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Abstract
Coral reefs of the eastern tropical Pacific (ETP) are unique in being the only reef region in
the world that has experienced multiple episodes of mass coral bleaching while also being
exposed to chronically depressed aragonite saturation states as a result of regional
upwelling. These characteristics make them ideal case studies for the continued effects of
climate change on coral reefs, and in particular for the responses of reef corals and their
dinoflagellate algal symbionts (Symbiodinium spp.) to combined climate stressors. As a
result, the diversity, distribution and stability of Symbiodinium in ETP corals have been
studied since the mid-1990s, shortly after contemporary molecular methods to identify
Symbiodinium were first developed. ETP reefs have been instrumental in the discovery that
certain members of Symbiodinium in clade D impart bleaching resistance to their coral
hosts. In the ETP, clade D is represented by a single symbiont type (D1, also referred to as
S. glynni), which has been shown to be tolerant of both episodic El Niño-driven high
temperature stress (e.g., 1997 in the Gulf of Chiriquí, Panama), and low temperature stress
during an unusually cold winter (e.g., 2008 in Baja California, Mexico). Virtually all
studies in the region have focused on corals in the genus Pocillopora, which is both the
dominant reef-building genus and the most symbiotically diverse, being the only coral
genus in the ETP that routinely hosts heat tolerant D1 symbionts at high abundance. There
is debate over the mechanisms by which D1 becomes dominant on pocilloporid reefs, with
evidence for both differential mortality of corals, and dynamic change in symbiont
communities in response to thermal history and/or disturbance. The relative importance of
these two mechanisms is likely to be critical in determining reef survival trajectories over
the coming century, as is the degree to which non-pocilloporid corals in the region can
associate with, or become dominated by, D1. Dynamic change in symbiont communities
may allow corals to survive recurrent bleaching events if stepwise increases in the
abundance of D1 following each bleaching event allow these thermotolerant symbionts to
accumulate. However, controlled experiments and continued monitoring are required to
resolve the debate over symbiont stability versus lability, and there may be significant
differences in coral response across the region. Finally, understanding whether different
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Symbiodinium can alter coral response to high CO2 or depressed aragonite saturation state
(Xarag) remains a priority research area for the region, especially given the potential for
strong interactions between Xarag, coral growth, and symbiont community structure.
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13.1 Introduction

13.1.1 The ETP as a Case Study for Studying
Coral-Algal Symbiosis Under
Climate Change

Coral reefs of the eastern tropical Pacific (ETP) are unique
case studies for the long-term ecological effects of thermal
variability on coral reefs, and particularly for the impacts of
repetitive high temperature stress on reef coral symbioses.
Due to the influence of the El Niño-Southern Oscillation
(ENSO) on these reefs, they have experienced multiple
episodes of severe coral “bleaching” (stress-induced expul-
sion of algal symbionts), which have led to coral mortality
events followed by sustained periods of recovery. In addi-
tion, this region includes corals: (1) at the northern limit of
their latitudinal distribution, with relatively cool winter
temperatures and lower irradiance (Gulf of California,
Mexico), (2) in nutrient-rich upwelling environments (Gulf
of Panama, Panama), (3) in relatively warm, stable condi-
tions (Gulf of Chiriquí, Panama), and (4) exposed to some of
the lowest equatorial temperatures in the world (Galápagos,
Ecuador). All of these circumstances result in a living lab-
oratory for the investigation of temperature regime, and
thermal extremes, on coral-algal symbioses, and represent
unique systems for understanding the effects of climate
change on coral reefs.

In addition, many coral reefs in the ETP, by virtue of their
exposure to upwelling conditions, also experience chroni-
cally depressed aragonite saturation state (Xarag). These
conditions reduce calcification rates, resulting in slower
coral growth and decreased reef formation. These conditions,
combined with the thermal stress history of the ETP, make
these reefs ideal “space-for-time” case studies for coral reefs
under projected climate change scenarios (Manzello et al.
2008). Although the implications of depressed Xarag for
Symbiodinium diversity have not been explicitly investigated
in the ETP, these conditions nevertheless underscore the
relevance of these reefs for studying future climate change
scenarios.

13.1.2 Marginal Environmental Conditions
in the ETP

Prevailing environmental conditions in the eastern Pacific
are marginal for reef development because of the: (1) narrow
continental shelf on the western side of the Americas;
(2) strong, permanent shallow thermocline; (3) relatively
frequent occurrence of aerial exposure or mortality caused
by extreme low tides, ENSO-related sea level drops and/or
tectonic uplifts (Maté 2003); and (4) existence of dry and
wet seasons (Dana 1975; Cortés 2003). During the wet
season, many areas experience high cloud cover and intense
rainfall, and the resulting terrestrial run-off leads to high
turbidity, low light, and hyposaline conditions. In some
areas, such as the Gulf of Panama (Panama), the Revil-
lagigedo Islands, the Gulf of Tehuantepec (Mexico), and the
northern coast of Costa Rica (Cortés and Jiménez 2003),
high atmospheric pressure during the dry season pushes
coastal surface waters offshore. This results in seasonal
upwelling, which bathes associated reefs in relatively cold,
nutrient-rich waters for part of the year. These conditions
challenge coral reef growth and survival in several ways.
First, temperatures may be relatively low compared to the
average tolerance of coral-algal symbioses, sometimes
resulting in cold-water bleaching events (Fig. 13.1). Second,
coral animals are most competitive against filter feeders and
macroalgae under low nutrient conditions; the nutrient-rich
conditions that accompany upwelling can increase the
competitive interactions experienced by corals on the ben-
thos (Glynn 1996). Third, upwelled waters are relatively
pCO2-enriched and low in pH and aragonite saturation state
(Xarag), making calcification more difficult on ETP reefs than
in other areas, such as the Caribbean. The low Xarag and high
nutrient concentrations associated with upwelled waters limit
early marine cementation of reef framework and/or stimulate
bioerosion (Manzello et al. 2008). Consequently, ETP reefs
can be viewed as proxies for reefs of the future under various
ocean acidification (OA) scenarios predicted to occur in the
world’s oceans due to increasing atmospheric pCO2 (IPCC
2007).
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Upwelling also affects sea surface temperatures (SSTs)
across the ETP region. In areas that experience seasonal
upwelling, temperature can drop by as much as 10 °C from
the wet to the dry season (Manzello et al. 2008; see Chap. 8,
Glynn et al.). In contrast, areas of the ETP that do not
experience upwelling are more thermally stable throughout
the year, although shoaling thermoclines and other effects
may also result from seasonal weather patterns. In addition
to this thermal variability over seasonal timescales, some
regions of the ETP, including the west coast of the Baja
California Peninsula (Mexico), Panama, and Colombia, are
also subject to the El Niño-Southern Oscillation (ENSO).
During intense ENSO events, SST temperatures can increase
by 2–3 °C and upwelling is reduced, resulting in significant
thermal stress and potentially catastrophic mass bleaching
events (Glynn 1984). Mass bleaching in the ETP was
associated with ENSO events occurring in 1982–83 (Glynn

and Colgan 1992), and 1997–98, with coral mortality fol-
lowing the 1982-83 event being significantly higher than the
1997–98 event (Glynn et al. 2001a, b). This can likely be
attributed to both differential survival and reproduction of
temperature tolerant genotypes during the 1982–83 event, as
well as symbiont community shifts within individual colo-
nies in favor of thermally tolerant members of Symbiodinium
clade D (Baker et al. 2004; LaJeunesse et al. 2010a, see also
Sect. 13.4). Although ENSO events may ultimately lead to
the collapse of ETP reefs under predicted climate scenarios
for the current century (Toth et al. 2012), the unusual
environmental and hydrodynamic settings that characterize
this region provide a unique opportunity to examine the
prevalence of thermally tolerant symbionts before, during,
and after environmental stress events, and how these patterns
are affected by differences in aragonite saturation state
between reefs.
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Fig. 13.1 Diversity of algal symbionts (Symbiodinium spp.) in reef
corals of the ETP and their importance in understanding coral reef
ecology in the region. a Molecular phylogeny of Symbiodinium based
on nuclear 28S (large subunit) ribosomal DNA (nr28S-rDNA). Shown
are 9 clades (A-I), of which four have been found in scleractinian
corals of the ETP. Members of clades C and D (yellow) are the most
common symbionts in the region, with Symbiodinium D1 frequently
occurring in Pocillopora. Members of clades A (green) and B (blue)

have been found at low abundance in ETP scleractinians using high
resolution molecular techniques, but B (blue) has also been found at
high abundance in Pocillopora recovering from cold-water bleaching.
Modified from Pochon and Gates (2010). b Spatial relationships in
coral-algal symbiosis at the cellular, polyp, and reef-scale. Pocilloporid
reef frameworks, shown here bleaching in response to cold tempera-
tures, can show dramatic patterns of bleaching in response to
temperature extremes. From McGinley et al. (2012)
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13.1.3 Isolation of ETP Reefs and Its
Implications for the Study
of Symbiodinium

In addition to the difficult environmental conditions encoun-
tered by corals in the ETP, they also face significant chal-
lenges colonizing the region from elsewhere. Coral reefs of
the ETP are depauperate and have been isolated from the
Caribbean Sea since the closure of the Isthmus of Panama
about 3.7–3.0 Ma (Duque-Caro 1990; Coates and Obando
1996). Although occupying the same ocean basin as the
center of global coral diversity (the ‘Coral Triangle’),
migration from the Indo-west Pacific requires extreme larval
dispersal (5000–8000 km, Dana 1975; Grigg and Hey 1992).
The eastern Pacific ‘barrier’ is formed by strong currents
running from east to west between the Coral Triangle and the
ETP (see Chap. 3, Fiedler and Lavín) and, if not ‘impassable’
(Baums et al. 2012; see Chap. 16, Lessios and Baums), has
long been considered the world’s most effective marine bar-
rier to larval dispersal (Ekman 1953). This isolation has led to
a distinct eastern Pacific reef-building coral fauna, with some
endemism (e.g., Pavona chiriquiensis, Glynn et al. 2001a; see
also Chap. 2, López-Pérez). Thirty-six stony coral species are
found in the ETP (Glynn and Ault 2000; see Chap. 5, Glynn
et al.), which contrasts starkly with the hundreds of species
that can be found in the Indo-west Pacific. Pocillopora, the
main reef-building genus of the region, typically dominates
shallow-water ETP reefs. In some areas, reef framework
development is minimal and only coral communities exist,
often dominated by massive colonies in the genera Pavona
and Porites. ETP coral species exist at the limits of their
respective geographic ranges, which may subject these pop-
ulations to reduced gene flow, and provide opportunities for
speciation. The relatively depauperate nature of these reefs
from both a coral host and an algal symbiont perspective also
provides an opportunity to understand symbiont specificity
and co-evolution (Pinzón and LaJeunesse 2011), and to study
niche differentiation (Iglesias-Prieto et al. 2004), as well as
ecological interactions and responses among corals and their
Symbiodinium communities (Glynn et al. 2001a, b; Baker
et al. 2004; LaJeunesse et al. 2008).

13.2 Symbiodinium Diversity in the ETP

13.2.1 Overview of Diversity in Symbiodinium

Modern investigations of diversity in Symbiodinium use
molecular genetic methods to survey Symbiodinium and
document its distribution and dynamics. Currently, the genus
Symbiodinium consists of nine major clades (A-I, Pochon
and Gates 2010), most of which are characterized by sig-
nificant additional diversity at finer taxonomic scales

(LaJeunesse 2005), leading to the description of a variety of
new species (e.g., LaJeunesse et al. 2010a). Although no
formal taxonomic revisions of the genus have yet been
undertaken, the diversity present within this genus strongly
supports its subdivision into multiple new genera.

Early investigations used variation in the small subunit
ribosomal DNA (rDNA) to classify Symbiodinium into
clades, and distinguish some variation within these clades
(Rowan and Powers 1991a, b). These methods were then
used to study the distribution and dynamics of Symbiodinium
in Caribbean Montastraea (Orbicella) (Rowan and Knowl-
ton 1995; Rowan et al. 1997). Shortly afterwards, using
large subunit (LSU) rDNA, these methods were applied to
ETP reefs to study symbiont diversity, distribution, and
dynamics with a higher degree of taxonomic resolution
(Baker and Rowan 1997; Baker 1999; Glynn et al. 2001a, b).
Due to the relatively rapid adoption of these methods in the
region, ETP reefs are represented by some of the longest
running datasets on Symbiodinium in existence (dating to
1995 in Panama). Subsequent investigations of symbiont
diversity applied even greater taxonomic resolution by
analyzing the Internal Transcribed Spacer-2 (ITS-2) region
of rDNA (LaJeunesse et al. 2008, 2010a, b), and more recent
studies are beginning to reveal even finer-scale genetic
variation among Symbiodinium types through the use of the
non-coding region of the psbA minicircle in Symbiodinium
chloroplasts (psbAncr), which resolves more diversity than
the ITS-2 (Pinzón and LaJeunesse 2011), while also reduc-
ing the problems associated with the latter marker’s high
copy number and intragenomic variation (LaJeunesse and
Thornhill 2011). These methods have greatly increased our
understanding of Symbiodinium distributions in the ETP and
elsewhere, but they do preclude comparisons with earlier
datasets for all but the highest (typically clade-level) diag-
noses. Additionally, microsatellite markers can further dif-
ferentiate among Symbiodinium genotypes, with *20–30
distinct Symbiodinium D1 genotypes identified at individual
reefs in the Gulf of California (Pettay et al. 2011). Coral
colonies can host single or multiple Symbiodinium geno-
types simultaneously, and these associations can change
over time. Particular Symbiodinium D1 genotypes may also
be adapted to specific local environmental regimes (Pettay
and LaJeunesse 2013). Parsing out this fine-scale genetic
diversity is an important ongoing research objective in
understanding Symbiodinium diversity and ecology.

Recently, higher detection resolution using quantitative
PCR (qPCR) of both ITS-2 (LaJeunesse et al. 2010a) and the
actin gene (Cunning and Baker 2013) has been applied to
Symbiodinium communities in ETP hosts. Although these
methods have greatly increased our ability to detect, distin-
guish, and quantify different Symbiodinium, they are also
subject to constraints that can limit data interpretation (see
Sect. 13.2.2). Next-generation sequencing may further
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advance these objectives; high-throughput ITS amplicon
sequencing has been applied to resolve fungal community
diversity (Jumpponen and Jones 2009), and is beginning to
be applied to Symbiodinium (Kenkel et al. 2013; Green et al.
2014), although no studies to date have utilized these
approaches to characterize Symbiodinium communities in
the ETP.

Globally, scleractinian corals have been observed to host
Symbiodinium in clades A, B, C, D, and less commonly,
clades F and G (Baker 2003; van Oppen et al. 2009; Franklin
et al. 2012). In the Pacific, most stony corals tend to host
members of clades C and/or D (Baker and Rowan 1997;
LaJeunesse et al. 2003), with clades A, B, F and G being
only rarely found (e.g., Darius et al. 1998, 2000;
Rodriguez-Lanetty et al. 2002; LaJeunesse et al. 2010b).
Symbiodinium diversity in the ETP has mainly been assessed
along the coast of Panama (Glynn et al. 2001a, b; Baker
et al. 2004), in the Gulf of California, Mexico (LaJeunesse
et al. 2008) and in the Galápagos Islands, Ecuador (Baker
1999; Pinzón and LaJeunesse 2011), as well as on Clip-
perton Atoll (Pinzón and LaJeunesse 2011, Pettay and
LaJeunesse 2013). In these regions, Symbiodinium in clade
C most commonly dominates scleractinian coral colonies,
except in the genus Pocillopora, which commonly also hosts
Symbiodinium in clade D, often at high abundance. Despite
relatively higher diversity in clade D in the Indo-west
Pacific, clade D in the ETP appears to be solely represented
by a single “type” of Symbiodinium, D1, also referred to as
S. glynni (LaJeunesse et al. 2010a). Symbiodinium B1 has
also been observed in recovering branch tips of Pocillopora
(LaJeunesse et al. 2010a). Using rt-PCR assays, Silverstein
et al. (2012) detected members of clades A and B at low
abundance in a variety of scleractinian corals from Panama
and the Galápagos, but made no attempt to detect low
abundance Symbiodinium in clades F and G, which have not
yet been reported for the ETP. Although the dominant
symbiont(s) within coral species are predictable to some
extent, based on coral species, geographic location, and
environment (see Chap. 14, Pinzón), the relative abundance
of different symbionts can shift in response to seasonal cues
or environmental disturbances, both acute and chronic (see
Sect. 13.3.2). Since Symbiodinium genotypes can influence
colony health and survival, these processes are key to
understanding the potential trajectories of ETP reefs over the
coming century.

13.2.2 Methodological Constraints
in Detecting Symbiodinium

Symbiodinium diversity has been assessed from corals in the
ETP using a variety of molecular methods including
Restriction Fragment Length Polymorphisms (RFLP),

Denaturing Gradient Gel Electrophoresis (DGGE), direct
sequencing, and real-time PCR (rt-PCR) (Table 13.1).
Markers that have been used in conjunction with these tools
are multi-copy and include various regions of the ribosomal
RNA gene, a non-coding region of the chloroplast psbA gene,
as well as microsatellite loci, and the actin gene. These
molecular approaches have been pivotal in understanding
coral-algal symbioses because they revealed high genetic
diversity within Symbiodinium (Stat et al. 2012), and previ-
ously unrecognized complexity in coral-algal associations.
The sensitivity and taxonomic resolution of molecular assays
applied to Symbiodinium communities have increased with
time. Given this, comparisons of studies employingmolecular
assays of varied resolution (e.g., targeting clades, types, or
sub-types) should bemade conservatively and explicitly detail
the approaches and markers involved. High-resolution
approaches consistently report one or more symbiont vari-
ants present at low abundance within at least some surveyed
host individuals, in addition to numerically dominant sym-
biont types (e.g., Mieog et al. 2007; Correa et al. 2009;
McGinley et al. 2012; Silverstein et al. 2012; Cunning and
Baker 2013; Thornhill et al. 2013). These detections must be
interpreted carefully, given that Symbiodinium variants likely
differ in terms of their impact (e.g., amount of photosynthates
released, residence time) on the holobiont (Hill andHill 2012),
and that some symbionts detected at low abundance may
represent ephemeral endosymbioses, transients in the coral
gastrovascular cavity, or colony surface contaminants (Sil-
verstein et al. 2012). Nevertheless, to obtain a complete
understanding of coral-algal associations, both the numeri-
cally dominant symbionts, and those found at low abundance,
should be characterized. Future research will confirm which
(if any) low abundance symbionts impact holobiont physiol-
ogy and ecology, and the time scales and contexts over which
this may occur. Some of the major limitations in the detection
of Symbiodinium using molecular techniques are briefly dis-
cussed below; for comprehensive discussion of technical
details, the reader is referred to the individual papers cited.

All of the molecular approaches that have been applied to
coral-algal symbioses in the ETP (Table 13.1) are potentially
susceptible to PCR bias. By preferentially amplifying some
Symbiodinium genetic sequence variants over others, PCR
bias can skew assessments of the relative abundance of
different symbiont types within individual hosts. Addition-
ally, if some Symbiodinium types (e.g., based on ITS-2)
contain a high copy number for a given gene relative to other
types, this could also produce a bias by artificially inflating
detections of a given symbiont variant.

Community fingerprinting techniques, such as RFLP and
DGGE, which utilize conventional PCR amplicons, require
caution in assessing the diversity of coral-algal symbioses
because they do not necessarily detect community members
present at low relative abundances (e.g., <5–20 % of the
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total community, Lien et al. 2007; Loram et al. 2007). In a
relatively extreme case, DGGE was shown to detect Sym-
biodinium ITS-2 type D1 only when it comprised at least
10–30 % of the total community (LaJeunesse et al. 2008). In
scleractinian corals, which typically host 1–2 million Sym-
biodinium cells per cm2 of coral surface tissue (Drew 1972),
diverse symbionts might therefore be present at densities
well in excess of 100,000 cells per cm2, yet remain unde-
tected using these approaches.

The problem of failed detections is further exemplified,
for the ETP in particular, in comparisons of RFLP and
rt-PCR data from colonies of Pocillopora. Correa (2009)
showed that 96 % (n = 204 of 213) of samples contained
both C and D symbionts based on rt-PCR, but these mixed
communities were detected in only 12 % (n = 26 of 213) of
samples analyzed using RFLPs. This problem occurred even
in samples that contained relatively even abundances of C
and D symbionts (e.g., each clade comprised *30 % or

more of the total community). The overall RFLP type II
error rate (178 errors in 204 assays) suggests that earlier
studies (Glynn et al. 2001a, b; Baker et al. 2004) identifying
Symbiodinium based on LSU rDNA may have underesti-
mated the presence of mixed symbiont clades by nearly
90 % (Correa 2009). This suggests that: (1) RFLP type II
errors in published datasets are likely more pervasive than
previously inferred (e.g., Baker and Romanski 2007); and
(2) some abundant symbiont variants have likely been
‘hidden in plain sight’ by early RFLP analysis, at least in
ETP Pocillopora.

Real-time PCR provides a 1000–10,000-fold increase in
detection sensitivity over conventional PCR methods (Mieog
et al. 2007). Such high-resolution techniques present their
own caveats in assessing Symbiodinium diversity in hospite,
however. For example, rt-PCR can potentially detect Sym-
biodinium cells present as surface contaminants on colonies
or within the guts of sampled hosts, calling into question the

Table 13.1 Summary of the molecular tools and markers that have been used to assess Symbiodinium diversity in the eastern tropical Pacific
(ETP)

Molecular
approach/marker

Host taxa Country Citation

RFLP of LSU 28S
rRNA

Gardineroseris, Pocillopora, Pavona, Porites, Psammocora Panama, Galápagos (Ecuador) Glynn et al. (2001a)

Pocillopora damicornis, Pocillopora elegans Panama Baker et al. (2004)

DGGE of ITS-2 Pocillopora elegans (verrucosa), Pavona gigantea Mexico Iglesias-Prieto et al.
(2004)

Pocillopora Mexico LaJeunesse et al. (2007)

Pavona, Pocillopora, Porites, Psammocora Mexico LaJeunesse et al. (2008)

Porites lobata Galápagos (Ecuador) Glynn et al. (2009)

Pocillopora Mexico, Clipperton Atoll,
Galápagos (Ecuador), Panama

LaJeunesse et al.
(2010a); Pinzón and
LaJeunesse (2011)

Pocillopora Mexico McGinley et al. (2012)

psbA non-coding
region

Pocillopora Mexico, Clipperton Atoll,
Galápagos (Ecuador), Panama,
Gulf of California

Pinzón and LaJeunesse
(2011)

Microsatellites Pocillopora Mexico, Clipperton Atoll,
Galápagos (Ecuador), Panama

LaJeunesse et al.
(2010a)

Pocillopora Mexico Pettay et al. (2011)

Pocillopora Mexico, Clipperton Atoll,
Galápagos (Ecuador), Panama,
Gulf of California

Pettay and LaJeunesse
(2013)

rt-PCR of Domain
2 of the LSU 28S
rRNAa

Gardineroseris, Pavona clavus, Pavona gigantea, Pavona
varians, Pocillopora damicornis, Porites panamensis,
Psammocora superficialis

Panama, Galápagos (Ecuador) Silverstein et al. (2012)

Pocillopora Mexico McGinley et al. (2012)

rt-PCR of actina Pocillopora damicornis Panama Cunning and Baker
(2013)

Pocillopora Panama, Galápagos (Ecuador) Cunning et al. (2013)
aIndicates a high-sensitivity molecular approach
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biological relevance of high CT value amplifications. Sil-
verstein et al. (2012) applied a Symbiodinium-specific
rt-PCR assay (Correa et al. 2009) to the azooxanthellate
coral Tubastraea coccinea; only 2 % (1 out of 52) of the
analyzed samples harbored sufficient surface contaminants
or recently ingested cells to produce a positive detection for
Symbiodinium. Although this ‘biological negative control’
does not exactly estimate false positive Symbiodinium
detections for zooxanthellate corals, it does suggest that the
vast majority of positive Symbiodinium detections using
rt-PCR represent Symbiodinium that are not surface or gut
contaminants. Nevertheless, careful use of biological and
technical negative controls is important to establish appro-
priate detection thresholds using rt-PCR. Another constraint
of rt-PCR is that detection is limited to the specific symbiont
taxa queried by user-developed primers and probes, which
are based on known diversity and have, to date, targeted
relatively coarse levels of taxonomic resolution (i.e., clades,
Correa et al. 2009; Cunning and Baker 2013). Clade-level
detection is unable to resolve sub-clade diversity, which may
correlate with important functional variation (see
Sect. 13.2.3). Fortunately, rt-PCR assays can be developed
to detect and quantify any target sequence variant (e.g.,
Cunning and Baker 2013), facilitating its application at any
scale of taxonomic resolution.

Another advantage of rt-PCR analysis is its ability to
quantify the abundance and/or proportion of symbiont types
in mixed communities, including those that contain low
abundance symbionts, enabling more detailed studies of
dynamism and shuffling in symbiont communities over time.
Absolute quantitation of different Symbiodinium variants
remains difficult due to the multi-copy nature of the markers
currently in use (Mieog et al. 2007) and unsatisfactory
parameters for standardizing symbiont numbers (e.g., per
cm2 or ng DNA). These issues have been addressed via the
development of markers with lower copy number (e.g.,
actin) normalized to host cell numbers (Mieog et al. 2009;
Cunning and Baker 2013). However, the copy number of
these markers may still vary among taxa, and must therefore
be quantified for each Symbiodinium type studied. Normal-
izing symbionts to host cells (e.g., S/H cell ratio in Mieog
et al. 2009) provides a metric of symbiont abundance (i.e.,
density) that relative ratios do not, but these metrics must
still be interpreted carefully due to the dynamic nature of
host cells (Cunning and Baker 2014).

The most informative snapshot of a Symbiodinium com-
munity may be obtained by utilizing a combination of these
approaches to attain both high sensitivity detection and
fine-scale taxonomic resolution, along with some quantita-
tive information. Although this may be achieved by rt-PCR
assays that target specific Symbiodinium types,
next-generation sequencing is poised to provide another step
forward in allowing investigators to comprehensively and

quantitatively assess Symbiodinium community structure
(Kenkel et al. 2013; Green et al. 2014), but this has yet to be
applied to the ETP.

13.2.3 Functional Differences in Symbiodinium

Different Symbiodinium taxa can have distinct physiological
traits (Iglesias-Prieto and Trench 1994, 1997; Warner et al.
1999; Savage et al. 2002; Goulet et al. 2005; Loram et al.
2007), causing them to be differentially suited to varied
environmental conditions. Based on these differences, they are
often predictably distributed along gradients of light and
temperature across reefs (Fabricius et al. 2004; Iglesias-Prieto
et al. 2004) and even within single coral colonies (Rowan et al.
1997; Kemp et al. 2008). This intraspecific (and intracolonial)
symbiont diversity can influence holobiont physiology in a
number of ways.

One of the clearest differences among symbionts, at least
from the perspective of their coral hosts, is that some Sym-
biodinium, particularly members of clade D, are heat-tolerant
(Rowan 2004) and confer increased resistance to thermal
bleaching (Rowan et al. 1997; Glynn et al. 2001b; Berkelmans
and van Oppen 2006; LaJeunesse et al. 2008). In the ETP,
Pocillopora colonies dominated by D1 symbionts are resistant
to heat-induced bleaching compared to those dominated by
clade C (Glynn et al. 2001b). D1 symbionts also protect corals
from bleaching events triggered by high irradiance (LaJeu-
nesse et al. 2007) and cold stress (LaJeunesse et al. 2010a;
McGinley et al. 2012). The higher incidence of bleaching in
shallow water, and the higher irradiance at these depths, may
thus explain the depth gradient in D1 characterizing Panama-
nian Pocillopora (Fig. 13.2, see also Sect. 13.3.2). These
thermal differences may also occur at finer taxonomic scales.
Sampayo et al. (2008) showed that Stylophora pistillata
hosting C78 and C8/a on the southern Great Barrier Reef
(GBR) was more thermally tolerant than those hosting C79
and C35/a, suggesting that fine-scale differences in symbiont
type might similarly affect physiological outcomes in ETP
corals. Different multilocus genotypes within Symbiodinium
D1 also show distinct geographic partitioning in the ETP even
though their hosts are widely distributed, suggesting that cer-
tain symbiont clones may be functionally distinct (Pettay and
LaJeunesse 2013). Other more subtle aspects of coral physi-
ology may also be impacted by symbiont type. DeSalvo et al.
(2010) showed that gene expression profiles in the host are
highly dependent on the genetic identity of the symbiont,
suggesting that symbionts may modulate host physiology in
complex ways.

In addition to bleaching susceptibility, other aspects of coral
fitness may be dependent on the algal taxa they host, including
the transfer of photosynthetically fixed carbon to the host
(Loram et al. 2007; Cantin et al. 2009), and coral growth rates.
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Little et al. (2004) found that juvenile Acropora millepora and
Acropora tenuis on the GBR that were infected by Symbio-
dinium in clade D grew 2–3 times more slowly than juveniles
infected with members of clade C, as measured by the rate of
addition of new polyps over the first 6 months (Little et al.
2004). This growth differential was also found in adult corals
of A. millepora containing clade D, which grew 29 % more
slowly than conspecifics with clade C in controlled experi-
mental conditions, and 38 % more slowly in the field (Jones
and Berkelmans 2010). However, studies of Pocillopora in
the ETP found that these tradeoffs were temperature-
dependent, with increasing temperatures lessening, and
eventually eliminating, the growth reduction among corals
hosting clade D (Fig. 13.3, Cunning et al. 2014). These
findings suggest a more nuanced view in which different
symbionts vary in their environmental optima, which in turn
influences rates of carbon translocation and the eventual
growth of coral hosts (Cunning et al. 2015).

13.3 Distribution of Symbiodinium
in the ETP

13.3.1 Host Systematic Distribution

Most coral species in the ETP are dominated by closely related
Symbiodinium in clade C that include ITS-2 types C1c, C1b-c,
C1f, C1d and C1ee (Table 13.2; LaJeunesse et al. 2008). In
addition, some coral species can be found dominated by

variants of C66 or C75 (Porites panamensis) or D1 (Pocillo-
pora spp.). Only one non-pocilloporid has been found con-
taining high abundance of D1, a single colony of Porites
lobata collected shortly after the 1997–98 bleaching event at
Uva Island (Baker 1999). Pocilloporid corals in theETP can be
dominated by a variety of Symbiodinium in clade C (including
types C1b-c, C1d, and C1ee), D1 (LaJeunesse et al. 2008,
2010a, b; Cunning et al. 2013), and even B1, albeit tem-
porarily (LaJeunesse et al. 2010a). Mixtures of D1 with clade
C-types have been detected by real-time PCR in over half of
examined Pocillopora colonies, but typically involve domi-
nance of one symbiont typewith low background levels of one
or more additional types (Fig. 13.4; Correa 2009; McGinley
et al. 2012; Cunning and Baker 2013). Although the propor-
tions of Pocillopora dominated by members of clade C or D
may vary among locations, both holobiont combinations are
common throughout the region, and readily co-occur across
reefscapes (Fig. 13.5; Glynn et al. 2001b; LaJeunesse et al.
2008). Although species boundaries within the genus Pocil-
lopora are not clearly established (see Chap. 14, Pinzón), there
may be some patterns in the distribution of Symbiodinium
types among host taxa. Pinzón and LaJeunesse (2011) found
that different lineages of Pocillopora hosted distinct types of
Symbiodinium within clade C, with “type 1” Pocillopora
hosting Symbiodinium C1b-c, “type 2” hosting C1ee, and
“type 3” hosting C1d. In addition, they suggested that only
type 1Pocilloporawas able to associatewith the stress tolerant
SymbiodiniumD1 based on DGGE fingerprinting of the ITS-2
region. However, additional sampling in a subsequent study
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revealed that both type 1 and 3 Pocillopora in Panama and the
Galápagos routinely associated with Symbiodinium in clade D
(based on rt-PCR of the actin gene, Cunning et al. 2013),
suggesting that certain host-symbiont combinations that were
not previously identified may have restricted or patchy dis-
tributions. Branch tips of Pocillopora in the ETP have also
been found to be dominated by Symbiodinium B1 (a common
symbiont of the anemone Aiptasia) during the early stages of
recovery from cold water bleaching. However, these sym-
bionts were no longer detected in the corals once fully
recovered (LaJeunesse et al. 2010a), suggesting these sym-
bionts may have opportunistically colonized bleaching tissue.
Nevertheless, these various results indicate thatPocillopora in
the ETP can form associations with diverse symbionts in at
least three clades of Symbiodinium.

Other coral species in the ETP have not been studied as
thoroughly as Pocillopora, but studies using high-resolution
rt-PCR indicate that they also associate with multiple Sym-
biodinium clades (Table 13.2), although they are rarely

(if ever) dominated by symbionts other than clade C. Sur-
veys of symbiont diversity in other scleractinian species on
Panamanian reefs have detected both clade C and clade D
Symbiodinium in association with Gardineroseris planulata,
Pavona clavus, Pavona gigantea, and Porites lobata, Por-
ites panamensis, Pavona varians, and Psammocora super-
ficialis (Silverstein et al. 2012; Cunning et al., unpub data).
Members of clade A Symbiodinium have also been found in
Panamanian P. gigantea, P. clavus, G. planulata, and
P. panamensis, and clade B has been found in P. gigantea,
P. clavus, and P. panamensis. Together, these findings
suggest that the total diversity of Symbiodinium present in
corals of the ETP (and elsewhere) extends beyond the
dominant or most abundant symbionts typically character-
ized to date, and likely includes members of one or more
additional clades present at low densities.

In addition to the symbionts of scleractinian corals on ETP
reefs, additional zooxanthellate non-scleractinians also host a
variety of Symbiodinium that add to the total pool of symbionts

Table 13.2 Diversity of Symbiodinium (based on conventional and high-resolution molecular approaches) in scleractinian corals in the ETP

Species Location Clades Type(s) References

Gardineroseris planulata PAN A, C, D Silverstein et al. (2012)

Pavona gigantea PAN A, B, C, D Silverstein et al. (2012)

GAL C, D Silverstein et al. (2012)

GOC C C1c LaJeunesse et al. (2008)

Pavona clavus PAN A, B, C, D Silverstein et al. (2012)

GAL A, C, D Silverstein et al. (2012)

GOC C C1c LaJeunesse et al. (2008)

Pavona varians PAN C, D Silverstein et al. (2012)

Pocillopora spp.a GAL C, D C1b-c, D1 Silverstein et al. (2012), Cunning et al. (2013)

PAN C, D C1b-c, C1d, D1 LaJeunesse et al. (2010a, b), Cunning and Baker (2013),
Cunning et al. (2013)

MEX D D1 Baker (1999), LaJeunesse et al. (2010a)

GOC B, C, D B1, C1b-c, D1 LaJeunesse et al. (2008, 2010)

PAN C, D C1b-c, C1d, D1 LaJeunesse et al. (2010a, b)

RVG C C1b-c LaJeunesse et al. (2010a, b)

CLP C, D C1b-c, C1ee, D1 LaJeunesse et al. (2010a, b)

Porites panamensis PAN A, B, C, D Silverstein et al. (2012)

GOC C C1, C66, C66a, C66b, C75 LaJeunesse et al. (2008)

Porites lobata PAN C, D Glynn et al. (2001a), Baker (1999)

Psammocora superficialis PAN C, D Silverstein et al. (2012)

GOC C C1f LaJeunesse et al. (2008)

P. brighami GOC C C1f LaJeunesse et al. (2008)

P. profundacella GOC C C1f LaJeunesse et al. (2008)

P. stellata GOC C C1f LaJeunesse et al. (2008)

GAL Galápagos, Ecuador; GOC Gulf of California, Mexico; MEX Mainland Mexico; PAN Panama; RVG Revillagigedo Islands; CLP Clipperton
Atoll
aDue to taxonomic uncertainty in this genus, all Pocillopora species are grouped by genus
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that occur in the region. As mentioned previously, the ane-
moneAiptasia hosts SymbiodiniumB1, while anemones in the
genus Isoaulactinia (=Bunodactis) and the zoanthid Zoanthus
pacificus have both been found to host C66 (which is also
found in the scleractinian Porites panamensis). Zoanthus
pacificus has also been found hosting C29 and A12 (LaJeu-
nesse et al. 2008). In contrast, zoanthids in the generaPalythoa
andProtopalythoa host C1 andC1o, respectively (LaJeunesse
et al. 2008), while the hydrozoan fire coralMillepora intricata
hosts members of clade A (Baker 1999).

13.3.2 Environmental Control of Symbiodinium
Distribution

ETP reefs show high variability in both temperature and water
clarity, as well as large diurnal changes in irradiance due to
extreme tidal ranges in some locations, such as Pacific
Panama. While Pocillopora dominated by D1 or C1b-c
co-occur throughout the ETP (with the exception of mainland
Mexico, including Banderas Bay and Oaxaca, where only D1
has been reported, Baker 1999; LaJeunesse et al. 2010a), their
relative dominance does appear to be related to environmental
conditions at each location. High temperatures have been
associated with clade D Symbiodinium (including D1 in the
ETP), and areas that routinely experience high temperatures

show high relative abundance of these symbionts (Baker
2003; Baker et al. 2004; Fabricius et al. 2004; Berkelmans and
van Oppen 2006). Therefore, while some members of clade C
may tolerate high seasonal temperature variability (e.g.,
C1b-c, LaJeunesse et al. 2010a), their sensitivity to extreme
high temperatures, combined with the high thermal tolerance
of D1, has resulted in dominance by D1 in areas that experi-
enced severe thermal stress during El Niño bleaching events
(LaJeunesse et al. 2010a; Cunning et al. 2013).

Depth-related trends in the distribution of Symbiodinium
types in the Gulf of California (Iglesias-Prieto et al. 2004)
suggest that stress-tolerant Symbiodinium D1 perform better
in shallow, high light environments, whereas the more sen-
sitive C1c performed better in deeper, low light environ-
ments. This niche differentiation between symbiont types
was thought to drive the vertical distribution of two different
host species at this site: Pocillopora verrucosa, which
associated with clade D, was restricted to shallower habitats,
while Pavona gigantea, which associated with clade C, was
restricted to deeper habitats. Thus, host specificity may limit
the vertical distribution of less flexible associations to the
niche space occupied by the symbiont. However, D1 is also
abundant in areas with relatively high turbidity and therefore
lower light conditions (LaJeunesse et al. 2010a).

To date, intraspecific depth-related trends in Symbiodinium
diversity have not been investigated in detail in the ETP,
particularly for coral taxa that routinely host multiple sym-
biont types (such as Pocillopora). To remedy this, we ana-
lyzed 44 samples of Pocillopora damicornis across a depth
gradient at Uva Island, Panama, using real-time PCR (Cun-
ning and Baker 2013) to quantify the abundance of clades C
and D Symbiodinium. We found that P. damicornis was more
commonly dominated by clade D in shallow water compared
to deeper water (Fig. 13.3). These patterns confirm
intraspecific depth zonation in coral-algal symbiosis for ETP
coral hosts (Rowan and Knowlton 1995) and suggest that
abiotic factors, especially light and temperature, are important
axes for niche diversification between different symbionts,
influencing their distribution across reefscapes. However,
differences in disturbance history, such as higher rates of
bleaching and mortality at shallower depths, likely also con-
tribute to the depth zonation of symbionts in P. damicornis.

13.3.3 Biogeographic and Taxonomic Gaps
in Our Understanding
of Symbiodinium Distribution
in the ETP

Due to tectonic and hydrodynamic factors, it was originally
thought that coral reefs were not present in the ETP (Darwin
1842; Dana 1843; see Chap. 1, Glynn). The discovery of
structural coral reefs in Panama (Glynn 1972; Glynn et al.

Fig. 13.4 Community structure of Symbiodinium in Pocillopora from
Panama. Cell ratio densities (symbiont to host cell ratios) of clade C and
D symbionts show a high incidence of mixed communities (64.1 % of
colonies) that are heavily dominated by one clade, with background
populations of a second clade. Open triangles represent colonies
categorized as C-dominated (99.6–100 % clade C), and filled triangles
are D-dominated (87.6–100 % clade D). Dashed line represents equal
amounts of clades C and D in a sample. From Cunning and Baker (2013)
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1972; Porter 1972) marked the beginning of a period of
scientific exploration in the region. However, despite sus-
tained efforts to document and characterize ETP reefs (many
of which are documented in this volume; see Chap. 5, Glynn
et al.; Chap. 6, Toth et al.), studies of Symbiodinium diver-
sity in the ETP have largely focused on the Gulf of Cali-
fornia (Mexico), the Galápagos (Ecuador), and two areas in
Panama (the Gulfs of Chiriquí and Panama). Almost all
knowledge of ETP Symbiodinium distributions is based on

studies from these areas (but see Table 13.2). Yet,
well-developed reefs also exist off the Pacific coasts of
Ecuador, Costa Rica, southern Mexico and Colombia
(Cortés 2003). The least known reefs in the ETP, however,
are arguably those within the “Pacific central American
faunal gap” (Springer 1958), which includes Nicaragua, El
Salvador, and Guatemala. Although coral framework was
thought to be largely absent from the gap (e.g., Ryan and
Zapata 2003), coral communities and developed reefs built
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mainly by Pavona gigantea, Gardineroseris planulata, and
Pocillopora elegans were recently reported from Nicaragua
(Alvarado et al. 2010). Additional data on Symbiodinium
diversity should be obtained for these areas, as they may
play an important role in the connectivity of ETP coral
meta-populations in coastal Mexico, offshore areas such as
the Revillagigedo Islands, and Central and South America
(i.e., Costa Rica to Ecuador; see Chap. 16, Lessios and
Baums). Additionally, coral-algal associations in the faunal
gap may provide insights regarding how, and to what extent,
these symbioses cope with naturally marginal environmental
conditions, such as high turbidity in central Mexico
(LaJeunesse et al. 2010a). Such associations may be useful
proxies for the potential responses of conspecifics to anal-
ogous anthropogenic disturbances, such as eutrophication.

We are not aware of any data on Symbiodinium diversity
or distribution from Guatemala, El Salvador, Nicaragua,
Costa Rica, or Colombia. Symbiodinium diversity is also
relatively unknown from ETP oceanographic islands, par-
ticularly Cocos Island, and Salas y Gómez and Easter (Rapa
Nui) Islands (Chile), although limited Symbiodinium surveys
have been conducted on pocilloporid hosts of the Revil-
lagigedo Islands (LaJeunesse et al. 2010a) and Clipperton
Atoll (LaJeunesse et al. 2010a; Pinzón and LaJeunesse
2011). Rapid surveys of these coral-dominated ecosystems,
including documentation of coral-algal associations, should
be performed in these relatively undescribed regions to
generate baseline data necessary for habitat management,
valuation, and protection. As one of the first shallow plat-
forms in the ETP encountered by the North Equatorial
Countercurrent (Glynn 1996), a higher (albeit still modest)
proportion of coral-algal associations at Cocos Island may
represent long-distance colonizers (Cortés and Jiménez
2003). Thus, Symbiodinium surveys from Cocos Island reefs
are of particular interest.

Taxonomic gaps also exist in our knowledge of ETP
Symbiodinium distributions. By far, most information
regarding symbiont distributions comes from the dominant
reef-building stony coral genus in the region, Pocillopora.
Symbiodinium diversity within a few other ETP branching
corals (e.g., Psammocora) has been documented, and some
data are available for massive and encrusting coral species
common to Panama, the Galápagos, and the Gulf of Cali-
fornia (e.g., Porites lobata, Pavona gigantea, Pavona cla-
vus, Baker 1999; Iglesias-Prieto et al. 2004; LaJeunesse et al.
2008; Glynn et al. 2009; see Table 13.2). Under-sampled
ETP sites, however, contain some host species that are
absent or rare elsewhere. These host species constitute
another Symbiodinium frontier in the ETP. Host sampling
gaps include Leptoseris papyracea (Costa Rica, Colombia,
Ecuador), Leptoseris scabra (Ecuador), Pavona maldivensis
(Colombia, Ecuador), Porites paschalensis (Easter Island or
Rapa Nui), and even, potentially, Porites rus (Costa Rica)

and Acropora valida (Colombia) (Cortés and Jiménez 2003;
Glynn 2003; Glynn et al. 2003; Zapata and Vargas-Ángel
2003).

13.4 Stability Versus Change
in the Distribution
of Symbiodinium in the ETP

Because ETP reefs have been exposed to repetitive heat
stress and experience gradients in pH across the region,
they are excellent case studies for understanding the
mechanisms by which corals might adapt or acclimatize to
combined temperature and acidification stressors. In par-
ticular, since laboratory experiments cannot capture the
long-term timescales over which projected changes are
likely to occur, these real-world changes are more appro-
priate for identifying potential compensatory mechanisms.
Symbiont community changes have been proposed as one
way by which corals might respond to changing environ-
ments, including those occurring as a result of climate
change (Buddemeier and Fautin 1993). These changes
might occur as a result of dynamic change in community
structure within individual colonies in response to changing
environmental conditions, or as a result of differential
mortality of hosts containing unsuitable symbionts. Baker
et al. (2004) documented shifts to favor symbionts in clade
D following large scale bleaching of Pocillopora during the
1997–98 El Niño warming event at Uva Island (Gulf of
Chiriquí, Panama), and suggested that both symbiont
“shuffling” as well as differential mortality, might account
for these changes.

In contrast, in a study of cold-water bleaching and mor-
tality, LaJeunesse et al. (2010a) found that relatively few of
the surviving colonies experienced directional change in
their symbiont communities, suggesting that differential
mortality, rather than dynamic change on the colony level,
resulted in the observed Symbiodinium distributions across
the ETP. This was also suggested by McGinley et al. (2012),
who used high resolution rt-PCR to study changes in the
abundance of background symbionts and found that changes
in symbiont dominance occurred in only 3 % of colonies
following the same cold water bleaching event, suggesting
that changes in symbiont communities were rare. Given
these different findings, it seems likely that both mechanisms
—natural selection (differential mortality and reproduction)
of coral colonies with different symbionts, and dynamic
change in symbiont communities within colonies—are likely
to be important in understanding the distribution and sta-
bility of symbionts in reef corals over time and space.
Responses may be expected to vary depending on whether
bleaching was caused by high or low temperatures, with
different responses across the ETP as a result.
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13.5 The Future of Coral-Algal Symbiosis
in the ETP

13.5.1 Interactions Between High Temperature
and High CO2

ETP reefs are model systems for the effects of periodic high
temperature stress under conditions of high CO2. Chroni-
cally depressed aragonite saturation states at some sites in
the ETP are expected to decrease calcification rates (Lang-
don and Atkinson 2005; Manzello et al. 2008), resulting in
slower coral growth and lower reef resilience (Anthony et al.
2011). At the same time, symbiont shifts to favor thermo-
tolerant symbionts (Symbiodinium D1) may also lead to
slower growth as a result of tradeoffs (see Sect. 13.2.3),
although these tradeoffs may not be present at higher tem-
peratures (Cunning et al. 2014). Nevertheless, investigating
whether there is an interaction between ocean acidification
(OA), symbiont type, and coral growth rate should be a high
research priority, especially in the ETP. These interactions
have not yet been explored in detail.

Studies of isolated Symbiodinium in culture have revealed
significant variation among different types in their growth
rates and photosynthetic capacities (Brading et al. 2011), but
studies of how corals of the same species respond to OA if
they have different symbiont types have not yet been
undertaken in a controlled experiment. At three natural CO2

seeps in Papua New Guinea, no difference in the dominant
symbiont type was documented in six coral species at the
seep sites versus nearby control sites (Noonan et al. 2013).
This suggests that high CO2 does not select for particular
symbionts, and that, consequently, corals are unlikely to
adapt or acclimatize to high CO2 environments by shifts in
the composition of their symbiont communities. However, it
also implies that high CO2 will not impede ongoing shifts to
Symbiodinium D1 (due to increased warming and recurrent
bleaching events) if these shifts are neutral from the point of
view of high CO2.

The few studies undertaken to date suggest that OA
effects on Symbiodinium distributions may not be dramatic,
but controlled experiments are needed to properly test this
idea. In addition, the interaction between high CO2 and high
temperature in causing bleaching (Anthony et al. 2008)
requires further research, especially in the ETP. It is possible
that, instead of favoring particular symbiont types, high CO2

may increase the per-cell productivity of symbiont com-
munities, resulting in higher symbiont productivity and
lower overall skeletal density in the coral host. If this is the
case, OA might actually increase the thermal tolerance of
coral hosts because corals with relatively fewer symbionts
may show less severe bleaching in response to heat stress
(Cunning and Baker 2013). Similarly, the effect of high

pCO2 on the rate of coral recovery from bleaching also
represents a potential research question of particular rele-
vance to the ETP.

13.5.2 Response of Reef Coral Symbioses
to Climate Change: The Ratchet
Hypothesis

Reef corals in the ETP represent an excellent “test bed” for
how corals will respond to the combined effects of climate
change, having already experienced multiple mass bleaching
episodes as a result of recurring El Niño events, and also
being subject to depressed aragonite saturation states as a
result of regional upwelling conditions. Reefs throughout the
region suffered severe mortality (52–97 %) following the
1982–83 El Niño event, but considerably less mortality (0–
26.2 %) following the 1997–98 El Niño, despite the fact that
the magnitude and duration of the two events were very
similar (Enfield 2001; Glynn et al. 2001b). This suggests that
the corals that survived and propagated on these reefs in the
intervening *15 years were considerably more thermotol-
erant than those that dominated reefs prior to 1982 (Baker
2002). This is probably a result of both differential mortality
of thermally sensitive coral-symbiont combinations and
increases in the abundance of thermotolerant symbionts
within surviving colonies, with the relative importance of
both of these mechanisms depending on site, species, stress
exposure, and environmental history. Maynard et al. (2008)
reached similar conclusions regarding the responses of
Pocillopora damicornis, Acropora spp., and Porites spp. to
two major thermal anomalies on the Great Barrier Reef
(GBR). These corals experienced a major bleaching event in
1998, but during a severe thermal anomaly in 2002 bleached
30–100 % less than predicted. The mechanisms responsible
for acclimatization/adaptation on the GBR were not directly
observed, but Maynard et al. (2008) inferred that several
mechanisms must have been acting in addition to differential
mortality, because rates of mortality in 1998 were not well
correlated with increases in thermal tolerance (measured as
the difference between predicted and observed bleaching).

From a research perspective, what makes corals unusual
is their ability to engage in mutualisms with diverse sym-
bionts, and not the fact that they can experience differential
mortality. Consequently, if dynamism in these symbiont
communities is at least partially responsible for increased
thermotolerance, then understanding how changes in sym-
biont communities occur, and the degree to which they are
reversible, represent opportunities for insight into how corals
might behave differently from other organisms, an element
which is critical to projecting future survival trajectories for
coral reefs. The apparent increase in the thermal tolerance of
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ETP corals between 1983 and 1997 suggests that, if mass
bleaching resulted in corals that recovered with a higher
abundance of thermotolerant symbionts, then these sym-
bionts (Symbiodinium D1) must have remained in coral tis-
sues at sufficient abundance over *15 years to have had a
measureable effect on the bleaching susceptibility and/or
survivorship of corals in 1997–98. This suggests that, as
bleaching events become more frequent and more severe, the
abundance of Symbiodinium D1 may be subject to stepwise
increases, with rapid increases in abundance following
bleaching, and much slower declines when conditions return
to normal. This “ratchet” mechanism may be one way in
which coral communities might make the transition to
thermotolerance without suffering the high levels of mor-
tality which might be expected under scenarios of differen-
tial mortality and natural selection. Testing the ratchet
hypothesis is a priority for further progress in this field, and
additional studies are required that apply high-resolution
methods to quantify change and persistence in symbiont
communities before, during, and after a bleaching event.
Furthermore, symbiont communities in the field should also
be monitored over time using high-resolution methods, and
any changes related to disturbance history and environ-
mental conditions. Such studies are already underway in the
ETP and continuing these efforts should be a priority
research area for coral reef scientists interested in projecting
reef futures for the coming century.
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