly lower compared with the other groups (P < 0.05) (Table 1).


TABLE 1. Environmental parameters for different treatments (the control, treatments 1, 2, and 3) in two trials.
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Molecular Analysis of Zooxanthellae Clades and Types

Symbiodinium subclade groups of A. hyacinthus and P. cylindrica included C3b, C3w, C15, C21, C50, C115, D2, D17 and others (Figure 1). Among them, P. cylindrica were mainly symbiotic with the zooxanthella type C15, while A. hyacinthus were mainly associated with the zooxanthella type D17 or C50.
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FIGURE 1. Relative abundance of zooxanthellae types for A. hyacinthus (Ah1a-Ah1f) and P. cylindrica (Pc0a-Pc0f). Six samples were taken from each species for analysis.




Observation of Experimental Process

In the control group for both A. hyacinthus and P. cylindrica, all corals grew well during the experimental period. Regarding A. hyacinthus, corals in the treatment groups produced a large amount of mucus within 15 min after they were touched every day. The coral tentacles of all treatment groups shrank on day 4, and coral bleaching occurred in treatment group 3 on day 7 (Figures 2A,B). Unlike A. hyacinthus, the shrinking tentacles of treated corals and the mucus production were not found in treatment groups 1 and 2 for P. cylindrica, while mucus was produced with the sediment cover in treatment group 3. No significant color change was observed in all P. cylindrica-related experiments (Figures 2C,D).
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FIGURE 2. Photographs of representative samples before (A) for A. hyacinthus and (C) for P. cylindrica and after (B) for A. hyacinthus and (D) for P. cylindrica experiments in treatment group 3. The sample of A. hyacinthus in treatment group 3 bleached at the end of the experiment, while no significant color change in P. cylindrica was observed in treatment group 3.




Effects of Different Diving Behaviors on Photosynthetic Capacity

For A. hyacinthus, Fv/Fm and alpha were maintained at a high level throughout the experiment in the control group. The average Fv/Fm was 0.675, and the average alpha was 0.198 in the control group. A decreasing trend for Fv/Fm and alpha was observed with the extension of treatments. At the end of the experiment, Fv/Fm was decreased by 14, 32, and 38%, and alpha was decreased by 22, 42, and 46%, respectively, compared with that on day 1 in treatment groups 1, 2, and 3. On day 1, treatment group 2 was the only group, where Fv/Fm was significantly lower compared with the control group (P < 0.05). On day 4, Fv/Fm in treatment group 1 began to significantly decrease compared with the control group (P < 0.05), while Fv/Fm in treatment group 3 remained at a high level. Fv/Fm in treatment group 3 showed a significant decrease until day 10 (P < 0.05) (Figure 3A). No significant differences in alpha were found in all groups on day 1, while the relationship between groups was consistent with Fv/Fm on day 4. At the end of the experiment, alpha in all treatment groups was significantly lower compared with the control group (P < 0.05), while no significant difference in alpha was found between treatment groups 2 and 3 (P < 0.05) (Figure 3B).
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FIGURE 3. Average (A,C) Fv/Fm and (B,D) alpha in the control group and three treatment groups (1 = touching, 2 = touching, and ammonia nitrogen enrichment, 3 = touching, ammonia nitrogen enrichment, and sediment cover) for A. hyacinthus and P. cylindrica on days 1, 4, and 10. Each bar represents the mean of three samples ± SD (standard deviation). The data with different letters above bars are significantly different on the same day at P < 0.05 level.


For P. cylindrica, Fv/Fm and alpha were maintained at a high level throughout the experiment in the control group. The average Fv/Fm was 0.614, and the average alpha was 0.185 in the control group. On days 1, 4, and 10, there were significant differences in Fv/Fm among groups, and the magnitude of the decrease in Fv/Fm was increased as the stress factors were increased (Figure 3C). At the end of the experiment, Fv/Fm was decreased by 13, 14, and 13% in treatment groups 1, 2, and 3 compared with that on day 1, respectively. The trend of alpha in each group was basically similar to that of Fv/Fm, while there was a time lag for alpha compared with Fv/Fm. Only alpha in treatment group 3 was significantly lower compared with the other groups on day 1 (P < 0.05), while alpha in treatment groups 2 and 3 was significantly different from that in the control group on day 4 (P < 0.01). At the end of the experiment, no significant difference was found between treatment groups 2 and 3 (P > 0.05) (Figure 3D). Unlike A. hyacinthus, the declining range of each treatment was small after day 4 though a dramatic decrease was observed before day 4.



Effects of Different Diving Behaviors on Physiological States

For A. hyacinthus, the zooxanthellae density in treatment group 1 was decreased by 15% compared with the control group (P < 0.01), and it was increased by 23% in treatment group 2 compared with treatment group 1 (P < 0.01), with the lowest density observed in treatment group 3 (Figure 4A). The Chl a concentration in treatment group 2 was decreased by 36% compared with treatment group 1 (P < 0.05), and the Chl a concentration in both groups was significantly higher compared with treatment group 3 (P < 0.05) (Figure 4B). The carbohydrate concentrations in treatment groups 1, 2, and 3 were decreased by 25, 35, and 38%, respectively, compared with the control group (P < 0.01), and the carbohydrate concentrations in treatment groups 2 and 3 were extremely lower compared with treatment group 1 (P < 0.01). However, there was no significant difference in carbohydrate concentrations between treatment groups 2 and 3 (Figure 4C). The lipid concentration in treatment group 2 was increased by 63% compared with treatment group 1 (P < 0.01), while the lipid concentration in treatment group 3 was decreased compared with the control group and treatment group 2 by 27 and 42%, respectively (P < 0.05) (Figure 4D). The significant differences in protein concentrations (P < 0.01) were noted in each treatment group compared with the control group. Specifically, a reduction of 11% was observed for treatment group 1 compared with the control group, whereas there was an increase of 39 and 6% in treatment groups 2 and 3, respectively. The lipid concentration in treatment group 3 was significantly lower compared with treatment group 2 (P < 0.01) (Figure 4E). There was no significant difference in tissue biomass between treatments, except that the tissue biomass in treatment group 2 was significantly reduced by 28% compared with treatment group 1 (P < 0.05) (Figure 4F). The skeletal growth rate in treatment group 1 was reduced by 72% compared with the control group (P < 0.01). A highly significant negative increase in the skeletal growth rate was found in both treatment groups 2 and 3 (P < 0.01), and the negative skeletal growth rate in treatment group 3 was extremely higher compared with treatment group 2 (P < 0.05) (Figure 4G).


[image: image]

FIGURE 4. Average (A,H) zooxanthellae density (Zoox), (B,I) Chl a concentration, (C,J) carbohydrate concentration (Carbs), (D,K) lipid concentration, (E,L) protein concentration, (F,M) tissue biomass, and (G,N) skeletal growth rate in the control group and three treatment groups (1 = touching, 2 = touching, and ammonia nitrogen enrichment, 3 = touching, ammonia nitrogen enrichment, and sediment cover) for A. hyacinthus and P. cylindrica. Each bar represents the mean of three samples ± SD (standard deviation). The data with different letters above bars are significantly different at P < 0.05 level.


For P. cylindrica, the zooxanthellae density in treatment groups 1 and 2 were significantly increased by 64 and 89% (P < 0.01) compared with the control group, respectively, while it in treatment group 3 was significantly decreased compared with treatment groups 1 and 2 by 35 and 43%, respectively (P < 0.01) (Figure 4H). The Chl a concentration in treatment group 2 was significantly decreased by 17 and 23% compared with the control group and treatment group 1 (P < 0.01), respectively, while the Chl a concentration in treatment group 3 was significantly increased by 13% compared with treatment group 2 (P < 0.05) (Figure 4I). Significant differences in carbohydrate concentrations were found between treatment groups. The carbohydrate concentrations in treatment groups 1, 2, and 3 were decreased by 15, 18, and 36%, respectively, compared with the control group (P < 0.01), and the increase of stress factors resulted in a significant decrease in carbohydrate concentrations (P < 0.05) (Figure 4J). The lipid concentration in treatment group 2 was significantly lower compared with the other groups (P < 0.01) (Figure 4K). The lipid concentration in treatment group 3 was decreased by 41 and 39% (P < 0.01), respectively, compared with the control group and treatment group 1, while it was significantly increased by 25% compared with treatment group 2 (P < 0.01). The protein concentrations in treatment groups 1, 2, and 3 were significantly lower compared with the control group by 7, 49, and 22%, respectively (P < 0.05), and it in treatment group 3 was significantly increased (55%) compared with treatment group 2 (P < 0.01) (Figure 4L). No significant difference in the tissue biomass was observed among different treatment groups, except that it in treatment group 3 was significantly lower compared with treatment groups 1 and 2 (P < 0.05) (Figure 4M). The skeletal growth rate was significantly different among groups. Negative skeletal growth rates were found in all treatment groups, and the negative skeletal growth became more significant as the stress factors were increased (P < 0.01) (Figure 4N).



Correlation Between Physiological Parameters and Photosynthetic Capacity in Two Species

Principal component analysis of seven physiological parameters compiled for the control and treatments showed the differences between the two species. For A. hyacinthus, PCA generated factor 1 and factor 2 that described 46.8 and 36.2% of the variance, respectively (Table 2). Factor 1 was characterized by high positive component loadings for skeletal growth rate, carbohydrates, zooxanthellae density, and Chl a concentration. Factor 2 was characterized by high positive component loadings for proteins and lipids and by a negative component loading for tissue biomass (Table 2; Figure 5A). For P. cylindrica, factor 1 and factor 2 described 55.8 and 27.0% of the variance (Table 2), respectively. Factor 1 was characterized by high positive component loadings for proteins, lipids, and Chl a concentration and by a negative component loading for zooxanthellae density. Factor 2 was characterized by high positive component loadings for tissue biomass, carbohydrates, and skeletal growth rate (Table 2; Figure 5B). MANOVA for the most important principal component (factor 1) showed that skeletal growth rate, Chl a concentration, zooxanthellae density, and carbohydrates were significantly different among treated A. hyacinthus samples (MANOVA: Wilk’s λ = 0.000, F = 71.572, df = 12,14, P ≤ 0.00). The health conditions of P. cylindrica significantly differed in protein, lipid, and Chl a (MANOVA: Wilk’s λ = 0.003, F = 15.914, df = 9,15, and P = 0.00). Furthermore, correlation analyses demonstrated that Fv/Fm and alpha were both positively correlated with skeletal growth rate, Chl a concentration, and zooxanthellae density for A. hyacinthus (r > 0.5, P < 0.05, Figure 5C), and they were correlated with carbohydrates, lipids, protein and skeletal growth rate for P. cylindrica (r < 0.5, P > 0.05, Figure 5D). Besides, Fv/Fm and alpha were significantly correlated with each other in two species (r < 0.5, P > 0.05; Figures 5C,D).


TABLE 2. PCA of seven physiological parameters compiled from different treatments in two species.
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FIGURE 5. PCA (A,B) and correlation analyses (C,D) of physiological and photosynthetic parameters. The dots of the same color means different biological replicates in the same group. * indicates that correlation coefficient of two parameters is over 0.5.




DISCUSSION


Effects of Touching on Two Species

Regarding A. hyacinthus, the tentacles obviously retracted upon repeated touching, which was frequently the first response to appear under stressful conditions (Chen et al., 2017). Corals after being touched secreted large amounts of mucus. Releasing mucus on a prolonged basis introduces adverse impacts on the health of corals (Howard and Brown, 1984), and zooxanthellae can be released (Riegl and Branch, 1995). This is consistent with the fact that the zooxanthellae density is decreased after being touched (Chen et al., 2017). Although mucus consists of high concentrations of proteins, lipids, and polysaccharides that favor bacterial growth (Ferrier-Pagès et al., 2000; Wild et al., 2004), the higher density of microorganisms in the mucus increased the oxygen consumption, resulting in decreased DO compared with the control group.

Regarding P. cylindrica, we didn’t observe the retraction of coral tentacles and secretion of mucus after being touched, illustrating that this species could well adapt to mild stress. We speculated that the dissolved nutrients brought by touching stimulated the growth of algae, resulting in a significant increase of zooxanthellae density, which needs to be proved in future experiments.

Two species both regarded lipid as priority energy reserved after being touched by decreasing the concentrations of carbohydrate and protein. And tissue biomass remained stable. They reduced the skeletal growth rate and photosynthetic capacity to maintain survival in that case.



Effects of Touching and Ammonia Nitrogen Enrichment on Two Species

Regarding A. hyacinthus, zooxanthellae density in this treatment was significantly higher than that of the touched group, which suggested that zooxanthellae greatly depended on high nutrient and A. hyacinthus preferred to adjust autotrophy strategy under stress. Zhu et al. (2004) also found that the zooxanthellae density increased when the content of ammonia nitrogen was over 1 μmol⋅L–1. These symbiotic dinoflagellates may take up nitrate with ammonium available in the seawater (Fitt et al., 2000). These corals grow healthfully through the delivery of photosynthesis products from abundant zooxanthellae to the host under the conditions of high DIN and low heterotrophic feeding (Gustafsson et al., 2013). The concentration of Chl a, as a signal of nutrient sufficiency (Muscatine et al., 1989), declined significantly compared with the touched corals. The Chl a concentration and zooxanthellae density in corals showed opposite changes when exposed to elevated ammonia, which suggests that nutrients are limited to zooxanthellae in that case (Jones and Yellowlees, 1997). Nevertheless, the increase in the zooxanthellae density may lead to an increase in shading among algae cells and a proportional decrease in the irradiance experienced by the zooxanthellae (Dubinsky et al., 1990). As a result, symbiotic algal photosynthetic capacity would be inhibited, and both the magnitude and speed of decline in Fv/Fm and alpha were more greatly enhanced over time compared with touching alone.

Similar to a previous study (Muscatine et al., 1989), we found that the carbohydrate concentration of A. hyacinthus further decreased for N-treated corals. Zooxanthellae have to consume a larger amount of the photosynthetically assimilated carbon for physiological activities under stressful conditions (Dubinsky et al., 1990; Long et al., 1994). This explains a large decrease in carbohydrates, as the energy material with the highest percentage in corals, leading to the negative growth under double stresses of touching and ammonia nitrogen enrichment. Tissue biomass was declined significantly compared the corals only being touched. As an estimate of the energy devoted to maintenance (Precoda et al., 2020), tissue biomass within a coral species can vary with water quality (Cooper et al., 2009), such as in ammonia nitrogen enrichment. Muscatine et al. (1989) have believed that algal protein synthesis in vivo is N limited, and abundant zooxanthellae can take up ammonium for protein synthesis, which was also found in our experiment. As lipids play an important role in resilience (Grottoli et al., 2004; Levas et al., 2018; Solomon et al., 2020), higher lipid concentration than that of the touching group improves the adaptability to nutrient enrichment and repeated touching.

The interaction of ammonia enrichment and repeated touching increased the negative impacts of touching on energy reserves for P. cylindrica. The massive loss of all energy reserves caused a more significant negative skeletal growth rate. The Chl a concentration also declined significantly, but nutrient didn’t significantly increase zooxanthellae density compared with the touched group to relieve stress like A. hyacinthus. P. cylindrica can not maintain adequate autotrophic input in high nutrient seawater and eutrophication is extremely unfavorable to the physiological activities of P. cylindrica.



Effects of Touching, Ammonia Nitrogen Enrichment, and Sediment Cover on Two Species

The sediment cover had the most significant adverse effect on A. hyacinthus among three factors caused by improper diving behaviors. Since corals are rapidly acclimating to the reductions in light (Browne et al., 2014), the Fv/Fm and alpha were not changed significantly compared with the control group at the beginning. However, exposure to sediment for a long time stresses corals to have high turbidity and limited light for photosynthesis (Anthony and Hoegh-Guldberg, 2003). Even in nutrient-enriched environments, high sediment loads lead to reduced endosymbiont photosynthetic capacity (Rogers, 1990; Fabricius, 2005). Elevated turbidity also increases respiration, thereby reducing the P/R ratio, which increases coral susceptibility to infection as well as bleaching (Rogers, 1990; Anthony and Fabricius, 2000; Anthony et al., 2007). It explained the reason why the DO of this treatment was much lower compared with the other groups. Furthermore, corals have to constantly remove sediments to aid photosynthesis, leading to the consumption of more protein and lipid (Brown and Bythell, 2005; Fabricius, 2005; Flores et al., 2012), and thus causing the more significant negative growth in this treatment. Since prolonged light attenuation will result in the dissociation of the coral-algal symbiosis (Glynn, 1996; Brown, 1997; Desalvo et al., 2012), zooxanthellae density under this condition was significantly reduced. The corals might release the weak zooxanthellae and combine with other robust zooxanthellae (Xu et al., 2020) to reply to high turbidity, ammonia nitrogen enrichment, and repeated touching. Corals in this treatment bleached caused by the great loss of zooxanthellae density and Chl a. A. hyacinthus relies heavily on phototrophy and they will bleach once the phototrophic capacity are inhibited. Meanwhile, nutrient composition and microbial activity in sediment accelerate the bleaching process (Weber et al., 2006, 2012).

Different from A. hyacinthus, Fv/Fm and alpha of P. cylindrica under the stress of three factors showed a sharp decline at the beginning of the experiment but then remained stable, indicating that P. cylindrica could adapt to long-term sediment stress. P. cylindrica chose to increase the Chl a concentration compared with treatment group 2 to cope with the declines in light availability (Rogers, 1979; Dubinsky et al., 1984), which was in response to the decrease of zooxanthellae density. Unlike A. hyacinthus, although the carbohydrate concentration, as the first energy reserves to consume, was further decreased, the protein and lipid concentrations of P. cylindrica were significantly higher compared with the treatment group of touching and ammonia nitrogen enrichment, which might be related to heterotrophic feeding. Porites associated with C15 zooxanthella can survive a highly turbid environment (Sudara and Yeemin, 1997) and increase heterotrophic feeding to compensate for restricted symbiodiniaceae photosynthesis under high turbidity conditions (Ferrier-Pagès et al., 2011). Some corals can use a wide range of food sources, including suspended particulate matter (Anthony, 1999; Anthony and Fabricius, 2000) and sediment (Mills and Sebens, 2004; Mills et al., 2004), which may offer rich sources of energy (Anthony and Fabricius, 2000; Anthony, 2006). The heterotrophic plasticity of corals offset stress from extreme sedimentary loads, and the change in the trophic mode is a mechanism to keep positive energy balance under turbid conditions and broaden physiological niche (Anthony and Fabricius, 2000). A. hyacinthus were mainly associated with D17 zooxanthella. Nevertheless, no studies showed the physiological characteristics of D17 zooxanthella and we also didn’t carry out the relevant research in this experiment. We need further exploration in the future work.

Porites cylindrica has always become the dominant species on reef slop with elevated levels of sedimentation (Browne et al., 2014). Producing mucus and sweep tentacles to slough off sediments (Stafford-Smith and Ormond, 1992; Stafford-Smith, 1993; Brown and Bythell, 2005) is beneficial for P. cylindrica to tolerating higher rates of sedimentation, while sediment exclusion mechanism was not found in treatment group 3 of A. hyacinthus. Nevertheless, producing mucus is an extremely costly way of responding to pressure compared with the release of carbon equivalent accumulated in several days (Riegl and Branch, 1995). Therefore, the corals in treatment group 3 had more significant negative skeletal growth compared with other treatments. Many coral reef communities near-shore disturbed by frequent sediment stress have adapted to low light and high sedimentation rates (Perry et al., 2009; Browne et al., 2010). Based on the fact that P. cylindrica is the dominant species in the diving areas, such as the north of WZZ, it was more adaptable to the diving environment with repeated touching, high ammonia nitrogen, and frequent sediment cover.



Comparison of Coping Mechanism for Diving Activities of Two Species

Acropora hyacinthus and Porites cylindrica both preferentially decrease photosynthetic capacity and skeletal growth rate when encountering stress and the magnitude of decline will be increased as the stress factors are increased. In our short-term experiment, no obvious changes in tissue biomass are found in different groups, indicating that corals guarantee survival by reducing the rate of growth and calcification. For energy budget of two species, carbohydrate is the first energy reserve to consume in a stressful environment and decreases as the stress factors are increased, followed by protein. Lipid plays an important role in corals’ stress resistance and is always consumed under severe stress.

Two species have different physiological mechanisms when coping with stresses. (1) A. hyacinthus is more adaptable to the eutrophic water than P. cylindrica and can increase zooxanthellae density to maintain autotrophic input. (2) A. hyacinthus only relies on photoautotrophy under stress. However, heterotrophy can be crucial in maintaining the physiological functions of P. cylindrica due to C15 zooxanthella when autotrophy is depressed. (3) The photosynthetic capacity of P. cylindrica is more stable, especially in long-term sediment stress. The magnitude decrease of Fv/Fm and alpha for P. cylindrica was less than A. hyacinthus in the last period of the experiment. (4) P. cylindrica is more inclined to employ energy to sweep tentacles or produce mucus for self-protection, reducing the probability of bleaching (Fitt et al., 2009). Nevertheless, A. hyacinthus prefers to consume energy for fast growth and are more susceptible to environmental stresses (Hoegh-Guldberg and Smith, 1989; Jokiel and Coles, 1990).

The above-mentioned points explained why the coverage of P. cylindrica was higher than A. hyacinthus in diving areas of WZZ Island from the physiological state of corals, which laid the foundation for the choice of coral restoration species to address widespread stresses caused by diving activities. Studies have shown that P. cylindrica exhibits relatively good survival when transplanted compared with Acropora spp. which is highly susceptible to bleaching (Seebauer, 2001; Dizon and Yap, 2006; Palomar et al., 2009; Linares et al., 2011). It is likely that the remarkable acclimation and recovery capacity will make P. cylindrica more competitive than many other species in diving activities.



CONCLUSION

In the present study, we showed that A. hyacinthus and P. cylindrica responded to multiple environmental stresses caused by various diving behaviors through different mechanisms. A. hyacinthus might be more susceptible to improper diving activities compared with P. cylindrica in WZZ. Our results showed that relative stable photosynthetic capacity, special self-protective mechanism, the utilization of heterotrophic nutrition, and C15 zooxanthellae with high adaptability to turbidity were important factors for P. cylindrica to survive in the diving spots of WZZ when confronting anthropogenic stresses. To alleviate the negative impacts of divers on the reefs and to keep sustainable development of diving activities, we should protect the coral community in diving spots. Diving coaches must train the tourists before diving and strengthen the supervision of their behaviors. Meanwhile, seasonal rotation of the diving sites is necessary to control the tourists’ capacity and give corals time to recover. Besides, it is also necessary to regularly evaluate water quality and corals’ health status in diving areas. If corals are in a poor physiological state, protection measures should be taken in time. When the coverage of living corals in diving areas is significantly decreased and corals can not be recovered only by passive restoration, the corals with strong stress resistance, such as P. cylindrica, can be transplanted to restore the ecological environment. In summary, effective management interventions should be taken to reduce the negative impacts of SCUBA diving and to secure the sustainability of the tourism industry and coastal resources.
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PCA generated two principal components, factor 1 and factor 2. Factor 1 explained 46.8 and 55.8% of the variance for A. hyacinthus and P. cylindrica, respectively.
Factor 2 explained 36.2 and 27.0% of the variance for A. hyacinthus and P. cylindrica, respectively. Taken together, they explained about 83.1 and 82.8% of the variation

in these two species, respectively. The numbers in bold indicate the values that contributed more than 0.7 of variance.
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