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tissue rather than transitioning to old dead skeleton. Such 
rapid post-bleaching recovery is unprecedented in mas-
sive Porites and resulted from remarkable self-regenera-
tion termed the ‘Phoenix effect’, whereby remnant cryptic 
patches of tissue that survived the 1997/1998 ENSO event 
regenerated and rapidly overgrew adjacent dead skeleton. 
Contrary to our earlier predictions, not only are large mas-
sive Porites relatively resistant to stress, they appear to 
have a remarkable capacity for recovery even after severe 
partial mortality.

Introduction

The impact of climate change has resulted in substantial 
changes to the world’s oceans, with an increase in average 
sea surface temperatures (Lough 2012) and the frequency 
of extreme warm events (Lima and Wethey 2012) over 
the past decades. Such climate shifts have led to intensi-
fication of thermal stress events on coral reef ecosystems, 
with a corresponding increase in the frequency and inten-
sity of coral bleaching events (McWilliams et  al. 2005; 
Selig et  al. 2010). The ecological impacts of these coral 
bleaching events have ranged from mild to severe, lead-
ing to local declines in diversity (Loya et al. 2001), cata-
strophic losses of coral cover (Edwards et al. 2001), shifts 
in community structure (van Woesik et  al. 2011), and in 
some instances, localized species extinctions (Glynn 
2011). Rates of recovery following coral bleaching events 
vary substantially across multiple scales, and may depend 
upon a multitude of factors, including pre-bleaching com-
munity structure, localized stresses, and previous distur-
bance history (e.g., Marshall and Baird 2000; Wooldridge 
2009; Thompson and Dolman 2010). While rapid recov-
ery has been observed at regional scales following severe 
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bleaching events (e.g., Diaz-Pulido et  al. 2009; Gilmour 
et al. 2013), some reefs have shown no signs of recovery 
over 10 years after bleaching-related mortality (e.g., Cheal 
et al. 2010).

The 1997/1998 El Niño Southern Oscillation (ENSO) 
event has been the single most severe global coral bleach-
ing event observed in recent history (Hoegh-Guldberg 
1999; Lough 2012). Extensive mortality was observed 
throughout the central Pacific region, including French 
Polynesia (Mumby et al. 2001). In general large, massive 
colonies of the genus Porites are found to be among the 
most resistant corals to bleaching, meaning that bleach-
ing symptoms rarely result in significant mortality (Mar-
shall and Baird 2000). However, in 1998, sea temperatures 
exceeded 36 °C in the lagoon of Rangiroa Atoll and led to 
the first reported major mortality event for this long-lived 
coral (Mumby et  al. 2001, 2004). A quarter of colonies 
were categorized as ‘recently dead’, defined as having less 
than 19 % of the colony surface was living (and in >90 % 
of cases this was <5 % living) and any live tissue was usu-
ally confined to small patches (<20  cm2). Overall, ~40–
80 % of living tissue in massive Porites colonies died in 
response to sustained elevated temperatures (Mumby et al. 
2001). Given that the combination of severe bleaching 
mortality, unusually large colony sizes and the slow-grow-
ing nature of massive Porites (~1.1  cm per year, Bessat 
and Buigues 2001), recovery of Porites to pre-bleaching 
levels was estimated to take at least 100  years (Mumby 
et al. 2001).

Here, we returned to Motu Tivaru 15  years after the 
mortality event to quantify the level of recovery. We find 
surprisingly rapid recovery of Porites assemblages to pre-
disturbance levels, primarily due to a previously underes-
timated yet significant mechanism of tissue regeneration 
termed ‘re-sheeting’ (Jordan-Dahlgren 1992), where rem-
nant surviving tissue rapidly recolonized recently dead 
skeleton. Such surprise resurrection of coral has been 
termed a ‘Phoenix effect’ (sensu Krupp et al. 1992).

Methods

Study site

Situated approximately 350  km northeast of Moorea 
(Fig. 1), Motu Tivaru is located within the northwest side 
of the lagoon of Rangiroa Atoll. Rising from the shallow 
sandy lagoon floor (~8  m depth), the reef framework at 
Tivaru is dominated by massive Porites spp., covering an 
approximate area of 10 ha (Mumby et al. 2004). Surveys of 
Tivaru were conducted in October 1998, 6 months after the 
mass bleaching event (Mumby et al. 2001), and resurveyed 
in March 2013.

1998 Surveys

In 1998, a total of seven large quadrats (5 ×  5  m2) were 
surveyed within randomly chosen locations at Tivaru (see 
Mumby et al. 2001, 2004 for further details). Briefly, six of 
the seven large quadrats were deployed within a rectangle 
located in satellite imagery through use of large white tar-
paulins (Mumby et al. 2004), and the coordinates for each 
corner were measured in the field using GPS. To estimate 
benthic cover on each reef using the same sample unit, 
1 m2 square areas were subsampled at random within each 
dataset, provided that they did not occur adjacent to one 
another. In total, 91 small quadrats (1  m2) were sampled, 
and the percent cover of benthic substrate recorded. Mas-
sive Porites substrates were categorized as either (1) living 
tissue, (2) ‘recently dead skeleton’ (corallite structure vis-
ible, usually colonized by filamentous algae), or (3) ‘old 
dead’ (corallite structure absent, grazing scars of herbivores 
often visible). The relative cover of these three categories 
for massive Porites substrates was calculated to determine 
the proportion of ‘living’, ‘recently dead’ and ‘old dead’ 
Porites.

In addition, five belt transects of approximately 6  m 
width and 20 m length were laid between white tarpaulin 
that were georeferenced (for further details, see Mumby 
et al. 2001). Each Porites colony along each transect was 
designated as ‘live coral’ if ≥80 % of the tissue was liv-
ing; recently dead if ≤19  % (though typically 5  %) of 
the tissue was living and the remainder was recently 
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Fig. 1   a Regional setting of Rangiroa in the Tuamotu Archipelago, 
French Polynesia, b Rangiroa Atoll, c site location at Tivaru (blue 
open ocean, light blue lagoons, beige reef rim, green land)
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dead; partially dead if the extent of living tissue fell 
between 20 and 79 %; and old dead if the colony simply 
comprised eroded substrate. As the surfaces of massive 
Porites tend to comprise of mosaics of living tissue and 
dead skeletal patches (Mumby et al. 2001), we defined a 
colony as an autonomous skeletal mass (Meesters et al. 
1996).

2013 Surveys

In 2013, the same rectangular study site from 1998 was 
relocated using the corner GPS co-ordinates. Two paral-
lel transects of 30 m length and separated by 30 m were 
laid haphazardly across the center of the site. Porites 
colonies adjacent to transects were systematically iden-
tified, and quadrats (0.25  m2) placed at random on each 
colony. In total, 63 small quadrats were sampled, and 
the percent cover of benthic substrate recorded. Massive 
Porites substrates were categorized as either (1) living tis-
sue, (2) ‘recently dead skeleton’ (corallite structure vis-
ible, usually colonized by filamentous algae), or (3) ‘old 
dead’ (corallite structure absent, grazing scars of herbi-
vores often visible) following the same methodology as 
1998 surveys. The relative cover of these three categories 
for massive Porites substrates was calculated to determine 
the proportion of ‘living’, ‘recently dead’ and ‘old dead’ 
Porites.

In addition, using GPS co-ordinates, we located and 
revisited the longest of the five belt transects laid in 1998, 
and resurveyed 25 colonies that had been surveyed in 1998. 
As per the 1998 surveys, each Porites colony along each 
transect was designated as either ‘live coral’, ‘recently 
dead’ ‘partially dead’, or ‘old dead’. Thus, we were able to 
undertake two complementary analyses: first, comparing 
the overall change in coral state as measured at a fine scale 
within quadrats, and second, at a whole-colony scale for 
the 25 colonies that were resurveyed in 2013.

Statistical analysis

To assess of recovery of massive Porites from bleaching-
related mortality at a quadrat scale, the relative cover of 
‘living’, ‘recently dead’ and ‘old dead’ categories of mas-
sive Porites substrates was compared between 1998 and 
2013 using a χ2 test. The relationship between ‘living’ 
Porites and depth and colony size in 2013 was tested using 
linear regression. To assess of recovery of massive Porites 
from bleaching-related mortality at a colony scale, the pro-
portion of colonies categorized as ‘live coral’, ‘recently 
dead’, ‘partially dead’ and ‘old dead’ was compared 
between 1998 and 2013 using a χ2 test. All statistics were 
conducted in R (‘stats’ package, R 2013).

Results

A total of 114 colonies of massive Porites were surveyed 
at Tivaru in March 2013. The size of colonies ranged from 
0.6 to 7.1 m, averaging 2.65 m. Surveys indicated an abun-
dance of healthy colonies (Fig.  2a–e), and whole colony 
mortality (Fig. 2f) was infrequent. No significant relation-
ship was observed between the percent cover of living tis-
sue with depth (R2 = 0.01, F = 1.246, p = 0.26) or colony 
size (R2 = 0.01, F = 0.96, p = 0.33).

In 1998 surveys, the relative percent cover of living 
Porites tissue was relatively low (32.5 %, Fig. 3a), A high 
relative cover of recently dead skeleton (24.6 %) indicated 
recent mortality following the bleaching, while the remain-
ing substrate was dominated by old dead skeleton (42.9 %). 
In contrast, 2013 surveys indicated a substantial and signif-
icant increase in the relative percent cover of living Porites 
tissue to 71.0 % (X2 = 82.1, p < 0.001, Fig. 3b). Minimal 
signs of recent mortality were observed in 2013, with the 
cover of recently dead skeleton less than 1 %, and the cover 
of old dead skeleton declined to 28.9 % cover (Fig. 3a).

Analysis of individual colonies in 1998 revealed that 
29.1  % of Porites were categorized as ‘live’ (>80  % liv-
ing tissue), while 25 % were ‘recently dead’ (≤19 % liv-
ing cover and remainder recently dead) and 16.7  % par-
tially dead (Fig. 4). Resurveys of the exact colonies in 2013 
revealed a significant difference in state among Porites than 
from 1998 (X2 = 11.37, p > 0.01). The number of Porites 
categorized as ‘live’ more than doubled to 64 %, while the 
proportion of Porites categorized as ‘partially dead’ was 
reduced fourfold to 4 %. In contrast to 1998, no colonies 
were categorized as ‘recently dead’.

To formally test whether the colonies exhibiting par-
tial mortality in 1998 (‘recently dead’ and ‘partially dead’ 
categories) exhibited recovery in 2013, we compared the 
number of corals in the ‘live’ and ‘old dead’ categories 
between 2013 (observed) and 1998 surveys—assuming 
that all ‘recently dead’ and ‘partially dead’ colonies tran-
sitioned into the ‘live’ category (predicted). That no sig-
nificant difference in the density of colonies was observed 
(X2  =  1.027, p  >  0.1) and supports the hypothesis that 
recovery to ‘live’ (>80  % living tissue) colonies in 2013 
was driven by the regeneration of ‘recently dead’ (≤19 % 
living tissue) and ‘partially dead’ (20–79  % living tissue) 
colonies.

Discussion

Situated within a shallow sandy lagoon floor, Tivaru rep-
resents a distinctive reef habitat, with the reef framework 
formed entirely by massive Porites. With an average width 
of 2.65 m, these colonies are true giants, with the largest 
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colony measuring 7.1 m wide. Following the calculations 
of Potts et al. (1985) and assuming a local growth rate of 
~1.1 ± 0.3 cm per year over the past two centuries (Bessat 
and Buigues 2001), the largest colony recorded in our sur-
vey is between 284 and 497 years old. Indeed, the major-
ity of colonies (66.1 %) within our surveys were >2 m in 
size, indicating that the Porites assemblages at Tivaru are 
stable and long-lived. Previous studies from multiple reefs 
across the Great Barrier Reef indicate that most Porites 
assemblages are dominated by substantially smaller size 
classes (<0.3 m), with only 0.9–2.7 % of colonies >2 m 

in size (Done and Potts 1992), and studies of three reef 
slope locations at Moorea (French Polynesia) revealed 
high densities of relatively small populations of massive 
Porites in shallow environments (6–12 m depth), with few 
large colonies existing only observed at deeper (18  m) 
sites (Adjeroud et al. 2007). The sheltered environment in 
the shallow lagoon likely protects these assemblages from 
catastrophic damage from cyclones observed in outer reef 
slope environments throughout the region (Harmelin-
Vivien and Laboute 1986), resulting in such longevity and 
dominance.

a b c

d e f

Fig. 2   a–e Community structure at Tivaru (Rangiroa) dominated by healthy massive Porites colonies, f old mortality in a colony of massive 
Porites colonized by small Acropora and Pocillopora colonies (<30 cm size)

a b

Fig. 3   a Percent cover of massive Porites substrates within quadrats 
categorized as either (1) living tissue, (2) recently dead skeleton (cor-
allite structure visible, usually colonized by filamentous algae), or (3) 
old dead (corallite structure absent, grazing scars of herbivores often 

visible) in 1998 and 2013 surveys (±standard error). b Relative per-
cent cover of massive Porites substrates within quadrats following the 
above categories in 1998 and 2013 surveys
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Despite the persistence of massive Porites populations 
throughout the previous centuries, Tivaru was severely 
impacted by the 1998 ENSO event. Sustained thermal 
stress above the March average of 28.8 °C for a period of 
3 months led to substantial bleaching at Rangiroa Atoll and 
throughout French Polynesia (Mumby et al. 2001). Surveys 
of Tivaru 6  months following the mass bleaching event 
revealed unprecedented recent mortality, with 44 % of area 
of living coral undergoing mortality subsequent to bleach-
ing (Mumby et al. 2001). Fifteen years following the mass 
mortality, our surveys of Tivaru documented surprisingly 
high rates of recovery. The relative cover of living tissue 
increased from 32.5 % in 1998 to 71 % in 2013, while the 
relative cover of recently dead tissue declined from 24.6 % 
in 1998 to <1 % in 2013. At a colony scale, resurveys of 
individual colonies in 2013 first surveyed in 1998 revealed 
that the proportion of Porites categorized as ‘live’ (>80 % 
living tissue) increased from 29.2  % in 1998 to 64  % in 
2013. This rapid recovery resulted from regeneration of 
existing living tissue within colonies previously categorized 
as either ‘recently dead’ (≤19 % living tissue) or ‘partially 
dead’ (20–79  % living tissue). Such recovery is remarka-
ble considering the generally slow growth rates of Porites. 
Assuming that recovery of massive Porites would neces-
sitate establishment of new colonies, following models of 
recruitment and recovery of massive Porites after crown-of-
thorns starfish outbreaks (Done 1988); Mumby et al. (2001) 
estimated recovery to pre-disturbance size structure at 
Tivaru would be in excess of 50 years. By resurveying the 
exact transect in 1998 and 2013, we were able to confirm 
the generality of our results. While 1998 surveys revealed a 
significant negative relationship between Porites mortality 
and depth in that shallow colonies experienced higher rates 

of mortality (Mumby et  al. 2001), we observed no corre-
lation between cover of living tissue and depth in 2013, 
indicating that shallow colonies had undergone substantial 
recovery. Further, no significant relationship was observed 
between colony size and cover of living tissue, indicating 
that regeneration occurred in colonies of all sizes.

Our observations and surveys of colony sizes indicate 
that the rapid recovery of massive Porites at Tivaru was 
driven by regeneration of existing surviving tissue within 
colonies, rather than recruitment from planular larvae. 
Such unusually rapid recovery has been termed the ‘Phoe-
nix effect’, (sensu Krupp et al. 1992), whereby corals, like 
the legendary Phoenix, rise from their ashes through rapid 
regeneration from cryptic tissues deep within the coral 
skeleton. Following the bleaching event of 1998, wide-
spread tissue necrosis leads to extensive partial mortality 
within colonies (Fig. 5a). However, small remnant patches 
of tissue survived the mortality often by being shaded in 
cryptic areas of colonies (e.g., hollows in the bumpy sur-
face of colonies, or skeletal depressions formed by the 
bioeroding bivalve Pedum spondyloideum, Fig. 5a, b). We 
hypothesize two mechanisms that may account for the 
rapid recovery following bleaching: Firstly, as Porites tis-
sues extend deep within the skeleton (Davies 1991), it may 
be possible that colonies that appeared dead from the sur-
face—even with overstorey canopies of algal turfs—may 
have recovered from remnant tissue surviving deep within 
the corallite structure. While such recovery from cryptic 
tissue has been observed in corals where no living tissue is 
visible from the surface and occurs on a timeframe ranging 
from weeks (Lirman et  al. 2002) to months (Krupp et  al. 
1992) after apparent mortality, in the absence of repeated 
post-bleaching surveys, it is difficult to ascertain in retro-
spect whether such response occurred at Tivaru. Secondly, 
remnant patches of cryptic living tissue that survive mor-
tality may coalesce through growth and fusion, resulting in 
recovery of colonies following partial mortality (Hughes 
and Jackson 1985; Loch et  al. 2002). Our observations 
in 2013 documented massive Porites colonies in various 
stages of ‘re-sheeting’ recovery (Fig.  5c–g). While such 
overgrowth of adjacent dead skeleton in Acropora occurs 
often without investing energy or resources into vertical 
accretion (Jordan-Dahlgren 1992), re-sheeting in massive 
Porites seems to occur through the vertical and horizontal 
growth of residual surviving tissue into small hemispheres 
(Fig. 5 c–g), that eventually coalesce to re-sheet the colony 
with a new layer several cm thick.

Either mechanism may account for our observation 
of rapid recovery at Tivaru. Regrowth by expansion of 
border polyps is less energetically costly than accreting 
growing new skeleton (Bak and Stewardvanes 1980). Re-
sheeting allows rapid expansion of colony surface area, in 
turn increasing the energetic resources of the colony, and 

Fig. 4   Proportion of Porites colonies categorized as ‘live coral’ 
(≥80 % of the tissue was living), recently dead (≤19 % living tissue 
and the remainder was recently dead); partially dead (20–79 % living 
tissue), and old dead (eroded substrate) from the longest transect sur-
veyed in 1998 and resurveyed in 2012
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reducing the area of skeleton available for colonization 
by bioeroders (Peyrot-Clausade et  al. 1995). As smaller 
patches continue to expand and cover larger areas of 
the colony, the surface to perimeter ratio of living tissue 
increases (Fig.  5b), further facilitating rates of recovery 
(van Woesik 1998). While this strategy has been com-
monly reported from Acropora species following extensive 
tissue loss (Jordan-Dahlgren 1992; Riegl and Piller 2001; 

Diaz-Pulido et al. 2009), to our knowledge, this is the first 
instance of mechanism occurring at such scales in massive 
corals such as Porites.

The rapid and extensive regenerative capacity of re-
sheeting observed in the present study is unusual, and con-
trasts with previous experimental studies that show slower 
regeneration and limited recovery from larger lesions 
in massive Porites (van Woesik 1998; Denis et  al. 2011). 

Fig. 5   a, b Still images from video footage captured 6 months after 
the bleaching event in 1998 showing ‘recently dead skeleton’ (coral-
lite structure visible, usually colonized by filamentous algae), with 
small surviving patches of remnant living tissue (marked with white 
arrows), c–g representative images from 2013 surveys of stages of 

re-sheeting in the recovery in massive Porites following bleaching-
related mortality (from dead skeleton through to 100 % regeneration), 
h latter stage recovery in a massive Porites colony in March 2013 
(direction of recovery indicated by red arrows)
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Yet, this unaccounted mechanism may explain previously 
documented recoveries of Porites, such as rapid increase in 
intertidal Porites spp. from 7 to 26 % cover within a sin-
gle year following dredging mortality (Brown et al. 1990). 
The resilience of Porites assemblages at Tivaru is likely to 
be associated with multiple factors: (1) an intact herbivore 
assemblage means turf algae is kept to a minimum, reduc-
ing competitive interactions with algae and regenerating 
coral borders (Jompa and McCook 2003; but see Titlyanov 
and Titlyanova 2009), (2) the sheltered lagoonal environ-
ment reduces wave-driven turbidity and results in relatively 
homogenous light fields (Anthony et  al. 2004), (3) the 
absence of fast growing branching or tabular corals at the 
site means that Porites are not diverting resources away 
from growth into competition for space and light (Lang 
and Chornesky 1990), (4) cyclones are relatively rare in 
French Polynesia, with only five major cyclones occurring 
since the beginning of the 20th century (1906, 1982, 1991, 
1997, and 2010, Adjeroud et al. 2002), (5) when cyclones 
do occur, wave disturbance and dislodgment is infrequent 
compared with outer reef slope environments (Harmelin-
Vivien and Laboute 1986), and finally (6) while crown-of-
thorns starfish have decimated adjacent reefs in the Society 
and Austral Archipelagoes (Kayal et  al. 2012), Rangiroa 
and other reefs in the Tuamotu Archipelago are yet to be 
impacted by crown-of-thorns outbreaks (Salvat et al. 2008), 
collectively implying that Tivaru has remained relatively 
unaffected by other recent episodic disturbances.

Thankfully, our projections for recovery of Porites at 
Tivaru to pre-bleaching levels of at least 100 years (Mumby 
et al. 2001) were overly pessimistic. Nonetheless, predicted 
increases in sea surface temperatures of 1.5 to 2.6  °C by 
the 2,100 (IPCC 2007) indicate that without an increase in 
thermal tolerance of 0.2–1.0  °C per decade, coral bleach-
ing events similar to the 1998 mass bleaching event could 
become a biannual event in the next 30–50 years (Donner 
et al. 2005). Such necessary increases in thermal tolerance 
are unlikely to result from adaptation through successive 
generations in massive Porites, considering their long gen-
eration times and limited capacity for recruitment (Kojis 
and Quinn 1982; Potts et al. 1985). However, the contribu-
tion of somatic mutation to the adaptive capacity of corals 
under climate change has been significantly underestimated 
to date (van Oppen et al. 2011). While Porites is generally 
resistant to bleaching (Marshall and Baird 2000), the extent 
of bleaching at a colony level is often patchy (Baird and 
Marshall 2002). Such a heterogeneous response may poten-
tially indicate genetic mosaicism within colonies resulting 
from somatic mutations (van Oppen et  al. 2011). Assum-
ing an average polyp density of 75 polyps per cm−2 (Tanzil 
et al. 2009), and that colonies approximate a hemispherical 
shape (2πr2), we estimate the largest Porites colony (radius 
3.55 m) to contain ~80 million individual polyps. With an 

average polyp lifetime of 2–3  years (Darke and Barnes 
1993), the scope for beneficial somatic mutation within col-
onies (van Oppen et al. 2011) is considerable. While partial 
mortality resulting from acute disturbance is often indis-
criminate (e.g., crown-of-thorns, Done 1988), bleaching 
acts as a selective mortality on susceptible genotypes within 
colonies (van Oppen et al. 2011). As such, it may be pos-
sible that the surviving patches of tissue that survived the 
1998 bleaching event (Fig.  5 a, b) represent mutant geno-
types that are better adapted to thermal stress, rather than 
remnant existing genotypes. If this were the case, then the 
Phoenix-like recovery of these newly evolved genotypes 
would confer rapid thermal tolerance in massive Porites at a 
colony scale over short timescales (i.e., 15 years). Whether 
this mechanism does occur and whether it can sustain 
recovery of massive Porites at Tivaru through successive 
bleaching events is unknown. Regardless, our observations 
of remarkable regenerative capacity and the ‘Phoenix effect’ 
in massive Porites following mass coral bleaching-related 
mortality provides an optimistic scope for resilience in an 
otherwise gloomy future for the worlds coral reefs.
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