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Increasingly frequent large-scale pelagic Sargassum algae blooms in the Atlantic have become a problem for coastal ecosystems. The mass decay of these blooms reduces water quality for coastal flora and fauna. However, the effects of living Sargassum blooms on seawater quality and consequently coral reef ecosystems that rely on delicately balanced carbonate chemistry are more ambiguous. Future oceans are predicted to be more acidic as additional anthropogenic CO2 emissions are absorbed, potentially tipping the balance in favor of algal blooms at the cost of coral survival. This study aimed to simulate the indirect interaction between pelagic Sargassum spp. and Acropora cervicornis coral fragments from the Florida Reef in current-day and future ocean pH conditions over the course of 70 days in a mesocosm experimental system. Measurements of coral growth and health via buoyant weight and Pulse Amplitude Modulated (PAM) fluorescence measurements reveal an unexpected coral-algal interaction. After 1 month, coral growth was significantly reduced under ocean acidification conditions and exposure to Sargassum; at the same time quantum yield and maximum electron transport rate of photosynthesis were increased relative to control counterparts in ambient and future pH scenarios by up to 14% and 18% respectively. These improvements in photosynthetic efficiency did not translate to significant differences in growth by the final measurement time point. In addition, the presence of Sargassum spp. did not raise seawater pH in the system, raising questions about how it benefited photosynthetic efficiency in exposed corals. Heterotrophy of detrital algal matter is suspected to compensate for impaired photosynthesis of pH stressed corals. Therefore, despite their current negative reputation, Sargassum blooms could provide short term localized benefits to corals in present and future ocean conditions.
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1 Introduction

Caribbean coral reefs, including the Florida Reef, are increasingly affected by local events and global climate change. One of these regional impacts is the growing prevalence of pelagic Sargassum algal species (S. natans and S. fluitans, simply referred to as Sargassum from here on) which are only found in the Atlantic Ocean basin and are carried by currents into the Caribbean Sea, Gulf of Mexico, and Florida Straits (Wang et al., 2019). Harmful benthic and pelagic algal blooms, such as these, are occurring with increasing frequency, duration and scale globally with other similar events recorded in the Southern Atlantic and Northwestern Pacific regions (Sissini et al., 2017; Xiao et al., 2021). For example, pelagic Sargassum was sighted in 46% of shipboard observations in 2011-2020 across the Western Atlantic with higher prevalence in the Gulf of Mexico/Florida Straits region (Goodwin et al., 2022). The interannual variation and increasing density of Sargassum in recent decades (Johnson et al., 2013; Goodwin et al., 2022) may be primarily due to higher nutrient concentrations (i.e., from agricultural runoff, changes in mixed layer depth, and/or Saharan dust) and warmer temperatures (Gower and King, 2011; Wang et al., 2019).

While studies on live pelagic Sargassum highlight potential ecosystem benefits of blooms, such as providing habitats and nurseries for marine species (Wells and Rooker, 2004) and feeding particulate organic matter (POM) into the biological carbon pump through detrital shedding (Baker et al., 2018; Zhao et al., 2023), many studies have investigated the negative impacts of decaying Sargassum algae on coastal communities and shallow-water marine ecosystems. In 2011, high densities of beached pelagic Sargassum led to decreased tourism which in turn harmed local economies (Louime et al., 2017). Inorganic heavy metals and organic pollutants have been known to contaminate Sargassum through bioaccumulation, and when stressed, Sargassum may leach micropollutants such as chlordecone and arsenic into surrounding environments (Devault et al., 2022). Decaying Sargassum also reduces water quality by lowering pH and dissolved oxygen to hypoxic conditions as well as increasing concentrations of hydrogen sulfide and organic matter (van Tussenbroek et al., 2017). This reduction of water quality can lead to mass mortality events of coastal marine fishes, crustaceans, echinoderms, molluscs, and polychaetes (Rodríguez-Martínez et al., 2019). Larval coral swimming behavior (Antonio-Martínez et al., 2020) and adult survivorship (van Tussenbroek et al., 2017) also are impacted by decaying Sargassum which may lead to reduced reef resilience in the future. However, prior to decay, Sargassum may provide benefits to coral reefs by acting as a buffer against global climate change impacts.

Climate change (ocean warming and acidification) will have widespread negative impacts on coral physiology which can scale up to influence reef ecosystem health. Caribbean reefs have experienced warming along with increased frequency and duration of marine heat waves over the past century (Orr et al., 2005; Muñiz-Castillo et al., 2019; Bove et al., 2022). Heat stress has caused widespread coral bleaching and mortality (Hughes et al., 2018; Sully et al., 2019; Virgen-Urcelay and Donner, 2023) and may be linked to the increased prevalence of coral diseases (Miller and Richardson 2015; van Woesik and Randall, 2017). Ocean acidification (OA) shifts seawater carbonate chemistry equilibrium to favor net calcium carbonate (CaCO3) dissolution rather than precipitation. Given that reef-building corals deposit CaCO3 in the form of aragonite to build their skeletons (Farfan et al., 2022), decreased carbonate availability and seawater pH under OA decreases coral biomineralization (Erez et al., 2011). The reduction in coral calcification rates and increased CaCO3 dissolution rates can result in loss of reef accretion and flattening (Alvarez-Filip et al., 2011; Perry et al., 2013; Toth et al., 2015). The combined impacts of future ocean warming and OA on coral reefs are projected to cause declines in global reef carbonate production (i.e., reef accretion) by 2100 under every future CO2 emission scenario (Cornwall et al., 2021).

Macroalgae, such as Sargassum, may buffer against these impacts by locally increasing seawater pH and shading, or accelerate reef health decline through altered competitive interactions. Pelagic Sargassum algae can provide localized shading which has been shown to reduce the prevalence of coral bleaching and disease (Muller and van Woesik, 2009; van Woesik and McCaffrey, 2017). Benthic macroalgae can buffer against acidification through daytime net community production (i.e., photosynthesis) (Jompa and McCook, 2003; Page et al., 2016; Doo et al., 2020). Fleshy macroalgae also tend to maintain or increase growth and photosynthesis under acidification depending on their carbon affinity and uptake mechanism (Cornwall et al., 2017). Pelagic and benthic Sargassum has been shown to adapt to and even benefit from future ocean scenarios (Xu et al., 2017; Kumar et al., 2017; Gao et al., 2019). Additionally, the outcome of coral-algal interactions may be modified under acidification to favor macroalgae (McManus and Polsenberg, 2004; Diaz-Pulido et al., 2011; del Monaco et al., 2017), though this phenomenon is not consistent or well understood (Brown et al., 2018; Rölfer et al., 2021; Page et al., 2021). More research is needed to fully understand how coral-algal interactions may be modified under changing environmental conditions across species and regions.

The Florida Reef was once dominated by Acroporid corals which supported a variety of socio-ecological services (Cramer et al., 2020). However, over 80% of the Acroporid population has disappeared due to human impacts, historical disease outbreaks, hurricane damage, and bleaching events (Aronson & Precht, 2016; Brandt, 2009; Walton et al., 2018; Cramer et al., 2020) with Acropora cervicornis in particular taking on great losses (Muller et al., 2021; Dilworth et al., 2024). Consequently, these species are now listed as threatened under the United States Endangered Species Act (Miller and Chiappone, 2013) and critically endangered under the International Union for Conservation of Nature Red List of Threatened Species (Crabbe et al, 2022). Many coral restoration programs throughout the Caribbean are focused on recovering these declining populations to restore historical ecosystem functions of these reefs (Young et al., 2012; Schopmeyer et al., 2017), including at the location of this study, in the lower Florida Keys. Therefore, it is of particular interest to investigate how future ocean conditions will influence local and global coral restoration programs. We investigated the interaction between pelagic Sargassum and OA (reduced seawater pH) on growth and physiology of A. cervicornis over two months to determine how this coral-algal relationship may interact with future ocean conditions.




2 Materials and methods



2.1 Experimental system

All experiments took place at Mote Marine Laboratory’s Elizabeth Moore International Center for Coral Reef Restoration and Research (IC2R3) on Summerland Key, Florida. Live corals and Sargassum algae were maintained in the Climate and Acidification Ocean Simulator (CAOS), an outdoor experimental system which supplies CO2-treated water from header tanks (to control pH) to flow-through aquaria situated within temperature-controlled raceways. Prior to treatment, bulk seawater is pumped into the CAOS system from the Atlantic side of the Florida Keys, filtered through sand and particulate (20 µm membrane) filters, then treated and mixed in one of six 3,800 L header tanks. The header tanks are monitored daily for pHNBS (pH National Bureau of Standards scale) and temperature (Walchem W900, United States). The ambient pH treatment over the course of the study was 8.04 ± 0.01 (Ambient pH). Seawater for the low pH treatment was manipulated by CO2 injection through a Venturi pump and maintained at 7.83 ± 0.01 (ocean acidification [OA]) over the course of the study. The ocean OA pH is based on the value predicted to occur by the year 2100 under moderate shared socio-economic pathways for atmospheric greenhouse gas concentrations (SSP2-4.5 to SSP3-7.0; IPCC, 2021).

Raceway water baths were set to maintain a target temperature of 28°C inside 20 L aquaria using dual temperature controllers (Walchem Series W900 controllers, Iwaki America, Inc., Holliston, MA). This temperature represents average regional sea surface temperatures between May and July (NOAA National Data Buoy Center: https://www.ndbc.noaa.gov/. Last accessed July 2024). Flow rates into each aquarium were set to 300 mL min-1, allowing the water in individual tanks a residence time of one hour.




2.2 Collection and acclimation of corals and Sargassum algae

Fragments of A. cervicornis were grown at the Mote Marine Laboratory offshore nursery on “tree” style PVC rigs where individual branches are suspended by monofilament lines (Supplementary Figure 1). Fragments (n = 180) of the same genotype (genet ML-38) were collected in May 2020. Coral fragment size and form were variable, so larger fragments were cut to bring individual branch lengths to approximately 10 cm. On the same day, each coral fragment was glued (cyanoacrylate glue, Bulk Reef Supply, MN, United States) onto a ceramic puck, individually labeled, and placed in aquaria (n = 36; 5 fragments per aquarium) for acclimation to the experimental system ambient conditions for 24 hours.

After the one day acclimation period, each tank with coral fragments were randomly assigned to four treatments: 1) Amb pH, Absent, 2) Amb pH, Present, 3) OA pH, Absent, and 4) OA pH, Present (where Amb = Ambient pH [~8.02], OA = Acidified pH [~7.80], Absent = no Sargassum present, Present = Sargassum present). The aquaria order was randomized by raceway, and the order was shuffled weekly to avoid any potential light effects (Supplementary Figure 2). Prior to initial measurements (T0), coral fragments were acclimated to pH treatment conditions over 8 days where pH was decreased by 0.1 each day until the treatment pH values were met.

Every week throughout the experiment, bundles of fresh Sargassum were collected, cleaned, and added to appropriate treatment aquaria. Two species of pelagic Sargassum were identified across all collections during the study (S. natans and S. fluitans) but were not separated as it was not possible to do so with 100% accuracy and Sargassum mats found in the field consist of an assemblage of both species. Hence, we refer to them by Sargassum rather than by single species name. Sargassum were collected via dip nets from nearshore environments and boats 1-5 miles offshore on the Atlantic coast of Summerland Key, FL. They were immediately rinsed with filtered seawater and manually cleaned of epibionts using soft brushes and tweezers. Health was assessed visually (e.g., all thalli appeared intact with no damage, rot, or disease, and the color was a uniform yellow/brown) before addition to the treatment aquaria. Healthy Sargassum were bundled (100 g) into mesh bags and added to the aquaria away from coral fragments (i.e., not touching or covering coral fragments) each week (Supplementary Figures 3, 4).




2.3 Monitoring seawater conditions

A handheld multiparameter meter (YSI Professional Plus multiprobe; Texas Instruments Inc.) was used to measure seawater temperature (± 0.2°C), salinity (± 1% of the reading), and pHNBS (± 0.2) of the header tanks and experimental aquaria. The pH probe was calibrated daily using a three-point NBS buffer calibration (pH 4, 7, 10) to a minimum of 99.7% accuracy. Measurements were taken twice a day (0900 and 1500 EST) during the week. Additionally, measurements were taken at midnight three times a week to characterize daily mean ± SD and diurnal variability of each tank and aquaria. In addition to the handheld instrument, electrodes (WALCHEM pH WEL series United States) within the header tanks and subset of experimental aquaria were used to constantly monitor seawater temperature and pHNBS. A handheld light meter (LI-COR, LI-1500 DLI, United States) was used to measure PAR (µmol s-1m-2) under water in the center of each experimental aquaria daily.

Seawater samples were taken from each header tank and a random subset of experimental aquaria (n = 3 per treatment) each week for laboratory analysis of carbonate chemistry (dissolved inorganic carbon [DIC] and total seawater alkalinity [TA]). Samples were collected from aquaria in 125 mL borosilicate bottles, immediately inoculated with 60 µL of a saturated mercuric chloride (HgCl2) solution and placed in a refrigerator at 5°C until analysis (Dickson et al., 2007). Samples were analyzed for DIC and TA using a DIC analyzer (Apollo SciTech, United States) and an automatic titrator (Metrohm, Model 905 Titrando, Switzerland), respectively. Certified reference materials from the Dickson Laboratory (Scripps Institution of Oceanography) were used to ascertain measurement accuracy and precision of each instrument (Dickson et al., 2003). The accuracy and precision of DIC and TA was less than four µmol kg-1. Along with in situ temperature and salinity, seawater carbonate chemistry was constrained using CO2SYS (Version 3.2.0) (Lewis et al., 1998) with K1 and K2 constants from Lueker et al., 2000.




2.4 Coral color

Coral color was measured after the initial 9-day pH acclimation period at the beginning (T0), midpoint (T1; 1 month), and end (T2; 2 months) of the experiment. A visual health assessment was performed on each individual coral fragment three times a week using a Coral Watch Coral Health Chart (CHW Chart: Supplementary Figure 5). The CHW is a six-color shade scale representing zooxanthellae density which is proportional to the shade of the coral tissue; 1 is the palest and least healthy rating and 6 is the darkest and healthiest. Coral fragments were individually compared to the shades on the color scale to determine relative health. The average rating between all coral fragments in all treatments based on the CWH visual health rating scale of 1-6 was 5 (1 = bleached, poor health; 6 = dense zooxanthellae, healthy). Throughout the duration of the experiment, there was no visible difference in the health of any coral fragments between or within treatment groups, nor did any corals leave the 5-6 range.




2.5 Coral growth

All corals underwent a 3D scan (Metron 3D scanner, Flexscan 3D analysis software) over three time points to determine surface area (mm2). The scanning process takes 12-24 images of each subject at 15-30° rotations. Each image is then manually aligned to form the full 3D image. Scans are then “meshed” together and “smoothed” automatically. Any remaining holes in the image are manually filled, following Koch and Piadyk (2022). Images with excessively large holes (< 10% of the total area) at the initial (T0) measurements were not used.

All coral fragments were also weighed at three time points using the buoyant weight technique to measure net calcification since coral tissues are neutrally buoyant in seawater (Jokiel et al., 1978). Balances were placed over a full 10-gallon aquarium with a submerged suspended platform attached below. Seawater in the aquaria was replaced when the temperature fell below 27°C to minimize stress to coral fragments. Buoyant weight values were corrected for seawater density which was calculated from hourly measurements of seawater temperature, salinity, and coral surface area, and were calculated as the difference from T0. The coral fragments were kept in their respective treatment pH throughout the process. Buoyant weight was standardized to surface area to calculate net calcification (mg CaCO3 cm-2 day-1).




2.6 Coral physiology

The fluorescence of coral fragments was measured using a pulse amplitude modulation (PAM) fluorometer (IMAGING-PAM M-Series, MAXI version, Walz, Germany). Results were processed by ImagingWin GigE software (Version 2.41). Each A. cervicornis fragment was analyzed for fluorescence at three timepoints (T0, T1, T2) throughout the experiment. Data was recorded per manually selected “Area of Interest” (AOI) to reduce the volume of data stored. To ensure the AOIs were representative of each coral fragment, one AOI at the base of the main stem and one AOI near the tip of a younger branch were selected. Parameter values were then averaged between both AOIs per coral. Coral fragments were kept in complete darkness for 15 minutes prior to each measurement to ensure dark adaptation. For the Sargassum bundles, ten AOIs were chosen per measured set and averaged. Each coral fragment and Sargassum bundle were exposed to a photosynthetically available radiation (PAR) increment scheme ranging from 1 – 1250 PAR (µmol m2 s-1). Quantum yield of photosystem II (Fv/Fm: Y(II)), yield of non-photochemical quenching (Y(NPQ)), and maximum electron transport rate (ETRmax) were recorded and averaged between treatments over each timepoint.




2.7 Statistical analyses

A three-way repeated measure analysis of variance (ANOVA) was used to test coral responses between seawater pH and Sargassum presence across the three time points (T0, T1, T2). Data were checked for assumptions of the repeated measures ANOVA (i.e., equal variances, normality, and no outliers). When a significant three-way effect was detected, simple two-way interactions were tested at each time point. If there was a significant two-way interaction, then simple main effects were tested. Two response variables had significant two-way interactions, but no three-way interaction; posthoc analyses for these responses were simple main effect analyses and pairwise comparisons. Differences were considered significant at alpha = 0.05. All data analyses and visualizations were done using RStudio version 2023.09.1 + 494 (R Core Team, 2023). Packages used for analysis include tidyverse (Wickham et al., 2019), ggpubr (Kassambara, 2023a), and rstatix (Kassambara, 2023b).





3 Results



3.1 Coral growth rate

There was a significant three-way interaction within time and between pH and algae presence (F1,166 = 6.566, p = 0.011) (Figure 1, Table 1). After one month (T1), corals growing in ambient pH seawater had similar growth rates (± 1 SE) of 0.912 ± 0.071 mg cm-2 d-1 and 0.978 ± 0.073 mg cm-2 d-1 when algae were absent and present, respectively (i.e., the presence of algae did not impact coral growth after one month). Under OA conditions, the corals growing in the presence of Sargassum had significantly lower growth rates at T1 than corals in the absence of Sargassum (F1,80 = 6.03, p = 0.016) (Figure 1). Growth rates of corals in OA conditions and in the absence of Sargassum was 1.143 ± 0.098 mg cm-2 d-1 while corals growing in the presence of Sargassum had growth rate of 0.855 ± 0.074 mg cm-2 d-1. By the second month (T2), there were no significant effects of seawater pH and Sargassum presence on coral growth rates across all treatments (F1,171 = 0.73, p = 0.394).




Figure 1 | Coral growth rates measured as change in buoyant weight normalized to surface area (mg cm-2 d-1) at measurement time point 1 (T1: 38 days into the experiment) and at time point 2 (T2: 68 days into the experiment). Solid lines indicate Sargassum was absent, dashed lines indicate Sargassum was present. “Amb” = ambient pH, “OA” = Ocean acidification pH. Error bars represent standard error.




Table 1 | Three-way repeated measures analysis of variance (ANOVA) for coral growth measurements.






3.2 Coral physiology

There was a significant three-way interaction within time and between pH and algae presence on quantum yield, Y(II) (F1.92,337.36 = 5.867, p < 0.001). Posthoc analyses highlighted differences between treatments varied throughout the experiment (Table 2). At the beginning of the experiment (T0), there were no significant differences between treatments. After one month (T1), quantum yield decreased in all treatments (Figure 2A, Table 2). Corals in seawater with ambient pH had significantly higher Y(II) than corals in acidified seawater (F1,176 = 45.3, p < 0.001). Within each pH level, Y(II) was significantly higher for corals in the presence of Sargassum algae (F1,176 = 14.9, p < 0.001). However, there were no interactions between pH and presence of algae on coral quantum yield (F1,176 = 1.18, p = 0.279). By the end of the experiment (T2), these differences persisted with a significant interaction between pH and algae presence (F1,176 = 6.17, p = 0.014) emerging. Corals in ambient seawater pH with Sargassum present had the highest quantum yield of 0.556 ± 0.003 while corals in acidified seawater with no algae had the lowest quantum yield of 0.427 ± 0.008.


Table 2 | Three-way repeated measures analysis of variance (ANOVA) for coral photophysiology results measured using pulse amplitude modulation fluorometry (PAM).






Figure 2 | Chlorophyll fluorescence parameters measured through pulse amplitude modulation (PAM). (A) (top) Quantum Yield of photosystem II (Y(II))(± SE), (B) (middle) Yield of Non-Photochemical Quenching (Y(NPQ))(± SE), and (C) (bottom) the maximum Electron Transport Rate of photosynthesis (ETRmax)(± SE). Parameters measured and averaged at measurement time point 0 (T0 = day 8 post acclimation), time point 1 (T1: 38 days) and timepoint 2 (T2: 68 days). “Amb” = ambient pH, “OA” = Ocean acidification pH. Error bars represent standard error.



There was no statistically significant three-way interaction within time and between pH and algae presence on non-photochemical quenching, Y(NPQ) (F1.79, 315.43 = 1.268, p = 0.281) (Figure 2B, Table 2). However, there was a significant two-way interaction between pH and time (F1.72,306.57 = 1092.03, p < 0.001). The biggest difference in Y(NPQ) between pH treatments was at the beginning of the experiment when corals in ambient pH had higher Y(NPQ) compared to corals in acidified seawater. After one month, all corals had similar Y(NPQ) between pH treatments. After two months, corals in acidified seawater had slightly higher Y(NPQ) than corals in ambient seawater.

There was no statistically significant three-way interaction within time and between pH and algae presence on maximum electron transport rate (ETRmax) (F2,352 = 2.751, p = 0.065) (Figure 2C, Table 2). However, there were significant two-way interactions between pH and time (F2,352 = 351.45, p < 0.001) and treatment and time (F2,352 = 18.397, p < 0.001). At the beginning of the experiment (T0), corals in ambient seawater had a higher ETRmax compared to corals in acidified seawater; the ETRmax in ambient pH was 55.6 ± 0.442 while acidified pH had an ETRmax of 36.5 ± 0.296. The presence of Sargassum algae did not impact coral ETRmax. ETRmax decreased across all treatments with a bigger decline for corals in ambient seawater pH. Thus, after one month (T1), rates were similar between pH treatments. However, the effect of Sargassum presence started appearing; corals with Sargassum present had higher ETRmax compared to corals in isolation. These differences persisted to the end of the experiment. The average daily PAR level at solar noon EST across all experimental aquaria from T0-T2 was 373 ± 26.5 µmol m-2 s-1. The PAR range which corresponded to maximum electron transport rate for coral samples was 350-450 µmol m-2 s-1.




3.3 Seawater chemistry in experimental aquaria

Seawater temperature (28.2 ± 0.3°C) and salinity (35.5 ± 1.4 ppt) were similar across treatments (Table 3). Seawater carbonate chemistry for the OA treatment aquaria had higher DIC (2070 ± 47 µmol kg-1 vs. 1974 ± 50 µmol kg-1), lower total pH, (pHT) (7.88 ± 0.08 vs. 8.02 ± 0.05), and lower Ωaragonite (2.8 ± 0.5 vs. 3.6 ± 0.4). The presence of Sargassum algae did not modify seawater carbonate chemistry in DIC or pHT (Table 3) (Supplementary Figure 6).


Table 3 | Seawater physico-chemical conditions in experimental aquaria.







4 Discussion

Global increases in frequency and size of pelagic Sargassum blooms as well as predicted worsening of ocean acidification (OA) are expected to negatively impact coral reefs in future climate change scenarios. Phase shifts from coral towards algal dominance have already been observed on many coral reefs globally, including in Florida, since benthic macroalgae outcompete corals for space, light, CO2, and other resources through a variety of mechanisms that are often amplified by a changing climate (McCook et al., 2001; Hughes et al., 2007; Enochs et al., 2014; Hillard, 2015; Brown et al., 2018; Enochs et al., 2018; Brown et al., 2019; Biscéré et al., 2019; Muller et al., 2021). Therefore, restoration programs have focused on the addition of historically dominant reef-building species like A. cervicornis to Caribbean reefs. Previous studies have shown negative synergistic impacts of OA and coral-algal competition on coral growth and survivorship, including for acroporids (Anthony et al., 2011; Brown et al., 2019; Vieira, 2020; Rölfer et al., 2021). These studies, however, focused on benthic macroalgae. This is the first study to quantify the combined effects of pelagic Sargassum and OA on an endangered coral species A. cervicornis. Furthermore, we demonstrate that the impacts of Sargassum and OA on coral growth and photo-physiology depend on length of exposure. After 1 month, growth was negatively impacted by the combination of low seawater pH and Sargassum presence. These differences in growth, however, disappeared by the end of the experiment (Figure 1). Coral photo physiology was mostly affected by isolated stressors (low seawater pH or Sargassum presence) but there were no negative synergistic impacts of OA and Sargassum on Y(II), Y(NPQ), or ETRmax, rather, the algal presence improves photosynthetic performance instead (Figure 2, Table 2).

Corals initially showed lower growth rates in the OA + Sargassum treatment after 1 month of exposure, but this difference disappeared after two months, suggesting a degree of acclimation to their environment. This is demonstrated to occur through phenotypic or genotypic plasticity in previous studies (Sekizawa et al., 2017; Muller et al., 2021; Million et al., 2022; Dilworth et al., 2024). Earlier studies show A. cervicornis growth decreases after exposure to OA conditions for 1-2 months (Renegar and Riegl, 2005; Towle et al., 2015; Enochs et al., 2018), but more recent literature has revealed unaffected and even improved growth rates under OA (Bedwell-Ivers et al., 2017; Camp et al., 2017; Enochs et al., 2018; Langdon and Atkinson, 2005; Muller et al., 2021). Negative impacts of OA on A. cervicornis growth can also emerge or be amplified when combined with elevated nutrients (Renegar and Riegl, 2005), making it difficult to isolate the effects of the carbonate environment from other abiotic factors. However, when ideal light and temperature conditions are met, seawater carbonate chemistry does not necessarily limit growth. Enochs et al. (2014) and Comeau et al. (2014a, b) show that the growth rates of Acroporid corals including A. cervicornis are negatively impacted by OA pH levels, but that light plays a crucial modulating role in photosynthetically processing the excess CO2 in acidified seawater (Suggett et al., 2012). Growth rates can increase with CO2 concentration if met with saturating light, as seen in our initial OA controls, but can decrease together with photosynthetic efficiency if other conditions remain unchanged and there is no alternative energy source available. In this study, average peak daylight PAR and seawater temperature across all experimental aquaria throughout the study was 373 ± 26.5 µmol m-2 s-1 and 28.5 ± 0.15°C, respectively. These experimental conditions are within the optimum range for A. cervicornis physiology, resulting in a normal growth rate range of 0.09 to 1.2 mg cm-2 d-1, and expressing commonly cited Y(II) and ETRmax values across multiple studies (Table 4). Given that our PAR exposure was not saturating, it is unlikely that increased growth under OA conditions (T1) as described in Enochs’ and Comeau’s research, can be maintained in the long-term.


Table 4 | Ranges of Acropora cervicornis growth rate and fluorometry (PAM) parameters including data from other acroporids in other literature.



After one month (T1) OA conditions negatively impacted photosynthetic performance as measured through Y(II) (Figure 2A), indicating a reduced percentage of available energy was being used for photosynthesis than in ambient treatments. However, Y(NPQ) and ETRmax were statistically similar. Therefore, energy may have instead been allocated towards maintaining stable calcification rates in the OA + Sargassum treatment. By the end of the experiment, significantly lower Y(II) as well as higher Y(NPQ) in OA controls show corals were still stressed by their environment, indicating that photo-physiology appears to be more sensitive to low seawater pH than growth rates given the differences emerge as early as T0. Research shows mixed results in terms of photosynthetic performance under predicted future OA conditions. Biscéré et al. (2019) suggests that some acroporids show increased gross photosynthesis in OA conditions without highlighting extraordinary changes to growth rate, while Brien et al. (2016) shows that corals including acroporids exposed to OA conditions can experience decreased photosynthetic yield in the short-term without sacrificing growth. Studies like Tanvet et al. (2023) and DeMerlis et al. (2022) further suggest that certain acroporid species express varying degrees of short- and long-term growth and photosynthetic adaptation to changing seawater pH based on whether they live in an environment with fluctuating or stable pH and temperature. In Tanvet et al., acroporids adapt their photosynthetic performance to pH shifts and reduce negative impacts on growth, although this adaptation takes place across longer timescales. Our coral samples came from a reef-based nursery with naturally dynamic diel and seasonal pH levels which may have stabilized their average growth rates in response to pH extremes. In contrast, previous studies show a range of results where A. cervicornis has maintained stable photosynthetic performance but showed improved growth under OA conditions (Bedwell-Ivers et al., 2017) or where carbonate concentrations rather than pH has a stronger effect on photosynthetic performance (Schneider and Erez, 2006). This wide range of results is attributed in part to genotype and multifactorial environmental differences where it is difficult to predict how a particular combination of stressors can amplify or negate each other. However, the pattern of improved photosynthetic performance when exposed to Sargassum in our results has prompted the question of whether the algae was providing a compensatory energy source.

Growth and photosynthesis have been demonstrated to be fueled by the same internal DIC pool in some models (Langdon and Atkinson, 2005) which can be supplemented by heterotrophically sourced carbon as well as photosynthesis, meaning that changes in growth do not have to come at the expense of photosynthesis, and vice versa. Additional feeding by stressed corals could buffer against potential negative growth impacts from acidification (Towle et al., 2015). Therefore, fluctuations in photosynthesis in the short-term do not immediately translate to changes in growth if there are adequate alternative nutrient sources. Sargassum algae can have beneficial or detrimental effects on coral growth and photo-physiology depending on the life stage of the algae. As initially hypothesized, other studies show that healthy benthic Sargassum and other macroalgae can buffer against OA by raising seawater pH through photosynthesis during the day (Jompa and McCook, 2003; Hillard, 2015; Page et al., 2016; Doo et al., 2020), whereas bacterial breakdown of dead or dying macroalgae could have the opposite impact on seawater carbonate chemistry by releasing CO2 and other organic material into the water. Decaying Sargassum also produces hydrogen sulfide which can reduce coral growth (Resiere et al., 2021). We excluded decaying algae from the study by replacing the Sargassum bundles weekly to reduce bacterial breakdown. We cannot guarantee full elimination of bacterial communities; however, measurements of ETRmax, Y(II) and Y(NPQ) of Sargassum thalli at the beginning and end of several 1-week exposure cycles indicated no negative change in Sargassum health (Supplementary Figures 7-9). Throughout the experiment, the Sargassum bundles shed detrital particles into the aquaria which is a typical characteristic of Sargassum blooms during reproduction or over-crowding (Ateweberhan et al., 2008). This shedding likely increased the abundance of particulate organic matter (POM) available in each experimental aquarium leading to unexpected impacts on coral photo-physiology.

Y(II) and ETRmax became higher after one and two months respectively when Sargassum was present relative to controls. Given that the presence of Sargassum did not increase pH in any treatments as we had hypothesized (Supplementary Figure 6), improved photosynthetic performance in corals exposed to algae may have been due to a shift in reliance on heterotrophic behavior rather than pH stress relief (i.e., feeding on Sargassum-derived POM). The energy allocation balance between the zooxanthellae (i.e., primary productivity) and coral polyps (i.e., heterotrophy) can shift to favor heterotrophy in response to environmental stressors such as ocean acidification (Edmunds, 2011; Agostini et al., 2021) and warming (Krueger et al., 2018). Ferrier-Pagès et al. (2003, 2021) describes how heterotrophy provides a complementary pathway for obtaining nutrients that are essential for amino acid synthesis used to maintain zooxanthellae photosynthetic apparatus as well as growth. Given that the improved photosynthetic performance does not translate to improved growth in our samples, we note that heterotrophy does not always guarantee increased growth rates in all corals, but can disproportionately supplement photosynthetic maintenance and efficiency in zooxanthellae (Dubinsky et al., 1990; Titlyanov et al., 2001a, b; Davy and Cook, 2001; Houlbrèque et al., 2003). Some studies show that heterotrophy increases amino acid synthesis used in photosynthetic apparatus repair rather than increasing the production of glycerol and glucose for growth in algae-invertebrate symbiont relationships (Swanson and Hoegh-Guldberg, 1998; Wang and Douglas, 1998). Increased photosynthetic efficiency (ETRmax) despite stable growth in Sargassum exposed corals likely resulted from a higher number of available photosynthetic units, reflected in our Y(II) results (Figure 2A), without growth-directed energy transfer, supporting the notion by Davy and Cook (2001) that nutrients gained from heterotrophy can be retained by the zooxanthellae rather than being transferred to their symbiont hosts for growth. We therefore suspect that the Sargassum treatments show better photosynthetic performance due to the availability of POM that can supplement the maintenance of photosynthetic apparatus across pH treatments but particularly in OA stressed corals which show a steep trend of decreased growth rate when no POM is available.

This study highlights more multi-stressor research is needed across time and ecological scales. Coral reefs in the Florida Keys are exposed to long-term climate change (ocean acidification) combined with faster and more frequent episodic coastal acidification (Strong et al., 2014; Hicks et al., 2022) in response to short-term regional (Sargassum blooms and storms) impacts. Multi-stressor experiments, therefore, need to reflect the varying time scales to capture the full range of effects on coral health. In isolation, our results show that A. cervicornis growth rates were not significantly affected by ocean acidification conditions within the timeframe of this experiment. Likewise, the presence of Sargassum also had no significant effect on growth. However, coral photosynthetic efficiency improved when exposed to Sargassum under current ambient pH levels as well as future ocean acidification scenarios, likely due to providing additional particulate organic matter to a heterotrophic nutrition pathway, supplementing the maintenance and performance of their symbiont zooxanthellae photosynthetic apparatus. Further research is needed to understand coral responses to stressors at a cellular level, and to scale up responses to community and ecosystem scales (Edmunds et al., 2016).
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measured. The remaining carbonate chemistry parameters (partial pressure of CO2 (pCO2), total pH (pHr), and saturation state seawater with respect to aragonite (Qu) were calculated using
CO2SYS software.
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Growth is measured as an increase in buoyant weight relative to the surface area of a
coral fragment.
The * symbol designates statistical significance.





