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Executive Summary

Mass coral bleaching is becoming more frequent and widespread, posing a major threat to coral
reefs worldwide. Mass coral bleaching is often a response to prolonged thermal stress triggered
by elevated water temperatures and/or ultraviolet radiation attributed to global climate change.
Since 2016, STINAPA Bonaire has surveyed the severity of coral bleaching in the Bonaire National
Marine Park (BNMP) at 10 sites on the leeward coast in Bonaire, Caribbean Netherlands. Each
year, aside from 2021, > 5% of corals exhibited signs of thermal stress including paling, partial
bleaching, and full colony bleaching, while in 2021 we did not conduct bleaching surveys as < 5%
of corals exhibited signs of bleaching. No bleaching induced mortality was observed until 2020,
where some coral mortality was seen beyond the maximum survey depth of 25 m. Because of
this, STINAPA expanded monitoring in 2023 to include surveys of 35 m depth.

In 2023, Bonaire experienced the highest level of thermal stress observed since we began
monitoring in 2016, where 84% of coral colonies were visibly affected by thermal stress to some
degree. Because corals did not recover quickly and bleaching-induced mortality was observed,
STINAPA conducted follow-up surveys in February 2024. At that time, 19% of coral colonies
exhibited partial or complete mortality attributed to bleaching. Across survey years, there was
significantly more coral bleaching over time, as well as greater bleaching at 25m depth compared
to 5m. In 2023, several coral species, including Yellow pencil coral (Madracis auretenra), Ten-ray
star coral (Madracis decactis), Great star coral (Montastraea cavernosa) and Mustard hill coral
(Porites astreoides) did not appear as affected by thermal stress as other coral species.

While addressing the global-scale causes of coral bleaching is daunting, Bonaire’s slogan is ‘Nos
ta biba di naturalesa’ (nature is our livelihood) and STINAPA Bonaire, together with government
and non-government partners, strives to promote conservation through local actions. Knowledge
of the severity of coral bleaching is necessary to develop local management strategies that may
improve the resistance and resilience of coral reefs in the Bonaire National Marine Park to climate
change. STINAPA is currently undertaking a project together with Florida State University with
funding from Lenfest Ocean Program to identify 'at-risk' areas for climate change, impacts and
potential refuge areas, predict reef vulnerability and improve detection of and response to
climate change events.



Introduction

Coral reefs are not only one of the most biodiverse ecosystems on the planet, (Connell 1978;
Reaka-Kudla 1997), but also provide critical cultural value and socio-economic benefits for
communities including supporting tourism, vital fisheries, and protecting coastlines from storm
surge and erosion. For instance, on Bonaire, it is estimated that tourism generates $125 million
annually (with ~40% of that revenue driven by nature-based tourism in the Bonaire National
Marine Park), commercial and recreation fisheries generate $110 million annually, and coral
reefs provide an estimated $70,000 in long-term coastal protection (TEEB NL 2012). However,
stressors such as global climate change, overfishing, and terrestrial runoff of sewage and
fertilizers are threatening both reef biodiversity and the critical ecosystem services reefs
provide to our coastal communities (Costanza et al. 2014; Hoegh-Guldberg et al. 2017; Richards
and Day 2018; Eddy et al. 2021).

Wide-scale coral bleaching is a stress response commonly triggered by high sea surface
temperatures and irradiance (Brown 1997; Lesser 1997; Douglas 2003; Downs et al. 2009). It
was first documented in the 1980’s (Glynn 1984), though global bleaching events have become
more common and more intense in the past decade (Hughes et al. 2017; Sully et al. 2019). In
the tropics, sea surface temperatures are increasing at a rate of 1-2°C per century (Hoegh-
Guldberg 1999), and since even 1°C of temperature increase beyond the historical maximum
can trigger coral bleaching, it has become one of the principal management concerns of the 215t
century (Baker et al. 2008). Starting in 2016 during a global coral bleaching event, STINAPA
Bonaire began annual surveys of coral bleaching in all years where an estimated >5% of coral
colonies exhibit visible bleaching signs (Eckrich et al. 2016). Through these monitoring efforts,
STINAPA aims to track bleaching severity over time and across coral species, sites and depth
ranges to inform site and species-specific management strategies to safeguard the resilience of
Bonaire’s reefs.

Mechanisms and consequences of coral bleaching

Corals have a symbiotic relationship with photosynthetic algae often called zooxanthellae
(Symbiodinium spp.). While corals feed on plankton to meet some of their energy needs,
zooxanthellae photosynthesize sugars for the coral host that can meet >85% of their energy
needs (Muscatine and Porter 1977; Falkowski et al. 1984; Edmunds and Davies 1986), while
corals provide zooxanthellae with shelter and nutrients (Roth 2014). When sea surface
temperatures are ~1-2°C higher than historical seasonal averages, this impairs photosynthesis
by zooxanthellae, causing them to release toxic reactive oxygen species (Warner et al. 1999;
Baird et al. 2009). To protect themselves, coral hosts then expel these zooxanthellae (Fujise et
al. 2014), though they cannot survive for long durations without the energy provided by
zooxanthellae. The photosynthetic pigments in zooxanthellae is what gives transparent coral
tissue it’s characteristic color (Brown 1997; Douglas 2003), so when corals expel zooxanthellae
their skeleton becomes visible, giving them a “bleached” appearance (Fig. 1).



During prologued bleaching events, corals cannot meet their energetic demands via eating
plankton alone and will eventually starve, leading to bleaching related colony mortality
(Cunning et al. 2017). However, if temperatures return to normal levels within a few weeks,
corals can take up new zooxanthellae from the water column and recover (Fautin and
Buddemeier 2004). In fact, they can sometimes take up more thermally-tolerant lineages of
zooxanthellae which can increase their resilience to future thermal stress (Grottoli et al. 2014;
Silverstein et al. 2015), provided temperatures are not too extreme (Ainsworth et al. 2016).
However, even sublethal bleaching stress can still have long-term consequences for corals,
including reduced growth and reproductive capacity, as well as impaired resilience to other
stressors like disease (Meesters and Bak 1993; Johnston et al. 2020; Leinbach et al. 2021).
Therefore, reducing other stressors to corals, such as competition with algae and
cyanobacteria, or sewage runoff that be a disease vector, can be critical to promoting the
resilience and recovery of corals during and after coral bleaching events.
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Managing coral bleaching

Researchers and management agencies use remote sensing of the intensity sea surface
temperature anomalies and accumulated heat stress over time to calculate a combined metric
of thermal anomaly intensity and duration known as degree heating weeks (McClanahan et al.
2007; Pernice and Hughes 2019). NOAA'’s Coral Reef Watch maintains a global monitoring
platform of sea surface temperature hotspots and degree heating weeks to predict the
likelihood of coral bleaching (Liu et al. 2014). Remote sensing can be used to inform local
management agencies (like STINAPA) of thermal anomalies so that quick action and monitoring
can take place. Traditional coral bleaching management strategies have focused on mitigating
local stressors such as nutrient enrichment and overfishing to improve reef resilience to global
scale climate change (Carilli et al. 2009), or closing sites with highest bleaching levels to
mitigate tourism-related stress. Additionally, groups focused on coral restoration (like Reef
Renewal Bonaire) may also outplant coral lineages that are known to be more tolerant to
thermal stress, though there can be tradeoffs between coral thermal tolerance and growth
capacity (Ladd et al. 2017).



Methods

Starting in 2016, STINAPA began surveys of coral
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National Marine Park on the leeward coast of Bonaire | @
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instead of the entire colony, therefore the numbers
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affected rather than the percentage of colonies ﬁ
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Figure 2. Map of the 10 coral bleaching survey sites on the leeward coast of Bonaire and Klein
Bonaire, Caribbean Netherlands, including 1) Playa Funchi, 2) Rei Willem Alexander Reserve, 3)
Karpata, 4) Qil Slick Leap, 5) Mi Dushi — Klein Bonaire, 6) Ebo’s Special — Klein Bonaire, 7) Reef
Scientifico, 8) Playa Lechi, 9) Invisibles, and 10) Vista Blue.

2023 Surveys

To capture the most severe coral bleaching, SINAPA began monitoring the week after the peak
recorded sea surface temperature began to decrease (Appendix 1) from November 7-24, 2023.
We conducted line intercept surveys of coral bleaching intensity along two 30 m transects at 5,
10 and 25 m depth (notably, only four sites had corals at 5 m). Additionally, as surveyors observed
notable bleaching beyond 25 m, two video surveys were recorded along 10 m transects at 35 m.
If any portion of a colony appeared affected by thermal stress, the severity of coral bleaching was
categorized using the recommendation of A Global Protocol for Assessment and Monitoring of
Coral Bleaching (Oliver et al., 2004) as follows: Unbleached, Pale Tissue Present, Partially
Bleached, Fully Bleached, Recent Mortality attributed to bleaching. In addition, we recorded
colony size and disease prevalence. After bleaching monitoring was completed, we observed that
corals did not regain their coloration as quickly as in the previous years and some colonies
exhibited partial or complete mortality. Therefore, we decided to conduct follow-up monitoring
from January 25 — February 16 to determine the percentage of corals that exhibited partial or
complete mortality due to coral bleaching.



Statistical analyses

We conducted an Analysis of Variance (ANOVA) using type Il sum of squares to compare the
percentage of corals that exhibited any visible signs of bleaching in response to site, year, survey
depth (treated as an ordinal variable). We used a post-hoc Tukey test to evaluate differences
between depths. We assessed model fit via visual inspection of residuals. For 2023 surveys, we
conducted a Kruskal-Wallis test of the percent of colonies with thermal stress by coral species,
as visual inspection of residuals and a Shapiro test indicated non-normality of residuals. We used
a post-hoc Dunn's test to assess pair-wise differences in bleaching between coral species.
Additionally, to compare patterns in coral bleaching severity (unbleached, paling, partially
bleached, fully bleached, and recent mortality) among sites, we conducted a Chi-squared test.
We conducted all analyses using R statistical software version 4.4.1.

Results

Across surveyed years, there was significantly more bleaching over time after accounting for site
and survey depth (Fig. 3; F(1, 158)= 79.3681, p < 0.001), with an estimated 7.1% more colonies with
thermal stress by year after accounting for site and survey depth effects. Notably, the highest
percent coral bleaching was observed in 2023, where 83.6% of coral colonies surveyed affected
by thermal stress to some degree. Additionally, across years and sites (Fig. 4, Appendix 2), there
were significant differences in percent coral bleaching by depth (F3, 158)= 4.2653, p = 0.006) with
an estimated 17.8% more colonies bleached at 25 m depth on average compared to 5 m (95% ClI
= [2.8%, 32.8%]; Tukey HSD, p = 0.012), but no other significant differences between depths.
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Figure 3. Mean percentage (+SE) of coral colonies visibly affected by thermal stress from 2016 —
2023 in Bonaire, Caribbean Netherlands. Thermal stress categories ranged from colony paling to
full bleaching. Data from all depths and sites surveyed are pooled (n = 10 sites). In 2021, bleaching
surveys were not conducted as <5% of corals appeared to exhibit any signs of bleaching.
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Figure 4. Mean percentage (+SE) of coral colonies affected by thermal stress from 2016-2023 by
depth (n = 2 transects per site and depth range, with 10 survey sites). Notably corals are only
found at 5 m depth at four of the ten study sites, and no surveys were conducted at 5 m depth
in 2016 or 2018. In 2023, survey efforts were expanded to include 35 m depth. In 2021, bleaching
surveys were not conducted as <5% of corals appeared to exhibit any signs of bleaching.

In 2023, there were significant differences in the percentage of colonies that exhibited signs of
bleaching ranging from tissue paling to recent mortality among species (x%17)= 70.075, p < 0.001),
where Madracis auretenra, M. decactus, Montastraea cavernosa and Porites astreoides had
significantly less bleaching compared to most other species (Fig. 5, Table 1). Additionally, there
were differences in the proportions of coral colonies that exhibited tissue paling, partial
bleaching, full bleaching and recent mortality across sites (x%3s)= 121.59, p < 0.001). Notably,
there appeared to be more fully bleached coral colonies at sites on Klein Bonaire such as Ebo’s
Special and Mi Dushi, and more recent mortality at sites such as Reef Scientifico and Vista Blue
(Fig. 6).

In November 2023 surveys 4.3% of coral colonies exhibited partial or complete mortality
attributed to bleaching. However, recovery was slow and during the surveys in February 2024,
19% of coral colonies exhibited partial or complete mortality attributed to bleaching.
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Figure 5. Mean percentage (+SE) of coral colonies visibly affected by thermal stress by species in
2023 in Bonaire. Species are arranged left to right from lowest to highest percent of colonies with
visible signs of bleaching, ranging from tissue paling to recent mortality.
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Figure 6. Mean percent coral colonies visibly affected by thermal stress by category and site in
November 2023 (n = 6-8 transects per site across depths).



Table 1. Summary of pairwise comparisons in percent coral bleaching between species based on
2023 surveys based on a post-hoc Dunn test, showing significant differences coral species with
less bleaching (columns) are compared with corals with more bleaching (rows). Numbers show
the adjusted p-values, where NS indicates non-significant differences between species.

Coral species with less bleaching

Madracis Madracis ~ Montastraea Porites
auretenra decactis cavernosa astreoides
Colpophillia natans 0.04 NS 0.02 NS
Dendrygyra cylindrus 0.05 NS 0.04 NS
Diploria labyrinthiformis 0.01 0.01 0.00 0.01
g Eusmilia fastigiata 0.01 0.02 0.01 0.02
§ [ Millepora alcicornis 0.01 0.01 0.00 0.01
E Meandrina meandrites 0.01 0.02 0.01 0.01
€ - 5
< Orbicella annularis 0.00 0.01 0.00 0.00
; Orbicella franksi 0.03 NS 0.01 0.04
.g’_ Millepora complanata 0.05 NS 0.04 NS
Tg Orbicella faveolata NS NS 0.04 NS
° Porites portites 0.02 0.03 0.01 0.03
Stephanocoenia intersepta NS NS 0.03 NS
Siderastrea siderea 0.04 NS 0.02 NS

Discussion

Through annual monitoring of coral bleaching in the Bonaire National Marine Park since 2016,
STINAPA seeks to inform local management and coral reef conservation efforts, as well as
contribute to our understanding of coral bleaching patterns across coral reefs worldwide. While
coral bleaching events began infrequently in the 1990s, they have become more frequent and
severe globally over the past decade, with similar trends in Bonaire. Steneck et al., 2011, recorded
~10% coral mortality in 2010 and since 2016, the reefs of Bonaire have suffered transient
bleaching almost every year where corals pale or bleach but recover after the temperature drops
to more normal levels (Eckrich et al., 2021). However, even transient bleaching events can affect
the health and reproductive success of corals, as they can alter the dynamics and composition of



symbiotic zooxanthellae communities living within the corals that provide corals with nutrients
via photosynthesis (Johnston et al., 2020). In September and October 2024, STINAPA and Reef
Renewal monitored for coral spawning during peak hours and no corals were observed spawning.
The 2023 bleaching event at its peak affected 84% of the corals surveyed and, two months later,
approximately 19% suffered partial or complete mortality. Some corals remained pale as late as
March and April of 2024 (authors’ observations). This marks the most severe bleaching event
recorded for Bonaire’s corals. At the time of this report (December 2024), Bonaire’s reefs have
been through yet another severe bleaching event (data is currently being analyzed). Although
there is little Bonaire can do to stop immediate coral bleaching, STINAPA’s management
strategies focus on implementing local measures that improve the resistance and resilience of
our coral reefs to global stressors including coral bleaching and related climate change.

Leading management recommendations to promote local reef resilience in the face of increasing
climate change related disturbances like coral bleaching include protecting herbivorous fishes
that graze algae and cyanobacteria (Jackson et al. 2014; Adam et al. 2015), which can overgrow
corals and inhibit their recruitment if left unchecked (Kuffner et al. 2006). Since 2010, the Island
Government of Bonaire has protected herbivorous fishes from harvest island-wide (Executive
Council of the Bonaire Island Territory 2010), following a 2010 bleaching event. Since that time,
herbivorous fish populations have increased, algae levels have declined, and levels of both
juvenile and adult corals recovered to pre-bleaching levels (Steneck et al. 2019). Another key
management recommendation is to decrease levels of sewage and other land-based nutrient
input (Jackson et al. 2014). Sewage and related nutrient enrichment can increase the
susceptibility of corals to bleaching, harm their growth, act as a vector for transmission of some
coral diseases, and promote the overgrowth of algae and cyanobacteria (Wear and Thurber
2015). Starting in 2014, Bonaire implemented a centralized sewage treatment to help control
levels of nutrient runoff into reefs (Slijkerman et al. 2014) and for the past few years, STINAPA
has been collaborating with Wageningen Marine Research to monitor the concentrations of key
nutrients impacting water quality and reef health in the Bonaire National Marine Park. Through
these actions over the past two decades Bonaire’s government, STINAPA, and the island
community have been working to promote local reef resilience.

Furthermore, ongoing collaborative efforts, such as the Climate Resilience in the Bonaire National
Marine Park project, will provide critical insight for STINAPA Bonaire assess broad-scale and apply
science-based management techniques to further promote reef resilience. Working together
with Florida State University, RASSTER Lab and the Lenfest Ocean’s Program, we are researching
the impacts of climate change by evaluating stressors (like high temperatures) that cause coral
bleaching, coral diseases, and recreational impacts in the Bonaire National Marine Park. A unique
aspect of this project is its broad engagement—research contributions span from international
universities to local dive centers that help collect sensor data, allowing community members to
play an active role. Through this project, we aim to identify 'at-risk' areas for climate change,
impacts and potential refuge areas, predict reef vulnerability and improve detection of and
response to climate change events.



References

Adam TC, Burkepile DE, Ruttenberg Bl, Paddack MJ (2015) Herbivory and the resilience of
Caribbean coral reefs: knowledge gaps and implications for management. Mar Ecol Prog
Ser 520:1-20

Ainsworth TD, Heron SF, Ortiz JC, Mumby PJ, Grech A, Ogawa D, Eakin CM, Leggat W (2016)
Climate change disables coral bleaching protection on the Great Barrier Reef. Science
352:338-342

Baird AH, Bhagooli R, Ralph PJ, Takahashi S (2009) Coral bleaching: the role of the host. Trends
Ecol Evol 24:16-20

Baker AC, Glynn PW, Riegl B (2008) Climate change and coral reef bleaching: An ecological
assessment of long-term impacts, recovery trends and future outlook. Estuar Coast Shelf
Sci 80:435-471

Brown BE (1997) Coral bleaching: causes and consequences. Coral Reefs 16:5129-5138

Buddemeier RW, Fautin DG (1993) Coral bleaching as an adaptative mechanisms. BioScience
43:320-326

Carilli JE, Norris RD, Black BA, Walsh SM, McField M (2009) Local stressors reduce coral
resilience to bleaching. PLoS ONE

Chen M-C, Hong M-C, Huang Y-S, Liu M-C, Cheng Y-M, Fang L-S (2005) ApRab11, a cnidarian
homologue of the recycling regulatory protein Rab11, is involved in the establishment
and maintenance of the Aiptasia—Symbiodinium endosymbiosis. Biochem Biophys Res
Commun 338:1607-1616

Connell JH (1978) Diversity in tropical rain forests and coral reefs. Science 199:1302-1310

Costanza R, de Groot R, Sutton P, van der Ploeg S, Anderson SJ, Kubiszewski |, Farber S, Turner
RK (2014) Changes in the global value of ecosystem services. Glob Environ Change
26:152-158

Cunning R, Muller EB, Gates RD, Nisbet RM (2017) A dynamic bioenergetic model for coral-
Symbiodinium symbioses and coral bleaching as an alternate stable state. J Theor Biol
431:49-62

Douglas AE (2003) Coral bleaching—how and why? Mar Pollut Bull 46:385-392

Downs CA, Kramarsky-Winter E, Martinez J, Kushmaro A, Woodley CM, Loya Y, Ostrander GK
(2009) Symbiophagy as a cellular mechanism for coral bleaching. Autophagy 5:211-216

10



Eckrich C, RLF Francisca, HS Rempel, E Ren. (2021) Coral Bleaching in the Bonaire National Marine
Park 2016 - 2020. STINAPA Bonaire National Parks Foundation.

Eddy TD, Lam VWY, Reygondeau G, Cisneros-Montemayor AM, Greer K, Palomares MLD, Bruno
JF, Ota Y, Cheung WWL (2021) Global decline in capacity of coral reefs to provide
ecosystem services. One Earth 4:1278-1285

Edmunds PJ, Davies PS (1986) An energy budget for Porites porites (Scleractinia). Mar Biol
92:339-347

Executive Council of the Bonaire Island Territory (2010) Island Resolution Nature Management
Bonaire. Section Ill- Protection of Animal and Plant Species.

Falkowski PG, Dubinsky Z, Muscatine L, Porter JW (1984) Light and the Bioenergetics of a
Symbiotic Coral. BioScience 34:705-709

Fautin DG, Buddemeier RW (2004) Adaptive bleaching: a general phenomenon. Hydrobiologia
530:459-467

Fujise L, Yamashita H, Suzuki G, Sasaki K, Liao LM, Koike K (2014) Moderate Thermal Stress
Causes Active and Immediate Expulsion of Photosynthetically Damaged Zooxanthellae
(Symbiodinium) from Corals. PLOS ONE 9:e114321

Glynn PW (1984) Widespread Coral Mortality and the 1982—-83 El Nifio Warming Event. Environ
Conserv 11:133-146

Grottoli AG, Warner ME, Levas SJ, Aschaffenburg MD, Schoepf V, McGinley M, Baumann J,
Matsui Y (2014) The cumulative impact of annual coral bleaching can turn some coral
species winners into losers. Glob Change Biol 20:3823-3833

Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the world’s coral
reefs. Mar Freshw Res 50:839-866

Hoegh-Guldberg O, Poloczanska ES, Skirving W, Dove S (2017) Coral Reef Ecosystems under
Climate Change and Ocean Acidification. Front Mar Sci 4:1-20

Hughes TP, Kerry JT, Alvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, Babcock
RC, Beger M, Bellwood DR, Berkelmans R, Bridge TC, Butler IR, Byrne M, Cantin NE,
Comeau S, Connolly SR, Cumming GS, Dalton SJ, Diaz-Pulido G, Eakin CM, Figueira WF,
Gilmour JP, Harrison HB, Heron SF, Hoey AS, Hobbs J-PA, Hoogenboom MO, Kennedy
EV, Kuo C, Lough JM, Lowe RJ, Liu G, McCulloch MT, Malcolm HA, McWilliam MJ,
Pandolfi JM, Pears RJ, Pratchett MS, Schoepf V, Simpson T, Skirving WJ, Sommer B,
Torda G, Wachenfeld DR, Willis BL, Wilson SK (2017) Global warming and recurrent mass
bleaching of corals. Nature 543:373-377

11



Jackson JBC, Donovan MK, Cramer KL, Lam V, Lam W (2014) Status and Trends of Caribbean
Coral Reefs: 1970-2012. Global Coral Reef Monitoring Network, IUCN, Gland,
Switzerland

Johnston EC, Counsell CWW, Sale TL, Burgess SC, Toonen RJ (2020) The legacy of stress: Coral
bleaching impacts reproduction years later. Funct Ecol 34:2315-2325

Jokiel PL, Coles SL (1977) Effects of temperature on the mortality and growth of Hawaiian reef
corals. Mar Biol 43:201-208

Kuffner IB, Walters LJ, Becerro MA, Paul VJ, Ritson-Williams R, Beach KS (2006) Inhibition of
coral recruitment by macroalgae and cyanobacteria. Mar Ecol Prog Ser 323:107-117

Ladd MC, Shantz AA, Bartels E, Burkepile DE (2017) Thermal stress reveals a genotype-specific
tradeoff between growth and tissue loss in restored Acropora cervicornis. Mar Ecol Prog
Ser 572:129-139

Leinbach SE, Speare KE, Rossin AM, Holstein DM, Strader ME (2021) Energetic and reproductive
costs of coral recovery in divergent bleaching responses. Sci Rep 11:23546

Lesser MP (1997) Oxidative stress causes coral bleaching during exposure to elevated
temperatures. Coral Reefs 16:187-192

Liu G, Heron SF, Eakin CM, Muller-Karger FE, Vega-Rodriguez M, Guild LS, De La Cour JL, Geiger
EF, Skirving WJ, Burgess TFR, Strong AE, Harris A, Maturi E, Ignatov A, Sapper J, Li J,
Lynds S (2014) Reef-Scale Thermal Stress Monitoring of Coral Ecosystems: New 5-km
Global Products from NOAA Coral Reef Watch. Remote Sens 6:11579-11606

McClanahan TR, Ateweberhan M, Ruiz Sebastian C, Graham NAJ, Wilson SK, Bruggemann JH,
Guillaume MMM (2007) Predictability of coral bleaching from synoptic satellite and in
situ temperature observations. Coral Reefs 26:695-701

Meesters EH, Bak RPM (1993) Effects of coral bleaching on tissue regeneration potential and
colony survival. Mar Ecol Prog Ser 96:189-198

Muscatine L, Porter JW (1977) Reef Corals: Mutualistic Symbioses Adapted to Nutrient-Poor
Environments. BioScience 27:454-460

NOAA Coral Reef Watch. (2024). NOAA Coral Reef Watch Version 3.1 Daily 5km Satellite Regional
Virtual Station Time Series Data for Southeast Florida, Mar. 12, 2013-Mar. 11, 2014.
College Park, Maryland, USA: NOAA Coral Reef Watch. Accessed Oct 2024 at
https://coralreefwatch.noaa.gov/product/vs/data.php.

12



Oliver J, P Marshal, N Setiasih, L Hansen. (2004) A Global Protocol for Assessment and Monitoring
of Coral Bleaching. NAGA, WorldFish Center 27(1-2): 49-53.

Pernice M, Hughes DJ (2019) Forecasting global coral bleaching. Nat Clim Change 9:803—-804

Reaka-Kudla ML (1997) The Global Biodiversity of Coral Reefs: A comparison with Rain Forests.
In: Reaka-Kudla M.L., Wilson D., Wilson E. (eds) Biodiversity Il: understanding and
protecting our biological resources. Joseph Henry Press, Washington, D.C., pp 83-108

Richards ZT, Day JC (2018) Biodiversity of the Great Barrier Reef—how adequately is it
protected? Peer) 6:e4747

Roth MS (2014) The engine of the reef: photobiology of the coral—algal symbiosis. Front
Microbiol 5:422

Silverstein RN, Cunning R, Baker AC (2015) Change in algal symbiont communities after
bleaching, not prior heat exposure, increases heat tolerance of reef corals. Glob Change
Biol 21:236—-249

Slijkerman DME, Ledn R de, Vries P de (2014) A baseline water quality assessment of the coastal
reefs of Bonaire, Southern Caribbean. Mar Pollut Bull 86:523-529

Steneck RS, SN Arnold, H DeBey. (2011) Status and Trends of Bonaire’s Coral Reefs 2011: Cause
for grave concerns. Report to the STINAPA Bonaire National Parks Foundation.

Steneck RS, Arnold SN, Boenish R, de Leédn R, Mumby PJ, Rasher DB, Wilson MW (2019)
Managing Recovery Resilience in Coral Reefs Against Climate-Induced Bleaching and
Hurricanes: A 15 Year Case Study From Bonaire, Dutch Caribbean. Front Mar Sci 6:1-12

Sully S, Burkepile DE, Donovan MK, Hodgson G, van Woesik R (2019) A global analysis of coral
bleaching over the past two decades. Nat Commun 10:1-5

TEEB NL (2012) The Economics of Ecosystems and Biodiversity on Bonaire: What’s Bonaire’s
Nature Worth?

Warner ME, Fitt WK, Schmidt GW (1999) Damage to photosystem Il in symbiotic dinoflagellates:
A determinant of coral bleaching. PNAS 96:8007—-8012

Wear SL, Thurber RV (2015) Sewage pollution: Mitigation is key for coral reef stewardship. Ann
N Y Acad Sci 1355:15-30

13



Appendices

Appendix 1. A graph showing cumulative thermal stress from January 2023 to October 2024 for
Aruba, Curacao and Bonaire recorded by US National Oceanic and Atmospheric Administration
(NOAA) Coral Reef Watch program. Sea surface temperatures (SST) are shown on the left,
where a typical bleaching threshold of 29°C is shown in blue, the purple line shows observed
SST, blue crosses show the historical average temperature (°C), and gray lines show the SST
within a 5 km range. Degree heating weeks (DHW) are shown on the right, calculated based on
how high SSTs are above historical mean monthly values and how long those temperatures
have been sustained. Bleaching Watches (yellow) occur when SST approaches 29°C, Warnings
(orange) occur when DHWs exceed 0, Alert Level 1 (bright red) occurs at 4 DHWS when
bleaching is likely for some coral species, and Alert Level 2 (dark red) occurs at 8 DHWs when
widespread bleaching and significant coral mortality are likely.
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Appendix 2. Mean percentage of coral colonies affected by visible thermal stress ranging from
paling to recent mortality from 2016 - 2023 by site and depth (n=2 surveys per depth).
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