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Abstract. Increases in atmospheric carbon have led to widespread, frequent, and severe coral bleaching, 

resulting in global coral reef decline. Here, we show that bleaching corals severely impact the local carbon 

cycle by releasing significant amounts of dissolved organic carbon (DOC), which further stresses the local 

reef community and may trigger coral mortality. During a severe bleaching event in Mo’orea, French 

Polynesia, we measured DOC concentrations 37% greater than Total Organic Carbon (DOC and 20 

Particulate Carbon combined), compared to non-bleaching conditions. In addition, this DOC was highest 

immediately adjacent to the reef, indicating that the corals were the source of this carbon. Further, when 

exposed to bleaching-derived DOC-rich exudate (~2mM DOC), otherwise healthy corals experienced 

bleaching, tissue loss, and mortality within 48 hours. While this is an extreme amount of DOC to be found 
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on a reef in situ, it identifies a potential mechanistic impacts of coral-derived DOC on healthy corals.  By 25 

extending our findings to regional scales, we estimate that large scale bleaching events can significantly 

alter the marine carbon cycle. For example, a single bleaching event on the Great Barrier Reef could have 

released an estimated 150 Gmol C as DOC alone. Our research identifies a previously unrecognized 

mechanism of coral mortality during bleaching events, in which biogeochemical shifts across the 

reefscape that may result in a positive feedback loop that accelerates coral reef loss.dui. 30 

1. Introduction: 

 Coral reefs are among the most valuable ecosystems on Earth, ecologically and economically. Tropical 

reefs are estimated to harbor more than one million species (Fisher et al., 2015), contribute a minimum 

of 36 billion US dollars annually to the global economy (Cesar et al., 2003), and are epicenters of 

biogeochemical cycling (Haas et al., 2011; Nelson et al., 2013). Despite the recognized global importance, 35 

coral reefs are threatened due to warming oceans and local stressors, which independently or 

synergistically lead to coral bleaching (Donovan et al., 2021), the mass loss of algal symbionts (family 

Symbiodiniaceae) from coral hosts. If the underlying stress causing coral bleaching is not rapidly 

ameliorated, it can lead to coral mortality and overall reef decline. Bleaching events are increasing in their 

frequency and severity, often shifting reef ecosystems from coral to macroalgal-dominated stable states 40 

(Hughes et al., 2018; Pandolfi et al., 2003; Hughes et al., 2017). Although thermal stress from ocean 

warming is recognized as an underlying cause of coral bleaching, the mechanisms that lead to coral 

mortality during and after bleaching events remain poorly understood (Hughes et al., 2018).  

Coral reefs turn otherwise oligotrophic marine systems into highly productive coastal habitats. This is 

accomplished through shifting the flow of carbon in their surrounding environment, particularly through 45 

the release of dissolved organic carbon (DOC). Under non-bleaching conditions, coral reefs release 

between 8-57 µmol C dm−2 d −1 of DOC to the reefscape (Haas et al., 2013). These compounds are taken 

up rapidly by heterotrophic microorganisms, resulting in a water column that is depleted in DOC over 

reefs (Nelson et al., 2013, 2011; McCliment et al., 2012). The coral reefs (here, defined as reef-building 
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corals, associated microbial communities, and adjacent sand patches) of our study site are recognized as 50 

net sinks for DOC (Nelson et al., 2011) . 

Reef biogeochemistry can be shifted by alterations in the type, concentration, and source of key nutrients 

in the system, often resulting in significant impacts to reef function and the weakening of coral holobionts 

(Sandin et al., 2008; Haas et al., 2016; Barott and Rohwer, 2012). During times of stress, corals increase 

their release of exudates, potentially as a defense mechanism, and release exudates that differ in 55 

composition from those released under ambient conditions (Palmer et al., 2010; Wild et al., 2004; 

Nguyen-Kim et al., 2015, 2014; Han et al., 2019; Lampert et al., 2006; Shnit-Orland and Kushmaro, 

2009). For example, corals under experimental thermal stress produced twice as much organic matter and 

released mucus with a higher lipid and protein content than non-stressed corals (Niggl and Wild, 2010; 

Wright et al., 2019). The type and amount of DOC on the reef is an increasingly recognized component 60 

of reef health. In fact, in some of the first investigations of the impact of DOC on corals, Kline et al. 

(2006) found detrimental shifts in coral microbiomes in response to DOC stress, concluding that 

increasing DOC levels are a threat to reef health and should be routinely monitored. As the efflux of DOC 

per surface area tends to be significantly lower for non-stressed corals than other benthic species such as 

fleshy and/or turf algae (Haas et al., 2011), to date our understanding of DOC stress on reefs is largely 65 

centered on results from macroalgal invasion. 

The impact of macroalgal DOC on a reefscape is well highlighted by the DDAM (DOC, disease, algae, 

microorganisms) model, wherein algal invasion (often from overfishing or eutrophication) increases reef 

DOC concentrations leading to cascading effects across the reefscape and promoting coral demise (Haas 

et al., 2016). In this model, the increased efflux of DOC by algae, coupled with the highly labile nature 70 

of macroalgal DOC, promotes the growth of copiotrophs and radically shifts the reef microbial 

community, increasing pathogenicity, virulence, and oxygen drawdown across the reef. Once a phase-

shift to an algal dominated reefscape has occurred, the highly heterotrophic reef microbial community 

depletes DOC levels (often to concentrations below those of non-impacted reefs) but the reef cannot 

recover due to both physical and pathogenic barriers to settlement and success (Barott and Rohwer, 2012).  75 
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Although we increasingly understand how local stressors (i.e. algal overgrowth from eutrophication or 

pollution) trigger biogeochemical phase shifts, the potential interplay of global stressors (e.g., thermal 

bleaching) with reef biogeochemistry has heretofore eluded us. In early 2019, we recorded a severe 

bleaching event that occurred on the island of Mo’orea, French Polynesia (Burgess et al., 2021; Donovan 

et al., 2021). During this event, temperatures on the forereef remained above 29.2oC for 8 weeks, a 80 

temperature considered the thermal threshold for Mo’orea (Adjeroud et al., 2009), and in April 2019 

exceeded 30oC for the first time since 1981 when high resolution, continuous, in situ sea surface 

temperature records were first initiated. This led to a cumulative heat stress of 17 degree heating days 

(DHD) at this location; DHD is a metric of heat stress that is proposed to be the most ecologically relevant 

to coral species (Burgess et al., 2021).  By April of 2019, >89% of the island’s forereef corals were 85 

moderately bleached, and 67% were severely bleached (SI Methods). When sites were revisited in August 

of 2019, the majority (60%) of the previously bleached corals had died and were overgrown by algae (Fig 

S1).  

Here, through a combined approach of field observation and lab experimentation, we quantify the in situ 

impact of the 2019 bleaching event on long term patterns of carbon distribution, and experimentally 90 

demonstrate that DOC released by bleaching can induce mortality in corals. This research elucidates a 

previously unrecognized and potential driver of coral reef demise, in which bleaching-induced DOC 

release drives a bleaching cascade across the reefscape, exacerbating reef decline and impacting the 

function and resilience of the reef ecosystem at large. Further, we use our results to evidence how DOC 

from corals may alter global carbon cycles during mass bleaching events. 95 

2. Methods 

2.1 General overview 

Samples were collected on the island of Mo’orea in French Polynesia (-17.475, -149.837) at the Mo’orea 

Coral Reef Long-Term Ecological Research (MCR LTER). At a 10m deep forereef location that has been 

sampled for over a decade as part of the LTER station time series sampling (LTER-1), water was collected 100 
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just above the reef (10m depth), at midwater level (5m depth), and just below the surface (1m depth). 

Complementing this long term dataset, water was collected within this LTER legacy site during the initial 

onset of the bleaching event on April 1, 2019, before temperatures peaked, and then again following the 

temperature peak (April 28 - May 15, 2019). Samples were taken at three points along a transect that ran 

parallel to the reef, separated by 15m. Near-reef (~300m and ~600m perpendicular from the reef crest) 105 

and off-reef (1 km from reef crest) water samples were collected at 1m and 10m depths. The off-reef site 

historically has an ‘offshore’ signature similar to that found at the 5km distance from reef crest site used 

for MCR-LTER collections (SI Figure 1; Nelson et al 2011). 2019 samples were collected in sterile 

WhirlPak bags by either divers on SCUBA or with the deployment of niskin bottles. Samples were stored 

on ice until they were filtered through a combusted glass fiber filter into acid-leached, MilliQ flushed, 110 

sample rinsed 60 mL polyethylene bottles which were stored at -20oC until analysis. DOC samples were 

sent to the Nutrient Analytical Services at the Chesapeake Biological Laboratory of the University of 

Maryland Center for Environmental Science (UMCES). In all cases, our DOC values were much greater 

than minimum reproducible and reportable values from UMCES, which at the time of analysis was 13.3 

μmol C/ L and all of our values were >60 μmol C/ L. Contour plots of DOC concentrations were made in 115 

Ocean data viewer (v.5.1.7; 36) using the DIVA-gridding algorithm and interpolating to a 30x30 scale-

length grid.  

Images of the Mo’orea fore reef that included scale bars were annotated using ImageJ as either bleached 

(completely white), partially bleached (contained some pigment but had clear areas of bleaching), or 

unlikely to be bleaching (no visible white spots beyond normal for the species).  The surface area of each 120 

was quantified through tracing the exterior of individual corals and summing across the plots which were 

between 46 and 93m2 apiece with three areas of the forereef measured, corresponding to MCR LTER 

sites 0, 1, and 2.  The resolution of the images was such that individual species could be easily identified. 

2.2 Mesocosm Experiment:  

Along with the in situ reef measurements, we ran mesocosm experiments on land to test the impact of 125 

various abiotic and biotic stressors on coral health and survivorship. All exposure experiments used coral 
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fragments from a single coral head, replicated on 3 coral genets (i.e. different coral colonies) for 2 genera 

of coral (A. hyacinthus and Pocillopora spp.). The Pocillipora spp. sampled form a morphologically 

indistinguishable species complex in Mo’orea although they have previously been called Pocillopora 

verrucosa at this location (Burgess et al., 2021). We refer to it as Pocillopora spp. even though all colonies 130 

belonged to the same morphotype. Coral colonies were collected at 5m depth on the forereef, via diver, 

transported in a cooler to the research station, fragmented into ca. 2cm x 2cm fragments, and acclimated 

for 24 hours in a running seawater table in partial shade.  

After acclimation, corals were placed in individual closed systems (‘mesocosms’) which consisted of 

1.5L of 0.2um filtered seawater (FSW) spread between a 500ml glass jar (PTFE lined lid) and a 1.0 L 135 

mylar bag. Water was constantly circulated with a peristaltic pump creating a 1.5L water volume which 

was large enough to avoid nighttime hypoxia in control corals. Since the corals were in a glass jar it 

allowed a natural cycle of photosynthesis by coral symbionts which oxygenated the water.  

Corals were exposed to 3 treatments: no modification, +3°C temperature increase (manipulated by tank 

heaters and quantified by Onset Hobo temperature loggers), and coral bleaching exudate. The coral 140 

exudate was created by bleaching coral fragments (from the same colony that was used for a given 

replicate) via exposure to temperature and light stress for 24 hours in sterile containers filled with 0.2 

micron filtered seawater. To collect the exudate released from a bleaching coral, the water surrounding a 

bleaching coral was passed through a coarse, non-quantitative filter to remove particulates (nominally, 

0.6 µm filter). Filtrate was diluted resulting in exudate treatments having DOC concentrations of 2.2±0.6 145 

mM; subsamples of the filtrate were preserved at the initiation of the experiment to measure the realized 

DOC manipulation, although quantification of DOC was not possible in the field. We acknowledge that 

this is a significant amount of DOC added, however it is less than 1cm2 of coral release during bleaching 

into a L of seawater (quantified below). Further, while potentially an overestimate, may represent the 

microenvironment a coral experiences during bleaching which may be drastically different compared to 150 

water 1 m above the coral head.  Each time point and replicate was run in parallel and sacrificed at the 

specific time intervals (6, 12, 24, 48 hours).  At time zero, three fragments of the coral were haphazardly 

chosen as time-zeros and the FSW used in the mesocosms was sampled for water chemistry. DOC samples 
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were collected along with coral health variables including symbiont density, chlorophyll a concentration, 

and a visual health index (see Supplemental Material for detailed methods). Holobiont health was assessed 155 

based on photosynthetic efficiency (Fv/Fm). Symbiodiniaceae genetic diversity characterized based on 

the Internal Transcribed Spacer-2 region of ribosomal DNA (see Supplementary Material).  

2.3 Global DOC flux estimates: 

To parameterize the impact of coral bleaching on regional and global carbon cycles, we quantified the 

amount of DOC released by a bleaching coral and scaled that to global distribution of corals and 160 

bleaching. To determine total DOC release by bleaching and non-bleaching corals, we experimentally 

bleached Pocillopora spp., Pocillopora eydouxi, and Porites lobata. In contrast to other studies that 

measure DOC flux on in situ corals, our goal was to quantify the total DOC released as a coral bleaches. 

We acknowledge that corals bleach over much more than 24 hours in the wild, however our goal was not 

the natural state of healthy coral (as best done in the field; sensu Haas et al. 2011; Haas et al. 2014) but 165 

instead the net DOC released when they do bleach. While we used A. hyacinthus in the mesocosm 

experiments that were carried out 6 months prior to the bleaching event, we did not include this species 

in the bleaching assay. The bleaching assay was conducted during the bleaching event and there were not 

enough live or healthy A. hyacinthus colonies on the reef to justify experimentation. Coral reef global 

surface area estimates were taken from Costanza et al., (2014) for current coverage (280,000 km2). To 170 

calculate the DOC flux from non-bleaching corals, we averaged DOC flux values from literature 

(Naumann et al., 2012; Haas et al., 2013, 2011) and applied that to coral coverage estimates (Table S3 

and S4; Equation S1). To provide a conservative estimate, we calculated that during a global bleaching 

event, only 10% of the corals on the reef bleach and applied our experimental bleaching DOC release 

values (Table S2 and S4; Equation S2).  175 

We further aimed to quantify the potential regional impact of a bleaching event based on the well 

quantified 2016-2017 bleaching of the Great Barrier Reef (GBR). Areal extent of GBR Near Surface 

Reefs of the region that underwent bleaching quantification is 20,678 km2 (Harris et al., 2013). We then 

applied the percent of the reef that bleached during the 2016-17 event (Hughes et al., 2017). We calculated 
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the amount bleached separately for each area based on the total surface area of the region covered by coral 180 

and the percent bleached in that region, in all cases using the lower percentage of bleaching within each 

of the bins to result in a conservative estimate (Table S5; Hughes et al., 2017). We then applied the DOC 

release measured from our experiments to the calculated percent surface area that bleached (Equation S3).   

3. Results  

3.1 DOC enrichment during bleaching event 185 

During the 2019 bleaching event, we measured a shift in the reef from a carbon sink to a carbon source. 

Time series data from the MCR LTER and our own measurements in April 2019 show that prior to this 

bleaching event, Mo’orea’s coral reefs maintained its consistent pattern of on-reef Organic Carbon 

concentration less than offshore, supporting that the reef itself is a sink for DOC. Total Organic Carbon 

(TOC) has remained a 10% lower onshore compared to off-shore since 2007 and the on-reef value had a 190 

mean of 70.8 ± 1.4 µmol TOC (Figs 1a, S2, S3; offshore and off-reef typically have similar TOC 

concentrations, see methods for more detail; Broad et al., 2018). At the onset (April 1) of the 2019 

bleaching event, the concentration of DOC on the reef was 82.5 ± 1.4 µmol DOC (n=3), an increase to 

this long term mean TOC values. Note that in early April cumulative heat stress at this site was already 4 

DHD and the bleaching threshold for the island had been surpassed by the end of March (Burgess et al. 195 

2021). We also note that we measured DOC, rather than TOC, and at this location 95-96% of TOC is 

DOC (Nelson et al. 2011). During the onset of bleaching, the reef remained an apparent DOC sink as 

indicated by the relative distribution of DOC, where reef DOC values were 24% less than off-reef values 

(Figs 1c, S2, S3).  However, as bleaching intensified, on-reef waters became further enriched in DOC, 

with on-reef DOC values averaging 8% greater than off-reef concentrations. This shift in the on-reef/off-200 

reef DOC balance was 18% greater than pre-bleaching TOC conditions in the time series data and 32% 

greater DOC than pre-mass bleaching and mortality conditions from our own data. During this period of 

on-reef DOC enrichment, values reached 97.0 ± 6.7 µmol DOC, 37% greater than pre-bleaching TOC 

values from the time series data. Such a dramatic shift in DOC across the reefscape during the most 

intense period of the bleaching event indicates that the reef changed from a sink to a source of elevated 205 
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DOC. We also note that all of our values are well within the analytical range of the facility and approach 

used to measure DOC. 

3.2 DOC release by bleaching coral fragments 

Based on mesocosm experiments, we also found that exposure to DOC-rich coral exudates from bleaching 

and coral mortality causes apparently healthy corals to bleach, often leading to rapid coral mortality (Figs 210 

2, S4, S5). When A. hyacinthus and Pocillopora spp. fragments were exposed to coral exudates (~2 mM 

DOC; see methods) the corals showed initial signs of bleaching within 6 hours and moderate to severe 

tissue sloughing and/or mortality within 48 hours (Figs 2). Temperature stress (+3°C above control) 

produced less severe bleaching in fragments of the same individuals from both coral species and, when 

bleaching did occur, it coincided with the release of DOC, at concentrations up to 6.1 mmol C/ (coral 215 

cm)2 (Fig 2). Aside from a single outlier control fragment that bleached, all other control fragments (which 

were from the same coral colonies exposed to stress treatments) remained healthy throughout the 

experiment and exhibited no signs of bleaching. Corals were kept in 1500mL of filtered seawater that was 

constantly recirculated to provide conditions that consistently avoided nighttime oxygen hypoxia. It is of 

note that in all instances of coral bleaching in the experiment, including the control coral fragment that 220 

unexpectedly bleached, we saw a concomitant peak in DOC release (Fig 2b).  

Observed peaks in DOC in the coral exudate treatments were coupled with oxygen drawdown and a 

decrease in the photosynthetic efficiency (Fv/Fm, a metric for photosystem II health) of the dinoflagellate 

endosymbionts of corals (Family Symbiodiniaceae; Fig 2). The corals in the exudate treatments, which 

were hypoxic after 6 hours, had a persistent and continued decrease in Fv/Fm indicative of observed 225 

bleaching and tissue sloughing (Table S1). Fv/Fm decreased by 86 and 61% in A. hyacinthus and 

Pocillopora spp., respectively. This decrease in Fv/Fm in corals exposed to the exudate coincided with a 

decrease in coral health as quantified through a visual health scale, with the exudate having obvious and 

significant impact 12 hours after the beginning of the experiment (Figure S4; Table S1). Coral fragments 

exposed to increased Temperature and Control treatments did not significantly decrease in coral health 230 

over time (Table S1). Density of Symbiodiniaceae and Cholorophyll a in all treatments had high among 
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replicate variance, leading to no significant differences among treatments even though the exudate 

treatments had a clear and lower, albeit non-significant, value at the 48hour time point for both metrics 

(Figure S4; Table S1). The genetic identity of the Symbiodiniaceae in each coral fragment was consistent 

among time points, treatments, and replicates, although it differed between host species (Figs S6, S7). 235 

The Cladocopium symbionts in two bleached Pocillopora fragments at the 48-hour time point could not 

be fully resolved with the sequence data available (Fig S6).  

3.3 Implications for global carbon budgets 

 Experimentally forced bleaching and mortality of Pocillopora spp., Pocillopora eydouxi, and Porites 

lobata revealed that DOC fluxes were, on average, 7.4-fold higher in bleaching corals, as compared to 240 

controls in our experiments (2.3 ± 0.3 mmol C/cm2, 0.31 ± 0.07 mmol C/cm2, respectively; Table S2). 

Based on multiple on-reef incubation studies (Haas et al., 2013; Naumann et al., 2012; Haas et al., 2011), 

and global coral cover estimates, corals release an average of 8.4 x 1011 mmol C as DOC daily under non-

bleaching conditions (Table S3 and 4).  In contrast to these studies, we specifically quantified how much 

DOC is released when they did bleach, and while bleaching normally occurs over days to weeks these 245 

short term assays were aimed to estimate the total DOC released during a bleaching event. Applying our 

quantified DOC release during a global event in which 10% of corals bleach, we estimate that 6.4 x 1014 

mmol C would be released or over 760x the daily DOC flux from all corals globally during non-bleaching 

conditions. Or viewed another way, during a bleaching event a coral will release the equivalent of 760 

days of normal DOC flux over the relatively short period of a bleaching event (days to weeks) that the 250 

corals undergo bleaching. We note that for this calculation, we are comparing in situ flux data to 

laboratory data in which corals were forced to bleach and in some cases died.  This is intentional as in 

situ data are the best representation of steady state conditions and our forced lab experiments provide an 

end point to the amount of carbon released by the coral.  This also represents what a coral would release 

if bleached whether in the laboratory or the ocean. In contrast, comparison of our bleaching data to our 255 

controls, which reflect the conditions of corals in a laboratory setting with reduced applicability to in situ 

quantification, still identified a 7.4x increase as a result of bleaching and bleaching induced mortality, all 

of which occur during wide scale bleaching events. Another way to illustrate the impact of these flux 
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data, is through applying our estimates to the major and well-characterized 2016-2017 bleaching event 

on the Great Barrier Reef where the extent of bleaching was accurately quantified. In this case, a minimum 260 

of 1.5 x 1011 mol C as DOC was released into the marine system over the duration of this event. Bleaching 

events, especially when coral mortality occurs, represents a significant transition from carbon stored in 

the coral tissues into the pelagic environment of the reefscape. 

4.0 Discussion 

Corals play an important role in the overall flow of energy on reef habitats, as evidenced by the 265 

quantification of carbon released from bleaching corals in this study. Increased mucus production is a 

known stress response of corals and mucus is an important source of Particulate Organic Carbon (POC) 

as it facilitates nutrient retention on lagoonal reef systems, both trapping particulate as well as stimulating 

carbon processing in sandy and other reef habitats (Wild et al., 2004). Seasonal increases in temperature 

can result in a doubling of the total release of DOC from corals (Roth et al., 2021) and nutrient stress has 270 

also been shown to increase the overall release of DOM from corals (Quinlan et al., 2018). Changes in 

the concentration and composition of DOC on reefs has been associated with declines in reef health, yet 

this damaging impact of DOC has been associated primarily with algal-related DOC release (Haas et al., 

2016) but not for corals themselves, in part because corals are often sinks rather than sources of DOC 

(Wild et al. 2010; Nelson et al. 2011). On the forereef of Mo’orea, there was low coverage of both macro- 275 

and turf algae (1.2 ± 0.5% and 10.0 ± 1.5% cover, respectively) and high coral cover (80±2.6% cover) 

prior to the bleaching event (Sloan et al., 2019). Considering this, and the quantified DOC flux from the 

experimentally bleached coral fragments, we interpret the blanket DOC covering the corals during the 

bleaching event to be derived from the bleaching and dying corals themselves rather than from algae. 

While previous important work have shown how corals are key components of the carbon flux across a 280 

reef as a result coral exudate that then dissolves (Wild et al. 2004; Wild et al. 2010) and identified how 

this area of research is critical to understand in the context of climate change (Bythell and Wild 2011), 

our work represents the first quantification of a coral-induced DOC perturbation on reefs during a 

bleaching event. 
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4.1 Ecosystem Feedbacks of Coral-Induced DOC Perturbation  285 

Our combined in situ reef and experimental mesocosm data together provide a mechanism where coral 

bleaching and mortality events can trigger shifts in the carbon balance of a reef ecosystem and lead to a 

DOC-induced cascade; this cascade may further the extent and severity of coral bleaching and mortality, 

transforming both the function and the composition of a reefscape (Fig 3). In this positive feedback 

mechanism of coral mortality, we hypothesize that, as corals begin bleaching in response to a stressor, 290 

they significantly increase DOC concentrations leading to: (1) increased microbial growth in the coral 

and the surrounding water column, (2) increased oxygen drawdown, (3) reduced coral health, and (4) 

mortality (Kline et al., 2006; Kuntz et al., 2005; Haas et al., 2016; Cárdenas et al., 2018; Nguyen-Kim et 

al., 2015, 2014). Potential feedbacks from this DOC-driven mechanism include the rapid consumption of 

oxygen in bleaching derived-DOC areas; in turn, this results in local hypoxic conditions, an increase in 295 

the DIC pool, and increased pathogenicity.  

Exudates from stressed corals are highly labile and are known to enhance net heterotrophy in reef systems 

(Wright et al., 2019; Kline et al., 2006; Kuntz et al., 2005; Altieri et al., 2017; Nelson and Altieri, 2019). 

Additionally, pelagic microbial communities are known to rapidly oxidize coral-released DOC, a process 

that would be hastened by the warm waters that induced bleaching in Mo’orea. This rapid degradation of 300 

bleaching coral-released DOC was measured in our mesocosm experiments (Figure 2). While this was 

extremely obvious in our coral exudate treatment, even pulses of DOC release in response to bleaching 

in other experimental treatments were followed by a rapid drawdown in oxygen and coral mortality, and 

this was in the absence of temperature stress (Fig 2). Further, rapid respiration of DOC was apparent on 

the reef of Mo’orea in May 2019 with the lowest DOC concentrations recorded from near-reef waters 305 

(57.1 ± 4.3 µmol DOC; Fig 1d) where a pelagic microbial community was likely consuming the high 

DOC measured along the bleaching reef. This resulting drawdown of oxygen has been shown to be a 

driving factor in bleaching events (Altieri et al., 2017; Nelson and Altieri, 2019) and has been empirically 

demonstrated to lead to coral mortality in the absence of temperature stress (Altieri et al., 2017). Certain 

coral taxa, in particular members of the Acropora genus, can be highly sensitive to oxygen stress even 310 

under moderate hypoxia (Haas et al., 2014). While we observed very low oxygen in our DOC treatments, 
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this was likely an underestimation of oxygen-stress on the coral host as biologically relevant oxygen 

measurements are difficult considering the microniches present within coral tissues. Highly active 

heterotrophic microorganisms in the surface mucus layer could result in extreme hypoxia for the coral 

host even if water column oxygen levels remain within normoxic values. It is debatable whether our 315 

significant addition of DOC to the corals are experienced during in situ bleaching events, however it 

provides impetus for research to focus on the role of DOC during bleaching at the spatial scale of the 

coral surface. 

This enhanced local respiration would have likely released additional dissolved inorganic carbon (DIC) 

into already carbon saturated waters, potentially leading to increased ocean acidification conditions that 320 

are known to impact calcification rates and lead to the dissolution of carbonate coralline structures (Leggat 

et al., 2019). Following the 2016-2017 mass bleaching of the GBR, coral skeletons became covered with 

a microbial biofilm and there was marked degradation of the calcium carbonate corallite structure (Leggat 

et al., 2019). In subsequent experimental analyses the authors found that decalcification rates were 

significant (5 times higher than rates in extreme pCO2 conditions), did not shift in light vs. dark scenarios, 325 

and continued after the removal of external biofilms. High rates of respiration and CO2 release were 

observed, with a potential source given as the breakdown of DOC from dead coral tissue by heterotrophic 

bacteria. 

Notably, the exposure of healthy corals to organic carbon compounds alone (excluding the viruses or 

pathogens that coral exudates may contain) has been shown to cause coral mortality through pathologies 330 

consistent with band disease (Nguyen-Kim et al., 2015; Kline et al., 2006; Kuntz et al., 2005). The 

pathologies observed in these experiments would often follow similar patterns to that observed in our 

study, with rapid mortality following tissue sloughing. In this mechanism, coral exudates may spread 

disease by both enriching DOC that stimulates microbial growth within coral tissue and the surrounding 

water column, and by directly ejecting viruses and other pathogens from their surface mucus layer into 335 

the surrounding environment, increasing transmission rates (Kuntz et al., 2005; Kline et al., 2006; Thurber 

et al., 2017; Nguyen-Kim et al., 2015).  
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4.2 Contributions to Global Carbon Budgets 

A feedback loop (Fig 3) driven by coral bleaching that fundamentally shifts the biogeochemistry of local 

reefscapes and, when extrapolated to recent mass bleaching events, is substantial enough to elucidate a 340 

novel aspect of how a warming ocean impacts the marine carbon cycle. The worst bleaching events on 

reefs throughout the world, from the Gulf of Mexico to the Great Barrier Reef, continue to occur with 

more regularity and severity, with greater than 60% of reefs around the globe bleaching in recent years 

(Johnston et al., 2019; Hughes et al., 2018; Cressey, 2016; Hughes et al., 2017). Our estimates of the 

carbon released from a widespread global event (10% global reefs bleach; 6.44 x 1011 mol C DOC) or 345 

single region (2016-2017 GBR bleaching event; 1.5 x 1011 mol C DOC) constitute a large and 

unrecognized perturbation to the carbon cycle. To place these flux estimates in context, 2.5 x 1013 mol C 

was unaccounted for in the 2017 global carbon budget (Le Quéré et al., 2018). Our estimated carbon 

release from the 2017-2016 GBR bleaching event thus accounts for 0.6% of this global carbon 

discrepancy, even though our estimate is constrained to a region that covers only 0.004% of the globe. 350 

This represents a footprint on the global carbon discrepancy that is 150x larger than the physical footprint 

of coral reefs. In addition, the extent of these bleaching events far surpasses the conservative parameters 

invoked above, and thus our calculation of total carbon released during mass bleaching events is a severe 

underestimate. The release of such a quantity of carbon during a singular and spatially restricted area has 

a multitude of implications for these ecosystems. Our initial quantification of carbon released from 355 

bleaching reefs provides another example of how warming oceans cause unexpected consequences.  In 

this case, bleaching-induced carbon release disrupts tropical ecosystems and adds to our atmospheric 

carbon footprint. These impacts on the marine system will continue to cause future bleaching events if 

international resolutions to reduce carbon production are not met. 

5. Conclusions 360 

The worst bleaching events on reefs throughout the world, from the Gulf of Mexico to the GBR, have 

been observed in recent years (Johnston et al. 2019; Hughes et al. 2018; Hughes et al. 2017; Cressey 

2016). While we often focus on the stressors that initiate coral bleaching and coral loss, our results here 
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indicate a potential unrealized mechanism in coral decline, wherein coral exudates released during 

bleaching lead to increased mortality of local corals. We show a drastic shift in the carbon balance of a 365 

reef system in response to a major bleaching event and posit a detrimental impacts to coral survival from 

this increased DOC.  

Acknowledgments:  Research was completed under permits issued by the French Polynesian 

Government (Délégation à la Recherche) and the Haut-commissariat de la République en Polynésie 

Francaise (DTRT) (Protocoled'Accueil 2005-2018). Data sets were provided by the Moorea Coral Reef 370 

Ecosystem LTER, funded by the US National Science Foundation (OCE-1637396 and earlier awards). 

University undergraduate students Antonia Brown and Bella Gutierrez helped with DNA extractions and 

generated chlorophyll and symbiont cell concentration data, and Akshar Patel helped with analyzing 

photo transects. This work represents a contribution of the Moorea Coral Reef (MCR) LTER Site. 

Funding: This work was supported by NSF Awards: OCE-1933165 and OPP- 2046800 to ART, OCE-375 

1635913 to BVT and ART, and OCE-1635798 to AMSC. Start-up funds from Rice University (to AMSC) 

also contributed to this work. 

Author contributions: SS, ART, AMSC, and RVT conceived of the project. SS, ART, DC, CGBG, LIH, 

KM, ERS, RVT, and AMSC performed the fieldwork. SS, ART, DC, CGBG, and LIH analyzed samples 

and data. All authors contributed to writing the manuscript. 380 

Data availability: Data are available through BCO-DMO Projects 713328 and 776864 

Conflict of Interest: The authors declare no conflict of interests. 

References: 

Adjeroud, M., Michonneau, F., Edmunds, P. J., Chancerelle, Y., de Loma, T. L., Penin, L., Thibaut, L., 
Vidal-Dupiol, J., Salvat, B., and Galzin, R.: Recurrent disturbances, recovery trajectories, and resilience 385 
of coral assemblages on a South Central Pacific reef, https://doi.org/10.1007/s00338-009-0515-7, 2009. 

Altieri, A. H., Harrison, S. B., Seemann, J., Collin, R., Diaz, R. J., and Knowlton, N.: Tropical dead 
zones and mass mortalities on coral reefs, Proc. Natl. Acad. Sci. U. S. A., 114, 3660–3665, 2017. 

https://doi.org/10.5194/egusphere-2023-779
Preprint. Discussion started: 8 May 2023
c© Author(s) 2023. CC BY 4.0 License.



16 
 

Barott, K. L. and Rohwer, F. L.: Unseen players shape benthic competition on coral reefs, Trends 
Microbiol., 20, 621–628, 2012. 390 

Broad, J., Matheson, M., Verrall, F., Taylor, A. K., Zahra, D., Alldridge, L., and Feder, G.: 
Discrimination, harassment and non-reporting in UK medical education, Med. Educ., 52, 414–426, 
2018. 

Burgess, S. C., Johnston, E. C., Wyatt, A. S. J., Leichter, J. J., and Edmunds, P. J.: Response diversity in 
corals: hidden differences in bleaching mortality among cryptic Pocillopora species, 395 
https://doi.org/10.1002/ecy.3324, 2021. 

Bythell, J. C. and Wild, C.: Biology and ecology of coral mucus release, J. Exp. Mar. Bio. Ecol., 408, 
88–93, 2011. 

Cárdenas, A., Neave, M. J., Haroon, M. F., Pogoreutz, C., Rädecker, N., Wild, C., Gärdes, A., and 
Voolstra, C. R.: Excess labile carbon promotes the expression of virulence factors in coral reef 400 
bacterioplankton, ISME J., 12, 59–76, 2018. 

Cesar, H., Burke, L., and Pet-Soede, L.: The economics of worldwide coral reef degradation, 2003. 

Costanza, R., de Groot, R., Sutton, P., van der Ploeg, S., Anderson, S. J., Kubiszewski, I., Farber, S., 
and Turner, R. K.: Changes in the global value of ecosystem services, Glob. Environ. Change, 26, 152–
158, 2014. 405 

Cressey, D.: Coral crisis: Great Barrier Reef bleaching is “the worst we’ve ever seen,” 
https://doi.org/10.1038/nature.2016.19747, 2016. 

Donovan, M. K., Burkepile, D. E., Kratochwill, C., Shlesinger, T., Sully, S., Oliver, T. A., Hodgson, G., 
Freiwald, J., and van Woesik, R.: Local conditions magnify coral loss after marine heatwaves, Science, 
372, 977–980, 2021. 410 

Fisher, R., O’Leary, R. A., Low-Choy, S., Mengersen, K., Knowlton, N., Brainard, R. E., and Caley, M. 
J.: Species richness on coral reefs and the pursuit of convergent global estimates, Curr. Biol., 25, 500–
505, 2015. 

Haas, A. F., Nelson, C. E., Wegley Kelly, L., Carlson, C. A., Rohwer, F., Leichter, J. J., Wyatt, A., and 
Smith, J. E.: Effects of coral reef benthic primary producers on dissolved organic carbon and microbial 415 
activity, PLoS One, 6, e27973, 2011. 

Haas, A. F., Nelson, C. E., Rohwer, F., Wegley-Kelly, L., Quistad, S. D., Carlson, C. A., Leichter, J. J., 
Hatay, M., and Smith, J. E.: Influence of coral and algal exudates on microbially mediated reef 
metabolism, PeerJ, 1, e108, 2013. 

https://doi.org/10.5194/egusphere-2023-779
Preprint. Discussion started: 8 May 2023
c© Author(s) 2023. CC BY 4.0 License.



17 
 

Haas, A. F., Smith, J. E., Thompson, M., and Deheyn, D. D.: Effects of reduced dissolved oxygen 420 
concentrations on physiology and fluorescence of hermatypic corals and benthic algae, PeerJ, 2, e235, 
2014. 

Haas, A. F., Fairoz, M. F. M., Kelly, L. W., Nelson, C. E., Dinsdale, E. A., Edwards, R. A., Giles, S., 
Hatay, M., Hisakawa, N., Knowles, B., Lim, Y. W., Maughan, H., Pantos, O., Roach, T. N. F., Sanchez, 
S. E., Silveira, C. B., Sandin, S., Smith, J. E., and Rohwer, F.: Global microbialization of coral reefs, 425 
Nat Microbiol, 1, 16042, 2016. 

Han, M., Zhang, R., Yu, K., Li, A., Wang, Y., and Huang, X.: Polycyclic aromatic hydrocarbons 
(PAHs) in corals of the South China Sea: Occurrence, distribution, bioaccumulation, and considerable 
role of coral mucus, J. Hazard. Mater., 384, 121299, 2019. 

Harris, P. T., Bridge, T. C. L., Beaman, R. J., Webster, J. M., Nichol, S. L., and Brooke, B. P.: 430 
Submerged banks in the Great Barrier Reef, Australia, greatly increase available coral reef habitat, 
ICES J. Mar. Sci., 70, 284–293, 2013. 

Hughes, T. P., Kerry, J. T., Álvarez-Noriega, M., Álvarez-Romero, J. G., Anderson, K. D., Baird, A. H., 
Babcock, R. C., Beger, M., Bellwood, D. R., Berkelmans, R., Bridge, T. C., Butler, I. R., Byrne, M., 
Cantin, N. E., Comeau, S., Connolly, S. R., Cumming, G. S., Dalton, S. J., Diaz-Pulido, G., Eakin, C. 435 
M., Figueira, W. F., Gilmour, J. P., Harrison, H. B., Heron, S. F., Hoey, A. S., Hobbs, J.-P. A., 
Hoogenboom, M. O., Kennedy, E. V., Kuo, C.-Y., Lough, J. M., Lowe, R. J., Liu, G., McCulloch, M. 
T., Malcolm, H. A., McWilliam, M. J., Pandolfi, J. M., Pears, R. J., Pratchett, M. S., Schoepf, V., 
Simpson, T., Skirving, W. J., Sommer, B., Torda, G., Wachenfeld, D. R., Willis, B. L., and Wilson, S. 
K.: Global warming and recurrent mass bleaching of corals, Nature, 543, 373–377, 2017. 440 

Hughes, T. P., Kerry, J. T., and Simpson, T.: Large-scale bleaching of corals on the Great Barrier Reef, 
Ecology, 99, 501, 2018. 

Johnston, M. A., Hickerson, E. L., Nuttall, M. F., Blakeway, R. D., Sterne, T. K., Eckert, R. J., and 
Schmahl, G. P.: Coral bleaching and recovery from 2016 to 2017 at East and West Flower Garden 
Banks, Gulf of Mexico, https://doi.org/10.1007/s00338-019-01788-7, 2019. 445 

Kline, D. I., Kuntz, N. M., Breitbart, M., Knowlton, N., and Rohwer, F.: Role of elevated organic 
carbon levels and microbial activity in coral mortality, https://doi.org/10.3354/meps314119, 2006. 

Kuntz, N. M., Kline, D. I., Sandin, S. A., and Rohwer, F.: Pathologies and mortality rates caused by 
organic carbon and nutrient stressors in three Caribbean coral species, 
https://doi.org/10.3354/meps294173, 2005. 450 

Lampert, Y., Kelman, D., Dubinsky, Z., Nitzan, Y., and Hill, R. T.: Diversity of culturable bacteria in 
the mucus of the Red Sea coral Fungia scutaria, https://doi.org/10.1111/j.1574-6941.2006.00136.x, 
2006. 

https://doi.org/10.5194/egusphere-2023-779
Preprint. Discussion started: 8 May 2023
c© Author(s) 2023. CC BY 4.0 License.



18 
 

Leggat, W. P., Camp, E. F., Suggett, D. J., Heron, S. F., Fordyce, A. J., Gardner, S., Deakin, L., Turner, 
M., Beeching, L. J., Kuzhiumparambil, U., Eakin, C. M., and Ainsworth, T. D.: Rapid Coral Decay Is 455 
Associated with Marine Heatwave Mortality Events on Reefs, Curr. Biol., 29, 2723–2730.e4, 2019. 

Le Quéré, C., Andrew, R. M., Friedlingstein, P., Sitch, S., Pongratz, J., Manning, A. C., Korsbakken, J. 
I., Peters, G. P., Canadell, J. G., Jackson, R. B., Boden, T. A., Tans, P. P., Andrews, O. D., Arora, V. K., 
Bakker, D. C. E., Barbero, L., Becker, M., Betts, R. A., Bopp, L., Chevallier, F., Chini, L. P., Ciais, P., 
Cosca, C. E., Cross, J., Currie, K., Gasser, T., Harris, I., Hauck, J., Haverd, V., Houghton, R. A., Hunt, 460 
C. W., Hurtt, G., Ilyina, T., Jain, A. K., Kato, E., Kautz, M., Keeling, R. F., Klein Goldewijk, K., 
Körtzinger, A., Landschützer, P., Lefèvre, N., Lenton, A., Lienert, S., Lima, I., Lombardozzi, D., Metzl, 
N., Millero, F., Monteiro, P. M. S., Munro, D. R., Nabel, J. E. M. S., Nakaoka, S.-I., Nojiri, Y., Padin, 
X. A., Peregon, A., Pfeil, B., Pierrot, D., Poulter, B., Rehder, G., Reimer, J., Rödenbeck, C., Schwinger, 
J., Séférian, R., Skjelvan, I., Stocker, B. D., Tian, H., Tilbrook, B., Tubiello, F. N., van der Laan-Luijkx, 465 
I. T., van der Werf, G. R., van Heuven, S., Viovy, N., Vuichard, N., Walker, A. P., Watson, A. J., 
Wiltshire, A. J., Zaehle, S., and Zhu, D.: Global carbon budget 2017, Earth Syst. Sci. Data, 10, 405–
448, 2018. 

McCliment, E. A., Nelson, C. E., Carlson, C. A., Alldredge, A. L., Witting, J., and Amaral-Zettler, L. 
A.: An all-taxon microbial inventory of the Moorea coral reef ecosystem, ISME J., 6, 309–319, 2012. 470 

Naumann, M. S., Richter, C., Mott, C., el-Zibdah, M., Manasrah, R., and Wild, C.: Budget of coral-
derived organic carbon in a fringing coral reef of the Gulf of Aqaba, Red Sea, 
https://doi.org/10.1016/j.jmarsys.2012.05.007, 2012. 

Nelson, C. E., Alldredge, A. L., McCliment, E. A., Amaral-Zettler, L. A., and Carlson, C. A.: Depleted 
dissolved organic carbon and distinct bacterial communities in the water column of a rapid-flushing 475 
coral reef ecosystem, ISME J., 5, 1374–1387, 2011. 

Nelson, C. E., Goldberg, S. J., Wegley Kelly, L., Haas, A. F., Smith, J. E., Rohwer, F., and Carlson, C. 
A.: Coral and macroalgal exudates vary in neutral sugar composition and differentially enrich reef 
bacterioplankton lineages, ISME J., 7, 962–979, 2013. 

Nelson, H. R. and Altieri, A. H.: Oxygen: the universal currency on coral reefs, 480 
https://doi.org/10.1007/s00338-019-01765-0, 2019. 

Nguyen-Kim, H., Bouvier, T., Bouvier, C., Doan-Nhu, H., Nguyen-Ngoc, L., Rochelle-Newall, E., 
Baudoux, A.-C., Desnues, C., Reynaud, S., Ferrier-Pages, C., and Bettarel, Y.: High occurrence of 
viruses in the mucus layer of scleractinian corals, https://doi.org/10.1111/1758-2229.12185, 2014. 

Nguyen-Kim, H., Bettarel, Y., Bouvier, T., Bouvier, C., Doan-Nhu, H., Nguyen-Ngoc, L., Nguyen-485 
Thanh, T., Tran-Quang, H., and Brune, J.: Coral Mucus Is a Hot Spot for Viral Infections, 
https://doi.org/10.1128/aem.00542-15, 2015. 

https://doi.org/10.5194/egusphere-2023-779
Preprint. Discussion started: 8 May 2023
c© Author(s) 2023. CC BY 4.0 License.



19 
 

Niggl, W. and Wild, C.: Spatial distribution of the upside-down jellyfish Cassiopea sp. within fringing 
coral reef environments of the Northern Red Sea: implications for its life cycle, 
https://doi.org/10.1007/s10152-009-0181-8, 2010. 490 

Palmer, C. V., Bythell, J. C., and Willis, B. L.: Levels of immunity parameters underpin bleaching and 
disease susceptibility of reef corals, FASEB J., 24, 1935–1946, 2010. 

Pandolfi, J. M., Bradbury, R. H., Sala, E., Hughes, T. P., Bjorndal, K. A., Cooke, R. G., McArdle, D., 
McClenachan, L., Newman, M. J. H., Paredes, G., Warner, R. R., and Jackson, J. B. C.: Global 
trajectories of the long-term decline of coral reef ecosystems, Science, 301, 955–958, 2003. 495 

Quinlan, Z. A., Remple, K., Fox, M. D., Silbiger, N. J., Oliver, T. A., Putnam, H. M., Wegley Kelly, L., 
Carlson, C. A., Donahue, M. J., and Nelson, C. E.: Fluorescent organic exudates of corals and algae in 
tropical reefs are compositionally distinct and increase with nutrient enrichment, Limnol. Oceanogr. 
Lett., https://doi.org/10.1002/lol2.10074, 2018. 

Roth, F., RAdecker, N., Carvalho, S., Duarte, C. M., Saderne, V., Anton, A., Silva, L., Calleja, M. L., 500 
MorÁn, X. A. G., Voolstra, C. R., Kürten, B., Jones, B. H., and Wild, C.: High summer temperatures 
amplify functional differences between coral- and algae-dominated reef communities, Ecology, 102, 
e03226, 2021. 

Sandin, S. A., Smith, J. E., Demartini, E. E., Dinsdale, E. A., Donner, S. D., Friedlander, A. M., 
Konotchick, T., Malay, M., Maragos, J. E., Obura, D., Pantos, O., Paulay, G., Richie, M., Rohwer, F., 505 
Schroeder, R. E., Walsh, S., Jackson, J. B. C., Knowlton, N., and Sala, E.: Baselines and degradation of 
coral reefs in the Northern Line Islands, PLoS One, 3, e1548, 2008. 

Shnit-Orland, M. and Kushmaro, A.: Coral mucus-associated bacteria: a possible first line of defense, 
https://doi.org/10.1111/j.1574-6941.2008.00644.x, 2009. 

Sloan, M. A., Brooks, K., Otto, T. D., Sanders, M. J., Cotton, J. A., and Ligoxygakis, P.: Transcriptional 510 
and genomic parallels between the monoxenous parasite Herpetomonas muscarum and Leishmania, 
PLoS Genet., 15, e1008452, 2019. 

Thurber, R. V., Payet, J. P., Thurber, A. R., and Correa, A. M. S.: Virus–host interactions and their roles 
in coral reef health and disease, https://doi.org/10.1038/nrmicro.2016.176, 2017. 

Wild, C., Huettel, M., Klueter, A., Kremb, S. G., Rasheed, M. Y. M., and Jørgensen, B. B.: Coral mucus 515 
functions as an energy carrier and particle trap in the reef ecosystem, Nature, 428, 66–70, 2004. 

Wild, C., Niggl, W., Naumann, M. S., and Haas, A. F.: Organic matter release by Red Sea coral reef 
organisms—potential effects on microbial activity and in situ O2 availability, Mar. Ecol. Prog. Ser., 
411, 61–71, 2010. 

https://doi.org/10.5194/egusphere-2023-779
Preprint. Discussion started: 8 May 2023
c© Author(s) 2023. CC BY 4.0 License.



20 
 

Wright, R. M., Strader, M. E., Genuise, H. M., and Matz, M. V.: Effects of thermal stress on amount, 520 

composition, and antibacterial properties of coral mucus, https://doi.org/10.7717/peerj.6849, 2019.  

 

  

https://doi.org/10.5194/egusphere-2023-779
Preprint. Discussion started: 8 May 2023
c© Author(s) 2023. CC BY 4.0 License.



21 
 

 

 525 

F
ig

. 
1 

R
ee

f 
co

n
d

it
io

n
s,

 r
ep

re
se

n
ta

ti
ve

 p
ic

tu
re

s,
 a

n
d

 o
rg

an
ic

 c
ar

b
on

 d
is

tr
ib

u
ti

on
s 

b
ef

or
e 

an
d

 

d
u

ri
n

g 
th

e 
20

19
 b

le
ac

h
in

g 
ev

en
t.

 (
A

) 
T

em
pe

ra
tu

re
 v

al
ue

s 
at

 1
0m

 d
ep

th
 a

t t
he

 f
or

er
ee

f 
si

te
, ‘

L
T

E
R

 1
’ 

be
tw

ee
n 

20
07

 a
nd

 2
01

9.
 T

em
pe

ra
tu

re
 v

al
ue

s 
hi

gh
li

gh
te

d 
in

 y
el

lo
w

 a
nd

 r
ed

 a
re

 >
29

ºC
 a

nd
 >

30
ºC

, 

re
sp

ec
ti

ve
ly

. 
(B

) 
R

ep
re

se
nt

at
iv

e 
pi

ct
ur

e 
of

 t
he

 f
or

er
ee

f 
an

d 
th

e 
di

st
ri

bu
ti

on
 o

f 
to

ta
l 

or
ga

ni
c 

ca
rb

on
 

(T
O

C
) 

du
ri

ng
 n

or
m

al
, 

no
n-

bl
ea

ch
in

g,
 c

on
di

ti
on

s.
 T

O
C

 i
s 

co
m

po
se

d 
of

 9
5-

97
%

 d
is

so
lv

ed
 o

rg
an

ic
 

ca
rb

on
 (

D
O

C
) 

on
 t

hi
s 

re
ef

. (
C

-D
) 

R
ep

re
se

nt
at

iv
e 

pi
ct

ur
es

 a
nd

 t
he

 d
is

tr
ib

ut
io

n 
of

 D
O

C
 a

t 
th

e 
on

se
t 

of
 

th
e 

bl
ea

ch
in

g 
ev

en
t a

nd
 th

e 
pe

ak
 o

f t
he

 b
le

ac
hi

ng
 e

ve
nt

, r
es

pe
ct

iv
el

y.
 G

re
y 

sh
ad

in
g 

on
 th

e 
co

nt
ou

r p
lo

ts
 

in
di

ca
te

s 
th

e 
se

af
lo

or
. 

https://doi.org/10.5194/egusphere-2023-779
Preprint. Discussion started: 8 May 2023
c© Author(s) 2023. CC BY 4.0 License.



22 
 

 

Fig 2: Heatmap values plotted as jar symbols indicate dissolved organic carbon (DOC; µmol C) and 

oxygen (mg/L) concentrations, as well as Pulse-Amplitude Modulation Fluorometry (Fv/Fm) values, 

averaged per coral species (n=3 per species) for each time point throughout the mesocosm experiment in 

temperature, coral exudate, and control treatments. At time point 0 (T0; start of the experiment), the ‘jars’ 530 

are split in some instances to show pre- and post-treatment effects on DOC and oxygen values. Images of 
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representative coral fragments pre- and post-treatment show changes in their visual appearance from the 

start of the experiment (T0) to the end of the experiment (T48). In one instance within the control 

treatment for Pocillopora spp., a fragment bleached, causing an increase in DOC concentrations for the 

24hr time point. This is indicated with ‘bleached’ written over the ‘jar’. This outcome was not observed 535 

in the other control replicates.  

Fig 3: Proposed mechanism of expedited reef decline. Coral-Dominated Reef (Left): Under non-

bleaching conditions, corals release minimal DOC (0.008-0.056 mmol m-2 day-1), which is rapidly broken 

down. Corals under normal conditions also facilitate the degradation of oceanic sources of DOC (16), 540 

making the integrated activity of corals and the reef microbial communities a sink for DOC (3). The 

average DOC depletion on-reef is 10% that of corresponding offshore values, based on measurements 

spanning 10 years. Initial Bleaching (Center):  When more susceptible corals begin bleaching, they 

release DOC and mucus exudates that interact with adjacent, non-bleaching corals. The additional DOC 

released by these initially bleaching corals increases the total uptake of DOC by heterotrophic 545 

microorganisms by 10%. This DOC, through a variety of potential mechanistic pathways including 

localized acidification, facilitation of pathogens, and oxygen stress, exacerbates bleaching impacts in 

adjacent corals. Widespread Bleaching (right): Following widespread bleaching of the reef, the local 
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microbial community is no longer able to oxidize the DOC released by nearby corals, leading to a 

bleaching event carbon flux that is 7,000x greater than the daily non-bleaching state. Arrows indicate net 550 

flux of carbon with color indicating source (Blue = pelagic; purple = non-bleached coral; brown = 

bleaching coral DOC).  The images that the diagram is overlain on are from each of the DOC states 

quantified and time points indicated (including in Fig.1). 
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