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ABSTRACT

Hydra is emerging as a model organism for studies of ageing in early metazoan animals, but reef corals offer an equally
ancient evolutionary perspective as well as several advantages, not least being the hard exoskeleton which provides a
rich fossil record as well as a record of growth and means of ageing of individual coral polyps. Reef corals are also widely
regarded as potentially immortal at the level of the asexual lineage and are assumed not to undergo an intrinsic ageing
process. However, putative molecular indicators of ageing have recently been detected in reef corals. While many of the
large massive coral species attain considerable ages (>600 years) there are other much shorter-lived species where older
members of some populations show catastrophic mortality, compared to juveniles, under environmental stress. Other
studies suggestive of ageing include those demonstrating decreased reproduction, increased susceptibility to oxidative
stress and disease, reduced regeneration potential and declining growth rate in mature colonies. This review aims to
promote interest and research in reef coral ageing, both as a useful model for the early evolution of ageing and as a
factor in studies of ecological impacts on reef systems in light of the enhanced effects of environmental stress on ageing
in other organisms.
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I. INTRODUCTION

Generally, a species is regarded as exhibiting ageing, or
senescence, if individuals display increasing death rates with
age. When this occurs, death is usually preceded by functional

* Address for correspondence (Tel: (+44)(0)191 208 6674); E-mail: john.bythell@ncl.ac.uk

decline affecting most, if not all, aspects of physiology,
including reproduction. However there exist species that
appear not to age, in the sense that individuals show no
tendency either to an increase in death rate or a decline in
fertility. The best evidence for absence of ageing is found for
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Hydra (Martinez, 1998; Schaible et al., 2015), although similar
demographic data have been reported for other species
(Finch, 2009; Jones et al., 2014). The classical definition of
ageing applies most readily to species where the individual
is easily defined, and much of the current uncertainty about
ageing in corals derives from questions about the nature of
the individual. A further fundamental question concerns the
nature of the germline and its relationship to differentiated
lineages and structures that might be regarded as soma. The
significance of the distinction between germline and soma
was first recognised by Weismann, who argued that the
germline must be immortal, whereas soma is often subject to
ageing and intrinsic mortality (Kirkwood & Cremer, 1982).
However, even within the germline, individual cells may
deteriorate and die, so the property of immortality belongs
to the lineage, not the particular germ cell.

To understand why ageing should have evolved in those
species where it is found, it has long been recognised that
the central point is that the force of natural selection – that
is, its ability to favour or discriminate against alternative
alleles – diminishes with increasing age (Hamilton, 1966;
Kirkwood & Holliday, 1979). This is because the force of
selection at any age is proportional to the fraction of an
individual’s expected lifetime reproductive output that still
remains in its future, which will decline as a consequence
of prevailing mortality if nothing else. Not only does this
undermine any idea that ageing might have evolved as an
actively programmed process of self-destruction, perhaps as
a form of population control, but it also has the consequence
that natural selection exerts diminishing control over the
physiological state of older individuals within the population
(Kirkwood & Melov, 2011; Kowald & Kirkwood, 2016).

By combining the significance of the germline/soma
distinction together with the recognition that continuing
functional integrity of the organism is secured through
physiological investments in somatic maintenance and repair,
the disposable soma concept (Kirkwood, 1977; Kirkwood &
Holliday, 1979; Kirkwood & Austad, 2000) recognises that
under pressure of natural selection to make optimal use of
metabolic resources, it makes sense only to invest enough
in the maintenance of somatic tissues to secure functional
integrity during the period that the individual still has a
reasonable chance to be alive. For germline, the situation is
different, since there is an evolutionary necessity to secure the
potential for the lineage to be immortal. Higher investments
in maintenance of germ cells are therefore to be expected, and
good evidence exists for the down-regulation of maintenance
of embryonic stem cells during early differentiation (Saretzki
et al., 2004, 2008), for example. The absence of ageing in
Hydra is therefore most plausibly explained by a ubiquity
of germ cells, or similarly highly maintained stem cells
throughout the body.

Several important conclusions follow from this logic.
Firstly, ageing is caused by the progressive accumulation
of damage resulting from the evolved limitation in somatic
maintenance. Secondly, the different longevities of species
can be explained because exposure to extrinsic mortality

risk varies from one species to another, and consequently
selection will favour a higher investment in somatic
maintenance in a species better adapted to survive the
hazards of its ecological niche than in a species subject to
a higher extrinsic level of risk. Thirdly, this evolutionary
logic applies similarly to the whole repertoire of mechanisms
for cellular maintenance and repair (e.g. DNA damage,
oxidative stress, protein denaturation), so it is expected that
multiple forms of damage will contribute in parallel, perhaps
synergistically, to ageing processes (Kirkwood, 2005b).

Herein, we examine evidence for ageing in corals and
consider how progress in understanding ageing in other
species may be relevant in advancing research on this
question.

II. RELEVANT ASPECTS OF CORAL BIOLOGY

(1) Evolutionary history

Reef-building corals belong to the phylum Cnidaria,
class Anthozoa, order Scleractinia and are distinguished
from non-reef-building corals by mutualistic and obligate
intracellular symbiosis with unicellular dinoflagellate algal
symbionts (Symbiodinium sp.). While Bridge et al. (1995)
placed the Anthozoa basally within the phylum Cnidaria,
more recent phylogenomic analyses (Schwentner & Bosch,
2015; Zapata et al., 2015) place the common ancestor of
the Cnidaria between the Anthozoa and a sister group,
the Medusozoa, comprising the Hydrozoa (hydroids, fire
corals, siphonophores and their allies) and the Scyphozoa
(the familiar jellyfish). There is clearly a deep phylogenetic
divergence between Anthozoa and Medusozoa, which likely
diverged >500 million years ago (Zapata et al., 2015) so in
the context of ageing, hydrozoans such as Hydra may not
provide an equivalent evolutionary model to anthozoans.

(2) What is the individual?

A key question for ageing of colonial metazoans is what
constitutes the individual (Folse & Roughgarden, 2010).
The result of sexual reproduction in corals is a ciliated
planula larva that settles to the substrate and develops
into the primary polyp, or protopolyp. While a few coral
species are also able to produce planula larvae via asexual
reproduction (Yeoh & Dai, 2010), the majority cannot.
Most corals (>80%) are broadcast spawners with external
fertilisation and larval development (Harrison, 2011). Except
in a few solitary species, the polyps bud to produce a
colony. The polyp is a clonal, modular unit that in most
species remains physiologically connected to other polyps
within the colony via a continuous gastrovascular cavity and
associated tissues. While some corals continue to grow in
this fashion throughout the life of the colony, many undergo
partial mortality that leads to separation of tissues into
physiologically isolated sub-colonies or ‘ramets’. The total
clonal lineage arising from sexual reproduction (the genet)
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Table 1. Recorded maximum ages of corals. The majority of these studies have estimated colony age by counting seasonal/annual
X-ray density banding in the skeleton (usually with alizarin dye staining or other growth-rate measurements to determine
periodicity of density band production). Others estimate age from size using an estimate of historical average annual growth. One
(Devlin-Durante et al., 2016) estimates the age of the genet from mutation rate estimates. Thus while genet ages may be substantial,
and some colonies can attain ages of several hundred years at least, several studies report relatively short maximum colony ages of a
few decades. CAT, computer-assisted tomography.

Species Age estimate (years) Region Age-estimation method References

Pocillopora verrucosa 3.6–3.9 Micronesia Isotopic analysis Richards et al. (2015)
Acropora hemprichii 13–24 Red Sea (northern) Growth rate × size Guzner, Novoplansky

& Chadwick (2007)
Coelastrea aspera 15–20 Thailand Fluorescent density band

dating
Scoffin et al. (1997) and

Brown et al. (2014)
Coelastrea aspera 20–45 Great Barrier Reef X-ray density band dating Babcock (1991)
Goniastrea favulus 20–40 Great Barrier Reef X-ray density band dating Babcock (1991)
Porites solida 32 Great Barrier Reef X-ray density band dating Potts et al. (1985)
Platygyra sinsensis 50–60 Great Barrier Reef X-ray density band dating Babcock (1991)
Porites annae 140 Great Barrier Reef Growth rate × size Connell (1973)
Pavona decussata 150 Japan Growth rate × size Mezaki et al. (2014)
Porites lutea 200 Hong Kong X-ray density band dating Goodkin et al. (2011)
Siderastrea siderea 235 Yucatan Peninsula, Mexico CAT scan and X-ray

density band dating
Vasquez-Bedoya et al.

(2012)
Diploastrea heliopora 380 Maldives Growth rate × size Schuhmacher, Loch &

Loch (2002)
Siderastrea siderea 450 Belize and Bahamas CAT scan and X-ray

density band dating
Saenger et al. (2009)

Porites lobata 677 Great Barrier Reef X-ray density band dating Potts et al. (1985)
Acropora palmata 838–2600 Caribbean – selected sites Somatic mutation rate Devlin-Durante et al.

(2016)
Porites lobata >1000 Taiwan Growth rate × size Soong et al. (1999)

may comprise many ramets that become widely dispersed, for
example during storms, leading to a high degree of clonality
within the population (Baums, Miller & Hellberg, 2006;
Pinzon et al., 2012; Japaud et al., 2015). Genetic mosaicism
has been recorded across the colony due to somatic mutations
(van Oppen et al., 2011; Barfield, Aglyamova & Matz, 2016)
and chimeric colonies may form by fusion of adjacent,
non-clonal colonies, particularly by fusion of juveniles
before the immune system is fully developed (Schweinsberg,
Tollrian & Lampert, 2016). This implies that cell turnover
and migration across the colony, if it occurs (van Oppen
et al., 2011), is not extensive or rapid enough to mask the
genetic differentiation of the individual polyp lineage.

(3) What are the lifespans of polyps, ramets and
genets?

The coral exoskeleton provides a record which can be aged
either by counting seasonal–annual density bands or, less
accurately, by calculating age from size using an estimated
annual growth rate (Buddemeier & Kinzie, 1976). While
some individual coral colonies have been estimated to be
several hundred years old, up to ∼1000 years (Soong, Chen
& Chang, 1999), most species lack examples of such ages,
suggesting much shorter lifespans (Table 1). Genets may
be considerably older than colonies (ramets) and estimates
for a relatively fast-growing species, Acropora palmata, suggest

genet ages of several hundred to a few thousand years
(Devlin-Durante et al., 2016).

‘Coral growth’ commonly refers to the linear extension or
mass accretion of the skeleton. However, skeleton growth is
not directly related to tissue growth. Coral tissues form a sheet
of relatively constant thickness (typically a few millimetres)
that expands to cover the surface of the exoskeleton. Maximal
tissue growth occurs at sites of increasing surface area and not,
necessarily, at sites of high skeletal extension. Indeed Lecointe
et al. (2016) specifically showed very little cellular proliferation
in actively calcifying epithelium of Stylophora pistillata.

Darke & Barnes (1993) traced the history of individual
coral polyps via the growth patterns of their associated
corallites (skeletal tubes secreted by the polyp). Polyp ages
of the massive coral Porites were found to be only 2–3 years
on average and a maximum of 5 years, even in colonies that
were more than 40 years old. New polyps bud near the apex
of mounds on the colony surface and subsequently migrate
over time towards depressions on the surface, where they are
reabsorbed (Fig. 1). Thus while all the tissues within a genet
have the same chronological age since sexual recruitment,
the mode of soft tissue growth is likely to influence the
number of cell divisions, or ‘replicative age’, experienced by
different parts of the colony.

It is often assumed that the tips of branching colony growth
forms represent the youngest polyps whereas the basal tissues
represent the oldest. However, at least three modes of growth
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(B) (C)(A)

(D) (E)

Fig. 1. Models of tissue proliferation based on corallite growth patterns. (A) X-radiograph of columnar coral Orbicella annularis,
reproduced from Lough & Cooper (2011). (B) In this species, polyps at the apex (green) are the oldest; their corallites can be
traced furthest down the column, with younger polyps arising at the periphery of the axis (yellow) and re-orientating their growth
outwards (arrows). Tissues in the basal region (orange) do not calcify strongly as the column radius does not expand. (C) Tissues in
the peripheral region (yellow), the region of curvature of the column tip, must add new polyps to maintain spacing while the tissue
surface area expands as the skeleton is deposited (blue). Polyps at the base must die or be reabsorbed to maintain the relatively
constant surface area. (D) X-radiograph of massive Porites species reproduced from Darke & Barnes (1993). (E) Corallite growth and
tissue proliferation pattern is similar in this species, except that polyps are reabsorbed in depressions and remain in contact with
those of adjacent mounds of the colony surface.

have been recognised (Buddemeier & Kinzie, 1976; Rosen,
1986), whereby (i) growth is concentrated in the youngest
polyps, (ii) growth occurs equally across all polyps, or (iii)
growth is concentrated in the oldest polyps. The common
Caribbean coral Orbicella annularis, for example, displays the
third type of growth, with the oldest polyps occurring at
the column apex. Polyps near to the apex undergo rapid
proliferation associated with rapid tissue expansion in the
area of maximum curvature of the surface, followed by a
decline in calcification and cell proliferation lower down the
column, and death or reabsorption at the base (Fig. 1A–C).
Further studies are clearly needed to assess replicative versus
chronological age at the polyp and colony scales in relation
to the different modes of growth.

(4) Ontogenic changes in corals

Dynamic changes occur in the early life-history stages,
ranging from gametes to planulae, and newly settled
polyps. These include the establishment of associations with

endosymbiotic algae (where transmission is horizontal and
not via the parent) (Little, van Oppen & Willis, 2004; Voolstra
et al., 2009) and micro-organisms (Sharp et al., 2010; Apprill
et al., 2012; Sharp, Distel & Paul, 2012), and the development
of immunity and allorecognition systems (Frank et al., 1997;
Nozawa & Loya, 2005; Puill-Stephan et al., 2012). Physio-
logical changes continue to be made as corals develop from
juveniles to adults and through adulthood with the following
examples relating to both ramets and genets, depending on
the study. These changes include alterations in gene expres-
sion (Reyes-Bermudez et al., 2009, 2016) and reproductive
status, with corals delaying becoming reproductive for up
to 8–10 years in some cases (Harrison & Wallace, 1990;
Wallace, 1999) although many shorter-lived corals become
reproductive earlier (1–2 years) (Harrison & Wallace, 1990;
Hall & Hughes, 1996). Stable associations with endosymbi-
otic algae form in adulthood that differ from those of juveniles
(Byler et al., 2013; Reich, Robertson & Goodbody-Gringley,
2017), a process taking up to 3.5 years in some species
(Abrego, Van Oppen & Willis, 2009). Similarly, associations
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with micro-organisms appear to be age dependent with
differences in microbial consortia noted between juveniles
and adults (Littman et al., 2009; Williams et al., 2015) and
between adults of 3–12 years in age (Williams et al., 2015).
A greater investment of energy into tissue growth has been
reported in small corals compared with skeletal-dominated
growth in larger corals (Anthony, Connolly & Willis,
2002). Skeletal growth patterns also alter, with rate of
branch formation in Pocillopora damicorns decreasing with age
(Permata & Hidaka, 2005). Energy budgets in older
corals must continually readjust to increased demands of
reproduction, growth, tissue and skeletal repair (Philipp &
Fabricius, 2003; Anthony et al., 2009; Pisapia, Anderson &
Pratchett, 2014).

(5) Changes in mortality, reproduction and growth
with age

Corals have long been considered non-ageing with respect to
age-specific mortality and reproduction (Flatt, 2012). Initial
larval mortality is high (Graham, Baird & Connolly, 2008)
and younger colonies suffer greater total mortality than older
colonies under natural conditions (Connell, 1973; Babcock,
1991; Sakai, 1998). Conversely, incidence of partial mortality
is higher in older colonies (Hughes & Jackson, 1985; Babcock,
1991; Bythell, Gladfelter & Bythell, 1993). Partial mortality
can be significant, accounting for a greater proportion of
tissue loss within the population than whole-colony mortality
(Bythell et al., 1993; Baird & Marshall, 2002). However,
colony size may not reflect age, as partial mortality and
fragmentation may cause reductions in colony size (Hughes
& Jackson, 1980) and greater levels of partial mortality in
larger colonies may be explained as a probabilistic process;
larger colonies being more likely to encounter damage, but
less likely to be killed by it (Hughes & Jackson, 1985).

The fecundity of a colony normally increases with age as a
result of increased number of polyps and/or increased polyp
fecundity (Szmant, 1986; Harrison & Wallace, 1990). Few
studies have investigated age-related polyp fecundity (where
age was established through growth-rate measurements
deduced by alizarin staining and density banding patterns)
apart from those of Babcock (1991) and Sweet et al. (2017),
where special efforts were made to consider genets rather
than ramets. Babcock (1991) showed that polyp fecundity in
three coral species on the Great Barrier Reef (GBR) increased
sigmoidally during an extended period of adolescence and
reached a stable asymptote after 10–15 years. A similar
pattern was noted for one of these species in western Thailand
although the asymptote was reached within 4–5 years (Sweet
et al., 2017). It should be noted however that Babcock (1991)
deliberately biased sampling towards small- to medium-sized
corals, his aim being to establish the earliest age/size at which
the corals became reproductive. In Thailand incidence of
aged corals was also low because of catastrophic mortality in
an earlier bleaching event (Brown et al., 2014). Uncertainty
about the reproductive status of the oldest corals merits
further study, particularly since Babcock (1991) has been
cited as providing the ‘best evidence of negative senescence

in any animal species’ – where ‘negative senescence’ is
characterised by an increase in fertility as mortality declines
with age (Vaupel et al., 2004).

While older corals may remain sexually active (Mezaki,
Keshavmurthy & Chen, 2014) with relatively high polyp
fecundity (Babcock, 1991; Wallace, 1999; Sweet et al., 2017)
current data do not rule out reproductive decline as colonies
age. Reproductive senescence has been suggested to explain
declining polyp fecundity either in the colony as a whole
(Rinkevich & Loya, 1986) or in aged parts (Soong & Lang,
1992; Irikawa et al., 2011; Nozawa & Lin, 2014). Conversely,
Hall & Hughes (1996) showed colony fecundity increasing
with size in all species, although there was no relationship
between polyp fecundity and colony size. This work has
been cited as evidence for a lack of senescence (Wallace,
1999), but few corals lived longer than 10 years at their study
site. Also, although they avoided the marginal parts of the
coral, it is not clear whether they sampled the oldest polyps.

The question of whether corals exhibit indeterminate
growth (invariant growth rate with age) or determinate
growth (declining growth rate with age) has been debated
since the earliest review of coral growth (Buddemeier &
Kinzie, 1976). Their review concluded that some species such
as Manicina areolata, Fungia scutaria and Pocillopora meandrina
showed determinate growth but many of the long-lived,
massive species such as those of the genus Porites showed
indeterminate growth with no systematic decrease in skeletal
extension over decades (Buddemeier & Kinzie, 1976).

Marked decline in calcification rate was shown to occur
in Stylophora pistillata 3–6 months before partial and then
full mortality (Rinkevich & Loya, 1986) and perturbed
growth of tissues and skeleton have been noted in the
oldest parts of plating Acropora cytherea colonies (Irikawa
et al., 2011). Meesters & Bak (1995) described decreased
lesion regeneration capability along the length of branches
of Acropora palmata which they ascribed to polyp age, while
Elahi & Edmunds (2007) similarly observed significantly
lower calcification rates in explants taken from older parts of
Madracis mirablis colonies that were returned to the field after
manipulation and their growth monitored over 3 months.

Declines in reproduction and/or growth with age (or size)
is therefore evident in some species where it is manifest at
the level of the polyp, colony and/or part of the colony.
Examples have mostly been reported in ‘short-lived’ species
such as Stylophora pistillata and Pocillopora damicornis but detailed
polyp–colony-level studies are required across a broader
range of lifespans and across the full spectrum of ages.

III. HOW DO CONCEPTS FROM BIOLOGY OF
AGEING APPLY TO CORALS?

(1) Molecular mechanisms

It is generally accepted that ageing is driven by progressive
accumulation of molecular and cellular defects, leading
eventually to functional impairments, chronic diseases and
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death. Various ‘hallmarks’ of ageing include, at the molecular
level genome instability, erosion of telomeres, mitochondrial
dysfunction and protein denaturation, and at the
cellular level replicative senescence, apoptosis, inflammatory
responses, stem-cell deterioration and impaired intercellular
communication (Lopez-Otin et al., 2013).

The multiplicity of ageing mechanisms presents significant
challenges for determining the ultimate causes of intrinsic
ageing. While there is evidence that somatic nuclear
mutations, shortened telomeres, oxidative damage and
defective mitochondria all accumulate across the life course,
the accumulations of individual forms of damage are
generally too small for ageing to be explicable in terms of any
single mechanism. There is therefore growing recognition
that ageing needs to be understood in terms of its ‘systems
biology’, in which contributions of different mechanisms act
synergistically (Kirkwood, 2011). Furthermore, some ageing
hallmarks, e.g. stem-cell deterioration, may be secondary
consequences of others, e.g. genome instability. Processes
such as apoptosis, replicative senescence and inflammation,
all of which play a part in ageing, actually had their
evolutionary origins as adaptations conferring benefits during
earlier life stages. For example, apoptosis serves variously to
aid morphogenesis and to delete auto-reactive lymphocytes
as well as to remove cells which suffer potentially carcinogenic
damage. Such a response, which is adaptive in a younger
organism when damaged cells are relatively rare, may
become maladaptive in an older organism when damage
becomes pervasive. This capacity for damage-response
mechanisms to acquire pro-ageing properties most plausibly
explains why ageing shows some features of active regulation,
even though ageing is not believed to be programmed in its
own right.

(2) Ageing in stem cells and germline

The kinds of damage contributing to somatic ageing mostly
also arise in germ cells. The fact that the germline is immortal
does not mean that individual germ cells do not suffer damage
and die, and of course many of them do. But the lineage
continues and this means it contains a sequence of cells
that does not progressively accumulate damage. How the
germline sustains itself is thus a question of fundamental
importance.

Firstly, it may be that germ cells invest more heavily in
maintenance and repair (Kirkwood, 1977). Secondly, within
germline there tends to be opportunity for selection to act
as a means of ‘quality assurance’. The over-production
of gametes, from which only the fittest contribute to
reproductive success, and a cellular organisation of the
germline which is adapted to maximise the screening out
of defects are important factors in this regard.

Tissue stem cells occupy a position intermediate to
germline and terminally differentiated somatic cells. Stem
cells support long-term renewal processes in many tissues
and are capable of prolonged survival, but they are not
immune to age-related deterioration. In mammals decreased
regenerative capacity, as a result of decline in replicative

function of certain stem cell types, contributes to ageing
(Sharpless & Depinho, 2007). Most observations on stem
cells in Cnidaria have been made in Hydra where their
functions include the ability to regenerate somatic tissues
and germ cell lines. While regeneration of damaged tissues
has been widely documented in corals, nothing is known
about the function of stem cells in this process, or indeed,
whether they even exist in anthozoans (Rinkevich, Matranga
& Rinkevich, 2007).

(3) Molecular markers of ageing in corals

The literature on molecular markers of ageing in corals is
both recent and restricted. Given the scope for asexually
generated coral colonies to achieve considerable age,
it is unsurprising that significant somatic mutation can
accumulate across the colony. This was regarded by van
Oppen et al. (2011) as a potentially important contributor
to adaptation and evolution of reef corals, since germ-cell
differentiation was believed to occur continuously from
somatic stem cells (Buss, 1983). However, Barfield et al. (2016)
recently detected somatic mutations across large colonies of
the reef coral Orbicella faveolata, which were absent in the
germline, implying a segregation of germline stem cells from
somatic stem cells, as seen in the majority of the Metazoa.

Telomeres have received much attention as molecular
markers of ageing since gradual loss of telomere repeats
occurs in human differentiated somatic cells, where
telomerase is generally inactivated, contributing to replicative
senescence (Aubert, Hills & Lansdorp, 2012). Sköld & Obst
(2011) showed that parental strains of a colonial ascidian
showed both significantly lower telomerase activity and
shorter telomeres compared to the offspring, leading the
authors to conclude that the ascidian had not escaped ageing
and that only sexual reproduction allowed total rejuvenation.

Several preliminary studies describe telomere characteris-
tics in corals (Sinclair, Richmond & Ostrander, 2007; Zielke
& Bodnar, 2010; Nakamichi et al., 2012) (Table 2). For the
short-lived branching coral Acropora digitifera telomere length
was significantly longer in sperm than in the planulae which
was in turn longer than in adult polyps (Tsuta et al., 2014).
However, in another species, Galaxea fascicularis, no significant
differences were found (Tsuta & Hidaka, 2013). Tsuta et al.

(2014) proposed that this may be explained by G. fascicularis
having a longer lifespan, perhaps associated with a low rate of
telomere change due to the high levels of telomerase activity
noted in adults (Nakamichi et al., 2012).

Telomere shortening has also been reported in the solitary
coral Ctenactis echinata, which is not known to divide asexually
(Ojimi, Loya & Hidaka, 2012). However, while differences
were observed in telomere length between sperm and
somatic tissues, no significant effects of age were seen in
adults. Further research is needed to establish appropriate
methodologies for telomere length estimation in a wide
range of coral species of different ages by accounting for
potential analytical and interpretative pitfalls (Aubert et al.,

2012; Nussey et al., 2014) as well as considering the differences
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Table 2. Telomere restriction fragment (TRF) lengths (kb) for selected coral material and symbiotic algae. Sample size (N ) and
standard deviation (SD) indicated where cited.

Species/clade N TRF length (kb) (±SD) References

Agaricia fragilis 9 19.2 ± 1.1 Zielke & Bodnar (2010)
Madracis aurentenra 5 19.2 ± 0.8
Acropora millepora (gametes) 3 21.0 ± 0.4
Acropora surculosa 4.0 Sinclair et al. (2007)
Dipsastraea pallida ∼9
Leptoria phyrgia ∼9
Acropora digitifera (sperm) 11 16.1 ± 2.7 Tsuta et al. (2014)
Acropora digitifera (planulae) 8 11.7 ± 3.4
Acropora digitifera (polyps) 10 8.9 ± 1.8
Galaxea fascicularis (sperm) 2 17.9 Tsuta & Hidaka (2013)
Galaxea fascicularis (planulae) 3 7.5 ± 2.7
Galaxea fascicularis (polyps) 6 15.6 ± 3.9
Symbiodinium Clade B cultured 4 6.6 ± 0.2 Zielke & Bodnar (2010)
Symbodinium Clade C cultured 4 2.4 ± 0.2
Symbodinium Clade A cultured 4 <1.0
Symbiodinium (freshly isolated) >20.0

in replicative age across the landscape of the coral colony
discussed in Section 2.3.

Somatic mutation and DNA damage have also been cited
as important contributors to ageing (Kirkwood, 2005a; Chen,
Hales & Ozanne, 2007; Garinis et al., 2008; White et al.,

2015). Interestingly, somatic mutations have been estimated
to occur with a high frequency in corals, with as many as
∼100 million mutations arising in a typical 30 cm diameter
Acropora millepora colony (van Oppen et al., 2011), possibly a
conservative estimate as no account was made of cell renewal.
Phenotypically observable mutation rate is similarly high,
with 300–500 mutations estimated to accumulate over the
lifetime of the colony in Orbicella faveolata (Barfield et al., 2016).
High frequencies of somatic mutations have also been pro-
posed to explain significant intra-colonial variability observed
in other coral species (Maier et al., 2012; Schweinsberg et al.,

2015, 2016). In addition, significant levels of somatic muta-
tion have been reported in microsatellite loci between ramets
within the genet of A. palmata from sites across the Caribbean
(Devlin-Durante et al., 2016). Thus a number of recent stud-
ies highlight a high frequency of somatic mutations, and
while some may be advantageous, deleterious mutations will
likely also accumulate throughout the coral’s lifetime.

Reactive oxygen species (ROS) have been heavily impli-
cated in ageing (Kourtis & Tavernarakis, 2011), although
a direct connection between oxidative damage and ageing
is debatable (Speakman et al., 2015). Corals harbouring
photosynthetic symbiotic algae are routinely challenged by
ROS and have evolved strong defences, including enzymatic
antioxidants, a suite of non-enzymatic ROS scavengers and
ultraviolet-absorbing compounds (Lesser, 2011). However,
these defences may be overcome during periods of elevated
temperature stress, leading to coral bleaching and mortality.
Bleaching is a response to the combined stresses of
temperature and irradiance, where the coral pales as a result
of loss of symbiotic zooxanthellae and/or their pigments

(Brown, 1997), and its increasing occurrence all around the
world is placing corals under pressure (Rinkevich, Avishai &
Rabinowitz, 2005; Lesser, 2011).

IV. ENVIRONMENTAL CHANGE AND AGEING

Several studies have documented greater vulnerability of
adult compared to juvenile corals during mass-bleaching
events (Hoeksema, 1991; Mumby, 1999; Normile, 2000;
Edwards et al., 2001; Loya et al., 2001; Bena & van Woesik,
2004; Brandt, 2009; Phongsuwan & Chansang, 2012;
Depczynski et al., 2013; Brown et al., 2014). In some cases
this has been attributed to the cryptic nature of juveniles
which may reduce light stress (Hoeksema, 1991; Mumby,
1999). However, there are other examples where juveniles
do not have such protection but are still more thermally
tolerant (Loya et al., 2001; Brown et al., 2014). Another
possible factor is the rate of passive diffusion being greater
in smaller, less morphologically complex, younger colonies
(Loya et al., 2001; Nakamura & van Woesik, 2001). However,
this also may not apply in all cases, with flow patterns being
highly complex in natural reef environments (Hench &
Rosman, 2013). For example, Brown et al. (2014) proposed
that senescence may have played a role in the demise of
older corals of the ‘short-lived’ intertidal coral Coelastrea aspera
living close to its thermal limits on the reef \flat at Phuket,
Thailand in 2010, when stressful sea temperatures over 32◦C
prevailed for 7 weeks. Earlier demographic studies showed
that the population was mainly composed of older, larger
colonies which recruited in the early 1990s. Following severe
bleaching, all colonies >8 cm diameter showed extensive
partial mortality with 25% of those >20 cm diameter being
completely killed. By contrast, colonies <8 cm diameter, all
of which exhibited 100% bleaching, recovered completely.
In this case, the potential ameliorating shading effects due to
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occupation of cryptic habitats by recently settled corals was
discounted as an explanation, since juvenile C. aspera colonies
were not found in shaded habitats but on open reef surfaces
exposed to full irradiances. In terms of water flow, the smooth
contours of hemispherical massive corals such as C. aspera
would not increase frictional drag and mass transfer potential
in the same way as that described for branching corals
(Nakamura & van Woesik, 2001), with massive corals having
a higher mass transfer rate than branching species (van
Woesik et al., 2012). In the field, spatial flow patterns at the
colony level, on a shallow reef flat composed of hemispherical
colonies, are extremely complex and where colonies are
densely spaced, as in the present example, inertial forces can
significantly reduce amplitude variations between colonies
with higher water flows around larger colonies compared
with smaller ones (Hench & Rosman, 2013; J. L. Hench,
personal communication). It is also interesting to note that
juvenile C. aspera showed a significantly greater enhancement
of antioxidant enzymes and heat-shock proteins compared
with adults in short-term elevated temperature experiments
(B. E. Brown, unpublished data). Whether this response is
due to greater energetic constraints of older, reproductive
corals or to age-related deterioration is unknown. Should
senescence play a role in the demise of this species, it
is possible that increased temperature anomalies could
exacerbate physiological deterioration – a view also raised
by Irikawa et al. (2011) who noted that growth anomalies
on the oldest parts of A. cytherea increased in response to
increasing environmental temperature stresses.

A further intriguing possibility is that bleaching may be a
host innate immune response to a compromised symbiont
(Weis, 2008). If environmental changes impose increased
stress on the system, this may activate a response that in
normal circumstances serves to protect against an acute
challenge. If so, an important parallel could be drawn to
mammalian ageing, where gradual accumulation of damage
results in chronic activation of innate immune responses that
in other circumstances would serve to protect against acute
threats (e.g. infection, wounding) but which in the context
of ageing may simply exacerbate the overall deterioration in
homeostasis.

V. CONCLUSIONS

(1) The issue of whether, and to what extent, ageing
occurs in reef corals is timely to reconsider in the light of
both new developments in the biology of ageing, and growing
appreciation of threats to long-term survival of corals through
environmental stresses. Corals occupy an intriguing position
at the boundary between species where there is a clear
germline/soma distinction and ageing obviously does occur,
and others such as Hydra where such a distinction is less well
defined and ageing appears absent. The fact that ageing itself
is now understood to result from accumulation of molecular
and cellular damage, much of which can be attributed
to a complex of intrinsic and extrinsic stressors, makes

the potential connections in the case of corals particularly
interesting.

(2) The established dogma that corals are non-ageing
seems increasingly questionable in view of findings such as
the distinction of the germline and soma, the potential for
high somatic mutation rates, detection of ageing markers as
well as reproductive decline, decreased growth and increased
susceptibility to stress in older corals.

(3) Should ageing occur in some coral species there is
potential for interactions between age-related decline and
environmental impacts such as those due to climate change,
with differential effects on survivorship and fitness. Loss of
older and larger colonies with high fecundity would have
immediate negative impacts on reef community structure
(Potts et al., 1985) and structural complexity (Madin &
Connolly, 2006; Madin, Hughes & Connolly, 2012).

(4) Ageing could also influence the interpretation of
methodologies routinely employed to assess effects of climate
change on corals such as worldwide growth rate changes
(De’ath, Fabricius & Lough, 2013; Ridd, da Silva & Stieglitz,
2013); reconstruction of coral environmental history using
isotopic and geochemical signals (McConnaughey, 1989;
Darke & Barnes, 1993; DeLong et al., 2016), use of colonies
at different life stages in studies where inherent variability
in responses have been noted (Sweet & Brown, 2016) and
even the selection of tissues from colonies where polyps of
different ages are contained within ‘nubbins’ (coral colony
fragments) used in experimental assays.

(5) Reef corals provide a comparative system to explore the
early evolution of ageing in animals, with both similarities
and distinct differences to Hydra and its allies. Belonging
to a sister taxon, the Anthozoa, that diverged very early
(>500 million years ago) from the Medusozoa, there are
both solitary and colonial growth forms and a great range of
lifespans from decades to up to thousands of years, suggesting
distinct ageing responses. The ability to track development
and ages of individual polyps, as well as annual growth
records of the colony via the calcium carbonate exoskeleton
(Buddemeier & Kinzie, 1976; Darke & Barnes, 1993) is a
significant advantage in reef corals. We highlight here several
areas that need urgent attention to allow the development of
reefs corals as a model system for ageing research.
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Sköld, H. N. & Obst, M. (2011). Potential for clonal animals in longevity and ageing
studies. Biogerontology 12, 387–396.

Soong, K., Chen, C. A. & Chang, J. C. (1999). A very large poritid colony at Green
Island, Taiwan. Coral Reefs 18, 42.

Soong, K. Y. & Lang, J. C. (1992). Reproductive integration in reef corals. Biological

Bulletin 183, 418–431.
Speakman, J. R., Blount, J. D., Bronikowski, A. M., Buffenstein, R., Isaksson,

C., Kirkwood, T. B. L., Monaghan, P., Ozanne, S. E., Beaulieu, M., Briga,
M., Carr, S. K., Christensen, L. L., Cocheme, H. M., Cram, D. L., Dantzer,
B., et al. (2015). Oxidative stress and life histories: unresolved issues and current
needs. Ecology and Evolution 5, S745–S757.

Sweet, M. J. & Brown, B. E. (2016). Coral responses to anthropogenic stress in
the twenty-first century: an ecophysiological perspective. In Oceanography and Marine

Biology: An Annual Review, Volume 54. Oceanography and Marine Biology (eds R. N.
Hughes, D. J. Hughes, I. P. Smith and A. C. Dale), pp. 271–314. CRC
Press-Taylor & Francis Group, Boca Raton FL, USA.

Sweet, M. J., Brown, B. E., Dunne, R. P., Singleton, I. & Bulling, M. (2017).
Evidence for rapid, tidal-related shifts in the microbiome of the coral Coelastrea aspera.
Coral Reefs 36, 815–828.

Biological Reviews 93 (2018) 1192–1202 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



1202 John C. Bythell and others

Szmant, A. M. (1986). Reproductive ecology of Caribbean reef corals. Coral Reefs 5,
43–53.

Tsuta, H. & Hidaka, M. (2013). Telomere length of the colonial coral Galaxea

fascicularis at different developmental stages. Coral Reefs 32, 495–502.
Tsuta, H., Shinzato, C., Satoh, N. & Hidaka, M. (2014). Telomere shortening

in the colonial coral Acropora digitifera during development. Zoological Science 31,
129–134.

Vasquez-Bedoya, L. F., Cohen, A. L., Oppo, D. W. & Blanchon, P. (2012).
Corals record persistent multidecadal SST variability in the Atlantic Warm Pool
since 1775 AD. Paleoceanography 27, PA3231.

Vaupel, J. W., Baudisch, A., Dolling, M., Roach, D. A. & Gampe, J. (2004). The
case for negative senescence. Theoretical Population Biology 65, 339–351.

Voolstra, C. R., Schwarz, J. A., Schnetzer, J., Sunagawa, S., Desalvo, M. K.,
Szmant, A. M., Coffroth, M. A. & Medina, M. (2009). The host transcriptome
remains unaltered during the establishment of coral-algal symbioses. Molecular Ecology

18, 1823–1833.
Wallace, C. C. (1999). Staghorn Corals of the World – A Revision of the Genus Acropora.

CSIRO Publishing, Collingwood.
Weis, V. M. (2008). Cellular mechanisms of Cnidarian bleaching: stress causes the

collapse of symbiosis. Journal of Experimental Biology 211, 3059–3066.

White, R. R., Milholland, B., de Bruin, A., Curran, S., Laberge, R. M., van
Steeg, H., Campisi, J., Maslov, A. Y. & Vijg, J. (2015). Controlled induction
of DNA double-strand breaks in the mouse liver induces features of tissue ageing.
Nature Communications 6, 6790.

Williams, A. D., Brown, B. E., Putchim, L. & Sweet, M. J. (2015). Age-related
shifts in bacterial diversity in a reef coral. PLoS One 10, e0144902.

van Woesik, R., Irikawa, A., Anzai, R. & Nakamura, T. (2012). Effects of coral
colony morphologies on mass transfer and susceptibility to thermal stress. Coral Reefs

31, 633–639.
Yeoh, S. R. & Dai, C. F. (2010). The production of sexual and asexual larvae within

single broods of the scleractinian coral, Pocillopora damicornis. Marine Biology 157,
351–359.

Zapata, F., Goetz, F. E., Smith, S. A., Howison, M., Siebert, S., Church, S.
H., Sanders, S. M., Ames, C. L., McFadden, C. S., France, S. C., Daly, M.,
Collins, A. G., Haddock, S. H. D., Dunn, C. W. & Cartwright, P. (2015).
Phylogenomic analyses support traditional relationships within Cnidaria. PLoS One

10, e0139068.
Zielke, S. & Bodnar, A. (2010). Telomeres and telomerase activity in scleractinian

corals and Symbiodinium spp. Biological Bulletin 218, 113–121.

(Received 12 July 2017; revised 17 November 2017; accepted 23 November 2017; published online 28 December 2017)

Biological Reviews 93 (2018) 1192–1202 © 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.


