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Howells et al. Coral Calcification in the Southern Persian Gulf

FIGURE 1 | Location of study sites where growth parameters were measured

in the corals Platygyra daedalea and Cyphastrea microphthalma. Delma (D:

24.5208◦N, 52.2781◦E), Saadiyat (S: 24.5986◦N, 54.4201◦E), Ras Ghanada

(R: 24.8482◦N, 54.6903◦E), and Al Aqah (A: 25.4929◦N, 56.3635◦E).

Background NASA satellite image sourced from https://zoom.earth.

relatively shallow (6–7m) areas of emergent hard substrate at
all locations. Growth rates from the Gulf were then compared
to growth estimates for both P. daedalea and C. microphthalma
sampled on shallow (4–6m) fringing reef in the Oman Sea, as
well as published values for Platygyra and Cyphastrea spp. from
tropical and subtropical Indo-Pacific reefs (Weber and White,
1974; Romano, 1990; Babcock, 1991; Harriott, 1999; Roberts and
Harriott, 2003).

Growth Measurements
Skeletons of replicate colonies of P. daedalea and
C. microphthalma were stained using the approach of Dustan
(1975) which has been widely used to measure linear extension
in scleractinian corals (Pratchett et al., 2015). At each site,
14–17 colonies of each species were removed from the substrate
and aggregated into large (70-L) sealed bags with 10mg.l−1

of alizarin red-S (AL080, chem-supply) for 4–5 h. Following
staining, colonies were tagged, tissue sampled and re-attached
to the substrate with rapid-setting mounting resin (FIS V 360 S,
Fischer). To eliminate effects of competition on growth, colonies
were attached to substrate areas free from contact with other
corals. Staining was conducted September 2013 and 76% of
colonies (Pd: n = 51; Cm: n = 44) were recovered and collected
in September 2014.

All colonies recovered from the field had their tissue removed
with a high-pressure water jet, were dried and subsequently
cut into 3–4 slices perpendicular to the direction of growth
plane using a diamond-tipped rock saw (Figures 2a,c). High-
resolution photos were taken at 2–5 non-overlapping regions
of each colony slice with fluorescent excitation of the alizarin
stain (Figures 2b,d). Five measurements, including the longest
and shortest linear extension and three haphazard points across
each colony, were taken from the edge of the stain to the
periphery of the skeleton to the nearest 0.001mm using Image
J software (https://imagej.nih.gov/ij/). The number of extension

FIGURE 2 | Representative skeletal slices of Platygyra daedalea (a,b) and

Cyphastrea microphthalma (c,d) colonies used to measure coral growth in the

Persian Gulf and Oman Sea. Annual linear extension was measured across

each colony from the edge of the incorporated and alizarin stain (red line,

fluorescently excited in b,d) to the periphery of the skeleton (indicated by

arrows). Density was measured in skeletal subsamples from each colony,

approximating the annual band of extension.

measurements taken for each colony was size dependent and
ranged from 16 to 65 for P. daedalea colonies and 15 to 75 for
C. microphthalma colonies.

Skeletal density was measured using the water displacement
method (e.g., Bucher et al., 1998; Morgan and Kench, 2012).
Small ∼1–2 cm3 sections of skeleton were cut from the surface
of each coral slice (i.e., 3–4 per colony) using a hand-held rotary
tool. The depth of section cuts were matched to the alizarin
stain to include all growth within the survey year, however, a
small amount of growth beneath the alizarin stain line may have
been inadvertently included in some samples. Skeletal samples
were dried overnight at 60◦C and their density measured by
dividing the weight of the sample (recorded to the nearest
0.01 g) by the volume of water displaced in a 10ml graduated
cylinder (recorded to the nearest 0.1ml). When measuring water
displacement, samples were gently tapped for 1min, left still for
1min, and tapped for one additional minute to remove any air
bubbles present. Dry mass and water displacement volumes were
recorded twice on average per individual sample (range 1–4).
Annual calcification rates were calculated by multiplying density
by extension as described in the Data Analysis section.

Environmental Drivers
Symbiont communities, annual variation in environmental
conditions, and recent disturbance history were considered as
potential drivers of growth variability.

To characterize symbiont communities, DNA samples were
taken from each tagged colony at the time of alizarin staining.
Symbiodinium clade(s) were identified with PCR amplification of
the small-subunit region using ss5Z and ss3Z primers followed
by TaqI restriction enzyme digestion of PCR products (Rowan
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and Powers, 1991). Digests were run alongside size markers
on 2% agarose gels and Symbiodinium clades were assigned
based on known fragment sizes (e.g., Toller et al., 2001). Sub-
cladal Symbiodinium types in P. daedalea and C. microphthalma
were assumed consistent with symbiont diversity previously
documented for these species and sites (i.e., A1, C3, D1a; Hume
et al., 2013; Howells et al., 2016a). In a subset of samples (n =

15 total), these types were confirmed with PCR and sequencing
of the internal transcribed spacer 2 region (ITS2: ITSintfor2 and
ITS-Reverse primers; LaJeunesse and Trench, 2000).

Sea temperature across the study period was recorded at
each site at hourly intervals using in situ loggers attached
to the reef substrate (September 2013–2014; HOBO TidbiT
v2, Onset). Daily averages were calculated and from these,
the warmest and coolest day and month (continuous 28-day
period) were used to characterize the thermal environment
at each site. Photosynthetically Active Radiation (PAR) at the
ocean surface was acquired from the NASA Ocean Biology
Processing Group (NASA Goddard Space Flight Center, Ocean
Ecology Laboratory Ocean Biology Processing Group, 2014),
derived from the MODIS sensor on the Aqua satellite and
mapped daily at 4-km resolution. Daily data at each site
(September 2013–2014) was averaged across a 3 × 3-pixel box
and composited to monthly resolution to provide suitable data
density of the product (Frouin et al., 2002). As these satellite
values do not account for the effects of depth and turbidity
on light attenuation, in situ down-welling PAR was measured
at midday on 1 day at each site in August 2016 (LI-192
Underwater Quantum Sensor, LI-COR). Salinity values across
the study period were obtained for each day from the 1/12◦

global HYbrid Coordinate Ocean Model (HYCOM; experiments
91.0, 91.1; Metzger et al., 2010) and compared to ad-hoc in
situ measurements (water quality multi-probe, YSI). As model
values underestimated in situ measurements by ∼8% in the
Gulf (Saadiyat and Ras Ghanada) and ∼3.5% in the Oman Sea
(Al Aqah), summer (May–October), and winter (November–
April) correction factors were applied to daily HYCOM values.
The difference in deviance between model and in situ values
for Saadiyat and Ras Ghanada was negligible and the same
correction factors were applied to all three sites in the Gulf
(no in-situ data were available for Delma). Summaries from
both the uncorrected and corrected HYCOM salinity data are
reported. Primary productivity across the study period was
evaluated from published monthly values of chlorophyll-a from
the VIIRS sensor at 5 km resolution (http://oceanwatch.pifsc.
noaa.gov/thredds/ncss/grid/viirs_nasa/monthly/dataset.html).

The primary disturbances impacting Gulf corals are
relatively frequent bleaching and disease events (Coles
and Riegl, 2013). Only visibly healthy P. daedalea and
C. microphthalma colonies were collected for staining and
no bleaching or disease was recorded on these colonies at
6 and 12 month monitoring intervals. Consistent with this
observation, satellite derived measures of heat stress (i.e.,
Degree Heating Weeks; https://coralreefwatch.noaa.gov/
satellite/; Heron et al., 2016a) indicate that no heat stress was
accumulated at any of the sites during the study (i.e., 2013 and
2014).

Data Analysis
Growth data for P. daedalea and C. microphthalma were initially
assessed to identify and remove linear extension and density
outliers. Significant reductions in linear extension were observed
in colonies that experienced injuries or mortality, or were
dislodged (Pd: n = 5; Cm: n = 7) and data from these
colonies were discarded. The final dataset consisted of 3,700
linear extension measurements and 635 density assays where
calcification rates were calculated for 46 colonies of P. daedalea
and 37 colonies of C. microphthalma. Summary statistics of raw
data are provided in Table S1.

Site differences in linear extension, density and calcification
rates were examined using a Bayesian mixed modeling approach
employing Markov chain Monte Carlo (MCMC) methods for
fitting Generalized Linear Mixed Models (GLMM) (Hadfield,
2010). To account for intrinsic species-specific differences in
growth rates (Pratchett et al., 2015), species were modeled
separately to accurately estimate random effects to explain
variability among sites. Linear extension and density models
were defined with fixed site and random colony effects. For
density models, skeletal subsamples were also defined as a
random effect to account for measurement variation among
density assays. Additionally, the random effect estimates for
linear extension in each colony (i.e., marginal posterior modes
for each colony in linear extension model solutions) were used
as a fixed effect covariate in density models to examine how
relationships between density and linear extension varied by
site. Where nested models with different fixed effect structure
were compared, we used Deviance Information Criterion (DIC)
values to select the most parsimonious. Parameter estimates,
model predictions and model descriptors reported are the
posterior means and 95% highest posterior density (HPD)
intervals from MCMCglmm model outputs, unless otherwise
stated. Within species, parameter estimates were considered
statistically significant when HPD intervals did not include 0 and
pMCMC values < 0.05. Between species, parameter estimates
were considered statistically significant when prediction HPD
intervals overlapped <5% of prediction estimates from the other
species.

Annual calcification rates (g.cm−2.year−1) were calculated for
each colony by multiplying linear extension (cm.year−1) and
density (g.cm−3) using the random effect estimates obtained
from linear extension and density null-fixed-effect models. A
non-parametric bootstrapping approach was used to examine
site differences in calcification rate to account for error in
modeled colony specific linear extension and density random
effects. Here the original dataset was resampled with replacement
using the same strata and intensity of the original dataset.
The resampled data were then fit to null-fixed-effect models
to calculate colony-specific random effects of linear extension
and density, which were multiplied to obtain the colony-
specific calcification rate. This process was repeated 999 times
and this bootstrapped calcification rate data modeled with
fixed site and random colony effects as described above. The
influence of environmental variables on linear extension and
calcification within the Gulf was also evaluated using a mixed
modeling approach. For each species, site identity was replaced
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by information on annual-extreme temperature (maximum and
minimum of 28-day averages), salinity (average of corrected
model values), and irradiance (mid-point of recorded values)
(Table 1). Additionally, colony identity was replaced by the
dominant Symbiodinium clade detected within tissues (Table 1).
Regional growth comparisons were undertaken by examining
local (Gulf and Oman Sea) vs. Indo-Pacific relationships between
linear extension and temperature (annual mean, maximum,
minimum, and range).

All analyses were performed in R (R Core Team, 2016). The
MCMCglmm package was used for Bayesian mixed modeling
(Hadfield, 2010). Diffuse, weakly-informative inverse gamma
priors and default priors were used for variance components
and fixed effects, respectively [G = list (G1 = list (V = 1,
nu = 0.002)), R = list(V = 1,nu = 0.002)]. Model fits were
evaluated by visual inspection of trace plots and by ensuring
autocorrelation between successive values was low (Hadfield,
2015). Model comparisons were made using theMuMIn package
(Barton, 2016). Bootstrapping for analysis of calcification rates
was performed using a custom script applying functions from
the Sampling package (Tillé and Matei, 2009) and dplyr package
(Wickham and Francois, 2015). Reported model results are
posterior means and their 95% HPD intervals unless otherwise
stated. Sampling effort, summary statistics, raw data, and R code
for model analyses are provided in the Supplementary Materials.

RESULTS

Growth Variation within and among Coral
Colonies and Species
Growth rates varied considerably within and among colonies of
C. microphthalma and P. daedalea.Across all Gulf and Oman Sea
sites, average rates of linear extension in both species were highly
similar (Cm: 4.51mm.y−1; Pd: 4.66mm.y−1). Individual colonies
exhibited extension rates that ranged from 1.77 to 7.81mm.y−1

for C. microphthalma and 1.94 to 9.63mm.y−1 for P. daedalea
(Figure S1; Table S1) and this variation was unrelated to colony

size (Table S2). Additionally, intra-colony variation in extension
rates was often equivalent to or more variable than extension
rates among different colonies (Figure S1). In particular,
there were generally faster extension rates on colony nodules
and slower extension between nodules for C. microphthalma
(Figures 2c,d), whereas the more even surface of P. daedalea
colonies tended to result in more uniform intra-colony extension
and thus less intra-colony variation in extension measurements
(Figures 2a,b; Table S1). In contrast, skeletal density differed
markedly between species. On average, density was 26% higher in
P. daedalea (2.36 g.cm−3) than C. microphthalma (1.87 g.cm−3)
with minimal variation among and within colonies of different
sizes (Tables S1, S2). Incorporating both of these parameters,
calcification rates in C. microphthalma ranged from 0.79 to
0.97 g.cm−2.y−1 (mean: 0.84) and in P. daedalea from 0.89 to
1.35 g.cm−2.y−1 (mean: 1.10; Figure S1; Table S1).

Growth Comparisons among Southern
Persian Gulf Sites
Spatial variation in linear extension was greatest for
C. microphthalma, where the highest rates were recorded
on Delma Island, the westernmost and furthest offshore site
(5.4mm.y−1, 4.3–6.4; mean, 95% HPD intervals; Figure 3A).
Linear extension declined eastward across southern Gulf sites
by 20% at Saadiyat (4.3mm.y−1, 3.3–5.5) and by 37% at Ras
Ghanada (3.4mm.y−1, 2.4–4.3; Table 2A). Conversely, for
P. daedalea, linear extension was highest at Ras Ghanada
(4.9mm.y−1, 4.1–5.7) and declined westward (Figure 3A), 10%
lower at Saadiyat (4.4mm.y−1, 3.7–5.3) and 20% lower at Delma
(3.9mm.y−1, 3.2–4.6; Table 2B). Skeletal density exhibited
minimal variation within the southern Gulf for both species
(Table S1), such that calcification rates reflected the patterns of
linear extension (Figure 3B). For C. microphthalma, calcification
was 19 and 35% higher at Delma (0.97 g.cm−2.y−1, 0.78–1.15)
than at Saadiyat (0.79 g.cm−2.y−1, 0.59–0.98) and Ras Ghanada
(0.63 g.cm−2.y−1, 0.47–0.81), respectively (Table 2A). For
P. daedalea, calcification was 5 and 21% higher at Ras Ghanada

TABLE 1 | Environmental parameters at each site where coral growth was measured in the Persian Gulf and Oman Sea.

Persian Gulf Oman Sea

Delma Saadiyat Ras Ghanada Al Aqah

Temperature* Annual mean (◦C) 27.3 28.2 28.3 27.5

Annual range (◦C) 15.0 15.4 15.9 11.3

Daily (28-day) maximum (◦C) 34.2 (33.9) 35.0 (34.6) 35.4 (34.9) 33.3 (32.1)

Daily (28-day) minimum (◦C) 19.2 (19.7) 19.6 (20.0) 19.5 (20.2) 22.0 (22.7)

Irradiance Substrate down-welling PAR (August, µmol photons m−2 s−1) 550–580 480 415–435 790–840

Annual range ocean surface satellite PAR (monthly E m−2 d−1) 30.6–57.9 30.1–55.8 30.0–57.6 29.5–57.3

Salinity Annual mean (psu): bias-corrected (uncorrected) model values 43.5 (40.1) 43.2 (39.8) 43.0 (39.5) 38.3 (36.9)

Chlorophyll-a Annual mean (mg m−3) 0.79 1.13 1.16 1.27

Annual range (monthly mg m−3) 0.51–1.13 0.64–1.63 0.74–1.51 0.42–3.64

Symbiodinium Cyphastrea microphthalma dominant clade (%) C (89), A (11) C (100) C (63), A (37) D (100)

Platygyra daedalea dominant clade (%) C (77), A+C (15), A (8) C (100) C (90), A (10) D (100)

*All temperature values were first averaged across days.
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(1.12 g.cm−2.y−1, 0.93–1.31) than at Saadiyat (1.06 g.cm−2.y−1,
0.88–1.25) and Delma (0.89 g.cm−2.y−1, 0.71–1.05), respectively,
although not statistically significant (Table 2B). As a result of the
opposite spatial patterns in growth, relative differences between
species were not consistent among sites. For instance, at Ras
Ghanada, P. daedalea had 44% higher linear extension and
78% higher calcification than C. microphthalma. However,
at Delma, while linear extension was 28% lower in P.
daedalea, calcification rates were similar between the two
species.

Coral growth patterns were associated with east-west
gradients in temperature, irradiance, salinity and primary
productivity in the Gulf (Table 1). Annual average temperatures
among sites were similar, however Ras Ghanada in the east had
the hottest summer (28 day maximum: 34.9◦C) and Delma in
the west had the coldest winter (28 day minimum: 19.7◦C).
Similarly, Ras Ghanada and Saadiyat had the lowest irradiance
(midday PAR: <500 µmol. photons m−2.s−1) and highest
productivity (annual mean chlorophyll-a: ∼1.2mg.m−3), while
Delma was the most hypersaline (42–43 psu). Correspondingly,
in C. microphthalma, linear extension and calcification was
negatively associated with maximum temperatures and primary
productivity, and positively associated with irradiance (Table 3).
Conversely, P. daedalea growth was positively associated with
minimum temperature and primary productivity and negatively
associated with hypersalinity. In terms of disturbance, no
bleaching or diseases were recorded on colonies at any sites
during winter or summer surveys. Finally, Symbiodinium
identity had no discernible influence on the growth rates
of either C. microphthalma or P. daedalea within the Gulf.
Symbiodinium was identified in 96% of colonies and the
majority (86%) had dominant associations with clade C (Table 1).
The remaining samples had either dominant associations with
clade A (10%) or a mix of both clades (4%). Clade A
was more prevalent at Delma and Ras Ghanada than at
Saadiyat. However, for both coral species, there was no effect
of Symbiodinium clade on colony rates of linear extension
(Table 3). Sequencing of the Symbiodinium ITS2 region in a
subset of colonies across species and sites confirmed these

symbionts as types C3 (n = 12) and A1 (n = 1) in line
with earlier studies (e.g., Hume et al., 2013; Howells et al.,
2016b).

TABLE 2 | Summary of site contrasts in linear extension, density, and calcification

Generalized Linear Mixed Models for (A) Cyphastrea microphthalma and (B)

Platygyra daedalea in the Persian Gulf and Oman Sea.

D p S p R p A p

(A) Cyphastrea microphthalma

Linear Extension Delma –

Saadiyat 0.180 –

Ras Ghanada 0.007 0.240 –

Al Aqah 0.574 0.035 0.423 –

Density Delma –

Saadiyat 0.742 –

Ras Ghanada 0.351 0.547 –

Al Aqah 0.092 0.013 0.056 –

Calcification Delma –

Saadiyat 0.182 –

Ras Ghanada 0.010 0.228 –

Al Aqah 0.823 0.025 0.276 –

(B) Platygyra daedalea

Linear Extension Delma –

Saadiyat 0.260 –

Ras Ghanada 0.050 0.387 –

Al Aqah 0.005 0.361 0.080 –

Density Delma –

Saadiyat 0.211 –

Ras Ghanada 0.860 0.183 –

Al Aqah <0.001 <0.001 0.001 –

Calcification Delma –

Saadiyat 0.229 –

Ras Ghanada 0.095 0.579 –

Al Aqah 0.001 0.088 0.021 –

Significant contrasts (p MCMC values < 0.05) are highlighted in bold. Predicted site

means and 95% highest posterior density intervals are provided in the results text.

FIGURE 3 | Site variation in linear extension (A) and calcification (B) for the corals Cyphastrea microphthalma and Platygyra daedalea in the Persian Gulf (red/orange)

and Oman Sea (dark blue/light blue). Values are means and 95% highest posterior density (HPD) intervals from model outputs.
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TABLE 3 | Summaries of environmental effects on linear extension and

calcification for (A) Cyphastrea microphthalma and (B) Platygyra daedalea in the

Persian Gulf.

Effect p

(A) Cyphastrea microphthalma

Linear Extension Temperature max 0.003↓

Temperature min 0.003↓

Salinity 0.001↑

Irradiance 0.001↑

Chlorophyll-a 0.009↓

Symbiodinium 0.879

Calcification Temperature max 0.006↓

Temperature min 0.003↓

Salinity 0.010↑

Irradiance 0.001↑

Chlorophyll-a 0.008↓

Symbiodinium 0.885

(B) Platygyra daedalea

Linear Extension Temperature max 0.041↑

Temperature min 0.039↑

Salinity 0.040↓

Irradiance 0.030↓

Chlorophyll-a 0.058

Symbiodinium 0.399–0.899

Calcification Temperature max 0.041↑

Temperature min 0.035↑

Salinity 0.085

Irradiance 0.037↓

Chlorophyll-a 0.031↑

Symbiodinium 0.318–0.478

Significant effects (p MCMC values < 0.05) are highlighted in bold and the response

direction is indicated with arrows.

Growth Comparisons between the
Southern Persian Gulf and Oman Sea
In the Oman Sea, linear extension in C. microphthalma was
variable among colonies, but on average (5.0mm.y−1, 4.0–6.1;
mean, 95% HPD intervals), comparable to Delma (5.4mm.y−1)
in the western Gulf and 16–59% higher than the remaining
two Gulf sites (Figure 3A; Table 2A). In contrast, extension
in P. daedalea in the Oman Sea (5.4mm.y−1, 4.7–6.2) was
up to 38% higher than at all Gulf sites (but this comparison
was only statistically significant for the Delma site; Table 2B).
For both species, colonies from the Oman Sea had marginally
higher skeletal density than those within the Gulf (Figure 4). For
C. microphthalma, site variation in density was only apparent
when modeled with linear extension, and was 6-8% higher in the
Oman Sea (2.00 g.cm−3, 1.88–2.11 HPD intervals) for any given
colony extension estimate than at Gulf sites, but only significantly
so in relation to Ras Ghanada (1.79 g.cm−3, 1.68–1.90; Figure 4;
Table 2A). For P. daedalea, there was no covariation of
density with extension, and colonies had significantly higher
density (by 9–13%) in the Oman Sea (2.58 g.cm−3, 2.49–2.66)
than at all Gulf sites (2.26–2.35 g.cm−3; Table 2B). Despite
the higher density of colony skeletons in the Oman Sea,

FIGURE 4 | Site variation in density and its relationship to linear extension for

the corals Cyphastrea microphthalma and Platygyra daedalea in the Persian

Gulf (red/orange) and Oman Sea (dark blue/light blue). Values are means of

colonies (symbols) and sites (lines) from model outputs and raw data

summaries provided in Table S1. D, Delma; S, Saadiyat; R, Ras Ghanada;

A, Al Aqah.

regional calcification differences were primarily driven by linear
extension. Correspondingly, for C. microphthalma, calcification
in the Oman Sea (0.94 g.cm−2.y−1, 0.75–1.13) was similar to
Delma (0.97 g.cm−2.y−1), 49% higher than Ras Ghanada and 19%
higher than Saadiyat (non-significant) (Figure 3B; Table 2A).
For P. daedalea, calcification in the Oman Sea (1.36 g.cm−2.y−1,
1.18–1.54) was higher than all Gulf sites by 53% at Delma, 28% at
Saadiyat, and 21% at Ras Ghanada (non-significant) (Table 2B).

Marked variation in environmental conditions was apparent
among the three study locations in the southern Persian Gulf, and
relative to the Oman Sea. In the Oman Sea, temperature extremes
were considerably milder than the Gulf by up to 3◦C in summer
(28-day maximum: 32.1◦C) and winter (28-day minimum:
22.7◦C; Table 1). Additionally, benthic light availability was
∼40–90% higher in the Oman Sea than in the Gulf (midday
PAR: 790–840 µmol photons.m−2.s−1) and salinity approached
oceanic values (37–37.5 psu). A further factor differentiating
the Oman Sea from the Gulf was apparent in the symbiont
communities in colonies of both species. All C. microphthalma or
P. daedalea colonies hosted Symbiodinium clade D as a dominant
symbiont (confirmed as type D1a; Table 1), although several
colonies (27%) also harbored clade C at detectable background
levels.

Growth Comparisons among Conspecifics
in the Indo-Pacific
For C. microphthalma, Gulf and Oman Sea growth rates
were relatively comparable to the few available records for
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Cyphastrea (Figure 5A). The range of annual linear extension
for C. microphthalma in this study was similar to values
reported from C. serailia at Lord Howe Island (3.0mm.yr−1,
Harriott, 1999) and C. ocellina in Hawaii (3.9mm.yr−1, Romano,
1990), but about half that of C. serailia at Moreton Bay
(7.2–10.4mm.yr−1, Roberts and Harriott, 2003). Among these
published records, there was no clear relationship between
annual linear extension and local temperature parameters.

In contrast, growth rates of P. daedalea in this study
were among the lowest recorded for this genus (Figure 5B).
In particular, annual linear extension of P. daedalea from
all Gulf sites was equivalent or below the previous lowest
record from the Southern Great Barrier Reef (4.9mm.yr−1,
Weber and White, 1974) and 14–82% lower than other Indo-
Pacific localities (Knutson et al., 1972; Weber and White, 1974;
Simpson, 1988; Babcock, 1991). Linear extension of Platygyra
from previous studies shows a strong positive relationships with
annual temperature means (R2 = 0.80) and maxima (R2 = 0.56),
however both Gulf and Oman Sea extension rates of P. daedalea
fell well below expected values based on these relationships.
Conversely, a strong positive effect of temperature minima
(R2 = 0.72) is also a good predictor of P. daedalea extension
in the Gulf and Oman Sea indicating universal constraint
of cold temperatures on Platygyra growth. Additionally, P.
daedalea extension somewhat exceeded expectations when
the range of seasonal temperatures was considered (R2 =

0.39), suggesting a degree of local adaptation to extreme
environments.

DISCUSSION

This study shows that annual rates of calcification and linear
extension for P. daedalea and C. microphthalma in the
extreme southern Persian Gulf are highly constrained relative
to growth rates recorded for conspecifics in the wider Indo-
Pacific. This adds to a very limited number of regional
growth estimates for the wider Gulf region (Lough et al.,
2003; Samiei et al., 2016), which are potentially important in
understanding the environmental tolerances of corals subject
to increasing environmental change. Despite considering two
different coral species (P. daedalea and C. microphthalma) with
shared taxonomic affinities (Family Merulinidae) and similarities
in their growth form and life-histories (Veron, 2000; Darling
et al., 2012; Huang et al., 2014), this study revealed marked
taxonomic differences in both the investment in calcification,
as well as specific environmental constraints on annual rates of
calcification and linear extension. Substantial variation in the
performance of individual colonies was also detected within
each reef despite uniform depth and the majority of colonies
hosting identical symbiont types. Such inter- and intra-species
heterogeneity in coral growth has implications for accurately

FIGURE 5 | Relationship between linear extension and sea temperature for the corals (A) Cyphastrea spp. and (B) Platygyra spp. Data from the Persian Gulf and

Oman Sea in this study are compared to relationships from available records for the wider Indo-Pacific. Relationships between linear extension and sea temperature

were only apparent for Platygyra records and are indicated with trend lines and R2 values.
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