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A B S T R A C T   

Coral reefs are among the most biologically diverse and complex marine ecosystems on Earth. However, 
anthropogenic impacts continue to degrade coral reefs worldwide, potentially increasing the ability for localized 
climatic irregularities or fluctuations to cause rapid changes to habitats over limited spatial scales. Bora-Bora 
Island was impacted by one such irregularity between 02th and January 05, 2020, with adjacent reefs sub-
jected to a combination of low tides, high temperature and algal bloom. Our monitoring surveys showed that 
after only four days of these conditions, live coral cover on some Bora-Bora reefs rapidly declined from 80 ± 7% 
to 20 ± 7%. In addition, the density of fishes and giant clams also decreased (i.e., respectively, from 3.6 to 6.1 
individuals per m2 before climatic anomaly to 2.6 and 2.2 individuals after climatic anomaly). This study sug-
gests that, as the mean environmental conditions continue to move towards to abiotic limits on coral reef growth 
and persistence, even small fluctuations above these limits could have dramatic impacts on the resilience of reef 
communities.   

1. Introduction 

Over the past four decades, the effects of global climate change and 
other anthropogenic pressures have led to the definitive loss of 20% of 
the world’s coral reefs with the remainder increasingly at risk (Hughes 
et al., 2017; Morrison et al., 2019). In addition to representing one of the 
most biologically diverse, complex, and ecologically important marine 
ecosystems worldwide, coral reefs support a variety of essential socio-
economic and physical processes including food production, tourism, 
biotechnology, and coastal protection (Costanza et al., 2014). As many 
island nations, such as those within the South Pacific, are dependent on 

these processes for socioeconomic security (Moritz et al., 2018), there is 
a critical need to assess the breadth of anthropogenic effects on coral 
reefs to ensure effective conservation and management (Morrison et al., 
2020). In addition to identifying impacts on coral reefs over broad 
spatial and temporal scales, there is also the need to determine the po-
tential for local-scale impacts in areas of particular economic, cultural, 
or environmental importance in order to ascertain the specific conse-
quences for the communities that rely on them (Hoegh-Guldberg et al., 
2015; Rassweiler et al., 2020). 

In French Polynesia, one such area is Bora-Bora, small volcanic island 
of 30 km2 with coral reefs amounting to an area of 78 km2 (Gabrie et al., 
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1994). Often called the ‘Pearl of the Pacific’, Bora-Bora is a major in-
ternational tourist destination with the local economy dependent on the 
tourism and service industry (Lepresle, 2017). Bora-Bora has long 
featured prominently in advertising for French Polynesia as a whole, due 
to both its aesthetic charms as well as its commitment to environmental 
protection (Blondy, 2010; Lepresle, 2017). For instance, Bora-Bora is the 
only French Polynesian location to have received an international Blue 
Flag certification since 1999, a well-known international ecotourism 
label identifying exemplary environmental quality (Lepresle, 2017). 
Despite the importance of its marine environment to the French Poly-
nesian tourism industry, the Bora-Bora reef complex has received 
comparatively little attention in terms of biodiversity research and 
monitoring (Gabrie et al., 1994; Lepresle, 2017). Consequently, changes 
to these environments due to anthropogenic activities are at risk of being 
overlooked, with likely flow-on effects for the ecosystem services they 
provide. 

Extreme weather events and temperature abnormalities are 
increasing in frequency and severity as a result of climate change (Fey 
et al., 2015), with the large-scale spatial and temporal effects on coral 
reef ecosystems clearly evident (Hughes et al., 2017; Moritz et al., 2018; 
Morrison et al., 2019). However, as sea-surface temperatures steadily 
rise even short-term highly localized fluctuations in weather and oceanic 
conditions may have dramatic consequences for reef communities 
(Lecchini et al., 2020). One such irregularity appears to have occurred at 
Bora-Bora in early 2020. As recently shown at another French Polyne-
sian location, Anaa atoll (Lecchini et al., 2020), rapid short-term 
changes to environmental conditions can have catastrophic localized 
impacts on remote coral reefs. To this end, we opportunistically sur-
veyed the Bora-Bora reefs before and after this environmental abnor-
mality in order to explore the effects of high temperature, hypoxia and 
algal bloom on the survival of marine species (coral, giant clams and 
fish). The aim of the present study is therefore to highlight how 
vulnerable coral reefs may be to such rapid and local threats of climate 
change. 

2. Materials & methods 

Weather conditions in December/January at Bora-Bora are generally 
as follows: water temperatures between 26 and 28◦c, East wind at speeds 
of between 5 and 20 knots, wave action (South waves: 0.5–1 m heights, 
5–15 s period; North waves: 0.5–1.5 m heights, 5–10 s period), tides 
between 0.1 and 0.4 m, rainfall between 10 and 80 mm per day (data 
from windy.com). However, between 02th and January 05, 2020, the 
reefs within the Matira sector of Bora-Bora lagoon (South part of island) 
were subjected to a short period of highly irregular environmental 
conditions and water parameters. Meteorological data revealed that 
water temperatures rose to above 32◦c throughout this period. This in-
crease in temperature was combined with a period of sustained north-
erly wind at speeds of between 16 and 27 knots and strong wave action 
(2–2.2 m wave heights, and 15–21 s wave period). Tides were unusual 
low (<0.1 m), frequently exposing corals on the back reef. There were 
also high levels of rainfall immediately preceding this period (>70 mm 
per day). These unusual conditions coincided with a harmful algal 
bloom at the site, likely composed of diatoms, dinoflagellates or fla-
gellates (Rodier et al., 2019). The two last hypoxic events and temper-
ature warming known at Bora-Bora date from 1984 to 2002 (Salvat 
et al., 2002). 

In August 2019, surveys on were conducted on SCUBA at three sites 
along the southern Matira sector of Bora-Bora lagoon, with both the 
back reef and barrier reef surveyed at each site (Fig. 1). These surveys 
assessed benthic community composition, fish community composition 
and abundance, and giant clam (Tridacna gigas) abundance. At each reef, 
two 20 m transects were placed across the reef from a haphazardly 
chosen location. At each 1 m point along the transect, the substrate 
underneath was recorded using the following categories: coral rubble, 
sand, macroalgae, and scleractininan coral to genus. In addition, the 

condition of each coral (live or dead) was recorded. Fishes and giant 
clams were also surveyed along these 20 m transects, extended out to 
form a 5 m belt (i.e. 100 m2 sampling area). Whether giant clams 
observed were alive or dead was noted, while fishes were recorded to 
species and ontogenetic stage (adult or juvenile). Fishes were assessed 
over two successive passes of the transect. On the first pass, the observer 
recorded highly mobile fishes that were weary of the diver’s presence. 
On the second pass, less mobile and more site-attached species were 
recorded. These surveys were repeated using the same methods in 
February 2020 following the climatic anomaly outlined above. 

As the abundance of juvenile fishes varies between August and 
February due to annual recruitment patterns (Lecchini et al., 2004; 
Barth et al., 2015), we only took adult fishes into consideration. Sub-
sequent analyses were conducted on total fish density (all species taken 
into consideration), on resident fish density, on butterflyfish (Chaeto-
dontidae) density and on Stegastes spp. damselfish (Pomacentridae) 
density. Resident fish species belonged to the following families: 
Pomacentridae (all fishes except for the Stegastes species), Holocen-
tridae, Pomacanthidae (mainly Centropyge species), Serranidae, Mur-
anidae, Scorpaenidae, and Tetraodontidae (mainly Canthigaster 
species). Resident fishes are strongly associated with scleractinian coral 
habitats and may display limited movement following disturbance (Siu 
et al., 2017). As obligate and facultative corallivores, Chaetodontidae 
species are a good ecological indicator of living coral colonies 
(Thompson et al., 2019), while Stegastes species (mainly S. nigricans and 
S. fasciolatus) are an ecological indicator of dead coral colonies with 
algal turf (Tebbett et al., 2020). The percentage cover of each substrate 
type, the density of live or dead giant clams (number of individuals per 
m2) and number of fishes were analyzed using Wilcoxon paired tests on 
each habitat before and after climatic anomaly. 

Fig. 1. Localization of Bora-Bora island in French Polynesia (South Pacific) (a, 
b) and map of Matira sector (c) showing the back reef and barrier reef of the 
three sampling sites (number in the stars). The surfaces of back reef (red line) 
and barrier reef (green line) are respectively, 1 km2 and 1.6 km2. On the barrier 
reef, the visual survey of fish, coral and giant clams were conducted on the 
patch reefs, and not on the coral rubble splitting the patch reefs from each 
other. The visual surveys were conducted on the three sites (site 1: 
16◦32′53.27′′S – 151◦47′12.99′′W; site 2: 16◦33′9.40′′S – 151◦43′25.81′′W, site 
3: 16◦32′51.22′′S – 151◦42′4.07′′W), but also between the sites. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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3. Results 

For substrate surveys, live coral cover decreased significantly on 
back reefs after the anomaly (Wilcoxon paired test, V = 0, P = 0.035). 
While at site 1, live coral cover at the back reef accounted for 78 ± 3% of 
the substrate in August 2019 and 73 ± 3% in February 2020, sites 2 and 
3 were more severely impacted with a reduction in live coral cover from 
78 ± 11% to 28 ± 3% and from 80 ± 7% to 20 ± 7% respectively. In 
parallel, the proportion of dead coral increased significantly on back 
reefs, mainly on sites 2 and 3 (Wilcoxon paired test, V = 21, P = 0.035) 
(Fig. 2a). On the barrier reefs, live coral (Wilcoxon paired test, V = 10, P 
= 0.59) and dead coral (Wilcoxon paired test, V = 15, P = 0.39) covers 
did not vary significantly, even though site 3 displayed a drastic 
decrease from 65 ± 7% to 15 ± 1% (Fig. 2b). Among coral genera, 
Pocillopora and Acropora were the most impacted (no live corals from 
these genera were observed alive in February 2020 at sites 2 and 3 on the 
back reefs) in comparison to Porites and Montipora. 

While not significant, the abundance of live giant clams tended to 
decrease on back reefs (Wilcoxon paired test, V = 2, P = 0.09). The 
density at site 1 did not change, with 2.1 individuals per m2 in August 
2019 and 2.2 individuals per m2 in February 2020 (Fig. 3a). In contrast, 
there was a notable drop on sites 2 and 3, with density decreasing from 
1.2 to 0.05 individuals per m2 at site 2, and from 2.7 to 0.01 individuals 
per m2 at site 3 (Fig. 3a). Moreover, the density of dead giant clams 
increased significantly on back reefs (V = 21, P = 0.035) as no dead 
individuals were found in August 2019 in any site and up to 0.22 dead 
individuals per m2 could be observed in site 2 in February 2020. On the 
barrier reef, no significant difference was found for live and dead giant 
clams (V = 6, P = 0.43; V = 10, P = 0.09, respectively) (Fig. 3b). 

For fishes, total abundance on back reefs decreased significantly 

(Wilcoxon paired test, V = 0, P = 0.031), from 1.7 to 1.3 fishes per m2 on 
site 1, from 0.8 to 0.5 fish per m2 on site 2, and from 1.1 to 0.3 fish per 
m2 on site 3 before and after the climatic anomaly (Table 1). Species 
richness also decreased significantly (V = 1, P = 0.05). While it 
remained similar at site 2, it decreased from 26.5 to 16.5 species on site 1 
and from 18 to 6.5 species at site 3 (Table 1). In contrast, the total 
abundance (V = 18, P = 0.15) and species richness (V = 10, P = 1) did 
not change on barrier reef for the three sites (Table 1). Surprisingly, the 
density of Chaetodon species did not vary between sites at both habitats 
(V = 10–12.5, P = 0.1–0.75). In contrast, the variation in the density of 
resident fish and Stegastes species was not uniform between sites. While 
they increased on site 1, they decreased on sites 2 and 3 but not 
significantly (V = 4.5–12.5, P = 0.24–0.75). Lastly, the visual surveys 
were conducted between the three sites, and also all around Bora-Bora 
lagoon. We did not observe any mortality of coral, fish and giant 
clams outside the Matira sector. 

4. Discussion 

Our study highlights that only four days of irregular environmental 
conditions was sufficient to cause a dramatic change in affected coral 
reef communities at Bora-Bora. Mass mortality, often due to temperature 
abnormalities and extreme hypoxic conditions (Altieri et al., 2017), 
have been previously showed in marine species on India coastline 
(Sachithanandam et al., 2017), in coral reefs of Jarvis Island (central 
Pacific – Vargas-Angel et al., 2019) or in reef fish adult in Cocos Islands 
(Hobbs and Macrae, 2012). Unfortunately, these dramatic mass mor-
tality events of marine species are occurring at an increasing rate (Fey 
et al., 2015; Lecchini et al., 2020). In our Bora-Bora surveys, live coral 
cover reduced significantly, with Pocillopora and Acropora species 
especially affected (Fig. 2). DeCarlo et al. (2017) showed a similar mass 
coral mortality at Dongsha Atoll (South China Sea). An unusually weak 
winds regime created low-flow conditions that amplified the 2 ◦C 
basin-scale anomaly. Mass coral bleaching quickly ensued, killing 40% 

Fig. 2. Substrate cover (%) of live coral and dead coral recorded at a) the back 
reef and b) the barrier reef before (August 2019) and after (February 2020) the 
climatic anomaly on the three sites at Bora-Bora (Matira sector). Values are 
mean ± SD. 

Fig. 3. Density of live and dead giant clams on a) the back reef and b) the 
barrier reef before (August 2019) and after (February 2020) the climatic 
anomaly on the three sites. Values are mean ± SD. 
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of the resident coral community (Acropora more impacted than Porites) 
in an unprecedented event within the past 40 years. At Bora-Bora, the 
two last hypoxic events and temperature warming date from 1984 to 
2002 (Salvat et al., 2002). At both dates, a period of meteorological calm 
combined with heavy precipitations, high sea-water temperatures 
(maximum temperature of 34◦c in January 2002) and the absence of 
swell from the south caused a dystrophic crisis with the development of 
bacteria and phytoplankton (dominated by dinoflagellates with di-
atoms). The harmful algal bloom leaded the anoxia of the environment, 
the bleaching event of corals (all species except Porites and Psammocora) 
and the mass mortality of fish and macro-invertebrates, but only on the 
South part of Island (Salvat et al., 2002). In January 2020, the low tide 
coupled with an algal bloom induced water hypoxia and the death of fish 
and giant clams, especially on the back reef (<20 cm water depth vs 1 m 
depth on the barrier reef). Almost all giant clams died on back reefs 
(Fig. 3) and fish abundance and density decreased strongly between 
August 2019 and February 2020 (Table 1). However, the increased 
number of dead giant clams were low (in abundance) compared to the 
decrease of living giant clams since only the recently dead clams that 
were still fixed on the reef with their muscle were recorded. It was 
impossible to know the date of clams’ mortality found on sand or rubble 
after the January and if this was due to the climatic anomaly or rather 
fishing. The main fish species affected by water hypoxia were resident 
species from families such as Pomacentridae (including Stegastes spe-
cies), Holocentridae, Pomacanthidae, Serranidae, Muranidae, Scorpae-
nidae and Tetraodontidae (Canthigaster). These fish species are strongly 
associated to a coral habitat and so would be unlikely to move away 
from back reef to avoid the hypoxia. 

Overall, our results provide further evidence that critical compo-
nents of reef communities, such as corals, giant clams and fishes from 
remote parts of the Central Pacific Ocean are not isolated from the ef-
fects of global climate anomalies (Moritz et al., 2018; Rassweiler et al., 
2020). Indeed, despite a variety of local conservation initiatives at 
Bora-Bora since 2002 (e.g., fishing restrictions, collective wastewater 
network, coral replenishment, establishment of a marine education area 
– Lepresle, 2017), this study highlights that coral reefs remain particu-
larly vulnerable to rapid and local threats linked to global climate 
change. Thus, this study highlights one essential but somehow under 
investigated question concerning both marine and terrestrial environ-
ments. What is the potential of resilience of an ecosystem exposed to 
such short term spectacular events compared to more long term ones? 
There is a need to better understand the impact of such short but strong 
climatic anomalies on the resilience of coral reef ecosystems and their 
consequences for the people who depend on their resources in order to 
formulate management strategies that can reduce their vulnerability 
over time (Moritz et al., 2018). 
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et du domaine – Délégation à la recherche de Polynésie française (con-
trat N3622 MED-EPHE), LabEx CORAIL (project 2018 Emul), ANR-19- 
CE34-0006-Manini, ANR-19-CE14-0010-SENSO, the Rāhui Forum and 
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