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Abstract 

Coral bleaching is a major concern to researchers, conservations and the general public 

worldwide. To date, much of the high profile attention for bleaching has coincided with 

major environmental impacts and for many the term coral bleaching is synonymously 

associated with coral mortality (so-called “lethal” bleaching episodes). Whilst this 

synonymous association has undoubtedly been key in raising public support, it carries 

unfair representation: non-lethal bleaching is, and always has been, a phenomenon that 

effectively occurs regularly in nature as corals acclimatize to regular periodic changes in 

growth environment (days, seasons etc). In addition, corals can exhibit sub-lethal 

bleaching during extreme environmental conditions whereby mortality does not occur 

and corals can potentially subsequently recover once ambient environmental conditions 

return. Perhaps not surprisingly it is the frequency and extent of these non- and sub-lethal 

processes that yield key evidence as to how coral species and reef systems will likely 

withstand environmental and thus climatic change. Observations of non- and sub-lethal 

bleaching (and subsequent recovery) are arguably not as readily reported as those of 

lethal bleaching since (1) the convenient tools used to quantify bleaching yield major 

ambiguity (and hence high potential for mis-identification) as to the severity of 

bleaching; and (2) lethal bleaching events inevitably receive higher profile (media) 

attention and so are more readily reported. Under-representation of non- and sub-lethal 

bleaching signs may over-classify the severity of bleaching, under-estimate the potential 

resilience of reefs against environmental change, and thus ultimately limit (ifnot 

depreciate) the validity and effectiveness of reef management policies and practices. 

Whilst bleaching induced coral mortality must remain our key concern it must be better 



placed within the context of bleaching signs that do not result in a long-term loss of reef 

viability.  



Introduction— Coral bleaching is a global phenomenon that continually draws 

widespread attention from both scientific and public arenas. Researchers strive to gain 

greater understanding of the fundamental mechanisms involved, variability that exists 

across species and geographical regions, and to refine models predicting likely impacts of 

future events towards reef susceptibility and resilience. Simultaneously, assessors, 

conservationists and managers have expanded our knowledge of both temporal and 

spatial variability in bleaching episodes and consequences for society. However, such 

widespread efforts have potentially come at a cost of how bleaching is uniformly 

perceived and thus the ultimate accuracy of conclusions returned of bleaching severity.  

Anyone can in essence detect coral bleaching since the term simply refers to coral 

discolouration, specifically through loss of pigmentation (from corals’ symbiotic 

microalgae, termed zooxanthellae, but also from the coral cnidarian host tissue) as well as 

loss of entire zooxanthellae cells from the cnidarian tissue (Brown 1997, Fitt et al. 2001, 

Smith et al. 2005). Importantly, “non-lethal” coral discoloration, and by inference coral 

bleaching, is and always has been a natural phenomenon that is driven by inherent system 

variability in environmental condition, such as temperature, light, sediment loading and 

salinity (Stimson 1997, Brown et al. 1999, Fagoonee et al. 1999, Fitt et al. 2000; also 

Lesser 2004, Baker et al. 2008; see Fig. 1) as well as biological interactions, including 

disease, and microbial and corallivore activity (Rosenberg et al. 2007, Rotjan & Lewis 

2008). Bleaching is consequently a sign of numerous (not necessarily mutually exclusive) 

causative factors and in reality not straightforward to describe with a single underlying 

definition. For the purposes of this article we use the term bleaching to describe coral 

discolouration.  



Given the link between coral colouration and variability of environmental 

condition, it was perhaps inevitable that reports of coral bleaching episodes have 

increased over recent decades as reef environments have simultaneously experienced an 

unprecedented rate of environmental change (e.g. Lesser 2004, 2007, Hoegh-Guldberg et 

al. 2007, Baker et al. 2008). Importantly, an increase in the amplitude and frequency of 

environmental variability beyond that of the status quo, i.e. beyond average cycles of 

days, seasons etc., exacerbates coral bleaching (Hoegh-Guldberg et al 1999, Lesser 2007, 

see also Baker et al. 2008). Here, corals may be driven towards “sub-lethal” stress (e.g. 

Fitt & Warner 1995, Fitt et al. 2001, Fig. 1) whereby bleaching does not result in coral 

mortality and is ultimately reversible should ‘natural’ scales of environmental variability 

return for sufficient time (Fig. 1). Sub-lethal bleaching thus in essence affords some 

capacity to ride out periods of ‘stress’ (sensu Obura 2009). However, under the most 

extreme or rapid environmental change, corals exhibit an irreversible “end point” of the 

bleaching process, that of coral mortality. Extreme loss of coral zooxanthellae cells 

and/or host tissue necrosis occurs to leave only the bare underlying CaCO3 skeleton with 

no chance of recovery once favourable environmental conditions return. Such “lethal” 

bleaching induced coral mortality can result in negative cascade effects, via reductions to 

the net balance of reef accretion and the eventualchange in reef architecture that in turn 

impact reef form and function to the detriment of ecosystem diversity and service 

provision (e.g. Bellwood et al. 2006, Baker et al. 2008). Whilst these have direct 

consequences to the viability of populations directly dependent on reefs for subsistence, 

such cascades may further impact the aesthetic and diverse nature of reefs that ultimately 



generates income. It is thus not surprising that both local and international emphasis has 

been increasingly placed on detecting bleaching events that lead to coral mortality.  

Increased bleaching monitoring efforts have importantly increased the scales of 

data available to assess coral bleaching patterns (Spalding 2009); however, it is important 

to realise that all reports of bleaching are dependent upon what we, as both non-specialist 

assessors and specialist researchers, perceive to be bleached coral, i.e. nature, extent and 

severity. Impact afforded by both public and academic media reports is inextricably 

linked to consequence, and so bleaching events that result in coral mortality will 

inevitably gain more attention than non-lethal bleaching events associated with ‘natural’ 

environmental fluctuations. Less than ca. 5% of all scientific publications consider 

natural variability of coral bleaching (as of 1st November 2009 ISI Web Of Science, 

Thompson Scientific); thus knowledge transfer of the patterns and processes of bleaching 

from the academic arena to non-specialists is arguably already weighted towards a 

synonymous association of bleached corals with (impending) mortality. Such potential 

unfair representation should raise serious concerned, in particular where non-specialists 

must be increasingly responsible for locally collating data sets of coral bleaching that 

drive the management or policy decisions. 

It is undeniable that the common association between bleaching and mass coral 

mortality, in particular during recent thermal anomaly episodes, has been important for 

raising global support for reef research and conservation efforts. Following the 

‘precautionary principle’ (see Raffensberger & Tickner 1999) to assume a worst case 

scenario following the appearance of signs of bleaching potentially supports initiation of 

at least some mitigation. However, understanding when bleaching is truly ‘a problem’ 



and not part of the current status quo is a critical step if we are to generate the most 

informed and ultimately most effective management decisions. Bleaching induced mass 

mortality events undoubtedly have a resounding impact upon reef viability and 

economics; however, it is important that observations of bleaching not detrimental to 

coral viability, i.e. those indicative of a positive physiological response by corals to a 

change of their growth environment, are not misinterpreted as impending mortality and 

consequently that a reef is in a ‘state of decline’.  

The aim of this opinion article is thus to briefly highlight how signs of coral 

bleaching manifest in nature. In particular, how the capacity for positively responding 

(acclimatizing, sensu Gates & Edmunds 1999) to environmental change via physiology 

and behaviour carries a sign of bleaching that may (1) on occasion be misinterpreted as a 

stress response preceding mortality; and in fact (2) inform of species/systems that can 

best withstand stress conditions. For this, we consider how commonly used non-invasive 

tools, that have been increasingly contributing to global data bases quantifying coral 

bleaching, can yield signals that can be interpreted as both non-lethal and (sub)lethal 

responses. We further briefly discuss the implications of potentially misinterpreting non-

lethal bleaching as impending mortality. Importantly, this is not a review of the coral 

bleaching phenomenon (but we refer the reader to comprehensive reviews by Glynn 

1996, Brown 1997, Hoegh-Guldberg 1999, Fitt et al. 2001, Smith et al. 2005, Baker et al. 

2008, Weiss 2008 and Baird et al. 2009; see also van Oppen & Lough 2009) but instead a 

call (1) for more accurate interpretation and communication of the sign (and hence 

severity) of bleaching; in doing so, (2) to re-focus effortstowards non- and sub-lethal 

bleaching (including subsequent recovery), i.e. those phenomena that receive less 



attention and are perhaps less frequently reported, in understanding reef resilience under 

environmental change.  

 

Observing bleaching as evidence of impending mortality— The term bleaching can be 

used to describe a continuum from non-lethal to lethal episodes; thus, it is no wonder that 

researchers are still yet to reach a consensus as to the primary mechanism by which 

corals most commonly bleach. Substantial research has been directed towards 

understanding sub(lethal) coral bleaching episodes so as to identify how environmental 

change will result in a loss of reef form and function. In vivo thermal stress studies have 

now documented a range of physiological mechanisms that act to reduce the net 

photosynthetic capacity of thermally sensitive genotypes of the corals’ symbiotic 

zooxanthellae (Fitt et al. 2001, Smith et al. 2005, Baird et al. 2009, Takahashi et al. 

2009). This loss of photosynthetic capacity appears to coincide with an increased net 

production of reactive oxygen species (ROS), which can damage a range of cellular 

components, such as lipids and proteins, to induce severe physiological malfunction (for 

work on zooxanthellae see Lesser 1996, 2006, Tchernov et al. 2004, Suggett et al. 2008). 

In all cases, zooxanthellae are lost from the corals’ gastroderm tissue via expulsion or 

degradation (e.g. Gates et al. 1992, Dunn et al. 2002, Smith et al. 2005, Baird et al. 2009, 

Strychar & Sammarco 2009) presumably once physiological ‘costs’ effectively outweigh 

the advantages of maintaining the symbiosis. More recently, coral biologists have begun 

to acknowledge how the coral host itself can be negatively impacted by thermal stress, 

and thus its role in bleaching, via processes such as elevated ROS production by host 

tissues as well as loss of host tissue adhesion from the underling CaCO3 skeleton (Downs 



et al. 2002, Baird et al. 2009, Fitt et al. 2009, Vidal-Dupoil et al. 2009, but see also Gates 

et al. 1992).  

It is perhaps difficult (but not impossible) to expect that one single mechanism 

will ever solely explain bleaching in nature since the variety and complexity of (stress-

induced) bleaching mechanisms proposed to date come from a range of coral species and 

growth environments and inevitably reflect genotypic and phenotypic modifications of 

general patterns. One might expect that coral species under similar evolutionary 

constraints that govern fitness will exhibit similar bleaching mechanisms; specifically, 

exposure to environmental variability across the evolutionary age of any one species 

should be reflected in the ability to withstand subsequent environmental fluctuation. That 

said, the long-term advantages of tolerance, which likely carries significant energetic 

costs, must be weighted up against key life history traits such as the energy available for 

growth and fecundity.  (e.g. Loya et al. 2001, West & Salm 2003, Yee et al. 2008). 

Similarly, expected traits will be further mediated by acclimatization or adaptation to 

local environmental pressures, including extreme environmental variability (e.g. Brown 

et al. 2002, Brown & Dunne 2008), and their association with zooxanthellae of 

alternative stress tolerances. General patterns of bleaching, as a precursor to impending 

mortality, amongst coral species (genera) are indeed observed in nature (eg. Hoegh-

Guldberg & Salvat 1995, Loya et al. 2001, McClanahan et al. 2007); however, exceptions 

to such rules can convey key information and help elude to the full potential of reefs to 

withstand future environmental change.  

Implicating the severity of coral bleaching is inherently dependent upon how 

accurate bleaching observations are as signs of (impending) mortality. Convenient (non-



invasive) assays have been developed to examine two common and inconspicuous 

associated bleaching traits: a loss of coral colour and/orphotosynthetic efficiency (e.g. 

Fitt et al. 2000, 2001, Smith et al. 2005). Technological advances combined with 

widespread availability of methods that quantify these traits have no doubt significantly 

contributed to the rise of bleaching reports in recent years (for more detail see Baker et al. 

2008, Spalding 2009), in particular those of (impending) mortality; therefore, it is 

important to briefly consider these methods:  

Assessment of changes to coral colour and intensity can in essence by made 

optically, i.e. by eye; however, a more robust semi-quantitative assessment can be made 

using a convenient reference colour chart. Each reference colour is graded to interpret the 

severity of bleaching and thus of coral (reef) viability (Siebeck et al. 2006). This method 

in particular is incredibly cheap to implement and can result in a wealth of data. More 

sophisticated but standardised (bio-optical sensor) techniques, such as spectroradiometry, 

which can be sensed both directly upon the coral surface (Rodriguez-Román et al. 2006) 

and remotely from the reef (Mumby et al. 2001, Manzello et al. 2009) can also be used to 

assay coral colour and hence be interpreted to represent bleaching, but are inevitably 

more expensive and thus relatively inaccessible to most non-specialists. 

Despite the convenience of using coral colour, linking biomass with bleaching 

severity is fraught with difficulties for broad scale ecosystem assessments. Instead, 

approaches that examine physiological performance are more robust and can describe a 

response to environmental change at finer scales than through colour alone (e.g. Brown et 

al. 1999). For example, assessing photosynthetic viability can be made conveniently and 

rapidly but requires the use of a relatively expensive piece of hardware (an active 



fluorometer). Even so active fluorometry has gained notable popularity amongst both the 

research and monitoring communities. In principle, this approach should be simple since 

it employs a ‘point and shoot’ procedure to obtain the parameter of interest, the 

photochemical efficiency, termed Fv/Fm (comprised of measurements of the minimum 

(Fo) and maximum (Fm) fluorescence yield, such that Fv/Fm = [Fm – Fo]/ Fm, see Warner 

et al. in press). Numerous scientific publications have demonstrated that declines of Fv/Fm 

through changes of Fo and Fm, occur in response to heat stress for isolated zooxanthellae 

(e.g. Warner et al. 1999, Tchernov et al. 2004, Robison & Warner 2006, Suggett et al. 

2008) but also intact corals (e.g. Warner et al. 1996, Hill & Ralph 2006, Warner et al. in 

press). As with coral colour, a scale of Fv/Fm is effectively used to provide a quantitative 

grade for coral (reef) viability.  

Of major concern is where measured changes in colour or photochemical 

efficiency are incorrectly interpreted as a sign of impending mortality but are in fact 

evidence of non-lethal bleaching, i.e. false positives are recorded. Identifying such false 

positives across species, environments and bioregions is in fact a crucial factor if we are 

to (1) better understand how systems tolerate or even positively respond via 

acclimatization/adaptation to disturbance events; and (2) accurately gauge the rate of 

system decline (and subsequent recovery). However, as is a common theme in modern 

sciences, relatively neutral findings such as non- and sub-lethal bleaching often do not 

reach the mainstream scientific literature or public media, especially when in competition 

with science thatreports mass mortality events. 

 



 When bleaching is ‘beneficial’ to corals: alternative perceptions— Non-lethal bleaching 

episodes carry fundamental information that demonstrates physiological flexibility to 

variable environmental conditions in space and time; such bleaching is of course 

beneficial to the persistence of corals across ‘typical’ scales of environmental variability 

(e.g. Falkowski & Dubinsky 1981; but see also Obura 2009). In particular, a “photo-

acclimation model” can explain some instances of coral discoloration (and loss of 

photosynthetic efficiency) and hence the bleaching sign; this is particularly relevant in 

light of the non-invasive approaches that have contributed to the rapidly increasing global 

data sets of bleaching severity in recent years (above). Numerous publications from algal 

research demonstrate that a reduction in pigmentation per cell, in particular the major 

light harvesting pigment chlorophyll a, can occur as cells are solely exposed to elevated 

light intensity (e.g. MacIntyre et al. 2002, Hennige et al. 2009). Here, the discoloration 

that is observed is driven by an active safety mechanism designed to protect against over-

excitation of the light harvesting apparatus, i.e. downregulation. Photoacclimation thus 

enables phototrophs to re-adjust their physiology to maintain optimal steady state growth 

as the (light) environment changes. Similar characteristics are observed for zooxanthellae 

within corals acclimating to a light gradient throughout the water column (Falkowski & 

Dubinsky 1981, Lesser & Gorbunov 2000) or experiencing seasonal increases of light 

exposure (Stimson 1997, Brown et al. 1999, Fagoonee et al. 1999, Fitt et al. 2000). 

Photoacclimation also exists in shallow waters where strong gradients of bleaching can 

exist across individual colonies in response to the predominant direction of light stress 

(see Brown & Dunne 2008, and references therein).  



For many, photoacclimation typically refers to the response of the photosynthetic 

zooxanthellae within the coral host; however, the host has also been demonstrated to alter 

its pigmentation in response to light availability (Dove et al. 2006, D’Angelo et al. 2008). 

The reason for this is still not entirely clear but may act to support optimisation of the 

zooxanthellae’ maximum photosynthetic efficiency via photoenhancement or 

photoprotection, depending on the light environment for growth. Similarly, polyp 

behaviour via tentacular contraction and expansion can modulate and hence optimise the 

light environment of the associated zooxanthellae (Levy et al. 2003), in particular during 

periods of environmental stress (e.g. Brown et al. 1994). In doing so, ‘acclimatizaion’ can 

alter pigmentation density and hence coral colour without any consequence to longer 

term coral viability; here, the use of coral colour alone to classify the severity of 

bleaching would likely result in an erroneous interpretation of bleaching as a negative 

rather than positive response to environmental change.  

Photoacclimation not only potentially impacts the intensity of zooxanthellae and 

host coral colour but also the zooxanthellaes’ photochemical activity. Photoprotection 

implicitly results in a greater proportion of the absorbed excitation (light) energy being 

dumped as heat to avoid excess activation of the photochemical reaction centres (for 

examples from corals and isolated zooxanthellae see Warner et al. in press). 

Consequently, the photochemical efficiency decreases under ever increasing light 

intensity. This phenomenon is easily observed from measurements of photochemical 

efficiency from active fluorometry, i.e. Fv/Fm, for strains of isolated zooxanthellae when 

grown under various light intensities (Robison & Warner 2006, Hennige et al. 2009) but 

also for corals across natural light gradients (Lesser & Gorbunov 2000, Iglesias-Prieto et 



al. 2004, Winters et al. 2006, Hennige et al. 2008, Piniak & Brown 2009). Day-time 

tentacularcontraction may also act to lower values of Fv/Fm (see Levy et al. 2003). Again, 

under such conditions, active flourometry signals may also result in erroneous 

interpretation of bleaching as a negative rather than positive response to environmental 

change. 

Fluorometry-based studies now highlight that acclimation in response to changes 

in environment appear to be a major driver of variations of Fv/Fm in nature (Suggett et al. 

2009); thus, solely relying on changes of Fv/Fm to inform of stress-inducing bleaching 

may in many instances prove misleading. That is not to say fluorometry is an obsolete 

tool for monitoring coral viability; however, in order to determine whether variations of 

Fv/Fm are in fact the result of photoinhibition (and thermal stress) rather than from 

photoacclimation requires a much more sophisticated examination of the underlying 

nature by which Fv/Fm varies, i.e. Fo and Fm (as described by Gorbunov et al. 2001, 

Rodriguez et al. 2008, also Warner et al. in press). Here, a simple set of ‘rules’ can be 

employed to essentially deconvolute changes of Fo and Fm into signatures of stress 

(photodamage and photoinhibition) versus acclimation. Importantly, such analyses will 

inevitably require a more detailed treatment of the fluorescence data. Also, the ‘rules’ 

required to deconvolute changes of Fo and Fm into stress versus acclimation will be very 

different according to the protocols and instrumentation used to generate the fluorescence 

yields (see Suggett et al. 2003, Warner et al. in press). Given these additional constraints, 

fluorometry may prove less desirable to non-specialists as a convenient point and shoot 

“coral health meter”, at least initially.  



In addition to photoacclimation, changes to the (photosynthetic) community 

composition can also result in major variations of Fv/Fm and pigment concentration and 

hence colour (Suggett et al. 2009). For any population within the community the relative 

abundance of genotypes will be the direct result by which the environment at any one 

time favours some and discriminates others. The zooxanthellae community within the 

coral holobiont is no exception and the relative abundance of zooxanthellae genotypes of 

different stress tolerance is well known to alter temporally and spatially with environment 

(e.g. Iglesias-Prieto et al. 2004, Thornhill et al. 2006); in fact, such alterations may 

actually be a pre-requisite for the long term viability of the coral-zooxanthellae symbiosis 

with environmental change (Buddemeier & Fautin 1993, Baker et al. 2004, see also 

Baker et al. 2008). The zooxanthellaecommunity can be altered by ‘shuffling’ (sensu 

Baker 2003, Berkelmans & van Oppen 2006) between existing or acquiring (switching 

to) new zooxanthellae genotypes. Shuffling amongst the existing zooxanthellae 

community is analogous to up and down regulation of the existing gene pool and thus be 

considered acclimation by the holobiont. In contrast, conferral of this new genetic 

signature to the next holobiont generation or indeed zooxanthellae switching at any time 

is an adaptive response. Regardless of the process, a change in the zooxanthellae 

community will have a significant impact upon the zooxnathellaes’ photochemical 

efficiency (Fv/Fm) and amount of pigmentation per cell, and ultimately coral colour 

(Hennige et al. 2009), i.e. again confound the measurements gained from ‘convenient’ 

and readily available assays used to grade (sub)lethal bleaching:  

Laboratory investigations of zooxanthellae of a range of tolerances to light and 

heat stress demonstrate that under the same growth conditions more tolerant strains 



generally have higher values of Fv/Fm and pigmentation per cell (Robison & Warner 

2006, Hennige et al. 2009); as such, replacement of sensitive with tolerant zooxanthellae 

under stress will likely yield increases of Fv/Fm and zooxanthellaes’ (and hence coral) 

colour. Whilst these increases would not be interpreted as a stress response per se, they 

might be erroneously interpreted to be photosynthetic recovery by the original (pre-

stress) community. By the same reasoning, should corals switch or shuffle in favour of 

more stress sensitive zooxanthellae genotypes over time (for this to happen it would be 

assumed that returning the community back to dominance by stress sensitive genotypes 

provides some benefit to the growth and viability of the host under optimum 

environmental conditions), decreases of Fv/Fm and pigmentation per cell would be 

induced that may be interpreted as a sub(lethal) bleaching response. Either way, altering 

the symbiont community structure is a compounding factor that will influence how the 

dynamics associated with bleaching rate and recovery are interpreted and subsequently 

documented. 

 

Interpreting the severity of bleaching through patterns of bleaching— In turning to how 

(photo)acclimation, acclimatization and adaptation can provide a plausible alternative 

(non-lethal) sign of bleaching, it is important to consider when such bleaching might be 

mis-interpreted as (sub)lethal bleaching episodes. Seasonal increases in light intensity 

and availability are most often accompanied by increases in seawater temperature. As 

such, corals will be left susceptible to the proximal increase in light availability unless 

they can tolerate the increases in temperature. Researchers attempting to identify the 

primary environmental factor inducing mortality have repeatedly shown that whilst 



temperature induces photosystem de-activation, the rate at which this occurs will be 

dependent upon light availability (e.g. Lesser 1996, Robison & Warner 2006). An 

inherent positive association between light availability and seawater temperature would 

suggest that the ultimate capacity for acclimatizaton/adaptation (within the genetic 

constraintsof different coral species or indeed genera), i.e. non-lethal bleaching capacity, 

needs to be considered a key property determining the ultimate resistance to sub(lethal) 

bleaching. It is plausible to expect that strong patterns of acclimation to seasonal changes 

of light and temperature are evidence of physiological flexibility to environmental 

change. Similarly, that species found across extremes of light environment will also 

likely exhibit the greatest tolerance to variable environmental growth conditions and thus 

transient periods of stress (e.g. Yee et al. 2008). What is important to consider is that 

species observed to be paler, and thus bleached, when light and temperature are highest 

(and potentially most variable) may inevitably be misinterpreted as susceptible to 

(sub)lethal bleaching when in fact they may prove to be most tolerant. Indeed, seasonal 

co-variability between incident light intensity and seawater temperature may even imply 

that reef assessors would be more aware of the probability (perhaps even more actively 

looking for incidences) of (sub)lethal bleaching during periods when corals are most 

actively acclimatizing to high light. Such potentially fundamental concepts cannot be 

addressed at present but clearly warrant further attention, not only from the point of view 

of the underlying mechanisms that afford physiological flexibility but also how such 

observations are ultimately reported and applied. 

Inevitably more elaborate analyses of bleached corals for characteristics such as 

tissue quality (e.g. Rodrigues & Grottoli 2007) may help to confirm the true nature of the 



observed bleaching sign as non-lethal or (sub)lethal; however, these additional analyses 

not only require more sophisticated techniques that are rarely available but also 

undermine the advantages afforded by primary (non-invasive) assessment tools, i.e. their 

rapid in situ application with high spatial and temporal coverage by non-specialists. 

Therefore, it will be critical to set additional criteria if reef assessors are to continue to 

rely on measures of coral colour and/or Fv/Fm and simultaneously minimise incidents of 

false positives. In all cases, these criteria must consider localised changes of both biotic 

and abiotic (physic-chemical) variables, a statement that may seem obvious but still 

seems to elude many small scale assessments. Such criteria have been documented 

elsewhere but we briefly synthesise as follows: 

Firstly, quantifying the cycle with which corals respond to regular, environmental 

change (Stimson 1997, Brown et al. 1999, Fagoonee et al. 1999, Fitt et al 2000, Downs et 

al. 2002) will enable assessors to place the incidents of bleaching within the context of a 

‘business as usual’ scenario (Winters et al. 2006, Weeks et al. 2008, Piniak & Brown 

2009). In particular, such continuous observations will identify (i) the species that 

discolour seasonally; (ii) the nature (pattern) and extent to which these species discolour, 

and thus whether some species are genetically more prone to always being lighter in 

colour than many other species on the same reef, such as Astreopora gracilis. Here, 

understanding species-specific trends of tissue retraction in response to smaller scale 

variability (e.g. daily, tidal) will also be important; and (iii) quantify these various 

changes relative to the extent of environmental change. Variability of the extent of 

bleaching within species, systems should ultimately provide an index phenotypic (and 

genotypic) tolerance to environmental change.  Of course such observations require some 



level of interpretation relative to any potential shifting baseline between geographic 

location (Manzello et al. 2007) and as longer-term environmental (climatic) change 

progresses (e.g. Berkelmans 2008, Weeks et al. 2008). For example, these observations 

may need to further account for any potential localised adaptation that may occur. 

Without this detailed understanding of the system in question it is clear that opportunistic 

and/or sporadic assessments of bleaching at reef sites may result in a higher frequency of 

false positives and consequently a greater likelihood that a bleaching episode will be 

incorrectly declared and that stress tolerantcorals are labelled as stress sensitive. 

Secondly, it is important that we differentiate bleaching responses (non-lethal and 

(sub)lethal)) amongst the key reef architect species to understand potential consequences 

to the ecology of reef systems, require more detailed physiological understanding of the 

major reef formers. Studies generally acknowledge that species of Acroporidae and 

Pocilloporidae are often more susceptible than species of Poritidae and Favidae, to lethal 

bleaching (e.g. Hoegh-Guldberg & Salvat 1995, Loya et al. 2001, Obura 2001, 

McClanahan et al. 2007) under relatively low levels of residual environmental variability. 

Such differential susceptibility appears to correspond with alternative bleaching 

processes inherent to fast growing opportunistic (“type-1”, Obura 2001) versus slow 

growing persistent (“type-2”) coral species (e.g. Buddemeier & Fautin 1993, Fig. 1). 

Typically, type-2 species exhibit sub-lethal bleaching unless exposed to sudden and 

extreme (high residual) levels of environmental change (Fitt & Warner 1995, Fig. 1). 

Many instances of thermal induced (e.g. El Niño) mass coral bleaching events appear to 

induce a rapid loss of coral tissue to reveal the skeletons across large areas dominated by 

opportunistic (branching) species, i.e. a type-1 thermal stress. However, more localised 



stress events, in particular when stressors act in concert, may impact many more 

persistent species within the coral community. Understanding such species-specific 

differential characteristics of bleaching in response to stress thus has major consequences 

for reef structure and analysis of the community structure of the system in interest may 

subsequently provide a baseline for interpreting how productivity and biodiversity will 

likely be impacted by future thermal anomalies. 

Thirdly, and following the above considerations for different bleaching responses, 

observing the bleaching pattern at the coral colony level yields key clues as to the nature 

of bleaching and thus interpretation of its severity towards overall reef health, for 

example, corallivore grazer (Rotjan & Lewis 2008) or microbial (Rosenberg et al. 2007) 

activity. Both processes can severely impact upon coral viability and ultimately kill the 

entire colony in extreme cases.  

 

Towards a ‘fairer’ picture of coral bleaching— Increased awareness of bleaching and the 

common association with environmental (thermal) stress will no doubt lead to some 

misreporting of reefs as being under threat or in decline, in particular if the precautionary 

principle is in effect. Any efforts to improve bleaching predictions (Van Hooidonk & 

Huber 2009) are inherently dependent upon the accuracy of data available to truth current 

algorithms. A key objective is of course to minimise false positive reports of (sub)lethal 

bleaching; however, a more pressing need is to maximise reporting of non- and sub-lethal 

bleaching along with other key information of environment and species so that we can 

more confidently identify positive as well as negative outcomes of bleaching episodes. 

This is perhaps most relevant to local economies dependent on the presence of ‘healthy 



reefs’ that literally cannot afford for incidents of bleaching to be misinterpreted and 

consequently misreported. In particular, spot-checks on rarely visited areas may increase 

the likelihood of yielding false positives and thus misclassify how sensitive these areas 

are to thermal stress; such false positives also increase the likelihood that a system or 

species is identified as being able to recover (the rate and extent) post stress. Either way, 

misidentifying a bleaching event as lethal has immediate consequences to larger scale 

data sets that collate global information for improving environmental (e.g. Lesser 2007, 

McClanahan et al. 2007) or systematic (e.g. Riegl & Purkis 2009) models for bleaching 

predictions. Erroneous data will ultimately limit, perhaps even misinform, the predictive 

power of forecasting models (see Van hooidonk & Huber 2009) and so constrain the 

accuracy of information required to target management of larger scale reef systems.  

At local to regional scales, false positive reports of lethal bleaching (orconversely 

non-reports of non- and sub-lethal bleaching) have clear implications for identifying 

which areas of reef, and ultimately species, require preferential and targeted management. 

Informing how best to currently conserve species from direct anthropogenic pressures, 

such as coral harvesting (mining), fishing and tourism, requires fundamental knowledge 

of the bleaching susceptibility of the key species for the system in question. Indeed, 

sensitivity and susceptibility scoring of different species is an important tool for 

conservationists (West & Salm 2003, McClanahan et al. 2007), in particular when 

sensitivity scoring can be placed within the context of the general ecology of a species 

that accounts for differences in key life history traits. Arguably, only through such an 

ecophysiological approach is it possible to understand the relevant conservation priority 

for a species and its overall vulnerability to anthropogenic impacts (including thermally 



induced bleaching) (Loya et al. 2001, Yee et al. 2008); for example, highly sensitive 

type-1 opportunistic species often exist on reefs in high abundance when environmental 

conditions are optimal. Such high abundance, which is supported by high growth rates 

and fecundity, could thus be considered a survival strategy, in particular since the 

probability of colonising into refuges from environmental stress is increased (West & 

Salm 2003); high abundance of a species is not generally associated with vulnerability, 

but could thus be considered an index of high conservation priority. An alternative 

argument (although not necessarily mutually exclusive), is that most effort should be 

placed on conserving less susceptible persistent (type-2) species since these will likely be 

the key reef architects under future climate scenarios; that is of course unless species that 

are typically type-1 are able to adapt (see Baker et al. 2008, Berkelmans 2008, Jones 

2008).  

Generating the most accurate picture of bleaching susceptibility of key reef 

forming species and hence reef systems will therefore be critical for communities to 

ultimately implement any effective adaptive capacity for sustainability and income (see 

McClanahan et al 2008). Identifying reefs that are highly susceptible to, or indeed are 

already experiencing, (sub)lethal bleaching may indirectly win public and economic 

support in the short term. Indeed, one empirical study has suggested that bleaching will 

unlikely deter tourists from visiting (Andersson 2007); however, it is hard to imagine that 

impacted reefs will be as desirable as unimpacted reefs longer-term. Such concerns are 

certainly paramount for small island states, whose economy is ultimately dependent upon 

their environments being ‘desirable’. Unfortunately, through this reasoning comes a 

potential warning that reef managers and policy makers may not perceive it economically 



viable to declare true incidents of bleaching (i.e. ignoring the precautionary principle), at 

least in the short term. In particular, where new advice conflicts with already instigated 

adaptive practices that may have been established based on limited data. Of course this 

would have severe implications.  

Our variable interpretation of the nature of the coral bleaching sign no doubt 

relates to the ambiguity with which the term ‘bleaching’ has been used in both the 

scientific and public arenas in recent years. However, it is now critical that we as reef 

researchers, assessors and managers correctly identify whether episodes are indeed 

(sub)lethal, and potentially detrimental to long term reef form and function, or non-lethal 

and part of the natural process of reef environmental and biological variability. 

Furthermore we should make the most of the considerable effort that is currently invested 

in reef monitoring by ensuring that episodes of short term bleaching (non-l and sub-

lethal, followed by recovery) is given merit and heightened importance so that we gain a 

greater understanding of true system and species variability, variability in this sense 

potentially being a sign of partial resilience. For this, it is a priority that we evaluate key 

questions: Whether or not (1) the frequency of environmental induced (sub)lethal 

bleaching events has indeed increased to the extent stated (or can some be explained as 

non-lethal events)? (2) Variability of bleaching extent inherent to any given species or 

system can be considered a key parameter reflecting flexibility and hence long-term 

viability (rather than an artefact that simply clouds current attempts to correlate bleaching 

extent with broad scale changes of environment)? (3) Increased awareness has 

simultaneously led to increased sampling effort (with the probability for a greater return 



of false positives)? and (4)The frequency of reporting is a function of the willingness to 

report incidents (the precautionary principle)?  

It is most likely that the increased frequency in reports ultimately carries all four 

factors, the relative importance of each being dependant on site, time of year that 

sampling occurs and the degree of experience and expertise of the reef assessors. Of key 

priority is the interpretation of the generic bleaching sign solely as (impending) coral 

mortality. Instead it is imperative that researchers focus on the nature and extent of the 

variability of bleaching (within and between species, systems etc.) to more accurately 

gauge the capacity for potential resilience based on current physiological and genetic 

plasticity. Ultimately, convenient techniques for grading bleaching, which are perhaps 

our only means to generate the quantitative data needed to improve the temporal and 

spatial resolution of bleaching observations worldwide, can do this if data is better 

considered within their limitations (as briefly outlined here).  

Importantly, in minimising false-positive reports of (sub)lethal bleaching also 

comes the need to improve how well we communicate the nature of bleaching, in 

particular through the mainstream media and to the general public. Importantly, it is all of 

our responsibility to alter the public perception that ‘bleaching is always bad’. 

Unfortunately, mass mortality caused by bleaching, and the potential for impending mass 

mortality events, will likely always result in higher media coverage when compared to 

research that points to natural (non-lethal) variability of coral colour. To this end a 

greater degree of knowledge exchange is needed between coral researchers and assessors 

and the outcomes of such research and collaboration need to be fed back to managers and 

policy makers. It is ultimately up to the research community to ensure that such issues are 



resolved so the limited resources and efforts available to monitor/quantify bleaching can 

be used most effectively and appropriately.  

What is clear is that we must move beyond the most common perception that 

discoloured corals are always less ‘healthy’. In particular , non-lethal (and arguably sub-

lethal) bleaching events are part of a natural rhythm that enables corals to successfully 

respond to environmental variability or indeed, in the case of corallivore and microbial 

activity, contributes to sustaining trophic interactions and hence reef biodiversity. For 

this, it is imperative that the coral reef management community play a greater role: we 

need to understand the mechanisms of environmental resilience of key architect species, 

appreciate the variability between the different mechanisms, understand the important of 

refuge environments thereby incorporating such environments into management plans, 

and make the most (practically and theoretically) out of the high effort already invested in 

coral monitoring programmes.  As such, the different ‘types’ of bleaching are accurately 

identified and reported, not only in the scientific literature, but in a format accessible and 

therefore suitable to wider society and to policy makers in particular.  



References  

 

Andersson JEC (2007) The recreational cost of coral bleaching — A stated and revealed 

preference study of international tourists. Ecological Economics, 62, 704-715 

 

Baird AH, Bhagooli R, Ralph PJ, Takahashi S (2009) Coral bleaching: The role of the 

host. Trends in Ecology and Evolution, 24, 16-20. 

 

Baker AC (2003) Flexibility and specificity in coral-algal symbiosis: diversity, ecology 

and biogeography of Symbiodinium. Annual Review of Ecology, Evolution and 

Systematics, 34, 661-689. 

 

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. 

Estuarine Coastal and Shelf Science, 80, 435-471. 

 

Baker AC, Starger CJ, McClanahan TR, Glynn PW (2004) Coral Reefs: corals’ adaptive 

response to climate change. Nature, 430, 741. 

 

Bellwood DR, Hoey AS, Ackerman JL, Depczynski M (2006) Coral bleaching, reef fish 

community phase shifts and the resilience of coral reefs. Global Change Biology, 12, 

1587–1594. 

 



Berkelmans R (2008) Bleaching and mortality thresholds: how much is too much. In 

Coral bleaching: patterns, processes, causes and consequences (Eds. Van Oppen MJH, 

Lough JM) pp. 103-119. Ecological Studies Book Series, Springer Berlin Heidelberg. 

 

Berkelmans R, van Oppen MJH (2006) The role of zooxanthellae in the thermal tolerance 

of corals: a ‘‘nugget of hope’’ for coral reefs in an era of climate change. Proceedings of 

the Royal Society B, 273, 2305–2312. 

 

Brown BE (1997) Coral bleaching: causes and consequences. Coral Reefs, 16, 129-138. 

 

Brown BE, Dunne RP (2008) Solar radiation modulates bleaching and damage protection 

in a shallow water coral. Marine Ecology Progress Series, 362, 99-107 

 

Brown BE, Dunne RP, Ambarsari, Le Tissier MDA, Satapoomin U (1999) Seasonal 

fluctuations in environmental factors and variations in symbiotic algae and chlorophyll 

pigments in four Indo-Pacific corals. Marine Ecology Progress Series, 191, 53-69. 

 

Brown BE, Dunne RP, Goodson MS, Douglas AE (2002) Experience shapes the 

susceptibility of a reef coral to bleaching. Coral Reefs, 21, 119–126. 

 

Brown BE, Le Tissier MDA, Dunne RP (1994) Tissue retraction in the scleractinian coral 

Coeloseris mayeri, its effect upon coral pigmentation and preliminary implications for 

heat balance. Marine Ecology Progress Series, 105, 209–218. 



Buddemeier RW, Fautin DG. 1993. Coral bleaching as an adaptive mechanism. 

Bioscience, 43, 320-326. 

 

D’Angelo C, Denzel A, Vogt A, Matz MV, Oswald F, Salih A, Nienhaus G-U, 

Wiedenmann J (2008) Blue light regulation of GFP-like protein expression in reef-

building corals. Marine Ecology Progress Series, 364, 97-106. 

 

Dove SG, Lovell C, Fine M, Deckenback J, Hoegh-Guldberg O, Iglesias-Prieto R, 

Anthony KRN (2006) Host pigments: potential facilitators of photosynthesis in coral 

symbioses. Plant Cell Environment, 31, 1523-1533. 

 

Downs CA, Fauth JE, Halas JC, Dustan P, Bemiss J, Woodley CM (2002) Oxidative 

stress and seasonal coral bleaching. Free Radical Biology and Medicine, 33, 533–543. 

 

Dunn SR, Bythell JC Le Tissier MDA, Burnett WJ, Thomason JC (2002) Programmed 

cell death and cell necrosis activity during hyperthermic stress-induced bleaching of the 

symbiotic sea anemone Aiptasia sp. Journal of Experimental Marine Biology and 

Ecology, 272, 29-53. 

 

Fagoonee I, Wilson HB, Hassell MP, Turner JR (1999) The dynamics of zooxanthellae 

populations: A long-term study in the field. Science, 283, 843-845. 

 



Falkowski PG, Dubinsky Z (1981) Light-shade adaptation of Stylophora pistillata, a 

hermatypic coral from the Gulf of Eilat. Nature, 289,172–174. 

 

Fitt WK, Brown BE, Warner ME, Dunne TP (2001) Coral bleaching: interpretation of 

thermal tolerance limits and thermal thresholds in tropical corals. Coral Reefs, 20, 51-65. 

 

Fitt WK, Gates RD, Hoegh-Guldberg O, Bythell JC, Jatkar A, Grotolli AG, Gomez M, 

Fisher P, LaJuenesse TC, Pantos O, Iglesias-Prieto R, Franklin DJ, Rodrigues LJ, 

Torregiani JM, van Woesik R, Lesser MP.2009. Response of two species of Indo-Pacific 

corals, Porites cylindrica and Stylophora pistillata, to short-term thermal stress: The host 

does matter in determining the tolerance of corals to bleaching. Journal of Experimental 

Marine Biology and Ecology, 373, 102-110. 

 

Fitt WK, McFarland FK, Warner ME, GC Chilcoat (2000) Seasonal patterns of tissue 

biomass and densities of symbiotic dinoflagellates in reef corals and relation to coral 

bleaching. Limnology and Oceanography, 45, 677-685. 

 

Fitt WK, Warner ME (1995) Bleaching Patterns of Four Species of Caribbean Reef 

Corals. Biological Bulletin, 189, 298-307. 

 

Gates RD, Baghdasarian G, Muscatine L (1992) Temperature stress causes host cell 

detachment in symbiotic cnidarians: implications for coral bleaching. Biological Bulletin, 

182, 324-332. 



 

Gates RD, Edmunds PJ (1997) The physiological mechanisms of acclimatization in 

tropical reef corals. American Zoologist, 39, 30-43. 

 

Glynn PW (1996) Coral reef bleaching: facts, hypotheses and implications. Global 

Change Biology, 2, 495-502. 

 

Gorbunov MY, Kolber ZS, Lesser MP, Falkowski PG (2001) Photosynthesis and 

photoprotection in symbiotic corals. Limnology and Oceanography, 46, 75–85. 

 

Hennige SJ, Smith DJ, Perkins R, Consalvey M, Paterson DJ, Suggett DJ (2008) 

Photoacclimation, growth and distribution of massive coral species in clear and turbid 

waters. Marine Ecology Progress Series, 369, 77-88. 

 

Hennige SJ, Suggett DJ, Warner ME, McDougall KE, Smith DJ (2009) Photoacclimation  

of Symbiodinium revisited: bio-physical and bio-optical signatures. Coral Reefs, 28, 179-

195. 

 

Hill R, Ralph PJ (2006) Photosystem II heterogeneity of in hospite zooxanthellae in 

scleractinian corals exposed to bleaching conditions. Photochemistry and Photobiology, 

82, 1577–1585. 

 



Hoegh-Guldberg O (1999) Coral bleaching, climate change and the future of the world’s 

coral reefs. Marine and Freshwater Research, 50, 839–866. 

 

Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield P, Gomez E, Harvell 

CD, Sale PF, Edwards AJ, Caldeira K, Knowlton N, Eakin CM, Iglesias-Prieto R, 

Muthiga N, Bradbury RH, Dubi A, Hatziolos ME (2007) Coral reefs under rapid climate 

change and ocean acidification. Science, 318, 1737–1742. 

Hoegh-Guldberg O, Salvat B (1995) Periodic mass-bleaching and elevatedsea 

temperatures: bleaching of outer reef slope communities in Moorea, French Polynesia. 

Marine Ecology Progress Series, 121, 181–190. 

 

Iglesias-Prieto R, Beltrán VH, LaJeunesse TC, Reyes Bonilla H, Thomé PE (2004) 

Different algal symbionts explain the vertical distribution of dominant reef corals in the 

eastern Pacific. Proceedings of the Royal Society B: Biological Sciences, 271, 1757–

1763. 

 

Jones R (2008) Coral bleaching, bleaching-induced mortality, and the adaptive 

significance of the bleaching response. Marine Biology, 154: 65-80. 

 

Lesser MP (1996) Exposure of symbiotic dinoflagellates to elevated temperatures and 

ultraviolet radiation causes oxidative stress and inhibits photosynthesis. Limnology and 

Oceanography. 41, 271–283. 

 



Lesser MP (2004) Experimental biology of coral reef ecosystems. Journal of 

Experimental Marine Biology and Ecology, 300, 217–252. 

 

Lesser MP (2006) Oxidative stress in marine environments: Biochemistry and 

physiological ecology. Annual Review of Physiology, 68, 253–278. 

 

Lesser MP (2007) Coral reefs bleaching and global climate change: can corals survive the 

next century? Proceedings of the National Academy of Sciences USA, 104, 5259–5260. 

Lesser MP, Gorbunov MY (2001) Diurnal and bathymetric changes in chlorophyll 

fluorescence yields of reef corals measured in situ with a fast repetition rate fluorometer. 

Marine Ecology Progress Series, 212, 69–77. 

 

Levy O, Dubinsky Z, Achituv Y (2003) Photobehavior of stony corals: responses to light 

spectra and intensity. The Journal of Experimental Biology, 206, 4041-4049. 

 

Loya Y, Sakai K, Yamazato K, Nakano Y, Sambali H, van Woesik R (2001) Coral 

bleaching: the winners and the losers. Ecology Letters, 4, 122-131. 

 

MacIntyre HL, Kana TM, Anning T, Geider RJ (2002) Photoacclimation of 

photosynthesis irradiance response curves and photosynthetic pigments in microalgae and 

cyanobacteria. Journal of Phycology, 38, 17-38. 

 



Manzello DP, Berkelmans R, Hendee JC (2007) Coral bleaching indices and thresholds 

for the Florida Reef Tract, Bahamas, and St. Croix, US Virgin Islands. MarinePollution 

Bulletin, 54, 1923-1931. 

 

Manzello DP, Warner ME, Stabenau E, Hendee J, Lesser ME, Jankulak M (2009) 

Remote monitoring of chlorophyll fluorescence in two reef corals during the 2005 

bleaching event at Lee Stocking Island, Bahamas. Coral Reefs, 28, 209-214. 

 

McClanahan TR, Ateweberhan M, Graham NAJ, Wilson SK, Ruiz Sebastian C, 

Guillaume MMM, Bruggemann JH ( 2007) Western Indian Ocean coral communities: 

bleaching responses and susceptibility to extinction. Marine Ecology Progress Series, 

337, 1–13. 

 

McClanahan TR, Cinner JE, Maina J, Graham NAJ,  Daw TM,  Stead SM,  Wamukota 

A,  Brown K,  Ateweberhan M, Venus V, Polunin NVC (2008) Conservation in a 

changing climate. Conservation Letters, 1, 53-59. 

 

Mumby PJ, Chisholm JR, Clark CD, Hedley JD, Jaubert J (2001) Spectrographic 

imaging: A bird’s-eye view of the health of coral reefs. Nature, 413, 36. 

 

Obura DO (2001) Can differential bleaching and mortality among coral species offer 

useful indicators for assessment and management of reefs under stress? Bulletin of 

Marine Science, 69, 421-442. 



 

Obura DO (2009) Reef corals bleach to resist stress. Marine Pollution Bulletin, 58, 206-

212. 

 

Piniak GA, Brown EK (2009) Temporal variability in chlorophyll fluorescence of back-

reef corals in Ofu, American Samoa. Biological Bulletin, 216, 55-67. 

 

Raffensberger C, Tickner J (eds.) (1999) Protecting Public Health and the Environment: 

Implementing the Precautionary Principle. Island Press, Washington, DC 

 

Riegl BM, Purkis SJ (2009) Model of coral population response to accelerated bleaching 

and mass mortality in a changing climate. Ecological Modeling, 220, 192-208. 

 

Robison JD, Warner ME (2006) Differential impacts of photoacclimation and thermal 

stress on the photobiology of four different phylotypes of Symbiodinium (Pyrrhophyta). 

Journal of Phycology, 42, 568–579.  

 

Rodrigues LJ, Grottoli AG, (2007) Energy reserves and metabolism as indicators of coral 

recovery from bleaching. Limnology & Oceanography, 52, 1874-1882. 

 

Rodrigues LJ, Grottoli AG, Lesser MP (2008) Long term changes in the chlorophyll 

fluorescence of bleached and recovering corals form Hawaii. Journal of Experimental 

Biology, 211, 2502-2509. 



 

Rodriguez-Román A, Hernánedez-Pech X, Thomé PE, Enriquez S, Iglesias-Prieto R 

(2006) Photosynthesis and light utilization in the Caribbean coral Montastraea faveolata 

recovering from a bleaching event. Limnology and Oceanography, 51, 2702–2710. 

 

Rotjan RD, Lewis SM (2008) Impact of coral predators on tropical reefs. Marine Ecology 

Progress Series, 367, 73-91. 

 

Rosenberg E, Koren O, Reshef L, Efrony R, Zilber-Rosenberg I (2007) The role of 

microorganisms in coral health, disease and evolution. Nature Reviews Microbiology, 5, 

355-362. 

 

Siebeck UE, Marshall NJ, Klüter A, Hoegh-Guldberg O (2006) Monitoring coral 

bleaching using a colour reference card. Coral Reefs, 25, 453-460. 

 

Smith DJ, Suggett DJ, NR Baker (2005) Is photoinhibition of zooxanthellae 

photosynthesis the primary cause of thermal bleaching in corals? Global Change Biology, 

11, 1-11. 

 

Spalding M (2009) Detecting and monitoring coral bleaching events. In Coral bleaching: 

patterns, processes, causes and consequences (Eds. Van Oppen MJH, Lough JM) pp. 69-

82. Ecological Studies Book Series, Springer Berlin Heidelberg. 

 



Stimson J (1997) The annual cycle of density of zooxanthellae in the tissues of field and 

laboratory-held Pocillopora damicornis. Journal of Experimental Marine Biology and 

Ecology, 214, 35-48. 

 

Strychar KB, Sammarco PW (2009) Exaptation in corals to high seawater temperatures: 

Low concentrations of apoptotic and necrotic cells in host coral tissue under bleaching 

conditions. Journal of Experimental Marine Biology and Ecology, 369, 31-42. 

 

Suggett DJ, Moore CM, Hickman AE, Geider RJ (2009) Interpretation of Fast Repetition 

Rate (FRR) fluorescence: signatures of community structure versus physiological state. 

Marine Ecology Progress Series, 376, 1-19. 

 

Suggett DJ, Oxborough K, Baker NR, MacIntyre HL, Kana TM, Geider RJ. 2003. Fast 

Repetition Rate and Pulse Amplitude Modulation chlorophyll a fluorescence 

measurements for assessment of photosynthetic electron transport in marine 

phytoplankton. European Journal of Phycology, 38, 371-384.  

 

Suggett DJ, Warner ME, Smith DJ, Davey P, Hennige SJ, Baker NR (2008) 

Photosynthesis and production of hydrogen peroxide by Symbiodinium (Pyrrhopyta) 

phylotypes with different thermal tolerances. Journal of Phycology, 44, 948-956. 

 



Takahashi S, Whitney SM, Badger MR (2009) Different thermal sensitivity of the repair 

of photodamaged photosynthetic machinery in cultured Symbiodinium species. 

Proceedings of the National Academy of Sciences USA, 106, 3237-3242. 

 

Tchernov D, Gorbunov MY, de Vargas C, Yadav SN, Millegan AJ, Häggblom M, 

Falkowski (2004) Membrane lipids of symbiotic algae are diagnostic of sensitivity to 

thermal bleaching in corals. Proceedings of the National Academy of Sciences USA, 101, 

13531–13535. 

 

Thornhill DJ, LaJeunesse TC, Kemp DW, Fitt WK, Schmidt GW (2006) Multi-year, 

seasonal genotypic surveys of coral-algal symbioses reveal prevalent stability or post-

bleaching reversion. Marine Biology, 148, 711-722. 

Van Oppen MJH, Lough JM (2009) Coral bleaching: patterns, processes, causes and 

consequences. Ecological Studies Book Series, Springer Berlin Heidelberg. 

 

Van hooidonk R, Huber EM (2009) Quantifying the quality of coral bleaching 

predictions. Coral Reefs, 28, 579-587 

 

Vidal-Dupiol J, Adjeroud M, Roger R, Foure L, Duval D, Mone Y, Ferrier-Pages C, 

Tambutte E, Tambutte S, Zoccola D, Allemand D Mitta G (2009) Coral bleaching under 

thermal stress: putative involvement of host/symbiont recognition mechanisms. BMC 

Physiology, 9, 1-16. 

 



Warner ME, Fitt WK, Schmidt GW (1996) The effects of elevated temperature on the 

photosynthetic efficiency of zooxanthellae in hospite from four different species of reef 

coral: a novel approach. Plant Cell and Environment, 19, 291–299. 

 

Warner ME, Fitt WK, Schmidt GW (1999) Damage to photosystem II in symbiotic 

dinoflagellates: a determinant of coral bleaching. Proceedings of the National Academy 

of Sciences USA, 96, 283–292. 

 

Warner ME, Lesser MP, Ralph PJ (In press) Chlorophyll fluorescence in reef building 

corals. In Chlorophyll fluorescence in aquatic sciences: methods and applications (Eds. 

Suggett DJ, Prasil O, Borowitzka M). Springer. 

 

Weeks SJ, Anthony KRN, Bakun A, Feldman GC, Hoegh-Guldberg O (2008) Improved 

predictions of coral bleaching using seasonal baselines and higher spatial resolution. 

Limnology and Oceanography, 53, 1369–1375. 

 

Weis VM (2008) Cellular mechanisms of cnidarian bleaching: stress causes the collapse 

of symbiosis. Journal of Experimental Biology, 211, 3059-3066. 

 

West JM, Salm RV, 2003. Resistance and resilience to coral bleaching: implications for 

coral reef conservation and management. Conservation Biology, 17, 956–967. 

 



Winters G, Loya Y, Beer S (2006) In situ measured seasonal variations in Fv/Fm of two 

common Red Sea corals. Coral Reefs, 25, 593-598 

 

Yee SH, Santauy DL, Mace B (2008) Comparing environmental influences on coral 

bleaching across and within species using clustered binomial regression. Ecological 

Modelling, 218, 162-174  



Figure 1. Schematic representation of bleaching (extent of discolouration) in response to 

environmental perturbation, as expressed by the residual (to the variance ‘typically’ 

expected for any given time point) of one or more factors regulating coral growth and 

physiology, e.g. light, temperature. Note that we use the term residual here to reflect 

change across the long term running average and thus is different to NOAA’s coral 

bleaching anomaly products. Both changes to the amplitude (broken black line) and 

wavelength (solid black line) of the residual variance determines extent of bleaching 

attained, in particular via a relatively short duration of extreme environmental change or a 

longer duration of lower level but cumulative environmental change. Non-lethal 

bleaching occurs when the residuals = zero (equivalent to “business as usual” variability 

over any given time period, days, months etc.) and results in acclimatization. In contrast, 

introduction of a low level of residual variability induces enhanced discolouration. Corals 

that remain viable through a period of residualvariability exhibit sub-lethal bleaching and 

can undergo one of two subsequent fates: (A) recovery should ‘typical’ levels of 

environmental variability return, i.e. zero residuals; or (B) cumulative move towards 

lethal-bleaching (mortality) should subsequent environmental perturbations occur before 

recovery. Note the gradient (rate) of bleaching will be set according to the physiological 

tolerance (range and thresholds) to environmental variability: most ‘sensitive’ corals 

require relatively little residual variance to induce lethal bleaching (often expressed as 

type-1 corals); in contrast, most ‘tolerant’ corals express sub-lethal (type-2) bleaching 

unless a single environmental perturbation has high enough residual variance to 

immediately induce mortality (C) (e.g. Fitt & Warner 1995).  



 


