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The island continent of Madagascar spans nearly 13.5° of latitude in the SW Indian
Ocean. Its coastline includes a number of well developed coral reefs, ranging from
tropical Nosy Bé (NW Madagascar, 12°S) and Vohemar (Volhmarina, NE Madagascar,
13°S) to subtropical Tuléar (Toliara , SW Madagascar, 23.5°S), as well as temperate coral
communities at Fort Dauphin (Tolagnaro, SE Madagascar, 25°S). Given the range of
environmental conditions experienced by reef corals at these different sites, Madagascar
represents an ideal location to study the distribution of algal symbionts (Symbiodinium
spp.) in these coral hosts. To investigate the effect of latitudinal gradients in temperature
on Symbiodinium distributions, 220 samples from 27 coral genera in 12 families were
collected from these 4 sites in September 2001. To test the stability of these distributions
over time, a further 337 samples were collected from the Nosy B¢ and Tuléar regions in
March 2007 and November 2009. Symbiodinium communities were screened using
Denaturing Gradient Gel Electrophoresis (DGGE) to analyze the internal transcribed
spacer-2 (ITS-2) region of Symbiodinium ribosomal DNA, with individual symbiont taxa
identified by sequencing individual DGGE bands. Significant differences were found in

the Symbiodinium cladal composition of reef corals at different sites, with corals at



northern sites containing a higher relative frequency of Symbiodinium in clade D
(occurring as mixed clade C+D communities) than southern sampling sites. Nominal
logistic analysis of the distribution of symbionts found a significant effect of coral taxa
and site, but not of sea surface temperature metrics (environmental data obtained from
NOAA'’s Coral Reef Watch satellite-derived data) in determining the distribution of
different symbionts. Rarefaction analysis indicated there were no differences in
Symbiodinium richness (at either the clade or the subtype level) between different sites, or
between different sampling intervals. Differences existed in the subcladal composition of
dominant ITS-2 types found in congeners at different latitudes, with corals in the genus
Acropora being dominated by Symbiodinium C3 (specifically subtype C3z) in northern
sites, and C1 in southern sites. Symbiont communities changed between 2001 and
2007/2009, with increases in mixed Symbiodinium C+D assemblages occurring at
southern sites that had experienced temperature stress during the intervening period.
Decreases in mixed Symbiodinium communities occurred at northern sites, which were
not as severely affected by thermal stress. It is suggested that the latitudinal gradients in
Symbiodinium found in Madagascar, and the environmental controls on community
structure described here, provide important insight into how coral species in this
understudied area can adapt or acclimatize to changing environmental conditions through
shifts in the composition of their symbiont communities. This will help improve our
understanding of how projected climate change in the SW Indian Ocean will affect

survival trajectories for coral reefs in the region.
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Chapter One:

Symbiodinium richness and distribution on Malagasy coral reefs
and the effect of latitudinal environmental gradients on regional
diversity

Summary

The distribution and diversity of algal symbionts (dinoflagellates in the genus
Symbiodinium) in reef corals were sampled over a latitudinal gradient of ~13° in
Madagascar (SW Indian Ocean). In total, 220 samples in 27 genera (12 families) of
scleractinian coral were collected from Nosy Bé (NE), Vohemar (Volhmarina, NW),
Tuléar (Toliara, SW) and Fort Dauphin (Tolagnaro, SE) in September 2001.
Symbiodinium DNA was extracted, purified and amplified using primers specific to the
internal transcribed spacer-2 (ITS-2) region of ribosomal DNA and amplified products
analyzed using Denaturing Gradient Gel Electrophoresis (DGGE). Individual
Symbiodinium types were identified by excising bands from DGGE gels and subsequent
sequencing. While all sites contained Symbiodinium in clades A, C and D, (except for Ft.
Dauphin which only contained clades C and D), it was hypothesized that there would be
differences in symbiont communitie (both in composition and species richness) between
the different sampling sites. There was a significant difference in symbiont richness, at
the subcladal level, between the northern (Nosy Bé and Vohemar) and southern (Tuléar
and Fort Dauphin) sites, with corals at northern sites hosting 25 symbiont types while
those from southern reefs hosted only 13 symbiont subtypes. Corals at Nosy Bé were
characterized by a higher incidence of mixed Symbiodinium communities (clades C and

D) than other sites. Nominal logistic models revealted that mean temperatures, minimum



temperatures, temperature variability (SD) and degree heating weeks (DHWs) indicate
increases of Symbiodinium clade D with increasing temperature and decreasing SD, but
these trends were not significant. Site and taxa were found to be the most powerful
(r>>0.5) predictors of the symbiont community structure (frequency of clade D

dominance, clade D incidence and mixed C+D assemblages) at each location.

Background

Tropical coral reefs dominated by hermatypic reef building corals are typically
found between 25° N and 25° S (Veron 2000). The productivity and success of these
corals is due to mutualistic associations with algae in the genus Symbiodinium, a genus of
dinoflagellates colloquially referred to as “zooxanthellae” that translocate photosynthetic
carbon to the coral host and supply metabolic needs. The genus Symbiodinium currently
includes at least nine clades (A-I) (Pochon & Gates 2010), six of which (A-D, F, G)
associate with scleractinian (stony) corals on tropical coral reefs (Rowan 1998, Baker
2003, LaJeunesse et al. 2010, Pochon and Gates 2010).

Studies have shown that different Symbiodinium can impart different
physiological capabilities to their coral hosts (Iglesias-Prieto & Trench 1994, Baker 2001,
Savage et al. 2002, Baker et al. 2004, Igelsias-Prieto et al. 2004, Little et al. 2004,
Berkelmans & van Oppen 2006, Warner et al. 2006, Loram et al. 2007, Ulstrup et al.
2007, Sampayo et al. 2008, Stat et al. 2008, Cantin et al. 2009) and can potentially affect
a coral’s capacity to acclimatize or adapt to environmental changes (Baker 2004, Baker et
al. 2004). For example, Symbiodinium in clade A are commonly found in shallow water

(0-6m) in the Caribbean or at high latitudes in the Indo-Pacific, and produce UV-



protecting mycosporine-like amino acids (MAAs) (Banasak et al. 2000, Baker 2003).
Consequently, corals hosting clade A in a particular environment (e.g., shallow depths)
may be better suited to higher irradiance levels than those at deeper corals. In contrast,
Symbiodinium in clade D has been found in corals that routinely experience high sea
surface temperatures (such as those in the Arabian Gulf, Baker et al. 2005) and are often
relatively abundant on reefs recovering from bleaching (Baker 2001, 2003, Baker et al.
2004, Jones et al. 2008, LaJeunesse et al. 2009).

Flexibility in host-symbiont associations and the role of environmental factors
such as irradiance (depth), temperature and bleaching history may drive observed patterns
of symbiont distribution. Symbiont flexibility has been extensively studied in recent
years, in part due to their potential relevance in understanding how corals respond to
climate change (Rowan & Knowlton 1995, Rowan et al. 1997, Rowan 1998, LaJeunesse
2001, Rodriguez-Lanetty et al. 2001, Baker 2003, Iglesias-Prieto et al. 2004, LaJeunesse
et al.. 2004, van Oppen et al. 2005, Ulstrup et al. 2006, Warner et al. 2006, Winters et al.
2009). It is clear that, although many coral species usually host a particular symbiont type
(Goulet 2006, 2007), many coral species are able to associate with multiple symbiont
taxa (Baker & Romanski 2007), and the relative abundance of different symbionts in a
coral can be driven byenvironmental factors such astemperature and irradiance (Baker
2003).

Field surveys show that symbiont community structure can respond to changes in
light regime (e.g., Rowan and Knowlton 1995, Rowan et al. 1997, Baker 2001) and can
often show predictable patterns of latitudinal distribution (e.g., Rodriguez-Lanetty et al.

2001, LaJeunesse et al. 2004, Berkelmans & van Oppen 2006). Corals transplanted from



deep to shallow depths on a Caribbean reef experienced changes in their dominant
symbiont communities to match the symbionts found in conspecific hosts at the new
depth (Baker 2001), while corals moved from cool sites on the southern Great Barrier
Reef (GBR) to warmer sites on the central GBR experienced changes to favor heat
tolerant symbionts (in Symbiodinium clade D) that were common in the warmer
environment (Berkelmans & van Oppen 2006). Mid-latitude inshore reefs of the Great
Barrier Reef (LaJeunesse 2004) are dominated by clade C subtype C3h, which is rarely
found on higher latitude reefs of the inner and outer shelf reefs of the GBR. Baker (1999
and Rodriguez-Lanetty et al. (2001) showed that Plesiastrea versipora in tropical and
subtropical latitudes of the Great Barrier Reef were dominated by symbiont clade C,
while those of lower latitudes were dominated by clade B. Such studies (Tbls. 1, 2) reveal
that the environmental conditions experienced by corals can influence their symbiont
community composition, and that these communities can show dynamic changes in
response to the environment.
Oceanography of Madagascar: a study site

Madagascar is an ideal site for studying symbiont distribution over latitudinal
gradients. Sometimes dubbed the “eighth continent”, it spans over 13.5° of latitude in the
SW Indian Ocean, covers more than 587,000 km? and has ~3500 km of coastline (Wells
et al. 1998). Sea surface temperature (SST) regimes vary significantly across this island
continent (Tbl. 3, Fig. 1). Four sites were selected that presented the latitudinal range of
coral reefs along the western and eastern coast, and the thermal regimes of these
environments characterized using satellite data from 1982 to 2009 collected by NOAA’s

Coral Reef Watch program. Continuous reefs around the island are largely interrupted by



freshwater inputs from large rivers that restrict the growth of corals; consequently the
four sites investigated include the main centers of reef formation as well as covering the
latitudinal and environmental ranges experienced by Malagasy corals (Wells et al. 1998).
The island of Madagascar causes wind stress disruption affecting the South
Equatorial Current, which, without the presence of the island, would otherwise flow to
the east coast of Africa and then south along the eastern continental coast until meeting
the cooler Antarctic and Agulhas currents (Penven et al. 2006, Lutjeharms 2006). Instead,
the South Equatorial Current runs both south along the east coast of Madagascar and also
feeds the Mozambique Current, which is primarily a series of warm, southern moving,
anti-cyclonic eddies (de Ruijter 2002, Schouter 2003) between Madagascar and the east
African coast. These eddies eventually feed into the strong, warm Agulhas current that
follows the coast of South Africa, providing the tropical warm environment that has
maintained South African coral communities at lower latitudes than those at which corals
are typically found (Sebastian et al. 2009). The Agulhas current eventually splits east and
west at the cape, mixing with the cooler Antarctic circumpolar current, creating a
temperate environment at the southern end of Madagascar. The only northern current of
the region is the Madagascar Current, an irregular current that is found on the west coast
of Madagascar as a result of the South Equatorial Current curving around the southern
cape or as a countercurrent to the Mozambique Current (Wells et al. 1998). Local current
patterns inshore are further complicated by large and irregular expanses of reefs (Fig. 1).
Due to these primarily warm currents, the tropical coasts are characterized by
diverse coral reefs, some of which have been studied, such as Tuléar and Nosy B¢ in the

SW and NW respectively (Wells et al. 1998, McClanahan 2009). Reefs in the Tuléar



region are distinguished by high SST variation and highest cumulative degree heating
weeks (McClanahan 2009). Reefs in Tuléar have experienced a major decline in coral
cover and coral taxa, and an increase in erect macroalgae cover due to overfishing and
environmental stresses (McClanahan et al. 2009). In contrast, reefs in Nosy Bé have the
lowest cumulative degree heating weeks, lower temperature variability and higher
average SSTs than their southern counterpart s(Tbl. 3), as well as higher coral richness
typical of low-disturbance environments (McClanahan et al. 2009).

The eastern reefs of Madagascar are less well studied than the western reefs, and
are characterized by extensive fringing reefs and islets which have been suggested as
being more likely to survive future climate change (Wells et al. 1998, McClanahan et al.
2009). The NE reefs of Vohemar have similar SST patterns to the Tuléar area with respect
to high temperature variability. Fort Dauphin, in the SE corner of the island, is more
temperate in nature due to the pulses Antarctic water it receives. This site and is
characterized by coral communities, rather than the reefs found in other parts of the coast
(Tbl. 3).

Coral symbiont richness and latitudinal gradients

Significant intracladal diversity exists within the 9 different clades of
Symbiodinium (LaJeunesse 2001, 2005, Baker 2003, Coffroth and Santos 2005, Pochon
& Gates 2010). Clade C is the most diverse, and contains the globally most common
subtypes, C1 and C3 (LaJeunesse 2005). Different clades, as well as different subtypes
within these clades, can impart different physiological properties to their hosts (Little et
al 2004, Warner et al. 2006, Stat et al. 2008). The common C1 subtype has been

associated with faster coral growth through higher translocation of carbon to the coral



host, while clade D types have lower carbon translocation but higher stress tolerance
(Cantin et al. 2008). Identifying symbionts to the subcladal level gives more insight to
local variation in survivorship after stress events (Sampayo et al. 2008), and a locally
abundant subtype may be better acclimatized to the local environment than other
background types.

Symbiodinium community diversity may be influenced by the latitudinal gradient
in coral diversity in Madagascar and may also reflect differences in environmental
conditions. Reef corals in Fort Dauphin experience more temperate conditions due to the
coldwater pulses they receive from Antarctic currents, but Tuléar regularly receives
warmer water from the Mozambique current (Fig. 1) interspersed with seasonal and
cyclone-induced cooler upwellings. Given the projected increase in warm water
anomalies due to climate change Sheppard et al. 2003), both Fort Dauphin and Tuléar
represent interesting study sites for symbiont community changes in response to
environmental anomalies.

In the face of climate change and projected increases in sea surface temperatures,
changes in symbiont communities at different latitudes may help understand how
environmental parameters, particularly temperature and light, can influence the response
of coral reefs to these global changes. Will symbiont communities of reef-building corals
in temperate latitudes eventually change to resemble the symbiont communities of reef
corals at lower latitudes? Furthermore, how will these cooler water reefs be impacted by
thermal variability compared to more tropical locales?

Between the interactions of current systems, the large latitudinal distances

involved and the projected increases in SST due to climate change (Sheppard 2003),



Malagasy reefs may offer insight into how Symbiodinium communities might be
influenced by environmental gradients and variability. Symbiont communities at both the
clade- and subtype-level are hypothesized to differ between the northern and southern

regions of Madagascar as a reflection of the 13.5° differences in latitude between them.

Methods

Sample collections

Coral tissue samples were collected by A. C. Baker, T. P. Dunlop and F.
Ratsifandriamanana in September 2001 from 4 sites around Madagascar: Nosy Bé (NW),
Vohemar (NE), Tuléar (SW) and Fort Dauphin (SE). Samples were also taken in March
2007 and November 2009 by T. R. McClanahan from various sites in the Nosy Bé and
Tuléar/Tuléar regions to assess the stability of the 2001 distributions over time. Coral
samples, typically 1-3cm? in surface area, were collected using a hammer and hollow
steel punch by scuba diving or snorkeling. Samples were preserved in 95% ethanol or
saline DMSO (Seutin et al. 1991). Field sampling focused on the most common coral
species — usually in the genera Montipora, Acropora, Pavona, Pocillopora and Porites,
but other species were also sampled depending on abundance. Comparative analyses
focused on corals in the families Acroporidae, Agariciidae, Pocilloporidae and Poritidae,
so that results could be placed in the context of similar research in the greater Western
Indian Ocean.
DNA extraction, amplification and analysis

From the initial coral sample, ~0.5 cm? fragments were lysed in 500uL DNAB

containing 1% SDS for 30-60 minutes at 65°C (Rowan and Powers 1991) and digested in



situ with Proteinase-K at a final concentration of 10mg/mL for ~ 6h at 37°C. DNA was
then extracted and purified from lysates following an organic extraction protocol (Baker
et al. 1997). Extracted genomic DNA was suspended in TE and stored long-term at -
80°C.

The internal transcribed spacer 2 (ITS-2) region of Symbiodinium ribosomal DNA
(rDNA) was PCR-amplified for Deaturing Gradient Gel Electrophoresis (DGGE)
analysis using the methods of LaJeunesse & Trench (2000), resulting in a 330-360 bp
PCR product. The forward primer (5’-GAATTGCAGA ACTCCGTG-3’) anneals to a
conserved region of 5.8S rDNA, and the reverse primer (5°-

CGCCCGCCGCGCCLCCGCGCCCATCCCGCCGCCCCCGCCCGGGATCCATA

TGCTTAAGTTCAGCGGGT-3’) is modified with a 39 bp GC clamp (underlined)
(Sheftield et al. 1989). Using hotstart GoTaq (Promega), PCR amplifications were
conducted using the following conditions: an initial denaturing step of 2 minutes at 92°C,
followed by 35 cycles of 30 seconds at 92°C, 40 seconds at 55-58°C and 30 seconds at
72°C, and concluded with two cycles of 5 minutes at 72°C.

Reaction products were analyzed using DGGE, and band profiles representative
of individual symbiont types were excised. Common DGGE profiles for the region were
used as standards in later gels. Excised bands were used as templates for reamplification
using primers as above (without the GC clamp). ITS-2 sequences (using BigDye
Terminator Cycle Sequencing) were analyzed on a 16-capillary Applied Biosystems

3130xl Genetic Analyzer.
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Sequencing analysis

Chromatograms were checked and edited using Geneious software 4.7.3, and
default parameters of the Geneious Alignment option were used for all alignments
(Drummond et al.2011). Initial cladal identifications were made using NCBI basic local
alignment search tool (BLAST), and subsequent subtype identification were done by
aligning sequences with established ITS2 sequences published in GenBank.
Community comparisons

The complete Symbiodinium dataset was tested for differences in symbiont
richness and symbiont community structure at the 4 sampling sites. To compare richness
at the different sites, Symbiodinium were identified to the lowest taxonomic level (ITS-2
type) and compared between sites. To test whether differences in the Symbiodinium
richness between sites and years were influenced by the number of coral taxa sampled,
rarefaction studies were undertaken using a richness estimator program EstimateS
(Colwell 2009).

To examine community structure, Symbiodinium were grouped by clade and the
following metrics calculated: 1) “Clade D dominance” where the frequency of colonies
containing D-only was compared to the frequency of colonies containing C-only or C+D
mixed communities: 2) “Clade D incidence”, where the frequency of colonies containing
any D (either D-only or mixed C+D communities) was compared to the frequency of
colonies containing C-only and 3) “mixed communities”, where the frequency of colonies
containing C+D was compared to the frequency of colonies containing either C-only or

D-only. Pairwise comparisons were done using Fisher’s exact test.
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Chi-square tests of symbiont community structure were grouped by coral taxa
commonly found on Malagasy reefs. The first group (an overall community comparison)
consisted of the entire dataset (all samples collected from all four sites). The second
group was limited to the commonly found genera Acropora, Pocillopora, Porites and
Pavona as well as three genera in the family Pocilloporidae (Pocillopora, Stylophora and
Seriatopora) to control for the effect of rarer species that were not present at all four sites.
Environmental methods

Sea surface temperature (SST) data for the NE, NW, SE and SW areas of
Madagascar were acquired from the Advanced Very High Resolution Radiometer
(AVHRR) sensor, which monitors daily global ocean temperatures. Interpretation of the
fine scale (4km grid) satellite data was provided by Joseph Maina (Macquarie University,
Sydney, Australia). Maximum, minimum and mean monthly SST, as well as standard
deviation (SD) and standard error of the mean (SEM) were calculated from these data for
the period 2000-2009. Degree heating weeks (DHWSs) were also calculated for the period
1982-2009 as well as for specific sampling years (2001, 2007 and 2009).

The maximum monthly mean (MMM) was first found by calculating the mean
monthly temperatures for each month during the baseline period (1990-2005) and then
calculating the mean of the meaximum monthly mean values in each year. DHWs were
then calculated in two different ways. The first DHW metric (“DHW”’) was calculated
following standard NOAA methodology: whenever a weekly temperature exceeded the
calculated mean weekly mean by >1 °C it contributed to the overall accumulated thermal
stress (for example, a weekly temperature that was 1.5 °C above the MMM contributed

1.5DHWs, but a weekly temperature that 0.9 °C above the MMM contributed no DHWs).
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A second DHW metric (“DHW-1"") was also calculated which counted DHWs as soon as
they exceeded the MMM, i.e. a 1 °C threshold was not required to accumulate thermal
stress. The standard DHW metric only counts anomalies if they are fairly strong (>1°C),
whereas the DHW-1 metric allows weak anomalies to also contribute to the DHW metric.
These weak anomalies can contribute significantly to the cumulative DHW calculation if
they are sustained over several weeks.

In some cases excessive cloud cover prevented extraction of reliable weekly data.
These weeks were coded as “missing data” and the temperature metrics above calculated
from the remaining yearly data.

To test for an effect of temperature symbiont community structure, nominal
logistic models were fit to each of the three symbiont community metrics (D dominance,
D incidence and C+D mixed communities) with site, genus, year and temperature
parameters (maximum SST, minimum SST, mean SST, SD, DHW and DHW-1) as
predictive variables. All statistical tests were run using JMP statistical software from SAS
software (Sall et al. 2001).

Limitations of methods

DGGE has limited power to resolve “background” symbionts because rare
symbionts will not produce banding profiles that are detectable on denaturing gradient
gels. In some cases, DGGE has failed to detect symbionts that may comprise 10-50% of
the total symbiont community, depending on symbiont type and the type of molecular
marker (LaJeunesse et al. 2008). For ITS-2 the detection range appears to vary from 5-
20% depending on symbiont type (Thornhill et al. 2006, LaJeunesse et al. 2008). Due to

these limitations, samples classified as C-only or D-only may actually contain significant
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numbers of Symbiodinium belonging in other clades. Nevertheless, DGGE does allow
accurate identification of dominant symbionts in a mixed community, and is a commonly
accepted method for identifying symbionts in scleractinian corals and other hosts.
Background or “cryptic” symbionts that are undetectable by conventional techniques are

a topic of active research (Mieog et al. 2009, Correa et al. 2009, Silverstein et al. 2011).

Results

Symbiont richness in Malagasy corals

Rarefaction analysis indicated that Symbiodinium richness increased with
sampling effort at both the clade- and subtype-level (Fig. 2). All had similar clade-level
symbiont richness, except for Vohemar, which was the sole site where clade A was
recorded (in one colony of Acropora). When this outlier was removed, the rarefaction
analysis indicated that Vohemar closely resembles the other sites.

Overall, scleractinian corals of Madagascar were dominated by Symbiodinium in
clades C and D with (rarely) some corals hosting detectable levels of Symbiodinium in
clade A. Mixed assemblages (of C and D types) were relatively common. Corals at Nosy
B¢ were principally dominated by clade C-only (65% of colonies sampled), and by mixed
C+D communities (29%). Very few colonies contained D-only (6%) and no colonies
contained clade A. Corals at Tuléar and Vohemar were slightly more frequently
dominated by C types (73% of colonies at both sites) and less commonly by C+D mixed
communities (23% and 22%, respectively). D-only colonies were rare (4% of colonies at
both sites) and A-type symbionts were only found at Vohemar (1% of colonies) (Fig. 3).

Fort Dauphin was dominated by C-only (90% of colonies), and C+D mixed communities
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were relatively rare (10%). However, the sample size at this site was relatively low
(n=20).

At the subcladal level, 30 different subtypes were identified (Fig. 4). Most (26)
were members of clade C, with multiple variants of C1 (8 types) and C3 (3 types). C15
was abundant in species of Porites, but other C subtypes varied in abundance depending
on locale.

Figure 5 shows the six novel ITS-2 subtypes that were identified using DGGE
(Genbank accession numbers: HQ232950, HQ232951, HQ232952, HQ232954,
HQ232947, HQ232948). Each of these types varied by 2-3 bp from existing sequences. If
a novel sequence was associated with another dominant band in the DGGE profile (such
as C1), then it was defined as a subtype of the dominant type. Accordingly, two novel C1
subtypes were identified [C(HQ232950) and C(HQ232951)]. HQ232954 was specifically
found in association with Porites spp, and is closely related to C15 as well as various
other subtypes.

Figure 5 does not include all the symbiont subtypes that were identified in this
study - a total of 30 symbiont subtypes were found on the reefs of Madagascar (Fig. 4).
The most common types found were C1, C3 and C15 (included in Fig. 5), but C115 and
D1/D1la were also very common. Other subtypes were more rare, isolated instances that
were found in a specific coral host or region (Fig. 4).

Differences in symbionts communities between different sites
Symbiont community differences between sites
When considering all coral species, Tuléar, Vohemar and Nosy B¢ had similar

symbiont community structure: the majority of colonies are dominated by clade C (73%,
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73% and 65%, respectively) (Fig. 3). Nosy B¢ had 35.4% incidence of D, which is not
significantly different (p=0.14, Chi-square test) from the other four sites (Tuléar 26.4%,
Vohemar 25% and Fort Dauphin 10%). No significant difference in mixed colonies was
found between the four sites for all coral taxa (Nosy Bé 41.3%, Tuléar 29.2%, Vohemar
28%, and Fort Dauphin 10%).

When considering the principal coral taxa only, there were significant differences
in symbiont community structure between the four sites sampled in 2001. Nosy Bé had
the highest incidence of D (36.7% compared to 11.5-12.5% for the other sites, p=0.049,
Chi-square test) and the highest frequency of mixed communities at any of the four sites
(36.7% compared to 7.3%-12.5% for the other sites, Fisher’s exact test, p=0.007). There
were no differences in symbiont community structure between the three other sites,
although sampling size at Fort Dauphin was comparatively small.

Symbiont community differences between coral taxa

In addition to clade-level differences in overall symbiont community
compositions of Malagasy reefs, there were considerable differences between cladal and
subcladal symbiont communities between different coral taxa. In the coral family
Pocilloporidae, there were strong significant differences between the symbiont
communities of different coral taxa (p<0.0001, Fisher’s exact test). Seriatopora and
Stylophora were dominated by mixed assemblages of C+D while Pocillopora was almost
solely associated with clade C (Fig. 6). In 2001 and 2007, Acropora species on Nosy Bé
reefs associated predominantly with symbiont subtype C3z, while Tuléar reefs were co-
dominated by C1 and C3 symbiont subtypes in 2001 (p<0.0001, Fisher’s exact test) (Fig.

7). Porites species (Family Poritidae) associated specifically with symbiont type C15, a
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commonly found association for this species throughout the Indo-Pacific region (Baker
2004, LaJeunesse 2010).
Temperature data

Mean temperatures at the four sites in Madagascar were very different, reflecting
theie exposure to different current regimes (Tbl. 3, Fig. 1). The Nosy B¢ area (NW
Madagascar), perhaps due to its restricted patterns of current flow around the islands of
this region, experiences higher mean and maximum temperatures than the other three
sites, with a mean temperature of 28.5°C (+/-1.4°C SD) from 1981 to 2009. In contrast,
Fort Dauphin (SE Madagascar) experiences regular exposure to cooler waters from the
Antarctic currents, and had a mean temperature of 24.1°C (+/-1.8°C SD) during the same
time period. Vohemar and Tuléar experienced intermediate mean temperatures of 26.6°C
(+/-1.9°C SD) and 26.3°C (+/-2.1°C SD), respectively (Tbl. 3). In 2001, Tuléar and
Vohemar experienced high temperature variability (SD= 2.4°C and 1.9°C, respectively),
while Nosy B¢ and Fort Dauphin had lower variability (SD= 1.4°C and 2.1°C,
respectively).
Nominal logistic models

Coral taxon was the most powerful predictor of symbiont distribution, both for all
coral taxa and for the four most commonly sampled taxa (Tbl. 4). Higher levels of
taxonomic resolution increased the predictive power (R” values: 0.50-0.69 for species,
0.36-0.57 for genus, and 0.17-0.35 for family). Site and year were weak, but significant,
predictors of symbiont distribution (R* values: 0.03-0.04 for site and 0.02 for year).

When considering the four most commonly sampled coral taxa, no single SST

metric was significant in prediting symbiont distributions, except for standard deviation.
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All temperature metrics showed consistent trends indicating that with increasing
temperatures and decreasing standard deviation, there was a relative increase in clade D

types, but these trends were not significant.

Discussion

Latitudinal gradients and environmental drivers

Madagascar’s large size and the resulting differences in temperature and current
patterns between the north and the south provide a model system for studying the effects
of latitudinal gradients in coral-algal symbiosis. Nosy B¢ is protected from direct currents
by the main island of Madagascar to the east, as well as by the island archipelago in the
area that interrupts current flow. This minimizes monthly temperature variability
(SD=1.42°C) and provides a protected environment that appears to promote rare coral
species (Wells et al. 1998, McClanahan et al. 2009). Vohemar is directly exposed to the
South Equatorial Current, creating a series of fringing reefs that experience greater
temperature variability (SD=1.87°C).

Despite its location near the latitudinal extreme for zooxanthellate corals, Tuléar
experiences warm pulses from several currents, as well as cooler pulses from cyclones
(Fig. 8). Seasonal fluctuations lead to high temperature variability (SD=2.06°C). Coral
reefs on the east coast of South Africa have survived under similar temperature regimes
near the latitudinal extreme of reef formation (Sebastian et al. 2009). Consequently, these
outlying reefs are now receiving scientific attention as to how they will respond to future

climate change.
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Fort Dauphin experiences significantly cooler water from the circumpolar
Antarctic Current (SD=1.77°C), resulting in coral communities, rather than extensive reef
growth. Other coral communities at higher latitudes in the western Pacific (such as SW
Australia) have symbiont distributions containing or dominated by clades A and B types
(Silverstein et al. 2011). Clade A is also common to the higher latitude reefs of the
northern hemisphere, such as in the Red Sea, the Arabian Gulf and the Gulf of Aqaba
(Tbl. 4). On this basis, Symbiodinium clades A and B might have been expected at Fort
Dauphin, since the area is at similar latitudes to reefs containing clades A and B
elsewhere. However, corals at Ft. Dauphin were dominated by clades C and D, and the
warm water pulses received at Ft. Dauphin may prevent other clades from becoming
common. On the other hand, clades A and B have been recorded from Zanzibar in the
equatorial western Indian Ocean (LaJeunesse et al. 2010), so it is possible that these
symbionts are geographically restricted to particular areas of the Indian Ocean.

As shown by the nominal logistic models, the relative frequency of colonies
containing clade D increases with temperature and decreasing temperature variability.
High variability is associated with cooler seasonal temperatures, so it is perhaps not
surprising that C types may be more optimal in these cooler instances. However, no
single sea surface temperature metric appears to drive the distribution. Instead, coral
taxonomy and site are more powerful predictors of symbiont distribution.

One reason for this is that satellite data are based on weekly data and lack the fine
scale resolution that on-site temperature gauges can provide. Gauge data from sites near
Tuléar suggest that on-site temperatures are consistently lower and slightly less variable

than the satellite-derived data (Fig. 9, courtesy T.R. McClanahan). This may lead to an
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overestimate of the accumulated heat stress (as a result of recording higher variability
around a higher mean). The use of satellite data may therefore misrepresent the thermal
environment on reefs and contribute to the lack of significance in the nominal logistics
used here.

Coral host specificity and flexibility

High mean SSTs and low SST variability suggest that Symbiodinium in clade D
should be relatively common on Nosy B¢ reef systems (Iglesias-Prieto & Trench 1994,
Baker 2001, Savage et al. 2002, Baker 2004, Baker et al.. 2004, Igelsias-Prieto et al.
2004, Little et al. 2004, Berkelmans & van Oppen 2006, Warner et al. 2006, Loram et al.
2007, Ulstrup et al. 2007, Sampayo et al. 2008, Stat et al. 2008, Cantin et al. 2009). In
fact, although clade D is common on these reefs (shown by the high frequency of D
incidence), clade D rarely dominates individual coral colonies (low D dominance). Many
coral colonies in the region host mixed symbiont communities that contain members of
both clades C and D. The mean maximum temperature may not be high enough to
promote clade D only Symbiodinium communities.

Relatively low temperature variability in Nosy Bé might also predict fewer mixed
symbiont communities compared to other sites with higher temperature variability, since
fluctuation in temperature might prevent any one symbiont from becoming dominant. Yet
Nosy B¢ has a higher frequency of mixed communities than the other three sites with
higher SST variability. While the mean maximum temperature may not be high enough to
promote clade D monocultures, the maximum annual SST may still be high enough to
promote the presence of clade D in many colonies. Nosy Bé may be a threshold site

where there is a high incidence of clade D without a high amount of clade D dominance.
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A potential confounding factor is the fact that more colonies of Pavona,
Seriatopora and Stylophora were sampled in Nosy B¢ in 2001 than in other sites. Since
these genera commonly host mixed symbiont communities (Fig. 6), this may have
influenced the frequency of mixed communities at this site. This hypothesis is supported
by the fact that, when all coral samples are included, the incidence of D decreases (Fig. 3)
and all sites have similar clade D frequencies and incidences (Fort Dauphin is only
statistically different from Nosy B¢ for clade D incidence).

This highlights the importance of considering differences in the relative
specificity of different coral taxa in comparing the symbiont communities of different
sites. One factor that may contribute to these differences is the life histories of different
coral species and their method of symbiont transmission. Reef corals of the genus
Pocilloporidae are generally brooding corals, which transmit symbionts to their larvae
(except in the eastern Pacific where they are broadcast spawners). This may contribute to
the relatively high incidence of clade D in Seriatopora/Stylophora compared to
Pocillopora if symbionts can be more readily acquired by broadcasting species.

Differences in the relative frequency of Symbiodinium in clade D in Pocillopora
and Stylophora/Seriatopora may also influence the survivorship of these coral taxa in
response to thermal stress. Some members of Symbiodinium clade D (most notably D1
and D1a) are considered to be thermotolerant symbionts that are capable of maintaining a
mutualistic relationship with the coral host in times of environmental stress (Baker 2003,
Berkelmans & van Oppen 2006). The presence of members of this clade in Malagasy
corals may indicate that Stylophora and Seriatopora will be more resilient to future

climate change. Several other coral taxa, notable Galaxea, Pavona and various other
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favid genera also show high incidence of clade D (Fig. 10), and these taxa may also rank
highly in terms of their resilience to climate change.
Unusual symbionts in Madagascar and the greater western Indian Ocean

The northern coral reefs of Madagascar have a higher number of rare, “boutique”
coral species that are not found in southern Malagasy sites. Similarly, a number of
uncommon and locally abundant symbiont subtypes were found at the northern sites.
Together, the northern sampling sites have 25 of the 30 total symbiont types found, while
southern reefs have only 13 (Fig. 4).

For Nosy B¢, the presence of otherwise rare coral species may be due to the area’s
relatively low disturbance regime, since it is a comparatively protected and isolated coral
reef system (Wells et al. 1998, McClanahan et al. 2009). In these cases, bleaching
anomalies may be sufficiently rare that such maladaptive symbionts are not selected
against and so remain in the host population. Or, such symbionts represent opportunistic
subtypes that are found following bleaching events as the host symbiont community is
being initially repopulated (Correa & Baker 2010).

Symbiont subtype C3z is locally abundant on northern reefs, but rare on southern
reefs. Furthermore, species of Acropora in Nosy B¢ are solely dominated by C3z while
Acropora in Vohemar are dominated by C3. In contrast, Acropora in Tuléar are
dominated by C1 and various C1 variants (Fig. 7). Since Acropora is not a brooding coral
species, this symbiont is not transmitted maternally from the parent colony. Other corals
of northern reefs also associate with C3z, but not as commonly as branching acroporid
species. This indicates a longitudinal difference between sampling sites in the north of

Madagascar, which may reflect differences in the local availability of symbionts.
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Latitudinal differences in symbionts have been found in other regions, such as the
GBR, where northern reefs are dominated by clade C and southern reefs by clade B
(Rodriguez-Lanetty et al 2001). Similarly, at the subtype level, mid-latitude inshore reefs
of the GBR are dominated by Symbiodinium subtype C3h, which is comparatively rare on
higher latitude reefs (LaJeunesse et al. 2004).

One explanation for the latitudinal differences in the distribution of the C3z
subtype is that it is a locally abundant on Nosy B¢ reefs and comparatively rare on
southern reefs and at Vohemar (NE). Subtype C3z has been found in Acropora and some
faviids in Mozambique as well as in Tanzania and Thailand (LaJeunesse et al. 2010).
Subtype C3 may become more prevalent in southern reefs as they experience future
warming.

In addition to widespread symbionts, there are also potentially endemic symbionts
in isolated areas. Clade D subtype D16 is unique to Montipora circumvallata species in
Reunion Island (Guillaume et al. in prep), while Madagascar has multiple symbiont types
not yet identified from other reefs. C(HQ232948) and C(HQ232952) are found in various
faviids, while C(HQ232954) is only found in Porites. Both are >1bp different from other
symbiont types identified to date, but require further phylogenetic analysis to be placed in
relation to other established symbiont types. Various faviid species contain C(HQ232950)
and C(HQ232951), which are both 1 bp different from C1, as well as C(HQ232947)
which is 1 bp different from C15. Of these six symbiont subtypes, only C(HQ232948) is
found in southern Malgasy reefs — the other five being found only on the northern reefs of

Vohemar and Nosy Bé.
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The future of Malagasy reefs

The symbiont communities of the northern and southern sites of Madagascar are
superficially similar, but closer inspection reveals numerous differences in symbiont
community composition and in subtype diversity, even when controlling for the effects of
different coral taxa. These differences are likely due to the unique hydrodynamic and
thermal characteristics of each site.

The different regions of Madagascar are already experiencing yearly increases in
temperatures of ~0.016°C per year (SW region, including Tuléar) and ~0.006°C per year
(NW region, including Nosy Bé) (McClanahan 2009). In the face of climate change,
northern reefs may experience more frequent and severe episodes of thermal stress that
exceed the current adaptive/acclimatization potential of corals in these areas.
Temperature regimes on southern reefs, on the other hand, may resemble those currently
experienced by northern reefs. The cyclones that affected the SE area of Madagascar also
caused upwelling that may have mitigated what might otherwise have been a period of
anomalous heating (Fig. 8). The regular occurrence of cyclones in these areas may play
an important role in alleviating thermal stress, as a result of upwelling cooler water on
reefs over an area of several hundred km (Eakin et al. 2010). Vohemar, however, which
is also characterized by low cumulative degree heating weeks and moderate temperatures
and temperature variation, may have the highest potential for resilience.

Climatological effects may cause southern Malagasy reefs to resemble the
existing symbiont and coral communities and diversity of the northern reefs. Two
dominant reef-building corals in shallow Caribbean waters, Acropora cervicornis and A.

palmata, diminished their latitudinal range during the last climatic cooling event, only to
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re-expand into these areas as climate warmed again (Precht & Aronson 2004). Symbiont
communities on high-latitude reefs, such as those off the east coast of South Africa
(Sebastian et al. 2009) may act as potential “transition zones” (MacDonald et al. 2008),
and offer key insight to how symbiont communities along other latitudinal gradients
(such as the Great Barrier Reef) may change with time (Baker 1999, Rodriguez-Lanettety
et al. 2001, LaJeunesse et al. 2004, Berkelmans & van Oppen 2006, LaJeunesse et al.

2010).



Chapter Two:
The effect of thermal stress on algal symbiont communities
(Symbiodinium spp.) of reef corals in Madagascar

Summary

Reef sites in Madagascar experienced episodes of high temperature stress in
2001-2009, but there was significant variability between sites. The Nosy Bé region
(NW), which is comparatively remote and protected from outside currents and oceanic
effects, saw fewer thermal anomalies while the Tuléar region (SW), which is exposed to
strong oceanic influences and is more subject to secondary human impacts, such as
fishing, experienced higher themal stress. I tested the hypothesis that thermal stress
resulted in changes in the algal symbiont communities (Symbiodinium spp.) of reef corals
at affected sites. Specifically, I tested whether sites that experienced thermal stress saw
an increase in Symbiodinium in clade D at the expense of Symbiodinium in clade C. A
total of 456 samples in 27 genera (12 families) of scleractinian coral were collected from
Nosy Bé (NE) and Tuléar (Toliara, SW) in September 2001, March 2007 and November
2009. Symbiodinium DNA was extracted, purified and amplified using primers specific to
the internal transcribed spacer-2 (ITS-2) region of ribosomal DNA and amplified
products analyzed using Denaturing Gradient Gel Electrophoresis (DGGE). Individual
Symbiodinium types were identified by sequencing excised bands from DGGE gels. The
relative frequency of coral colonies containing Symbiodinium in clade D increased
significantly in Tuléar between 2001 and 2009, while it decreased in Nosy B¢ over the
same time period. These changes occurred as a result of increases or decreases in the

relative frequency of mixed communities of clade C+D, with reciprocal changes in the
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frequency of colonies containing C-only. The incidence and dominance of clade D was
highly dynamic at both sites, but changes were not directly correlated with sea surface

temperature metrics derived from satellite data.

Background

The success of tropical coral reefs is based on the mutualistic association of stony
corals (Order: Scleractinia) and members of the dinoflagellate algal genus Symbiodinium.
The genus Symbiodinium comprises at least nine clades (A-I) (Pochon & Gates 2010), six
of which (A-D, F & G) associate with stony corals found on tropical coral reefs
(Rodriguez-Lanetty et al. 2001, LaJeunesse et al. 2010). These “zooxanthellae” can
impart different physiological capabilities to their coral hosts (Iglesias-Prieto & Trench
1994, Rowan & Knowlton 1995, Rowan et al. 1997, Baker 2001, Savage et al. 2002,
Baker et al. 2004, Igelsias-Prieto et al. 2004, Little et al. 2004, Loram et al. 2007, Ulstrup
et al. 2007, Warner et al. 2006, Stat et al. 2008, Cantin et al. 2009), and potentially affect
a coral’s capacity to acclimatize or adapt to environmental changes (Buddemeier &
Fautin 1993, Rowan & Knowlton 1995, Rowan et al. 1997, Baker 2004, Baker et al.
2004, Berkelmans & van Oppen 2006).

A variety of environmental stressors can disrupt coral-algal symbioses and
threaten coral reefs, with rising sea surface temperatures due to climate change being the
primary concern (Glynn 1993, Hoegh-Guldberg 1999, Hughes et al. 2003, Hoegh-
Guldberg et al. 2007). Protracted increases in temperature result in physiological stress to
corals, resulting in breakdown in coral-algal symbiosis, damage to coral hosts from the

release of reactive oxygen species (ROS), expulsion of algal symbionts and loss of
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autotrophic contributions to host metabolism (Asada 1996, Baker et al. 2008, Venn et al.
2008).

Without the presence of symbiotic algae, the white coral skeleton is visible
through the translucent coral tissue, a condition termed “coral bleaching” (Glynn 1993).
While bleached corals can still feed heterotrophically on particulate matter in the water
(Grottoli et al. 2006), bleaching can reduce skeletal growth, causing an overall loss of
colony health, an increase the incidence of disease, and affecting long-term reproductive
output (Glynn et al. 1985, Porter et al. 1989, Szmant & Gassman 1990, Mendes &
Woodley 2002, Baker et al. 2008). Severely bleached corals typically experience partial
or complete mortality within days to weeks unless algal symbiont communities can
recover (Glynn & D’Croz 1990, Berkelmans & Willis 1999), although survival time is
variable and dependent on coral species (McClanahan et al. 2001).

Coral susceptibility to bleaching is highly variable between species and locales
(Coles and Brown 2003), with reefs in different environmental regimes (e.g., deep reef
slopes vs. shallow reef flats) and geographic locations (e.g., warm equatorial vs. cool
temperate reefs) having different bleaching thresholds due to long-term adaptation and
acclimatization to the local environmental conditions (Coles and Jokiel 1978, Shick et al.
1996, Hughes et al. 2003). Bleaching thresholds are dependent on exposure time of the
coral host to stress, as well as the average environmental conditions to which the coral
host is adapted or acclimatized (Berkelmans & Willis 1999, Hughes et al. 2003). For
example, mean summer sea surface temperatures (SSTs) for reefs in the Caribbean or
Great Barrier Reef are typically 29°C, with a bleaching threshold of 30-33°C, depending

on the species. However, reefs in Abu Dhabi are accustomed to summer SSTs >33°C,
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with some individual colonies surviving to 40°C (McClanahan et al. 2007, Baker et al.
2008).

Bleaching thresholds of individual coral hosts may also be affected by functional
differences between different Symbiodinium (Little et al. 2004, Berkelmans & van Oppen
2006, Jones et al. 2008). Some clade C types have been found to optimize juvenile coral
health and growth by incorporating higher amounts of photosynthetic carbon than
conspecific corals that host clade D types, resulting in slower juvenile coral growth and
accretion (Little et al. 2004, Cantin et al. 2009). However, associations with clade D may
result in corals that are more resistant to environmental stresses, such as thermal
anomalies (Rowan 2004) resulting in a tradeoff between growth rate and stress resistance.
Prior to the 1997-1998 El Niio event, healthy corals in Panama associated mainly with
clade C types, with clade D being less common. During the bleaching event, healthy
corals were dominated by clade D types, while bleached corals contained residual
populations of clade C. After the bleaching, surviving colonies more frequently hosted
clade D than before bleaching (Baker et al. 2004), supporting the notion that clade D is a
thermally tolerant symbiont type that can increase in abundance during times of thermal
stress.

Studying how reef corals at different latitudes respond to thermal stress and coral
bleaching may shed light on how these symbioses will adapt or acclimatize to climate
change and other environmental disturbances (Savage et al. 2002, Wicks et al. 2010,
Silverstein et al. 2011). For example, higher latitude reef corals may acclimatize to
anomalous high temperature events by changing their symbiont communities to resemble

those found at lower latitudes. This can be tested directly by substituting space for time to
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see whether the symbiont communities of reefs at high latitudes more closely resemble
those of low latitude reefs after bleaching compared to before bleaching.

Madagascar’s reefs had experienced varying levels of prior thermal stress by the
time of initial sampling in 2001. Reports suggest the thermal stress events in Tuléar (SW
Madagascar) were more severe than in the Nosy Bé region in 2001-2002 and 2005
(Ahamada et al. 2008, ReefBase), which provides an opportunity to compare how
thermal stress may have affected symbiont communities in these two areas. It is
hypothesized that symbiont richness at the subclade level and community structure at the
clade level will change between sampling intervals. Specifically, Nosy Bé may have
experienced less pronounced changes in symbiont community structure compared to
Tuléar as a result of differences in the thermal stress to which they were exposed. Given
the subtropical-temperate nature of the reefs in southern Madagascar, changes in
symbiont communities as a result of coral bleaching may provide insight as to how

climate change will ultimately affect the acclimatization potential of reef corals.

Methods

Sample collections

Samples were collected in September 2001 from Nosy Bé (NW Madagascar) and
Tuléar/Toliara (SW Madagascar) by A. C. Baker, T. P. Dunlop and F. Ratsifandriamanana.
Additional collections were made in March 2007 (Nosy B¢ and Tuléar) and November
2009 (Tuléar only) by T. R. McClanahan.. Coral samples, typically 1-3cm? in total
surface area, were collected using a hammer and hollow steel punch by scuba diving or

snorkeling. Samples were preserved in 95% ethanol or saline DMSO (Seutin et al. 1991).
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Field sampling focused on the most common coral species — usually in the genera
Montipora, Acropora, Pavona, Pocillopora, and Porites but other species were also
sampled depending on abundance. Comparative analyses focused on corals in the
families Acroporidae, Agariciidae, Pocilloporidae and Poritidae, so that results could be
placed in the context of similar research in the greater Western Indian Ocean.

DNA extraction, amplification and analysis

From the initial coral sample, 0.5 cm? fragments were lysed in 1% SDS in DNAB
and digested in sifu with Proteinase-K at 10mg/mL. After following established organic
extraction protocols (Baker & Rowan 1997), extracted genomic DNA was suspended in
TE and stored at -80°C.

The internal transcribed spacer 2 (ITS-2) region of Symbiodinium ribosomal DNA
(rDNA) was PCR-amplified for DGGE analysis using the methods of LaJeunesse &
Trench (2000), resulting in a 330-360 bp PCR product that encompassed the ITS-2
region. The forward primer (5’-GAATTGCAGA ACTCCGTG-3’) anneals to a
conserved region of 5.8S rDNA, and the reverse primer (5°-

CGCCCGCCGCGCCLCCGCGLCC CATCCCGLLG CCCCCGLCCC GGGATCCATA

TGCTTAAGTTCAGCGGGT-3") is modified with a 39 bp GC clamp (underlined)
(Sheffield et al. 1989). Using hotstart GoTaq (Promega), amplifications using the
polymerase chain reaction (PCR) were conducted under the following conditions: an
initial denaturing step of 2 minutes at 92°C, followed by 35 cycles of 30 seconds at 92°C,
40 seconds at 55-58°C and 30 seconds at 72°C, and concluded with two cycles of 5

minutes at 72°C.
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Reaction products were analysed using Denaturing Gradient Gel Electrophoresis
(DGGE), and band profiles representative of individual symbiont types were excised.
Common DGGE profiles were used a standards for later gels. The excised bands were
used as templates for reamplification using primers as above, without the GC clamp. ITS-
2 sequences (using BigDye Terminator Cycle Sequencing) were analyzed on a 16-
capillary Applied Biosystems 3130x] Genetic Analyzer.

Sequencing analysis

Chromatograms were checked and edited using Geneious software 4.7.3, and
default parameters of the Geneious Alignment option were used for all alignments
(Drummond et al. 2011). Initial cladal identifications were made using NCBI’s basic
local alignment search tool (BLAST), and subsequent subtype identification were
undertaken by aligning sequences with established ITS-2 sequences published in
GenBank.

Community comparisons

Symbiont distributions were tested for differences in (1) symbiont richness and
(2) symbiont community structure between the two sampling intervals at each site. To
compare richness between Nosy Bé and Tuléar between the two sampling years,
Symbiodinium were identified to the lowest taxonomic level (ITS-2 type). To examine
community structure, Symbiodinium identifications were pooled by clade and the
following metrics calculated: 1) “Dominance by D”, where colonies containing D-only
were compared to those containing C-only or C+D mixed communities; 2) “Incidence of
D”, where colonies containing any D (D-only or mixed C+D communities) were

compared to the frequency of C-only colonies; and 3) “Mixed communities”, where the
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frequency of C+D mixed symbiont communities were compared to the frequency of
colonies containing C-only and D-only.

The samples collected from Tulear in 2007 and 2009 were pooled to increase
sample size. While initially the datasets were significantly different in the incidence of
clade D (p>0.05, Fisher’s exact test), larger amounts of Porites species were sampled in
2009 compared to 2007. When the datasets were considered without this genus, there
were no significant difference between the 2007 and 2009 collections. There were no
significant differences between the two sampling years in terms of the dominance of D.

Pairwise comparisons were used to test for differences among symbiont
communities. The first group (an overall community comparison) consisted of the entire
dataset (all samples collected from both sites). The second group was limited to the
genera Acropora, Pocillopora, Porites and Pavona to control for the effect of rare species
that were not present at both sites. Pairwise comparisons were done using chi squared
tests or Fisher’s exact test.

Environmental methods

Sea surface temperature (SST) data for the NE, NW, SE and SW areas of
Madagascar were acquired from the Advanced Very High Resolution Radiometer
(AVHRR) sensor, which monitors daily global ocean temperatures. Interpretation of the
fine scale (4km grid) satellite data was provided by Joseph Maina (Macquarie University,
Sydney, Australia). Maximum, minimum and mean monthly SST, as well as standard
deviation (SD) and standard error of the mean (SEM) were calculated from these data for
the period 2000-2009. Degree heating weeks (DHWSs) were also calculated for the period

1982-2009 as well as for specific sampling years (2001, 2007 and 2009).
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The maximum monthly mean (MMM) was first found by calculating the mean
monthly temperatures for the each month during the baseline period (1990-2005) and
then calculating the mean of the maximum monthly mean values in each year. DHWs
were then calculated in two different ways. The first DHW metric (“DHW”) was
calculated following standard NOA A methodology: whenever a weekly temperature
exceeded the calculated mean weekly mean by >1 °C it contributed to the overall
accumulated thermal stress (for example, a weekly temperature that was 1.5 °C above the
MMM contributed 1.5 DHWs, but a weekly temperature that was 0.9 °C above the MMM
contributed no DHWs). A second DHW metric (“DHW-1"") was also calculated which
counted DHWs as soon as they exceeded the MMM, i.e. a 1 °C threshold was not
required to accumulate thermal stress. The standard DHW metric only counts anomalies
if they are fairly strong (>1 °C), whereas the DHW-1 metric allows weak anomalies to
also contribute to the DHW metric. These weak anomalies can contribute significantly to
the cumulative DHW calculation if they are sustained over several weeks.

Due to the fine temporal scale of the data, excessive cloud cover sometimes
prevented the extraction of monthly data. These cases were coded as “missing data” and
the temperature metrics above calculated from the remaining yearly data.

To analyze the environmental effect of SST on symbiont community distributions,
a nominal logistic model was fit to each of the three symbiont community metrics (D
dominance, D incidence and C+D mixed communities) with Site, Genus, Year and
temperature parameters (above) included as variables in the model. All statistical tests

were run using JMP statistical software from SAS software.
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Limitations of methods

DGGE has limited power to resolve “background” symbionts because rare
symbionts will not produce banding profiles that are detectable on denaturing gradient
gels. In some cases, DGGE has failed to detect symbionts that may comprise 10-50% of
the total symbiont community, depending on symbiont type and the molecular marker
used (LaJeunesse et al. 2008). For ITS-2 the detection range appears to vary from 5-20%
depending on symbiont type (Thornhill et al. 2006, LaJeunesse et al. 2008). Due to these
limitations, samples classified as C-only or D-only may actually contain significant
numbers of Symbiodinium belonging in other clades. Nevertheless, DGGE does allow
accurate identification of the dominant symbionts in a mixed community, and is a
commonly accepted method for identifying symbionts in scleractinian corals and other
hosts. Background or “cryptic” symbionts that are undetectable by conventional
techniques are a topic of active research (Mieog et al. 2009, Correa et al. 2009,

Silverstein et al. 2011).

Results

Symbiont communities of Nosy Bé and Tuléar

When all samples were included in the analysis, coral colonies in Nosy Bé in
2001 contained C-only (65%), D-only (6%), or mixtures of C+D (29%). By 2007, the
relative frequency of these symbionts had not changed significantly (62%, 25% and 13%,
respectively). Corals in Tuléar in 2001 contained similar algal communities to those in
Nosy B¢, with C-only (73%), D-only (4%) and mixed C+D (23%). By 2007, these

communities had also not changed (62%, 29% and 9%, respectively).
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However, when only the four most common coral taxa (Acropora, Porites,
Pavona, and species in the family Pocilloporidae) were included in the analysis, Nosy Bé
and Tuléar both experienced significant changes in their symbiont compositions from
2001-2007. Nosy B¢ experienced a significant increase (Fisher’s exact P=0.0057) in the
D-only colonies at the expense of the mixed C-D colonies, while Tuléar experienced a
significant increase (p=0.0059) in mixed C+D colonies at the expense of the C-only
colonies (Fig. 11).

Changes in symbiont richness

Rarefaction analysis indicated that Symbiodinium richness increased with sampling effort
at both the clade- and subtype-level (Fig. 2). However, there were no significant
differences in richness at either taxonomic level between the two sites or between the
sampling intervals.

Temperature data and nominal logistic models

Nominal logistic models revealed that all SST metrics (maximum SST, minimum
SST, mean SST, SD or DHW) predicted an increase in clade D with increasing
temperature and decreasing variability, though none were statistically significant.

When using the less conservative DHW-1 metric (where any temperature that exceeds the
maximum weekly mean contributes to a cumulative DHW score) Nosy Bé sometimes
experienced anomalously higher mean temperatures for longer periods of time (e.g., 2007
had a DHW-1 of 3.03, compared to a DHW of 0.41 in 2007). In contrast, Tuléar
experiences pulses of anomalous temperatures that were strong but short-lived (DHW-

1=6.7, DHW=2.4 in 2007) (Figs. 12a, b). This may be due to the restricted current
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patterns in the Nosy B¢ area, while Tuléar was much more exposed to both the warm
Mozambique current and the cooler southern currents..

Coral taxon was the most powerful predictor of symbiont distribution, both for all
coral taxa and for the four most commonly sampled taxa (Tbl. 4). Higher levels of
taxonomic resolution increased the predictive power (R* values: 0.50-0.69 for
species,0.36-0.57 for genus, and 0.17-0.35 for family). Site and year were weak

predictors of symbiont distribution (R* values: 0.03-0.04 for site and 0.02 for year).

Discussion

Changes in symbiont communities following bleaching

The most parsimonious explanation for the changes in Tulear and Nosy Be is that
corals in Tuléar containing C-only in 2001 were replaced with colonies containing C+D
mixed communities by 2007/09, with the frequency of D-only remaining constant. In
contrast, colonies in Nosy B¢ that contained C+D communities were replaced with
colonies that contained D-only, with the frequency of colonies containing C-only
remaining constant. In both cases, therefore, changes in symbiont communities favored
Symbiodinium in clade D, but in neither site did it appear to involve shifts from C-only to
D-only (Fig. 13).

The increase in C+D mixed assemblages in Tuléar may be a result of thermal
stress events that occurred in the area prior to sampling in 2001 and thermal stress that
occurred between sampling periods (Atewerbehan & McClanahan 2010). A higher
incidence of mixed C+D colonies suggests that thermal stress favored an increase in the

abundance of clade D symbionts in colonies that formerly were C-only. Given that
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DGGE analysis only detects clade D symbionts when they represent at least 10-20% of
the total symbiont community (LaJeunesse et al. 2009), it is possible that many of the C-
only colonies actually contained low levels of clade D in 2001. These clade D symbionts
may have increased in abundance following thermal stress and surpassed threshold levels
for their detection by DGGE. On the other hand the changes in symbiont communities
may have been the result of differential mortality of colonies containing C-only, and
increased survivorship of colonies containing C+D. If this were the case, however, it
would be expected that colonies containing D-only would also be favored. Consequently
these data suggest that the symbiont community changes documented here are the result
of “shuffling” symbiont communities within colonies (Baker 2003), rather than
differential mortality of colonies.

In contrast, corals in Nosy B¢ exhibited a decrease in mixed C+D communities
(p=0.0083, Fisher’s exact test) for an increase in D-only colonies C-only colonies. This
difference in mixed communities may have been a result of the earlier 1998 bleaching in
the region, or may have been due to more recent thermal stress. In fact, the mean
temperature in Nosy B¢ in 2001 was 28.8°C, slightly higher than the 1981-2008 mean of
28.4 °C. While not significant, this small temperature anomaly in an otherwise stable
environment may have potentially affected the incidence of clade D in the area.

The mixed assemblages in Nosy B¢ became C-dominant and D-dominant
symbiont communities, although some mixed C+D assemblages did remain in 2007.
Since mean environmental temperatures in Nosy B¢ remained relatively stable from
2001-2007, the change to C or D-only communities may be a result of a lack of

environmental pressure promoting natural selection of optimal symbiont associations.



38

Overlaid DHW data (using all cumulative, consecutive anomalies above the
maximum weekly mean) support these hypotheses for the changes in symbiont
communities from 2001-2009. Figure 14a shows that after prolonged anomalous
temperatures in Nosy B¢, the frequency of D-only associations increases significantly in
proportion to decreasing mixed and clade C-only associations. The same change may
have occurred shortly after the 2001 DHW increase, but sampling at that time would have
been necessary to show this. In Tuléar the opposite pattern occurs: mixed assemblages
increase in response to intermittent anomalous temperatures (Fig. 14b).

Environmental drivers

The southern region of Madagascar has historically experienced higher
cumulative DHWs (Fig. 12) and higher temperature variation than the northern region.
However, there are few bleaching observations or reports, with the exception of 2001 and
2002. The northern regions also experience occasional high DHWs, however none
exceed the bleaching threshold defined by the 1982-2009 baseline period. When modified
to be less conservative (DHW-1), accumulated thermal stress on Nosy Be reefs increases
in comparison to the other three sites, with the largest since anomaly occurring in 2002 in
Nosy Be (exceeding the three years of DHW stress at Tuléar from 1999-2001).

With projected increases in climate change, the different regions of Madagascar
are already experiencing annual increases in temperatures of ~0.016°C per year (SW
region, including Tuléar) and ~0.006°C per year (NW region, including Nosy B¢)
(McClanahan 2009). The SW is characterized by a complex set of environmental
conditions as a result of the hydrodynamic regime in the area, and regular pulses of both

cool and warm water may increase future reef resilience as a result of acclimatization to
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extremes. However, overfishing heavily impacts Tuléar, and is believed to reduce
resilience (McClanahan 2009). In fact, Nosy Bé may be more negatively impacted by
future warm water anomalies, as it may receive more sustained anomalous temperatures
with little likelihood of alleviation (compared to Tuléar with pulses of warming and
cooling). Vohemar, however, which is also characterized by low cumulative DHWs and
moderate temperatures and temperature variation, may have the highest potential for
resilience.

Although the frequency of clade D dominated corals in Madagascar did not
change overall from 2001-2007, closer analysis reveals that, in fact, there were
significant changes occurring within sites that cancelled each other out. While Nosy Bé
experienced increases in D-only at the expense of C+D, Tuléar experienced significant
increases in C+D at the expense of C-only. The overall incidence of D, driven by an
increase in mixed symbiont assemblages, increased significantly in SW coral reefs, while
clade D dominance increased in NW reefs. The increased incidence of clade D in mixed
assemblages in Tuléar may be a temporary, transitional post-bleaching event as the coral
colony recovers and returns to its pre-bleaching symbiont community structure. This
increase of the incidence or dominance of clade D at either site may provide the coral
colony with higher resistance to future thermal stress that would otherwise result in
bleaching (Baker et al. 2004).

However, increasing stress without sufficient recovery time for symbiont
communities to show compensatory responses may result in initially maladaptive host-

symbiont relationships, in which recovering corals establish an unusual association that
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makes them more “stress prone” than corals containing other symbiont communities,
impeding recovery (Jones et al. 2008, Correa et al. 2009).
Future of Malagasy reefs

Given the relatively strong ability to predict for symbiont communities when the
identity of the coral host is known (Tbl. 4), it may be possible to predict the response of
certain coral taxa to future thermal stress. Coral species that associate most commonly
with clade D and may be the most resilient to thermal stress, and include the genera
Seriatopora, Stylophora and Pavona, as well as various species of faviids (Fig. 9).
Species of Acropora associating with Symbiodinium subtype C3z may also be resilient to
future thermal stress, given their higher frequency at warmer sites.

With climate change forecasts suggesting an increased frequency and severity of
thermal anomalies both regionally (Sheppard et al. 2003, McClanahan et al. 2009) and
globally (Hoegh-Guldberg et al. 2007), coral algal-symbioses on coral reefs in
Madagascar may have some capacity to adapt or acclimatize to these stresses by further
shuffling their symbiont communities in favor of Symbiodinium in clade D. Once corals
become dominated with clade D, however, further increases in thermal tolerance may be
unlikely, and corals may also suffer from trade-offs that limit their success in other areas,
such as growth (Little et al. 2004). Consequently, tropical reefs that already have high
dominance of Symbiodinium clade D may be less flexible with regards to future climate
change compared to higher latitude reefs where D is uncommon to begin with (Fig 13).
Continued monitoring of symbiont communities in these, and other areas, is necessary to
understand what the limits to symbiont community response are, and what the tradeoffs

of these community changes might be.
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Tbl.1) Summary of past published research on algal symbiont (Symbiodinium spp.)
distributions in scleractinian corals from different latitudes.

Latitude (°) | Site

0°-5° Maldives (N) McClanahan et al. (in prep.)

6°-10° Malaysia (S), Zanzibar (S), Thailand (N) | Loh et al. 2001; LaJeunesse et al.
2010

11°-15° North Madagascar (S) This study

16°-20° West /East Australia (S), Red Sea (N) Rodriguez-Lanetty et al. 2001;
van Oppen et al 2001; Silverstein
etal. 2010

21°-25° West/East Australia (S), Madagascar (S) Rodriguez-Lanetty et al. 2001;
van Oppen et al 2001; Silverstein
et al. 2010; this study

26°-30° West/East Australia (S), Mozambique (S), | Rodriguez-Lanetty et al. 2001;
South Africa (S), Arabian Gulf (N), Red MacDonald et al 2008; Sebastian
Sea (N), Gulf of Agaba (N) et al. 2009; Silverstein et al.
2010; McClanahan et al. (in

prep.)

31°-35° West/East Australia (S), South Africa (S) | Silverstein et al. 2010;
MacDonald et al. 2008; Sebastian
et al. 2009
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Tbl.2) Synopsis of algal symbiont (Symbiodinium spp.) distributions in scleractinian
corals at different latitudes in the northern (N) and southern (S) hemispheres.

Symbiodinium clade

Latitude (°) | Site A B C D

0°-5° Maldives (N)

6°-10° Malaysia (S)

Zanzibar (S) X X

Thailand (N)

11°-15° North Madagascar (S)

16°-20° West/East Australia (S)

XXX >

Red Sea (N) X

21°-25° West/East Australia (S) X

pasd

South Madagascar (S)

26°-30° West/East Australia (S)

Mozambique (S)

South Africa (S)

Arabian Gulf (N) X

Red Sea (N) X

Japan (N)

Gulf of Agaba (N) X

31°-35° West/East Australia (S) X

S| XY XX 33| X XX X< X XX XXX X<

South Africa (S)




Tbl. 3) Sea surface temperature (SST) conditions at each site, calculated from

NOAA’s Coral Reef Watch (CRW) data accumulated from 1982-2009.

Standard Standard
Site e s | e SST | deviation SST | deviation SST
1981-2008 2001
Nosy Bé 28.51 °C 28.88 °C +/-1.42 °C +/-1.42 °C
Tuléar 26.33 °C 26.79 °C +/-2.06 °C +/-2.42 °C
Vohemar 26.57 °C 27.00 °C +/- 1.87 °C +/-1.91 °C
Fort Dauphin 24.14 °C 24.64 °C +/-1.77 °C +/-2.13 °C
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Tbl. 4) Nominal logistic regression results for Symbiodinium “D dominant”, “D
incidence” and “C+D” (mixed communities of clade C and D) for all corals taxa, as well
as for the 4 most commonly sample coral taxa only. Coral taxon (at the species level) was

the most powerful predictor of symbiont distributions. R? values in bold indicate those

above 50%.

Year Site Family Genus Species
All D p=0.0259%* p<0.0001%* | p<0.0001* | p<0.0001*
coral dominance | 1=0.0157 -- r’=0.1848 | r>=0.3805 | r>=0.5126
taxa
D p<0.0001%* | p<0.0001* | p<0.0001*
incidence - - P=02470 | P=0.4404 | r=0.5587
C+D p=0.0225% | p=0.0488* | p<0.0001* | p<0.0001* | p<0.0001*
r’=0.0182 | r*=0.0275 | r*=0.3382 | r>=0.4526 | r*=0.6070
4 most D p<0.0001%* | p<0.0001* | p<0.0001%**
common | dominance r’=0.1704 | r>=0.4690 | r*=6729
coral N N
taxa only
D p=0.0076* p<0.0001%* | p<0.0001* | p<0.0001*
incidence | r>=0.0213 N r’=0.3475 | r*=0.5679 | r>=0.6912
C+D p=0.0343* | p=0.0278* | p<0.0001* | p<0.0001* | p<0.0001*
’=0.0186 | r*=0.0378 | r*=0.2221 | r>=0.3568 | r*=0.4950




Figures

Fig. 1) The four sites in Madagascar that are the focus of this study. Sites were sampled
in 2001 (Tuléar, Nosy B¢, Vohemar, Fort Dauphin), 2007 (Tuléar, Nosy B¢) and 2009
(Tuléar).
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Fig. 2) Rarefaction curves of a) Symbiodinium clade against sampled coral genera, b)
Symbiodinium clade against coral samples, ¢) Symbiodinium genera against sampled coral
genera and d) Symbiodinium genera against coral samples. Samples (both corals and
genera) are from Fort Dauphin in 2001 (FD2001), Nosy Bé in 2001 (NB2001), Nosy Bé
in 2007 (NB2007), Tuléar in 2001 (T2001), Tuléar in 2007 and 2009 (T2007/09) and
Vohemar in 2001 (V2001). The site with the highest number of Symbiodinium subtypes
recorded (Vohemar in 2001, 12 subtypes) was also the only site where scleractinian
corals were found containing members of Symbiodinium clade A (one colony of
Acropora), leading to the unusual rarefaction curve for this site in panels (a) and (b).
However, the upper confidence intervals for each curve in all panels (not shown) all
overlap, indicating there is no evidence for differences in symbiont richness for each

site/time interval.
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Fig. 3) Algal symbiont (Symbiodinium spp.) clade distributions for all a) the four most
commonly sampled coral taxa (the genera Pavona spp, Acropora spp, Porites spp and

members of the family Pocilloporidae) and b) all coral taxa sampled in Nosy Bé (NW),
Vohemar (NE), Fort Dauphin (SE) and Tuléar (SW) in 2001.
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Fig. 4) Symbiodinium diversity found in all coral species sampled between the northern
and southern reefs of Madagascar in 2001. Three clades (A, C and D) are represented
here by the most common subtypes found during the 2001 sampling. Percentages are the
relative proportions of samples containing the symbiont subtype, with samples containing
mixed types split evenly between multiple categories from the 2001 collection. Northern
reefs (blue bars) include the Nosy Bé and Vohemar samples while the southern reefs

(orange bars) include the Tuléar and Fort Dauphin samples.
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Fig.5) Denaturing gradient gel depicting common Symbiodinium spp types found in
sampled corals from Madagascar. Designations beneath the image indicated the dominant
symbiont types detected in each profile. Novel ITS-2 sequenes were submitted to
GenBank (accession numbers with HQ prefixes used in designation). Arrows indicate the
dominant band of the distinguishing subtype, with a-e identifying the novel sequence

bands.
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Fig. 6) Distribution of Symbiodinium in clades C and D in pocilloporid corals on
Malagasy reefs. Percentages calculated as the proportion of each clade from the total
symbiont community of sampled pocilloporid corals. N=52 for Stylophora/Seriatopora

species samples and N=54 for Pocillopora species.
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Fig. 7) Symbiodinium subtype diversity in acroporid species of corals between Nosy Bé

(NW Madagascar, N=28) and Tuléar (SW Madagascar, N=26).
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Fig. 8) Sea surface temperatures from July 2007 through January 2010 for Tulear
overlaid with cyclones inducing cool water upwellings. Dates denoted as “month/year”.

Image courtesy of Dr. Tim McClanahan.
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Fig. 9) Coral Reef Watch (CRW) satellite data taken weekly compared to on-site

temperature gauge data recording temperature metrics recorded every three hours.
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Fig. 10) Incidence of clade D (frequency of occurrence) in Malagasy corals. Coral taxa
with a higher incidence of clade D may be more resilient to future climate change.
Families abbreviated as following: Poc=Pocilloporidae; Ocu=Oculinidae;
Mer=Merulinidae; Fav=Faviidae; Aga=Agariciidae; Acr=Acroporidae;
Sid=Siderasteridae; Por=Poritidae. Species abbreviated as following: Ser=Seriatopora,
Sty=Stylophora; Gal=Galaxea; Hyd=Hydnophora; Diplo=Diploastrea; Platy=Platygyra;
Pav=Pavona; Cyph=Cyphastrea; Mont=Montastrea; Cosc=Coscinaraea;
Poc=Pocillopora; Acr=Acropora and Por=Porites. “Misc” refers to miscellaneous

species belonging to the family Faviidae.
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Fig. 11) Changes in cladal distributions of Symbiodinium in Nosy Bé and Tulear coral

reefs. Size of chart proportional to number of samples taken at each site and time period.

To control for differences in coral taxonomy sampled, a) are the four most common coral

genera collected (Acropora, Pavona, Porites and species within the family Pocilloporidae)

and b) is the symbiont distribution changes for all corals sampled.
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Fig. 12) Degree heating weeks (DHWs) from NOAA Coral Reef Watch database in
degrees centigrade at the 4 sampling sites (FD=Fort Dauphin, NB+Nosy Bé, T=Tuléar
and V=Vohemar) in Madagascar from 1982-2009. DHWs were calculated using
cumulative and consecutive a) 1°C anomalies as a 1°C heating week and b) total
anomalies above the maximum monthly mean (MMM). In a) DHW values of 2° heating
weeks suggest potential bleaching and those above 4 predict more severe bleaching and
mortality. In b) DHW values of 4 indicate the potential for mild bleaching, and those
above 8 predict severe bleaching and mortality (NOAA Coral Reef Watch database).
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Fig. 13) Example of changes in symbiont community structure between Nosy Bé (NW)

and Tuléar (SW) with increasing thermal stress.
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Fig. 14) Changes in Symbiodinium communities over time for a) Nosy B¢ and b) Tuléar
overlaid with cumulative anomalies above the monthly maximum mean (DHWs). While
not significant (p>0.05), more sampling would be necessary between the 2001-2009
sampling periods to determine the dynamic response of symbiont communities change

dynamically in response to thermal anomalies.
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Appendix

Complete list of sampled corals of Madagascar

Fort Dauphin: 2001

Sample Coral species Genus Family Clade A Clade C Clade D
MDF-010 Acropora sp. Acropora Acroporidae Cl+C3
MDF-013 Acropora sp. Acropora Acroporidae Cl1
MDF-015 Acropora sp. Acropora Acroporidae Cl1
MDF-020 Acropora sp. Acropora Acroporidae C3
MDF-021 Acropora sp. Acropora Acroporidae C3
MDF-022 Acropora sp. Acropora Acroporidae C3
MDF-002 Acropora nasuta Acropora Acroporidae C3z
MDF-008 Montipora sp. Montipora Acroporidae C17
MDF-017 Montipora sp. Montipora Acroporidae C17
MDF-018 Montipora sp. Montipora Acroporidae C17
MDF-019 Montipora sp. Montipora Acroporidae C17
MDEF-003 Gyrosmilia interrupta Gyrosmilia Eusmiliidae Dla
MDF-006 Favites pentagona Favites Faviidae C3z
MDF-016 Favites pentagona Favites Faviidae C3z
MDEF-007 Goniastrea sp. Goniastrea Faviidae C(HQ232948)
MDF-011 Pocillopora damicornis Pocillopora Pocilloporidae C3
MDF-004 Pocillopora verrucosa Pocillopora Pocilloporidae Clh
MDEF-001 Stylophora pistillata Stylophora Pocilloporidae C36 D1
MDEF-005 Stylophora subseriata Stylophora Pocilloporidae C36
MDEF-012 Stylophora subseriata Stylophora Pocilloporidae C36
MDF-009 Psammocora sp. Psammocora Siderastreidae Cl1
Nosy Bé: 2001
Sample Coral species Genus Family Clade A Clade C Clade D
MDN-020 Acropora cuneata Acropora Acroporidae C3z
MDN-015 Acropora formosa Acropora Acroporidae C3z
MDN-014 Acropora gemmifera Acropora Acroporidae C3z
MDN-073 Acropora humilis Acropora Acroporidae C3z
MDN-056 Acropora millepora Acropora Acroporidae C3z
MDN-070 Acropora palifera Acropora Acroporidae C3z
MDN-027 Pavona cactus Pavona Agariciidae C1 Dla
MDN-072 Pavona decussata Pavona Agariciidae C1 Dla
MDN-074 Pavona decussata Pavona Agariciidae C1 Dla
MDN-029 Pavona varians Pavona Agariciidae C1 Dla
MDN-045 Pavona varians Pavona Agariciidae C3u Dla
MDN-011 Diploastrea heliopora Diploastrea Faviidae Dla
MDN-053 Diploastrea heliopora Diploastrea Faviidae Dla
MDN-078 Diploastrea heliopora Diploastrea Faviidae C3z Dla
MDN-063 Echinopora gemmacea Echinopora Faviidae C3
MDN-004 Echinopora lamellosa Echinopora Faviidae Cl+C24
MDN-071 Echinopora lamellosa Echinopora Faviidae C1
MDN-054 Favia sp. Favia Faviidae C3u
MDN-068 Favia annuligera Favia Faviidae Cl15a
MDN-024 Favia favus Favia Faviidae C3z
MDN-030 Favia favus Favia Faviidae Cl15a
MDN-061 Favia favus Favia Faviidae C3z
MDN-075 Favites sp. Favites Faviidae Cl+C24
MDN-065 Goniastrea edwardsi Goniastrea Faviidae C3z+ C(HQ232947)
MDN-009 Goniastrea retiformis Goniastrea Faviidae C3u
MDN-019 Goniastrea retiformis Goniastrea Faviidae Dla
MDN-025 Leptoria phrygia Leptoria Faviidae C3z
MDN-040 Leptoria phrygia Leptoria Faviidae C3z + C(HQ232947)
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MDN-028 Platygyra crosslandi Platygyra Faviidae C3z Dla
MDN-039 Platygyra crosslandi Platygyra Faviidae C3z
MDN-006 Platygyra daedalea Platygyra Faviidae C3z
MDN-033 Platygyra daedalea Platygyra Faviidae C3z
MDN-058 Platygyra daedalea Platygyra Faviidae C3z
MDN-059 Platygyra pini Platygyra Faviidae C3z
MDN-035 Platygyra sp. Platygyra Faviidae C2
MDN-042 Fungia sp. Fungia Fungiidae C(HQ232950) Dla
MDN-052 Hydnophora exesa Hydnophora Merulinidae C3z
MDN-055 Hydnophora exesa Hydnophora Merulinidae C3u+Cll5a Dla
MDN-038 Hydnophora microconos Hydnophora Merulinidae C3u+Cll5a Dla
MDN-076 Hydnophora microconos Hydnophora Merulinidae C3u+Cll5a
MDN-010 Merulina ampliata Merilina Merulinidae C3z
MDN-021 Millepora tenella Millepora Milleporidae Al6
MDN-047 Millepora tenella Millepora Milleporidae Al6
MDN-062 Echinophyllia aspera Echinophyllia Pectiniidae Dla
MDN-048 Pocillopora damicornis Pocillopora Pocilloporidae C3
MDN-080 Pocillopora verrucosa Pocillopora Pocilloporidae Clh
MDN-082 Pocillopora verrucosa Pocillopora Pocilloporidae Clh
MDN-013 Seriatopora hystrix Seriatopora Pocilloporidae C3
MDN-036 Seriatopora hystrix Seriatopora Pocilloporidae C3 D1
MDN-049 Seriatopora hystrix Seriatopora Pocilloporidae C3 D1
MDN-050 Seriatopora hystrix Seriatopora Pocilloporidae C3 D1
MDN-077 Seriatopora hystrix Seriatopora Pocilloporidae C3
MDN-002 Porites cylindrica Porites Poritidae C(HQ232954)
MDN-034 Porites cylindrica Porites Poritidae C3z
MDN-081 Porites cylindrica Porites Poritidae C15
MDN-026 Porites lobata Porites Poritidae C15
MDN-043 Porites lobata Porites Poritidae C15
MDN-084 Porites lobata Porites Poritidae C15
MDN-066 Porites lutea Porites Poritidae C15
MDN-016 Porites profundus Porites Poritidae C(HQ232954)
MDN-007 Porites rus Porites Poritidae C15
MDN-051 Porites rus Porites Poritidae C15
MDN-008 Porites solida Porites Poritidae C15
MDN-037 Psammocora obtusangula Psammocora Siderasteridae C1
MDN-044 Psammocora obtusangula Psammocora Siderasteridae C1
MDN-023 Palythoa sp. Palythoa Zoanthidae C62
MDN-046 Palythoa sp. Palythoa Zoanthidae C3
Nosy Bé: 2007
Sample Coral species Genus Family Clade A Clade C Clade D
MDO001 Acropora humilis Acropora Acroporidae C3z
MDO11 Acropora humilis Acropora Acroporidae C3z
MDO021 Acropora humilis Acropora Acroporidae C3z
MDO025 Acropora humilis Acropora Acroporidae C3z
MDO037 Acropora humilis Acropora Acroporidae C3z
MDO038 Acropora humilis Acropora Acroporidae C3z
MDO040 Acropora humilis Acropora Acroporidae C3z
MD043 Acropora humilis Acropora Acroporidae C3z
MDO055 Acropora humilis Acropora Acroporidae C3z
MDO057 Acropora humilis Acropora Acroporidae C3z
MDO058 Acropora humilis Acropora Acroporidae C3z
MDO083 Acropora humilis Acropora Acroporidae C3z
MDO088 Acropora humilis Acropora Acroporidae C3z
MDO089 Acropora humilis Acropora Acroporidae C3z
MDO095 Acropora humilis Acropora Acroporidae C3z
MD102 Acropora humilis Acropora Acroporidae C3z
MDI112 Acropora humilis Acropora Acroporidae C3z
MDI121 Acropora humilis Acropora Acroporidae C3z
MDI125 Acropora humilis Acropora Acroporidae C3z
MD134 Acropora humilis Acropora Acroporidae C3z



MD150
MD172
MDO026
MD167
MDI181
MDO003
MD046
MD103
MDO020
MD042
MDO067
MDO079
MDO097
MDI110
MDI118
MD133
MD137
MD143
MD153
MD165
MDO028
MDO051
MDO054
MDO065
MDO066
MDO076
MDO080
MD092
MD138
MD139
MDO022
MDO030
MDO033
MDO034
MDO036
MD048
MDO068
MDO090
MD100
MD109
MDI11
MD140
MD163
MDO018
MDO019
MDO031
MDO032
MDO074
MDO087
MD101
MDI119
MD120
MD141
MD145
MD149
MD168
MDO15
MDO016
MD023
MDO059
MDO071
MDO073
MDO078
MDO082
MDI113
MD184

Acropora humilis
Acropora humilis
Pavona decussata
Pavona decussata
Pavona decussata
Pavona varians
Pavona varians
Pavona varians
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Diploastrea heliopora
Favia sp.
Favia stelligera
Favia stelligera
Favia stelligera
Favia stelligera
Favia stelligera
Favia stelligera
Favia stelligera
Favia stelligera
Favia stelligera
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Goniastrea retiformis
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Hydnophora microconos
Hydnophora microconos
Hydnophora microconos
Hydnophora microconos
Hydnophora microconos
Hydnophora microconos
Hydnophora microconos
Hydnophora microconos
Hydnophora microconos
Hydnophora microconos

Acropora
Acropora
Pavona
Pavona
Pavona
Pavona
Pavona
Pavona
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Diploastrea
Favia
Favia
Favia
Favia
Favia
Favia
Favia
Favia
Favia
Favia
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Goniastrea
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra

Platygyra
Hydnophora

Hydnophora
Hydnophora
Hydnophora
Hydnophora
Hydnophora
Hydnophora
Hydnophora
Hydnophora
Hydnophora

Acroporidae
Acroporidae
Agariciidae
Agariciidae
Agariciidae
Agariciidae
Agariciidae
Agariciidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Merulinidae
Merulinidae
Merulinidae
Merulinidae
Merulinidae
Merulinidae
Merulinidae
Merulinidae
Merulinidae
Merulinidae

C3z
C3z
Cl
Cl
Cl
Cl1+C3
C3+Cll5a
Cl
C3z+ C3u
C3z
C3z+Cl15
Cl1+C3
C3u

C3u+Cl115
C3u+Cl115
C3z

C3z
C3z
C3z
C3z
C3z + C(HQ232947)
C3z
C3z
C3z
C3z + C(HQ232947)
C3z
C3z + C(HQ232947)
C3z
C3z
C3z
C3z

C3z
C3z
C3z
C3z + C(HQ232947)
C3u+Cl15
C3z
C3z + C(HQ232947)
C3z
C3z
C3z
C3z
C3z
C3z
C3z
C3z + C(HQ232947)
C3z
C3z + C(HQ232947)
C3z
C3z
C3z
C3z
C3z
C3z
C3u
C3z
C3z
C3u
C3u
C3z
C3z
C3z+ C3u
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Dla
Dla
Dla
Dla

Dla

Dla
Dla
Dla
Dla

Dla
Dla
Dla

Dla

Dla
Dla

Dla



MD185
MD208
MDO005
MDO009
MDO012
MDO017
MDO061
MD062
MDO070
MD091
MD114
MD127
MD146
MD148
MD162
MD169
MD173
MD178
MD183
MD259
MD002
MDO013
MDO024
MDO039
MD041
MDO081
MD105
MD106
MD174
MD175
MD209
MDO053
MDO056
MD129
MD164
MD180
MD182
MDO063
MDO077
MD135
MD152
MD154
MD158
MD160
MDO010
MDO014
MDO072
MDO075
MDO085
MD093
MD098
MD128
MD170
MDI171
MD179
MDO064
MDO052
MDO004
MDO007
MDO008
MDO027
MD045
MD049
MD104
MD107
MDI116

Hydnophora microconos
Hydnophora microconos
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Galaxea fascicularis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora eydouxi
Pocillopora eydouxi
Pocillopora verrucosa
Pocillopora verrucosa
Pocillopora verrucosa
Pocillopora verrucosa
Seriatopora hystrix
Seriatopora hystrix
Seriatopora hystrix
Seriatopora hystrix
Seriatopora hystrix
Seriatopora hystrix
Seriatopora hystrix

Stylophora madagascarensis
Stylophora madagascarensis

Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Goniopora sp.
Goniopora sp.
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea

Hydnophora
Hydnophora
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Galaxea
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Seriatopora
Seriatopora
Seriatopora
Seriatopora
Seriatopora
Seriatopora
Seriatopora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Goniopora
Goniopora
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites

Merulinidae
Merulinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Oculinidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae

C3z+ C3u
C3z

Cl
Cl

C3z
Cl
C3z
C3z
C3z
C3

C3u

Cl
Cld
Cld+C3
Cld
Cld+C3
Cld+C3
Cld+C3
Cld+C3
Cld+C3
Cld+C3
Cld+C3
Cld+C3
Cl
Cl
Cl
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3

C3u
C3u
Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
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Dla
Dla
Dla
Dla
Dla

Dla

D1
Dla
Dla

Dla
Dla
Dla
Dla
Dla

D1

D1
D1
D1
D1
D1

D1

D1

D1

Dla
Dla
Dla
Dla
Dla
Dla
Dla
Dla
Dla
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MD122 Porites lutea Porites Poritidae C15

MD123 Porites lutea Porites Poritidae C15

MD132 Porites lutea Porites Poritidae C15

MD147 Porites lutea Porites Poritidae C15

MD155 Porites lutea Porites Poritidae C15

MD161 Porites lutea Porites Poritidae C3z

MD186 Porites lutea Porites Poritidae C15

MDO029 Porites nigrescens Porites Poritidae C15

MDO035 Porites nigrescens Porites Poritidae C15

MD044 Porites nigrescens Porites Poritidae C(HQ232954)

MDO060 Porites nigrescens Porites Poritidae C(HQ232954)

MD124 Porites nigrescens Porites Poritidae C15

MD176 Porites nigrescens Porites Poritidae C15

MDO050 Porites palmata Porites Poritidae C(HQ232954)

MDO084 Porites palmata Porites Poritidae C(HQ232954)

MD096 Porites palmata Porites Poritidae C15 (HQ232954)

MDI131 Porites palmata Porites Poritidae C15

MD136 Porites palmata Porites Poritidae C15 (HQ232954)

MD157 Porites palmata Porites Poritidae C(HQ232954)

MD199 Porites palmata Porites Poritidae C3

MD130 Porites rus Porites Poritidae C15

MD156 Porites rus Porites Poritidae C15

MD166 Porites rus Porites Poritidae C15

Tuléar: 2001
Sample Coral species Genus Family Clade A Clade C Clade D

MDT-010 Acropora sp. Acropora Acroporidae C3 Dla
MDT-023 Acropora cuneata Acropora Acroporidae C3
MDT-009 Acropora palifera Acropora Acroporidae C1
MDT-043 Acropora palifera Acropora Acroporidae C1
MDT-020 Gardineroseris planulata Gardineroseris Agariciidae C3
MDT-054 Pavona decussata Pavona Agariciidae C1 Dla
MDT-045 Pavona explanulata Pavona Agariciidae C1
MDT-047 Pavona laira Pavona Agariciidae Cl1
MDT-034 Pavona varians Pavona Agariciidae C3+Cll15a
MDT-028 Cyphastrea serailia Cyphastrea Faviidae C3 Dla
MDT-019 Favia sp. Favia Faviidae C3z+Cl115
MDT-038 Favia sp. Favia Faviidae Cl15a
MDT-004 Favia pallida Favia Faviidae C3+Cll5a
MDT-006 Favia pallida Favia Faviidae C3+Cll5a
MDT-015 Favia pallida Favia Faviidae C3+Cll5a
MDT-042 Favia pallida Favia Faviidae C3+Cll5a
MDT-011 Favia speciosa Favia Faviidae C3+Cll5a
MDT-012 Favia speciosa Favia Faviidae C3+Cll5a
MDT-055 Goniastrea retiformis Goniastrea Faviidae Dla
MDT-057 Leptastrea inepcuelis Leptastrea Faviidae C1 D1
MDT-025 Platygyra daedalea Platygyra Faviidae C3z
MDT-037 Platygyra daedalea Platygyra Faviidae C3z
MDT-048 Platygyra daedalea Platygyra Faviidae C3z
MDT-003 Platygyra pini Platygyra Faviidae C1
MDT-016 Platygyra pini Platygyra Faviidae C3z Dla
MDT-021 Platygyra pini Platygyra Faviidae C3
MDT-050 Platygyra pini Platygyra Faviidae C3z Dla
MDT-031 Platygyra planae Platygyra Faviidae C3z
MDT-033 Platygyra planae Platygyra Faviidae C3
MDT-035 Plerogyra brucic Platygyra Faviidae C1
MDT-014 Hydnophora microconos Hydnophora Merulinidae C3z+Cl15a Dla
MDT-036 Hydnophora microconos Hydnophora Merulinidae C3z+Cl15a Dla
MDT-044 Hydnophora microconos Hydnophora Merulinidae C3u+Cll5a Dla
MDT-030 Millepora tenella Millepora Milleporidae Al6
MDT-024 Galaxea fascicularis Galaxea Oculinidae C3 Dla
MDT-039 Galaxea fascicularis Galaxea Oculinidae C3u
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MDT-013 Pocillopora damicornis Pocillopora Pocilloporidae C1
MDT-017 Pocillopora verrucosa Pocillopora Pocilloporidae Clh
MDT-022 Pocillopora verrucosa Pocillopora Pocilloporidae Clh
MDT-018 Stylophora sp. Stylophora Pocilloporidae C1
MDT-026 Stylophora sp. Stylophora Pocilloporidae D1
MDT-060 Porites lichen Porites Poritidae C15
MDT-061 Porites lichen Porites Poritidae C15
MDT-005 Porites lobata Porites Poritidae C1
MDT-040 Porites lobata Porites Poritidae C15
MDT-052 Porites lobata Porites Poritidae C15
MDT-053 Porites lobata Porites Poritidae C15
MDT-056 Porites lobata Porites Poritidae C15
MDT-001 Porites lutea Porites Poritidae C15
MDT-051 Porites monticulosa Porites Poritidae C15
MDT-058 Porites monticulosa Porites Poritidae C15
MDT-059 Porites monticulosa Porites Poritidae C15
MDT-062 Porites monticulosa Porites Poritidae C15
MDT-046 Porites rus Porites Poritidae C15
Tuléar: 2007
Sample Coral species Genus Family Clade A Clade C Clade D
MD187 Acropora humilis Acropora Acroporidae C1
MD188 Acropora humilis Acropora Acroporidae C1
MD192 Acropora humilis Acropora Acroporidae C1
MD195 Acropora humilis Acropora Acroporidae C1
MD202 Acropora humilis Acropora Acroporidae C1
MD205 Acropora humilis Acropora Acroporidae C1
MD211 Acropora humilis Acropora Acroporidae C1
MD223 Acropora humilis Acropora Acroporidae C1
MD253 Acropora humilis Acropora Acroporidae C1
MD193 Montipora sp. Montipora Acroporidae C3
MD212 Montipora sp. Montipora Acroporidae C3
MD217 Montipora sp. Montipora Acroporidae C3
MD219 Montipora sp. Montipora Acroporidae C3
MD224 Montipora sp. Montipora Acroporidae C3
MD238 Montipora sp. Montipora Acroporidae C3
MD239 Montipora sp. Montipora Acroporidae C3
MD190 Pavona varians Pavona Agariciidae Cl1+C3 Dla
MD197 Pavona varians Pavona Agariciidae Cl1+C3 Dla
MD218 Pavona varians Pavona Agariciidae Cl1+C3 Dla
MD226 Pavona varians Pavona Agariciidae Cl1+C3 Dla
MD231 Pavona varians Pavona Agariciidae Cl1+C3 Dla
MD240 Pavona varians Pavona Agariciidae Cl1+C3 Dla
MD244 Pavona varians Pavona Agariciidae Cl1+C3 Dla
MD247 Pavona varians Pavona Agariciidae Cl1+C3 Dla
MD257 Pavona varians Pavona Agariciidae Cl+C2+C3 Dla
MD236 Favia sp. Favia Faviidae Dla
MD203 Favia stelligera Favia Faviidae D1
MD229 Favia stelligera Favia Faviidae Clg + C(HQ232951) Dla
MD242 Favia stelligera Favia Faviidae Clg D1
MD200 Goniastrea retiformis Goniastrea Faviidae ?
MD204 Goniastrea retiformis Goniastrea Faviidae C3u+Cll5a
MD222 Goniastrea retiformis Goniastrea Faviidae C1
MD248 Goniastrea retiformis Goniastrea Faviidae C3u+Cll5a Dla
MD234 Galaxea fascicularis Galaxea Oculinidae C3
MD249 Pocillopora damicornis Pocillopora Pocilloporidae C3
MD189 Pocillopora verrucosa Pocillopora Pocilloporidae Clh
MD206 Pocillopora verrucosa Pocillopora Pocilloporidae C1
MD214 Pocillopora verrucosa Pocillopora Pocilloporidae C1
MD215 Pocillopora verrucosa Pocillopora Pocilloporidae Clh
MD216 Pocillopora verrucosa Pocillopora Pocilloporidae C1
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MD220 Pocillopora verrucosa Pocillopora Pocilloporidae C1
MD221 Pocillopora verrucosa Pocillopora Pocilloporidae C1
MD227 Pocillopora verrucosa Pocillopora Pocilloporidae C1
MD235 Pocillopora verrucosa Pocillopora Pocilloporidae Clh
MD198 Seriatopora hystrix Seriatopora Pocilloporidae C3
MD228 Seriatopora hystrix Seriatopora Pocilloporidae C3
MD241 Seriatopora hystrix Seriatopora Pocilloporidae C3
MD245 Seriatopora hystrix Seriatopora Pocilloporidae C3
MD251 Seriatopora hystrix Seriatopora Pocilloporidae C3
MD232 Stylophora pistillata Stylophora Pocilloporidae D1
MD254 Stylophora pistillata Stylophora Pocilloporidae Dla
MD255 Stylophora pistillata Stylophora Pocilloporidae Dla
MD201 Porites lutea Porites Poritidae C15
MD207 Porites lutea Porites Poritidae C15
MD233 Porites lutea Porites Poritidae C15
MD237 Porites lutea Porites Poritidae C15
MD243 Porites lutea Porites Poritidae C15
MD246 Porites lutea Porites Poritidae C15
MD250 Porites lutea Porites Poritidae C15
MD256 Porites lutea Porites Poritidae C15
Tuléar: 2009
Sample Coral species Genus Family Clade C Clade D
MD-272 Acropora humilis Acropora Acroporidae Clg
MD-273 Acropora humilis Acropora Acroporidae Clg
MD-294 Acropora humilis Acropora Acroporidae Clg
MD-317 Acropora humilis Acropora Acroporidae Clg
MD-318 Acropora humilis Acropora Acroporidae C3+Cl115
MD-321 Acropora humilis Acropora Acroporidae Clg
MD-368 Acropora humilis Acropora Acroporidae Clg
MD-274 Acropora latistella Acropora Acroporidae Clg
MD-275 Acropora latistella Acropora Acroporidae Clg
MD-295 Acropora latistella Acropora Acroporidae C3+Cl115
MD-305 Acropora latistella Acropora Acroporidae C3+Cl115
MD-281 Acropora listeri Acropora Acroporidae Clg
MD-282 Acropora listeri Acropora Acroporidae Clg
MD-311 Acropora nobilis Acropora Acroporidae C3z + C(HQ232947)
MD-319 Acropora samoensis Acropora Acroporidae Clg
MD-263 Montipora aequituberculata Montipora Acroporidae Clg+C3
MD-284 Montipora aequituberculata Montipora Acroporidae C3
MD-285 Montipora aequituberculata Montipora Acroporidae Clg+C3
MD-293 Montipora aequituberculata Montipora Acroporidae C3
MD-356 Pavona decussata Pavona Agariciidae Clg
MD-357 Pavona decussata Pavona Agariciidae Clg
MD-345 Pavona venosa Pavona Agariciidae D1
MD-346 Pavona venosa Pavona Agariciidae Cl
MD-324 Cyphastrea serailia Cyphastrea Faviidae Cl
MD-326 Cyphastrea serailia Cyphastrea Faviidae Dla
MD-330 Cyphastrea serailia Cyphastrea Faviidae Cl
MD-334 Cyphastrea serailia Cyphastrea Faviidae Cl
MD-338 Cyphastrea serailia Cyphastrea Faviidae Dla
MD-283 Echinopora gemmacea Echinopora Faviidae C3
MD-355 Favia matthaii Favia Faviidae Cl
MD-366 Favia matthaii Favia Faviidae Dla
MD-296 Goniastrea aspera Goniastrea Faviidae C3
MD-287 Leptoria phrygia Leptoria Faviidae Dla
MD-301 Leptoria phrygia Leptoria Faviidae Dla
MD-264 Fungia fungites Fungia Fungiidae Cl15a
MD-265 Fungia fungites Fungia Fungiidae Cl15a
MD-266 Fungia fungites Fungia Fungiidae Cl15a
MD-291 Fungia fungites Fungia Fungiidae Clg



MD-308
MD-309
MD-310
MD-353
MD-271
MD-278
MD-279
MD-299
MD-302
MD-300
MD-261
MD-262
MD-270
MD-289
MD-290
MD-298
MD-320
MD-322
MD-323
MD-325
MD-343
MD-269
MD-276
MD-277
MD-306
MD-307
MD-312
MD-313
MD-335
MD-336
MD-352
MD-260
MD-267
MD-268
MD-288
MD-303
MD-304
MD-327
MD-328
MD-329
MD-344
MD-347
MD-360
MD-361
MD-362
MD-342
MD-348
MD-349
MD-351
MD-280
MD-292
MD-314
MD-315
MD-331
MD-332
MD-333
MD-341
MD-365
MD-367
MD-339
MD-340
MD-354

Fungia fungites
Fungia fungites
Fungia fungites
Hydnophora exesa
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora verrucosa
Seriatopora hystrix
Seriatopora hystrix
Seriatopora hystrix
Seriatopora hystrix
Seriatopora hystrix
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora pistillata
Stylophora subseriata
Stylophora subseriata
Stylophora subseriata
Stylophora subseriata
Stylophora subseriata
Stylophora subseriata
Stylophora subseriata
Goniopora stokesi
Goniopora stokesi
Goniopora stokesi
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites palmata
Porites palmata
Porites palmata
Porites palmata
Synaraea rus
Synaraea rus
Synaraea rus
Synaraea rus
Synaraea rus
Synaraea rus
Synaraea rus
Synaraea rus
Synaraea rus
Synaraea rus
Coscinarea monile
Coscinarea monile
Coscinarea monile

Fungia
Fungia
Fungia
Hydnophora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Seriatopora
Seriatopora
Seriatopora
Seriatopora
Seriatopora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Stylophora
Goniopora
Goniopora
Goniopora
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Synaraea
Synaraea
Synaraea
Synaraea
Synaraea
Synaraea
Synaraea
Synaraea
Synaraea
Synaraea
Coscinaraea
Coscinaraea
Coscinaraea

Fungiidae
Fungiidae
Fungiidae
Merulinidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Siderasteridae
Siderasteridae
Siderasteridae

Cl15a
Cl15a
Cl15a

Clg

Clg

Clg

Clg

Clg

Clg + C(HQ232952)

Clg

Clg

Clg

Clg

Clg

C36

Clg

Clg

Clg

Clg

Clg
C36 + EF656433
C36 + EF656433
C36 + EF656433

Clg
C36 + EF656433
C36 + EF656433

Clg

C2

Clg

Cc2

CI15

C15

C15

C15

C15

C15

C15

C15

C15

C15

CI15

CI15

CI15

CI15

CI15

CI15

CI15

C15

C15

C15

C15

C15

C15

C15

C15

C15

C15

C15

Clg

Clg

Dla

Dla
Dla

D1
D1
D1
D1
D1
Dla
D1
D1
D1
D1
D1
D1
D1
D1
D1
D1
D1
D1
Dla

D1
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Vohemar: 2001

Sample

MDV-051
MDV-047
MDV-037
MDV-006
MDV-011
MDV-034
MDV-039
MDV-058
MDV-057
MDV-012
MDV-038
MDV-072
MDV-041
MDV-045
MDV-068
MDV-082
MDV-070
MDV-014
MDV-017
MDV-025
MDV-055
MDV-074
MDV-033
MDV-077
MDV-027
MDV-028
MDV-049
MDV-032
MDV-056
MDV-004
MDV-024
MDV-007
MDV-065
MDV-001
MDV-023
MDV-043
MDV-069
MDV-059
MDV-073
MDV-010
MDV-018
MDV-022
MDV-029
MDV-083
MDV-016
MDV-026
MDV-081
MDV-002
MDV-019
MDV-020
MDV-040
MDV-054
MDV-063
MDV-008
MDV-013
MDV-030
MDV-036
MDV-052
MDV-015
MDV-080
MDV-048
MDV-066

Coral species

Acropora sp.
Acropora cuneata
Acropora formosa

Acropora gemmifera
Acropora gemmifera
Acropora humilis
Acropora humilis
Acropora humilis
Montipora monasteriata
Pavona cactus
Pavona cactus
Pavona cactus
Pavona decussata
Pavona decussata
Pavona decussata
Pavona varians
Pavona venosa
Cyphastrea micropthalina
Cyphastrea micropthalina
Cyphastrea ocellina
Cyphastrea ocellina
Cyphastrea serailia
Echinopora hirsutissima
Echinopora hirsutissima
Favia sp.

Favia sp.

Favia sp.
Favites flexuosa
Favites goniastrea
Favites pentagona
Goniastrea retiformis
Leptastrea purpurea
Leptastrea transversa
Leptoria phrygia
Leptoria phrygia
Leptoria phrygia
Leptoria phrygia
Montastrea serageldini
Montastrea sp.
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Platygyra daedalea
Hydnophora exesa
Hydnophora exesa
Hydnophora exesa
Hydnophora microconos
Pocillopora damicornis
Pocillopora damicornis
Pocillopora damicornis
Pocillopora eydouxi
Pocillopora meandrina
Pocillopora sp.
Pocillopora verrucosa
Pocillopora verrucosa
Pocillopora verrucosa
Pocillopora verrucosa
Stylophora subsericita
Porites sp.
Porites palmata
Porites cylindrica

Genus

Acropora
Acropora
Acropora
Acropora
Acropora
Acropora
Acropora
Acropora
Montipora
Pavona
Pavona
Pavona
Pavona
Pavona
Pavona
Pavona
Pavona
Cyphastrea
Cyphastrea
Cyphastrea
Cyphastrea
Cyphastrea
Echinopora
Echinopora
Favia
Favia
Favia
Favites
Favites
Favites
Goniastrea
Leptastrea
Leptastrea
Leptoria
Leptoria
Leptoria
Leptoria
Montastrea
Montastrea
Platygyra
Platygyra
Platygyra
Platygyra
Platygyra
Hydnophora
Hydnophora
Hydnophora
Hydnophora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Pocillopora
Stylophora
Porites
Porites
Porites

Family

Acroporidae
Acroporidae
Acroporidae
Acroporidae
Acroporidae
Acroporidae
Acroporidae
Acroporidae
Acroporidae
Agariciidae
Agariciidae
Agariciidae
Agariciidae
Agariciidae
Agariciidae
Agariciidae
Agariciidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Faviidae
Merulinidae
Merulinidae
Merulinidae
Merulinidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Pocilloporidae
Poritidae
Poritidae
Poritidae

Clade A

Al

Clade C

C3

C3
C3
C3
C3
C3

C17
Cl1
Cl1
Cl1
C1
Cl1
C1

Cl+C3
Cl+C3
Clg
Clg
Clg + C24/41

Clg

C3
Cl+C3
Cl+C24
Cll5a
Cll5a
Cll5a
Cl
C3

C3

Cl

Cl

C3

C36

DQ838544

C(HQ232952)

C3
C(HQ232950)

C3z

C3

C3

C3

C3

C3z

C3z

C3z
C3u+Cll15a

Cl

C3

C3

Cl

Cl

Cl

Clh

Clh

Clh

Clh

C36 + EF656433

Cl15

Cl15

C15

Clade D

Dla

Dla

Dla

Dla
Dla

Dla

Dla
Dl

D1
D1

Dla

Dla
Dla
Dla
Dla

D1



MDV-079
MDV-046
MDV-064
MDV-009
MDV-044
MDV-062
MDV-086
MDV-003
MDV-021
MDV-067
MDV-053
MDV-075
MDV-076
MDV-060
MDV-061
MDV-084

Porites cylindrica
Porites lobata
Porites lobata

Porites lutea
Porites lutea
Porites lutea
Porites lutea
Porites palmata
Porites palmata
Porites sp.
Coscinaraea monile
Coscinaraea monile
Psammocora haimeana
Psammocora obtusangula
Psammocora obtusangula
Psammocora obtusangula

Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Porites
Coscinaraea
Coscinaraea
Psammocora
Psammocora
Psammocora
Psammocora

Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Poritidae
Siderasteridae
Siderasteridae
Siderasteridae
Siderasteridae
Siderasteridae
Siderasteridae

Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
Cl15
C3z
C3
Cl
Cl
Cl
Cl
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