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 3 

ABSTRACT 38 

We characterised the annual luminescent and skeletal density banding patterns in 51 39 

massive Porites corals from 15 reefs from six locations around the Thai-Malay Peninsula 40 

in Southeast Asia, and explored the seasonal environmental cues/drivers of band 41 

formation. Location-specific recurrent annual luminescent banding patterns were found at 42 

all study locations with a brighter band occurring towards the end of the year 43 

(~Oct/Nov/Dec) (at five locations) and in ~June (one location). Annual density banding 44 

patterns could only be discerned at four locations, and were categorised into those that 45 

formed a dense band commencing ~Nov/Dec, and those starting ~May/Jun. Overall, 46 

compared to luminescence, variations in skeletal density provided a less clear signal for 47 

demarcation of annual growth increments. Seasonal variations in luminescence showed 48 

clearest relationships with salinity, as a proxy for freshwater/river runoff. No convincing 49 

relationship between intra-annual luminescence intensity and density variations was 50 

found, which supports the notion that luminescent banding is due to inclusions of 51 

fluorophores into the coral skeleton rather than variations in skeletal architecture. The 52 

relationships between seasonal density variations and significant wave height and rainfall 53 

suggest density banding in this region is likely related to wave energy, or some other 54 

correlated environmental parameter/s. The large variability in skeletal banding patterns 55 

not only highlights the current relatively poor understanding of their nature and causes, 56 

but also the need for replication in their interpretation, especially in settings with complex 57 

seasonal hydrodynamic/hydrological patterns such as those found around the Thai-Malay 58 

Peninsula.   59 
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INTRODUCTION 60 

The discovery of annual banding patterns in massive coral skeletons has not only given 61 

valuable insights into skeletal growth processes and rates, but also provided a means to 62 

date past environmental conditions under which growth took place (Knutson et al. 1972; 63 

Isdale 1984). Banding is reflected as recurrent variations in density (shown using X-64 

radiographs) and/or luminescence intensity (visible under long-wavelength ultraviolet 65 

(UV) light) which appear as alternating bands in slices of coral skeleton cut parallel to the 66 

colony growth axis (Buddemeier et al. 1974; Isdale 1984). Usually, alternating bands 67 

occur in annual couplets (i.e. a pair of high/low density or bright/dull luminescent bands) 68 

and can, therefore, be used to identify optimum tracks to measure coral growth, 69 

luminescence intensity and elemental/isotopic geochemical tracers (Buddemeier et al. 70 

1974; Lough and Barnes 1990; Scoffin et al. 1992; Lough and Barnes 2000; Tanzil et al. 71 

2009; Lough 2010; Cooper et al. 2012).  72 

There are, however, less straightforward examples of multiple or indistinct bands 73 

that complicate the extraction of age and growth information (e.g. Weber 1975; Scoffin et 74 

al. 1989). It is also important to acknowledge that annual growth increments defined 75 

using bands rely on an assumption that the timing of band formation (e.g. the onset of 76 

deposition of bright/dull luminescent or high/low density bands) occurs around the same 77 

time of year for each of the year, and, therefore, that ‘years’ so defined represent periods 78 

that do not deviate grossly from ~12 months of growth (Buddemeier et al. 1974; Lough 79 

and Barnes 1990). As such, understanding the nature, and ultimately the causes of these 80 

banding patterns is crucial in ensuring accurate measurements of growth and 81 

sclerochronology. 82 
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The causes of both luminescent and density banding patterns in corals have been 83 

extensively debated (Highsmith 1979; Scoffin et al. 1989; Barnes and Taylor 2001, 2005; 84 

Grove et al. 2010). A clear and robust relationship between increased skeletal 85 

luminescence and high riverine discharges has repeatedly been shown (Isdale 1984; 86 

Smith et al. 1989; Isdale et al. 1998; Lough et al. 2002; Barnes et al. 2003; Hendy et al. 87 

2003; Lough 2007). The principle cause of the luminescence proposed in this case is the 88 

incorporation in the coral skeleton of humic/fulvic acids leached from the terrestrial 89 

environment into river water (Boto and Isdale 1985; Susic et al. 1991; Zicheng et al. 90 

2002; Grove et al. 2010; Grove et al. 2012; Llewellyn et al. 2012). However, anomalous 91 

luminescence peaks in the absence of any major river flow event have been observed 92 

(Jones et al. 2009) as well as annually recurring luminescent bands occurring in offshore 93 

corals thought to be far removed from terrestrial influences (Scoffin et al. 1989; Klein et 94 

al. 1990; Susic et al. 1991; Tudhope et al. 1996; Smithers and Woodroffe 2001). Such 95 

observations have led to the proposition that luminescence may also be related to and/or 96 

caused by variations in skeletal architecture. Barnes and Taylor (2001) categorised 97 

luminescent bands into (1) broad bands as regions associated with annual low-density 98 

bands, and (2) narrow lines of strong luminescence associated with seasonal freshwater 99 

flood events. In a later paper, however, Barnes and Taylor (2005) conceded that changes 100 

in skeletal chemical composition (e.g. trace inclusions from terrestrial runoff) appeared to 101 

be the primary cause of both types of luminescent bands – although they maintained that 102 

strongly luminescent lines could still be linked to changes in skeletal crystal size and 103 

packing. Prouty et al. (2014) noted a lack of luminescent lines in nearshore corals from 104 

Guam exposed to seasonal flooding events i.e. conditions where such luminescence 105 
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would be expected (Prouty et al. 2014). Ramseyer et al. (1997) found a correlation 106 

between luminescence and the skeletal architecture of speleotherms, marine cements, and 107 

coral skeletons and subsequently proposed that luminescence was associated with higher 108 

porosity and lower calcium carbonate density due to higher inclusions of organic 109 

fluorophores. Other studies, conversely, have reported positive relationships between 110 

massive Porites skeletal density and luminescence (Scoffin et al. 1992; Carricart-Ganivet 111 

et al. 2007; Lough 2010, Prouty et al. 2014). As a consequence, the causes of luminescent 112 

bands/lines and their relationship with skeletal density remain unclear.   113 

Even greater uncertainty exists in regard to the precise cause/s of annual 114 

variations in skeletal density. The appearance of high-density (HD) and low-density (LD) 115 

bands, visible in X-radiographs/computer tomography images, are the result of the 116 

thickening/thinning of skeletal elements – e.g. thecal walls in Porites spp. (Buddemeier 117 

and Kinzie 1975, Barnes and Devereux 1988) and exothecal dissepiments and costae in 118 

Orbicella annularis (Dodge et al. 1992). Factors previously related to density band 119 

formation include environmental variables such as sea temperature (e.g. Dodge and 120 

Thomson 1974; Weber 1975; Buddemeier et al. 1974; Schneider and Smith 1982; Klein 121 

et al. 1993; Highsmith 1979; Lough and Barnes 1990, 1992), cloud cover/light level 122 

(Highsmith 1979, Brown et al. 1986, Klein and Loya 1991), salinity/freshwater runoff 123 

(Scoffin et al. 1989; Barnes and Taylor 2001), rainfall (Buddemeier and Kinzie 1985; 124 

Supriharyono 2004) and wave energy (Scoffin et al. 1992), as well as biological 125 

parameters/processes such as tissue thickness (Barnes and Lough 1993) and reproduction 126 

(Wellington and Glynn 1983; Mendes 2004). Although there are views that LD bands are 127 

produced under “optimum” growth conditions and HD bands accrete during “non-128 
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optimum” conditions (Highsmith 1979; Scoffin et al. 1989), neither proximate nor 129 

ultimate causes for density banding patterns have been unequivocally demonstrated. Even 130 

where a single environmental signal has been found to dominate, relationships can vary 131 

among and within locations (see Highsmith 1979; Lough and Barnes 1990). For instance, 132 

while formation of HD bands in massive Porites corals was associated with seasonal high 133 

sea surface temperatures (SSTs) on the Great Barrier Reef (GBR) (Weber 1975; Isdale 134 

1983; Lough and Barnes 1990), the converse was observed on Western Australian reefs 135 

(Schneider and Smith 1982), the Red Sea (Klein and Loya 1991) and even within the 136 

GBR (Lough and Barnes 1990), where HD bands in some corals formed during the cooler 137 

months. Perhaps surprisingly (if SST is the primary control on band formation), marked 138 

density banding has also been found in massive corals from equatorial reefs where 139 

seasonal fluctuations in mean monthly SSTs occur within very restricted ranges (e.g. 140 

mean monthly SSTs ~27–30ºC) (Scoffin et al. 1989, 1992; Cahyarini 2008; Suharsono 141 

and Cahyarini 2012).  142 

Part of the confusion regarding the nature and causes of luminescent and density 143 

banding may result from attempts to find a common environmental signal in corals living 144 

in very different environmental conditions (see Weber 1975; Highsmith 1979). It could 145 

be that formation of banding patterns at different geographical locations is driven by 146 

different factors dependent on the specific set of conditions to which the corals are 147 

acclimatised. Dating of bands based on solely their position relative to the growing 148 

surface of the colony has also been known to cause conflicting reports on timing of 149 

density band formation (Barnes and Lough 1993; Taylor et al. 1993; Carricart-Ganivet et 150 

al. 2007). Furthermore, description of banding patterns and associations with broader 151 
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spatial-scale environmental parameters are sometimes based on single specimens or very 152 

small sample sizes (e.g. Klein et al. 1993; Bessat and Buigues 2001; Sazzad et al. 2010). 153 

This may produce variable interpretations either because of apparent inherent inter-154 

colony differences in banding patterns (e.g. Lough and Barnes 1990), or artefacts in the 155 

methods used for visualising the luminescence (Grove et al. 2010) and skeletal density 156 

(Le-Tissier et al. 1994). 157 

Massive corals from the genus Porites are the most widely used for 158 

sclerochronological studies in the Indo-Pacific. Their skeletons have been used to 159 

reconstruct growth parameters as well as to detect local and global marine 160 

environmental changes (e.g. Tudhope et al. 1996; Lough 2007; Cooper et al. 2012). The 161 

current study was part of a wider growth rate investigation (Tanzil et al. 2013) and 162 

aimed to ascertain the nature of recurrent luminescent and density banding patterns in 163 

massive Porites corals from six geographical locations around the Thai-Malay 164 

Peninsula in Southeast Asia. We also tested for relationships between banding patterns 165 

and several environmental variables in order to explore potential cues or drivers of 166 

seasonal band formation. The study involved a large sample size (n=53), different sites 167 

in relatively similar environments (15 reefs, 6 locations), as well as multiple years (5yrs; 168 

Dec 2004–Nov 2009). Thus the effects of individual colony variations and artefacts in 169 

methodology are reduced, and the confidence level increased when attempting to 170 

identify common patterns in luminescence/density variations and their potential 171 

cues/drivers.  172 

 173 

MATERIALS AND METHODS 174 
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Study sites 175 

Fifteen reefs from six locations around the Thai-Malay Peninsula (1–8ºN, 98–105ºE), 176 

Southeast Asia (Fig. 1, Table 1) were sampled. The reefs along the east coast of the 177 

Peninsula are located in the South China Sea (western Pacific Ocean), whereas reefs 178 

along the west coast are in the Andaman Sea (northeastern Indian Ocean). Sites around 179 

the Thai-Malay Peninsula all experience year-round high mean monthly SSTs of >27–180 

30ºC (Tanzil et al. 2009), which peak during the boreal summer (~June) each year. The 181 

region has a monsoonal climate, although the wet season occurs at different times of the 182 

year on the east and west coasts. The east coast typically experiences higher rainfall and 183 

rougher seas during the northeast (NE) monsoon period (~Nov–Mar) whilst similar 184 

conditions are experienced on the west coast during the southwest (SW) monsoon 185 

(~May–Sep) (Lau and Yang 1997; Wong et al. 2009). The main reason for these effects 186 

is the Titiwangsa mountain range which runs through the middle of the Peninsula rising 187 

to ~2100m, effectively shielding the east and west coasts from the brunt of the SW and 188 

NE monsoons, respectively (Camerlengo and Demmler 1997; Suhaila et al. 2010; 189 

Tanggang 2011). Flanking the Thai-Malay Peninsula to the west, the mountain ranges 190 

along Sumatra Island, Indonesia also provide additional rain- and wind-sheltering 191 

effects for the Peninsula’s west coast, in particular for the southwestern coast, during 192 

the SW monsoon (Fig. 1) (Nieuwolt 1968; Wong et al. 2009). High rainfall on the 193 

Peninsula (average ~300 mm month
-1 

in the wet season) and numerous short, swift-194 

flowing rivers east and west of the Titiwangsa mountain range result in considerable 195 

runoff and substantial loads of river-transported material being discharged into coastal 196 

waters (Fig. 1; see also Fig. 8 for more details). The reefs off the west coast of the 197 
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Peninsula within the Malacca Straits (e.g. Pulau Payar and Port Dickson) also receive 198 

additional input from rivers along the east coast of Sumatra Island, Indonesia (Fig. 1). 199 

As a result, these reefs are subject to low salinities and elevated nutrient concentrations, 200 

as well as severe turbidity with sedimentation rates as high as ~50–100 mg cm
-2

 day
-1

, 201 

(Chua et al. 1998; BOBLME 2011; Lee and Mohamed 2011). By contrast, offshore 202 

island reefs on the eastern and northwestern coasts are significantly less turbid, with 203 

sedimentation rates averaging ~0.3 mg cm
-2 

day
-1

 (Lee and Mohamed 2011). The fact 204 

that sites along the east and west coasts of the Thai-Malay Peninsula occur within a 205 

relatively narrow geographical range, and share similarities in certain environmental 206 

conditions (e.g. SST, photosynthetically active radiation) while others are specific to 207 

location (e.g. rainfall, wind) presents a unique opportunity for a natural experiment to 208 

examine variations in coral skeletal banding patterns and their relationships with 209 

selected environmental parameters. 210 

 211 

Environmental parameters 212 

Several data sets of monthly-averaged environmental variables over the period Dec 213 

2004–Nov 2009 were examined. Monthly SST (°C) for the 1° area grid encompassing 214 

each study location was obtained from the HadISST data set (HadISST, Version 1.1, 215 

Hadley Centre for Climate Change, UK Meteorological Office) (Rayner et al. 2003). Sea-216 

surface photosynthetically active radiation (PAR) (μmol m
-2

 day
-1

) for the 0.5º grid area 217 

encompassing each study location was obtained from Sea-Viewing Wide Field-of-view 218 

(SeaWiFs) monthly level 3 Ocean Color product extracted with the Giovanni online data 219 

system, developed and maintained by the NASA GES DISC (Acker and Leptoukh 2007). 220 
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Monthly average rainfall (mm month
-1

) was retrieved from the nearest available weather 221 

stations to the study locations i.e. Phuket – Phuket Airport (8.108ºN, 98.517°E), Pulau 222 

Payar – Langkawi Airport (6.333ºN, 99.733ºE), Port Dickson – Malacca town (2.266ºN, 223 

102.250ºE), Singapore – Changi Airport, Pulau Tioman – Mersing (2.450ºN, 103.833ºE), 224 

and Pulau Redang – Kuala Terengganu Airport (5.050ºN, 103.100ºE). Distances of study 225 

reefs from these meteorological stations used are given in Table 1. Monthly salinity (ppt) 226 

for 0.5º area grids was obtained from Carton-Giese UMD Simple Ocean Data 227 

Assimilation (SODA) v2.1.6 (Carton and Giese 2008). Modelled monthly means of 228 

significant wave height (SWH) (m) for 1º area grids were acquired from European Centre 229 

for Medium-Range Weather Forecasts (ECMWF) ERA-20C global reanalysis (Stickler et 230 

al. 2014). 231 

The above environmental variables (i.e. temperature, light, rainfall, salinity and 232 

wave height) were selected to represent parameters that might affect coral skeletal 233 

luminescence and density band formation. Both salinity and rainfall were used as proxies 234 

for the amount of freshwater/river input reaching the reefs since increased riverine 235 

humic/fulvic substances and dissolved organic material from terrestrial sources are 236 

strongly correlated to coral luminescence in certain locations (Isdale 1984; Susic et al. 237 

1991; Isdale et al. 1998). However, rainfall represented more local terrestrial run-off 238 

reaching reefs from coastlines while salinity represented the total freshwater flux not just 239 

from coastline/river runoff, but also current-driven movement of freshwater masses. The 240 

0.5º gridded SODA salinity product used here was a reanalysis based on an ocean general 241 

circulation model and salinity observations from ships and Argo buoys (Carton and Giese 242 

2008). We chose these data because available data for longer-term in-situ 243 
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monthly/seasonal salinity were extremely limited around the study locations. Although 244 

there were discrepancies between predicted SODA and in-situ salinities given the coarse 245 

spatial resolution and nature of the SODA product, comparison of mean monthly SODA 246 

salinity with in-situ measurements taken from one study reef (SG-KU) showed a similar 247 

pattern of intra-annual changes in salinity even if SODA estimated higher absolute 248 

salinity values and a much smaller salinity range (Fig. S1). Thus local salinities predicted 249 

by SODA were likely, at a minimum, to provide a suitable correlative proxy for seasonal 250 

variations in the amount of freshwater to which the corals were exposed. 251 

Significant wave height (SWH) was used as proxy for the amount of surface wave 252 

energy shallow reefs might receive, a factor that has previously been related to skeletal 253 

density variations (Scoffin et al. 1992). SWH is simulated from ECMWF ERA-20C, a 254 

gridded reanalysis product, which assimilates observations of surface pressure and 255 

surface marine winds, and accounts for both wind direction and fetch distance (Stickler et 256 

al. 2014). As with SODA salinity, we make the assumption that the ECMWF gridded 257 

wave product is an adequate indicator of wave energy flux to the study reefs. 258 

 259 

Skeletal luminescence and density banding 260 

Fifty-three massive Porites colonies sampled between Oct 2010 and Jan 2012 were 261 

analysed for skeletal luminescence and density banding (Table 1). At each of the 15 study 262 

sites, colonies ~1–4m in diameter were sampled at depths ~2–3m below mid-tide height 263 

from within a 100m stretch of fringing reef <1km distance from the nearest rocky 264 

outcrop, island or coastline. All cores were taken from the main growth axis of the coral 265 

colony using a pneumatic drill fitted with a 5cm diameter, 50cm long diamond bit core 266 
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barrel. Although it was not possible to conclusively identify all samples to species level, 267 

the majority (~76%) of colonies were positively identified as Porites lutea (Tanzil et al. 268 

2013).  269 

 In order to ascertain the nature and timing of luminescent and density banding 270 

patterns, alizarin staining of tagged colonies was conducted (Table 1). This calcium dye 271 

stains the coral skeleton without significantly affecting its growth characteristics or 272 

mortality rate (Dodge et al. 1994). The coral can then be left to grow and can be stained 273 

repeatedly until the time of sampling, with resulting pink lines indicating specific staining 274 

periods in the skeleton. Repeated staining at 5 of the 6 study locations was carried out 275 

over a ~2-year period (Table 1). At Port Dickson, where alizarin staining was 276 

successfully carried out only once, past samples collected by in 2006 were also used to 277 

aid in ascertaining the timing of the bands. Sub-sampling of colonies at different times of 278 

the year at all study locations was also conducted in order to further validate the timing of 279 

banding patterns. 280 

Slices (~0.7 cm thick) were cut from coral cores, and growth chronology and 281 

linear extension rates were resolved from the annual skeletal banding patterns as 282 

visualised in Fig. 2. Skeletal density and luminescence intensity measurements for the 283 

period ~Dec 2004–Nov 2009 were then obtained along overlapping tracks ~0.2 cm wide 284 

along the main growth axis and at a resolution of 72 pixels cm
-1 

(i.e. at every ~0.014 cm). 285 

Skeletal densities were analysed using digitised X-ray images (Carricart-Ganivet and 286 

Barnes 2007) and verified against gamma densitometry at the Australian Institute of 287 

Marine Science (Chalker and Barnes 1990) (Fig. S2b and S3b). Luminescence intensities 288 

were measured from digital images (Canon G10 digital camera) of core slices taken under 289 
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long-wavelength (365nm) ultraviolet (UV) light in a customised photography black box. 290 

These images were then split into their red, green and blue (RGB) spectral components 291 

and the green/blue (G/B) spectral ratio used as a measure of luminescence intensity 292 

(Grove et al. 2010). Luminescence intensity measurements were validated against 293 

luminometry at the Australian Institute of Marine Science (Barnes et al. 2003) (Fig. S2a 294 

and S3a). All image analyses for skeletal density and luminescence intensity extractions 295 

were performed using NIH ImageJ (v1.46r) (Rasband 1997–2012).  296 

The study period, Dec 2004–Nov 2009, was used as it provided the best growth 297 

axes where luminescence and skeletal density were misaligned due to skewed growth. 298 

There were no anomalous events, such as coral bleaching, recorded during these five 299 

years, and thus growth rates and banding patterns were considered representative of 300 

‘normal’ growth years. This reduced any complications that could have arisen in the 301 

interpretation of density/luminescent bands caused by stress, such as the formation of 302 

multiple bands or growth hiatuses (e.g. Cantin and Lough 2014). Sequences of 303 

luminescence intensity and density measured for the study period for all cores, with the 304 

exception of two cores (RDKR-A and EDT-A), were used to test for any grouping in the 305 

timing of the banding patterns as well as any relationships with environmental parameters 306 

as outlined below. RDKR-A and EDT-A had peculiar luminescent intensities (Fig. S4) 307 

and were excluded as repeat measurements of these cores using the same setup as 308 

described above was not possible. 309 

 310 

Statistical analyses  311 

Annual luminescent and density banding patterns 312 



 15 

Any natural grouping in the timing of annual luminescent and density banding patterns in 313 

the cores sampled from the various study locations was identified using agglomerative 314 

hierarchical cluster analysis. For each core, sequences of skeletal luminescence and 315 

density measurements were partitioned into five 1-year time series (Fig. S5) and then 316 

normalised (i.e. zero mean and one unit sample variance). “Shape” information (i.e. 317 

seasonality) was thus retained but between year differences in the luminescence/density 318 

ranges removed. Because different years and cores had grown at different rates, it was 319 

then necessary to align the time series using a dynamic time warping (DTW) algorithm 320 

(Giorgino et al. 2009). In this alignment, the sequences were stretched and displaced in 321 

order to optimally match each other under the constraint that the start and end points of 322 

each 1-year time series match, i.e. effectively translating the data from the spatial domain 323 

to a common implied time domain for all corals. DTW was used as it not only accounts 324 

for differences in time-series lengths, but can also deal with the possibility of slight 325 

misalignment in the luminescent/density time series associated with skewed growth axes 326 

and/or artefacts of the sampling methodology. Following alignment, distance measures 327 

between individual cores were calculated (as the average Euclidean distances between the 328 

five corresponding 1-year sequences of a pair of cores), and similarities between clusters 329 

of segments were computed using the Ward-link method (Ward 1963). This linkage 330 

method was used since it minimises the variance of the distance within clusters, and 331 

performs best compared to other methods when the number of clusters are small (Lerato 332 

and Niesler 2012). All analyses were executed using the statistical program R (R Core 333 

Team 2012) using R-packages ‘dtw’ (Giorgino 2009) and ‘stats’. 334 

 335 
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Relationship with environmental parameters 336 

For each core, luminescence intensity and skeletal bulk density measurements for each of 337 

the five annual cycles between Dec 2004 and Nov 2009 were assigned to months (60 338 

months for each core) (Fig. S5). The monthly-binned luminescence and density data were 339 

then averaged and converted to monthly anomalies (the difference between the monthly-340 

binned data and the average luminescence/density for the period Dec 2004–Dec 2009) for 341 

each core. This data were then used to test for any relationship with monthly anomalies in 342 

environmental parameters (the difference between a mean monthly value and the overall 343 

average) for each of the six study locations. Anomalies were used instead of absolute 344 

values as the current study aims to identify potential environmental drivers of annual 345 

seasonal cycles of luminescence and density across locations with different baselines (see 346 

Table 2). 347 

Relationships between anomalies in skeletal luminescence intensity and density, 348 

and anomalies in sea surface temperature (SST), photosynthetically active radiation 349 

(PAR), rainfall amount (Rain), salinity (Sal) and significant wave height (SWH) at each 350 

of the six study locations were initially investigated using Pearson’s product-moment 351 

correlation tests after checking for normality in the datasets. 352 

Subsequently, Generalised Additive Mixed Models (GAMMs) were used to 353 

examine region level relationships. Preliminary analysis showed that GAMMs had the 354 

best goodness of fit compared to other models explored (e.g. Generalised Least Squares 355 

(GLS), Generalised Linear Models (GLM)) as they allowed for linear and non-linear 356 

relationships, as well as inclusion of random effects to account for correlation among 357 

observations on the same sampling unit (Wood 2006). For each model, the fixed effects 358 
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components included a combination of predictors ‘SST, ‘PAR’, ‘Rain’, ‘Sal’ and ‘SWH’, 359 

and nested random effects in ‘Location’, ‘Site’ and ‘Core’ (individual colony). A 360 

smoothing term (cubic regression spline, df=4) was applied to all the predictor variables. 361 

Assumptions of normality, homogeneity of variances as well as possible autocorrelations 362 

within the dataset were tested, and variance/autocorrelation terms included into the 363 

GAMMs where necessary (refer to Supplemental Information for the final full-model 364 

GAMM form used). 365 

In order to refine the best environmental predictors of seasonal variations in 366 

luminescence intensity and density at the region level, a multi-model “strength-of-367 

evidence” approach was used (Burnham and Anderson 2002). This involves not only 368 

using Akaike Information Criterion (AIC) to determine the best model for the given data, 369 

but also inferential model weights i.e. Akaike weights (AIC.ωi). These inferential model 370 

weights (ωi) are the relative likelihoods of models given the data ranging from 0 to 1 and, 371 

when normalised across a set of candidate models, can be interpreted as probabilities i.e. 372 

the chance that a given model is the best approximating model describing the data given 373 

the candidate set of models (Burnham and Anderson 2002). The (relative) evidence for 374 

models can also be judged by the ratio of their ωi. Given a model pair, this ratio 375 

represents the odds that one model is better than the other from an information theory 376 

perspective (Burnham and Anderson 2002, 2004). 377 

In addition to information about relative model support, ωi can also be used to 378 

estimate the variable relative importance weights (RIW) by summing the ωi across all 379 

models in the set where a particular predictor variable occurs (Burnham and Anderson 380 

2002). As with inferential model weights, RIW can be interpreted as equivalent to the 381 
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probability that that predictor variable is a component of the best model. A total of 32 382 

models were considered (31 models with full-subsets along with an intercept only 383 

model). A likelihood-ratio based (pseudo) R
2
 (Bartoń 2013) was used to estimate the 384 

‘variance explained’ by fixed effect factors of the top-ranked model, and partial effects 385 

plots were used to illustrate the relationships between environmental variables and 386 

luminescence intensity and density anomalies. 387 

 388 

Relationship between skeletal luminescence and density  389 

Any relationships between monthly luminescence and skeletal density anomalies were 390 

tested using Pearson’s product-moment correlation tests at the individual location level. 391 

All statistical analyses were performed using the statistical program R (version 2.15.1) (R 392 

Core Team 2012), using packages “stats”, “mgcv” (Wood 2006) and MuMIn (Bartoń 393 

2012).   394 

 395 

RESULTS 396 

Intra-annual variation in environmental parameters 397 

SSTs at all the study locations averaged ~29ºC (Table 2) and were characterised by an 398 

annual cycle with a peak ~May (which marks the warmest period for the region with sea 399 

temperatures often reaching >30ºC), another smaller peak in October/November, and a 400 

minimum in January (Fig. 3a). The annual range of mean monthly SST was, however, 401 

relatively small at ~3ºC (i.e. ~27–30ºC) for locations along the eastern coast of the Thai-402 

Malay Peninsula and ~2ºC (i.e. ~28–30ºC) for the western coast. SST maxima and 403 

minima lagged those of solar radiation (Fig. 3b), which exhibit the characteristic bi-404 
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modal peaks (March and September) as the sun passed overhead in its seasonal 405 

movement between the two Tropics (Osborne 2000). Monsoonal cloud cover also affects 406 

solar radiation such that at Phuket and Pulau Payar (“Pulau” means ‘island’ in Malay and 407 

will henceforth be “P.”) the secondary peaks in solar radiation and SST in the latter half 408 

of the year (Fig. 3a/b) were largely absent.  409 

Average rainfall for the study locations varied between ~170 and ~235 mm 410 

month
-1 

(Table 2), with maximum rainfall observed ~Jul–Oct for locations along the west 411 

coast (i.e. Phuket, P. Payar, Port Dickson) and ~Nov–Jan for locations along the east 412 

coast (i.e. P. Redang, P. Tioman, Singapore) (Fig. 3c). The split in peak rainfall periods 413 

seen at these east and west locations corresponds with the NE and SW monsoon periods, 414 

respectively, as described earlier. Seasonal variations in rainfall and salinity were similar 415 

only at P. Redang and P. Tioman, where lowest salinities coincided with periods of 416 

highest rainfall and vice versa (Fig. 3c/d). At Phuket, P. Payar and Port Dickson, salinity 417 

minima occurred in ~Nov/Dec, while at Singapore lowest values were observed in 418 

~Aug/Sep (Fig. 3d).  419 

 Maximum mean monthly significant wave height (SWH) occurred between Nov–420 

Mar, corresponding with the NE monsoon period, at the three east and south coast 421 

locations (P. Redang, P. Tioman and Singapore) (Fig. 3e). At Phuket and P. Payar, mean 422 

SWH peaked ~Jun–Aug, with positive anomalies generally overlapping with the SW and 423 

NE monsoon periods. Mean monthly SWH at Port Dickson and Singapore were much 424 

lower compared to the other locations (Table 2, Fig. 3e). At Port Dickson, no seasonal 425 

variation in SWH was observed.  426 

 427 
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Annual banding pattern 428 

Luminescent bands 429 

We found location-specific repeating luminescent banding patterns (Figs. 2 and 4) – i.e. 430 

luminescent banding patterns were cyclically reproducible among the different coral 431 

colonies sampled from the same location, but not between locations. Cluster analysis 432 

(CA) of DTW aligned, normalised annual luminescence variations found two distinct 433 

groups (Fig. 5a) – 1) cores from Phuket, P. Payar, Port Dickson, P. Redang and P. 434 

Tioman, and 2) cores from Singapore. There was also a tendency for cores from the same 435 

location to cluster together (Fig. 5a).  436 

The luminescent bands for cores from the first group were generally characterised 437 

by the brighter-band occurring towards the end of the year i.e. ~Oct/Nov/Dec. For Phuket 438 

corals, the annual pattern consisted of one broad bright band (commencing ~Nov/Dec) 439 

and one broad dull luminescent band of approximately equal thickness. A similar pattern 440 

and timing of band formation was found for corals sampled at P. Payar (~250 km south of 441 

Phuket) with the exception of a narrow, fainter secondary luminescent line visible within 442 

the broad dull luminescent band (Fig. 2) estimated to form ~Jul/Aug. At Port Dickson, 443 

the annual pattern also consisted of a broad bright and dull luminescent band couplet. 444 

However, sub-sampling of corals (Table 1) and comparison with material from past 445 

sampling efforts suggest that bright-band accretion commenced slightly earlier (~Oct) at 446 

this location compared to its west coast counterparts. The ratio of thicknesses of the 447 

bright vs. dull band couplets in Port Dickson cores also varied more from year to year 448 

(Figs. 2 and 4c). At P. Redang, on the east coast, the annually repeating luminescent band 449 

couplet consisted of a bright narrow luminescent band commencing in ~Nov/Dec, 450 
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followed by a very broad dull band. The annual pattern at P. Tioman was much less 451 

distinct, but generally consisted of two bright and two dull luminescent bands, the first 452 

and usually brighter of which started forming ~Dec, and the second estimated  ~Jul/Aug. 453 

For the Singapore cores, the annual pattern consisted of a distinct broad bright 454 

band formed in ~Jun–Nov and a broad dull band formed in ~Dec–May. However, within 455 

the broad dull luminescent band, a secondary annual luminescent line of usually much 456 

lower relative intensity was also visible (Fig. 2).  457 

 458 

Skeletal density bands 459 

Clear alternating low and high density bands, annual in nature, were observed at Phuket, 460 

P. Payar, P. Tioman and P. Redang, while no distinct annual density banding could be 461 

discerned in corals from Singapore and Port Dickson (Figs. 2 and 4). Cluster analysis of 462 

DTW aligned, normalised skeletal density variations again split the data into two main 463 

groups (Fig. 5b). Although the assignment of core location to each group was less 464 

consistent compared to luminescence intensity, cores from Phuket and P. Payar largely 465 

occurred in one group, whilst those from Redang and Tioman in the other. Cores from 466 

Singapore and Port Dickson appeared in both groups, as a result of the lack of discernable 467 

density banding patterns at these locations (Fig. 2 and 4).  468 

Based on the position of alizarin stain/subsampling and alignment with 469 

luminescent bands, HD bands in corals sampled from Phuket and P. Payar (west coast 470 

locations) were estimated to form between May and Sep with maximum densities 471 

~Jun/Jul (Figs. 4a/b). However, despite this general pattern, complicated narrower 472 

multiple dense/less dense lines were also observed within the broad density bands in 473 
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several specimens. At P. Redang and P. Tioman (east coast locations), density banding 474 

was generally clearer and more consistent (Figs. 2 and 4d/e), and consisted of a distinct 475 

narrow HD band formed  ~Nov–Feb and a much broader LD band formed ~Mar–Oct. 476 

 477 

Relationship between skeletal luminescence and density  478 

Correlations between seasonal luminescence intensity and density anomalies varied 479 

according to location (Table 3), with no significant (at α=0.05) relationship at Phuket 480 

(p=0.686) or Port Dickson (p=0.063); a significant but weak negative relationship at P. 481 

Payar (p<0.001, r=-0.216); and significant but weak positive relationships at Singapore 482 

(p<0.001, r=0.128), Tioman (p<0.001, r=0.197) and P. Redang (p<0.001, r=0.303). 483 

Degrees of freedom given in Table 3. 484 

 485 

Linkages with environmental parameters 486 

Mean monthly anomalies in skeletal luminescence intensity and density were compared 487 

with monthly anomalies in sea surface temperature (SST), photosynthetically active 488 

radiation (PAR), rainfall (Rain), salinity (Sal), and significant wave height (SWH). 489 

Relationships between luminescence and density with environmental parameters 490 

described henceforth will refer to the relationships of their anomalies. 491 

 492 

Luminescence intensity 493 

Luminescence and SST were significantly (at α=0.05; degrees of freedom given in Table 494 

4) positively correlated at Singapore (p=0.01, r=0.250), but showed significant negative 495 

relationships at the other five study locations; Phuket (p<0.001, r=-0.097), P. Payar 496 
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(p<0.001, r=-0.265), Port Dickson (p<0.001, r=-0.374), P. Tioman (p<0.001, r=-0.156) 497 

and P. Redang (p<0.001, r=-0.508). PAR was significantly correlated with luminescence 498 

at only two study locations – positive at Phuket (p<0.001, r=0.474) and negative P. 499 

Redang (p<0.001, r=-0.375). The results for rainfall at the location level were similarly 500 

variable, with significant inverse correlations at three locations (Phuket – p<0.001, r=-501 

0.476; P. Payar – p<0.001, r=-0.330; Singapore – p<0.001, r=-0.218), a significant 502 

positive relationship at P. Redang (p<0.001, r=0.188), and no significant relationships at 503 

Port Dickson and P. Tioman. Salinity at all locations was significantly inversely 504 

correlated, with r ranging from -0.110 at P. Tioman (p=0.02) to -0.504 at Phuket 505 

(p<0.001) (Table 4). SWH was significantly correlated with luminescence at five 506 

locations with positive correlations at P. Tioman (p<0.001, r=0.138) and P. Redang 507 

(p<0.001, r=0.527), and inversely related at Phuket (p<0.001, r=-0.459), P. Payar 508 

(p<0.001, r=-0.334) and Singapore (p<0.001, r=-0.217). 509 

The top-ranked model fit for variation in luminescence at the region level based 510 

on lowest AIC and highest AIC.ωi included salinity and rainfall effects (Table 5). This 511 

produced an AIC.ωi of 0.35 (i.e. 35% chance of this model being the best approximating 512 

model describing the data given the set of predictor variables considered), ~2 times that 513 

of the next competing model based on ∆AIC values of <2 (Table 5) and was therefore 514 

chosen as best estimator of seasonal variation in luminescence.  Analysis of variable 515 

relative importance weights (RIW) revealed that salinity was the strongest predictor 516 

variable for seasonal luminescence based on AIC.ωi (RIW=0.99), followed by rainfall 517 

amount (RIW=0.61). PAR, SWH and SST all had much smaller RIWs ranging from 518 

0.12–0.29 (Fig. 6a). The ‘variance explained’ by only the fixed-effect factors of the top-519 
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ranked model (i.e. salinity and rainfall) as estimated by a likelihood-ratio based (pseudo) 520 

R
2
 was 0.13 (henceforth referred to as ‘marginal R

2
’), with a residual mean standard error 521 

(normalised to the range of observed values) (NRMSE) of 11.2%. Partial effect plots for 522 

these terms showed seasonal luminescence was correlated with negative values of salinity 523 

but not positive values (Fig. 7a). The relationship between seasonal luminescence and 524 

rainfall was less defined, with a possible minimum at rainfall values of ~200 mm month
-525 

1
.  526 

 527 

Skeletal density 528 

Density and SST were significantly correlated at four of the six study locations, with 529 

positive relationships at Phuket (p<0.001, r=0.159) and P. Payar (p<0.001, r=0.341), and 530 

negative ones at P. Tioman (p<0.001, r=-0.355) and P. Redang (p<0.001, r=-0.370). 531 

Density and PAR were significantly inversely related at only the south and east coast 532 

locations (i.e. Singapore – p=0.002, r=-0.119; P. Tioman – p<0.001, r=-0.225; P. Redang 533 

– p<0.001, r=-0.353). Rainfall was positively correlated with density at three study 534 

locations; P. Payar (p<0.001, r=0.293), P. Tioman (p<0.001, r=0.283) and P. Redang 535 

(p=0.013, r=0.113). Salinity was only significantly correlated with density at the two east 536 

locations (P. Tioman – p<0.001, r=-0.256; P. Redang – p<0.001, r=-0.268). SWH was 537 

significantly positively correlated with density at four locations – Phuket (p=0.018, 538 

r=0.081), P. Payar (p<0.001, r=0.256), P. Tioman (p<0.001, r=0.450) and P. Redang 539 

(p<0.001, r=0.391). 540 

   Region level analyses found the best model fit for seasonal density variations 541 

included terms for SWH and Rain based (Table 5). This model produced the lowest AIC 542 
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as well as the highest AIC.ωi of 0.36. SWH was identified as the strongest predictor 543 

variable for seasonal skeletal density (RIW=0.99), followed by Rain (0.91) (Table 5). 544 

RIWs for PAR, SST and salinity were much smaller and ranged from 0.13–0.37. The 545 

marginal R
2
 for the top-ranked model was low at 0.08, with a NRMSE of 14.6%. Partial 546 

effect plots showed that seasonal density exhibited linear positive relationships with both 547 

SWH and Rain (Fig 7b).  548 

 549 

DISCUSSION 550 

The skeletons of massive Porites corals from all six study locations around the 551 

Thai-Malay Peninsula were found to contain location-specific recurrent luminescent 552 

and/or density banding patterns. Although we interpret these patterns as annual in nature, 553 

it is not possible to be certain that they represent exactly one year’s growth. Several lines 554 

of evidence, however, suggest that the time frame in which these recurrent bands are 555 

formed does not deviate markedly from a 12-month period. Firstly, repeated alizarin 556 

staining at all locations with the exception of Port Dickson (successfully stained only 557 

once) (Table 1), and the subsampling of tagged coral colonies within the period 2009–558 

2011, demonstrated that the bands occurred at the same time of the year, at least within 559 

this ~2-year period. Secondly, for Phuket, results from previous growth studies and 560 

alizarin staining also align with our luminescent banding chronology i.e. onset of bright 561 

band ~Nov/Dec (Charuchinda and Chansang 1985; Chansang et al. 1996; Scoffin et al. 562 

1992). Lastly, results from these aforementioned alizarin staining/subsampling and 563 

growth studies, together with past sampling efforts and unpublished data (Brown, 564 

unpubl.; Lee, unpubl.) also indicate that there are no discernable systematic intra-annual 565 
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and/or seasonal variations in linear extension rates of massive Porites from this region. 566 

Overall, there is no evidence to suggest systematic and/or gross misalignment of the 567 

anomalies in ‘monthly’ partitioned luminescence/density data used in the current study. 568 

We therefore presume that the relationship analysis with anomalies in monthly-averaged 569 

environmental parameters, which relies on the assumption that the rate of linear extension 570 

throughout the year is constant, is robust. Additionally, the use in the present study of 571 

multiple cores (total n=52; Phuket n=12; P. Payar n=5; Port Dickson n=3; Singapore 572 

n=15; P. Tioman n=9; P. Redang n=7) as well as a span of years (Dec 2004–Dec 2009), 573 

will reduce the effects of among-individual variations and increase the confidence level 574 

when attempting to identify common patterns.  575 

Compared to skeletal density, variations in luminescence intensity provided a 576 

clearer signal for demarcation of annual growth increments (Figs. 2 and 4). Annual 577 

luminescent banding was apparent at all six study locations, whereas annual density 578 

banding patterns could only be discerned at four locations (Phuket, P. Payar, P. Tioman 579 

and P. Redang). Even then, at Phuket and P. Payar, complicated narrower multiple 580 

dense/less dense lines were seen within the broad density bands in several specimens that 581 

made demarcation of the annual chronology challenging. This is consistent with 582 

observations from previous growth studies around Southeast Asia, where luminescent 583 

banding has been used as the preferred method for extracting sclerochronological 584 

information (e.g. Charuchinda and Chansang 1985; Brown et al. 1986; Scoffin et al. 585 

1989; Scoffin et al. 1992; Allison et al. 1996; Risk et al. 2003; Tanzil et al. 2009, 2012, 586 

2013).  587 

 588 
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Luminescent Bands 589 

The timing of the annual luminescent bands was consistent for the majority of the study 590 

locations (Phuket, P. Payar, Port Dickson, P. Tioman and P. Redang) with the onset of the 591 

brighter band occurring towards the end of the year (Oct/Nov/Dec) whereas in cores from 592 

Singapore this was observed in June (Figs. 2 and 4). The magnitude of intra-annual 593 

variation in luminescence was most marked at Port Dickson and Singapore, followed by 594 

Phuket and P. Payar. At P. Tioman and P. Redang variation was relatively small (Fig. 4). 595 

Luminescence displayed significant relationships with multiple environmental 596 

parameters and |r| ranged widely from 0.10 to 0.53, with a median of 0.32 (Table 4). The 597 

strongest correlations (i.e. highest |r|) also varied among locations e.g. at Phuket, 598 

luminescence showed the strongest relationship with salinity (r=-0.50) whilst at P. 599 

Redang, SWH was the strongest environmental correlate (r=-0.53). This might, at first 600 

glance, suggest that the timing of bright/dull luminescent band formation at each 601 

individual location was driven by different environmental factors or combinations 602 

thereof. However, considering the environmental similarities of the study locations 603 

(Table 2), it is reasonable to suppose that any potential environmental cues/causes related 604 

to the timing of luminescent and density band formation should be systematically (i.e. 605 

only positively or only negatively) correlated at all levels. For example, given similar 606 

PAR profiles at all locations (Fig. 3b and Table 2), it makes little ecological sense that 607 

PAR would be positively correlated at Phuket (r=0.47), inversely related at P. Redang 608 

(r=0.38) and show no relationship at the remaining four locations. Following this line of 609 

reasoning, only salinity fulfilled the criteria by exhibiting a systematic, significant 610 

negative relationship with luminescence at all locations (r=-0.11 to -0.50) (Table 4). 611 
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More detailed examination of changes in seasonal luminescence intensity at the 612 

region level (encompassing all six locations, 15 reefs, 51 cores) over the five-year period 613 

(Dec 2004-Nov 2009) based on a multi-model ‘strength of evidence’ approach, further 614 

confirmed salinity as an important predictor variable (Fig. 6a). This region-level analysis, 615 

which allowed for non-linear relationships, also identified rainfall amount as a secondary 616 

predictor variable and the best model for seasonal luminescence included terms for both 617 

salinity and rainfall (marginal R
2
=0.13; NRMSE=11.2%). The partial effects plots of 618 

these variables (Fig. 7a) demonstrate that decreases in salinity below average annual 619 

values (i.e. negative anomaly values) accompanied increases in luminescence. Changes in 620 

rainfall exerted relatively small effects on variations in luminescence, although higher 621 

luminescence can be seen at both higher and lower rainfall.  622 

Examining the relationship with salinity further, periods of higher luminescence 623 

intensity coincide with periods of lowered salinity at all six study locations (Figs. 3d and 624 

4). At Phuket, P. Payar, Port Dickson, P. Tioman and P. Redang this occurred towards the 625 

end/beginning of the year and in Aug/Sep at Singapore. The absence of a robust 626 

relationship with elevated salinity (i.e. positive anomalies) (Fig. 7a) implies that salinity 627 

may need to fall below the annual mean before any change in luminescence occurs. 628 

Lough et al. (2002) found that along the length of the GBR, significant luminescence can 629 

be induced by drops in salinity of ~1–2‰, and Barnes and Taylor (2005) have suggested 630 

such changes may be associated with changes in skeletal crystal size and packing, or 631 

crystal chemistry, or all three. Even though we found significant relationships between 632 

luminescence intensity and density for most locations, the effect varied greatly with 633 

location (r-values between -0.216 and 0.303) (Table 3). Thus it was concluded that any 634 
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contribution skeletal architecture may make to seasonal luminescent banding patterns in 635 

this region is inconsequential compared to the stronger influence of seasonal inclusions of 636 

fluorophores (related to freshwater sources) into the coral skeletons.  637 

In addition to salinity, the present study used rainfall as a proxy for terrestrial 638 

freshwater runoff reaching reefs from coastlines and found that higher luminescence was 639 

associated with both higher and lower rainfall. This is consistent with earlier studies 640 

where bright luminescent bands were noted to have formed during both low rainfall 641 

periods (e.g. Phuket, Thailand and Seribu Islands, Indonesia) (Scoffin et al. 1992, 1998) 642 

and high rainfall periods (e.g. Papua New Guinea and Great Barrier Reef, Australia) 643 

(Scoffin et al. 1989; Lough 2011). This unclear relationship, however, may be more an 644 

indication of the suitability (or lack thereof) of using localised rainfall as a proxy for the 645 

dominant source of freshwater/river input to reefs rather than a dichotomy in the response 646 

of luminescence to rainfall. In cases where high correlations between rainfall, river 647 

discharge and luminescence are observed e.g. on the inshore GBR (Isdale et al. 1998; 648 

Lough 2007), effects from a single major river and/or landmass usually dominate. 649 

However, in more complex hydrological systems – such as those found around the Thai-650 

Malay Peninsula – the interplay of wind-driven circulation, bathymetry, topography and 651 

numerous river systems (Wyrtki 1961; Rixen et al. 2011; Rizal et al. 2012; Jha and Singh 652 

2013) may complicate the relationship between rainfall and freshwater runoff reaching 653 

the reefs. This is demonstrated by the disjoint in salinity and rainfall patterns found at 654 

Phuket, P. Payar, Port Dickson and Singapore (Fig. 3c, d). Measurements of δ
18

O (as a 655 

proxy for SST and salinity values) from massive Porites skeletons sampled around 656 

Phuket and Port Blair (Andaman Islands) also provide further evidence of this disjoint i.e. 657 
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lowest salinities in ~Nov–Mar occurring during the lowest rainfall period over this area 658 

(Allison et al. 1996; Rixen et al. 2011).  659 

Alternating monsoon currents (MC) in the South China and Andaman Seas drive 660 

the decoupling of the monsoon-related hydrological cycle and salinity observed in this 661 

region (Rizal et al. 2012). For example, wind-driven circulation flushes more saline, 662 

clearer waters from the South China Sea during the NE monsoon (Nov–Mar) through the 663 

sites around Singapore when rainfall and river discharge (Figs. 3c, 8 and S6) tends to be 664 

highest, reducing the effect of seawater dilution. The opposite is seen during the SW 665 

monsoon (May–Sep) when a combination of tidal- and wind-driven currents allows more 666 

turbid, lower salinity waters from the Java Sea and Malacca Straits to drift/reside longer 667 

in Singapore waters thus producing a counterintuitive salinity minimum during the less 668 

rainy monsoon period at this location (Fig. 3c, d) (Robinson et al. 1953; Chen et al. 2005; 669 

Rizal et al. 2012). Similarly, seasonal differences in current strength through the Malacca 670 

Straits flushes lower salinity, more turbid waters towards the northern mouth of the 671 

Straits during the NE monsoon period (Selvarajah 1961; Rizal et al. 2012), affecting 672 

locations such as P. Payar and Phuket. These phenomena could explain the generally 673 

higher luminescence intensities observed during the drier, lower rainfall season in Porites 674 

specimens from Singapore, Port Dickson, Phuket and P. Payar, and also the occurrence of 675 

an additional luminescence maximum at P. Tioman (~Jul/Aug), which does not coincide 676 

with high rainfall periods, or annual river discharge patterns (Figs. 4e and 8). Only at P. 677 

Redang does high rainfall and river flow coincide with low salinity (Figs. 3c, d and 8), 678 

which could suggest a more straightforward hydrological cycle at this location. Variation 679 

in skeletal luminescence at this location was also much more clear-cut with just a single 680 
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clear band estimated to form ~Nov–Feb (Fig. 4d). 681 

 682 

Density Bands 683 

Intra-annual variations in skeletal bulk density at the six study locations were categorised 684 

into 1) HD band deposition commencing ~Nov/Dec at P. Tioman and P. Redang (east 685 

coast locations), 2) HD band formation starting ~May/Jun at Phuket and P. Payar (west 686 

coast locations), and 3) no discernable bands at Singapore and Port Dickson (south and 687 

southwestern locations) (Fig. 5b). As with luminescence, skeletal density displayed 688 

significant relationships with multiple environmental parameters with mostly weak 689 

correlation coefficients (|r|=0.07–0.45; median |r|=0.27) (Table 4). SWH, Rain and PAR 690 

had significant unidirectional relationships with density at least half of the study 691 

locations. However, only the positive relationship with SWH was systematic at all study 692 

locations where discernable density banding patterns were observed i.e. Phuket, P. Payar, 693 

P. Tioman and P. Redang (r=0.08–0.45). Region level analysis also identified SWH as 694 

the most important predictor of seasonal density, followed closely by Rain (Fig. 7b), and 695 

both environmental parameters showed positive linear relationships with seasonal density 696 

variations. 697 

There is considerable evidence that wave energy and average coral density are 698 

related. Brown (1984) found that skeletons of Acropora aspera corals in more exposed 699 

environments were denser. Scoffin et al. (1992) also identified water movement as the 700 

predominant influence on skeletal bulk density which increased along a gradient of 701 

increasing hydraulic energy around Phuket reefs. A similar finding was reported by 702 

Tanzil et al. (2009). Within limits, increased water movement is believed to be beneficial 703 
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to corals by flushing waste, removing sediment, reducing salinity and temperature 704 

extremes as well as enhancing the diffusion of nutrients, bicarbonate, and gases by 705 

reducing the thickness of the diffusion boundary layer around the coral (see review Todd 706 

2008). Patterson et al. (1991) found primary production and respiration rates in Orbicella 707 

annularis increased with increasing water motion over an incubation period of ~24 hrs. 708 

Similarly, Comeau et al. (2014) found net calcification in corals (based on an assemblage 709 

which included massive Porites) increased strongly as a function of increasing flow. 710 

Conversely, high wave energy can test the mechanical strength of the coral colony 711 

structure. Having higher skeletal density would reduce the likelihood of breakage and 712 

increase colony survivorship in such environs (Madin et al. 2012). It is, therefore, feasible 713 

that the intra-annual variation seen in the Thai-Malay Peninsula massive Porites involves 714 

a response to seasonal changes in wave energy on the reef. However, it should also be 715 

reiterated that the aim of the current study was to explore potential cues or drivers of 716 

(validated) seasonal skeletal banding patterns, and consequentially generate relevant 717 

hypotheses. Further investigations are required to confirm the relationships suggested 718 

here, especially considering the low marginal R
2
 of 0.08 (NRMSE=14.6%) of the best 719 

regional seasonal density model. 720 

It is, however, clear that intra-annual density variations in massive Porites corals 721 

from the low-latitude Thai-Malay Peninsula reefs are not driven by temperature as 722 

evident from the different timing in density banding onset (Figs. 2 and 4) despite the very 723 

similar SST profile at all the study locations (Fig. 3a). This is not surprising since mean 724 

monthly SSTs around the Thai-Malay Peninsula range only ~2–3ºC, from ~27/28ºC to 725 

~30ºC, and temperature may therefore play only a minor role in driving seasonal 726 
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calcification changes. In contrast, at many higher-latitude reefs where SST ranges are 727 

much higher (e.g. northern GBR ~19–28ºC; northern Red Sea ~20–27ºC), the formation 728 

of massive Porites density bands have been strongly linked to seasonal SSTs (Lough and 729 

Barnes 1990; Barnes and Lough 1993; Klein and Loya 1991; Al-Rousan 2012). There is, 730 

however, a curious dichotomy in such temperature-associated apparent timing of density 731 

band formation. For example, at the GBR (13–22ºS), HD bands form in the austral 732 

summer months when SSTs peak (Lough and Barnes 1990, Barnes and Lough 1993). By 733 

contrast, at the Gulf of Eilat/Aqaba, northern Red Sea (~28–29.5ºN), the apparent timing 734 

of HD bands coincides with boreal winter, when SSTs are lowest (Klein and Loya 1991; 735 

Al-Rousan 2012). It is possible there are differences in coral responses to seasonal 736 

temperature fluctuation based on distinct geographical regions, or consider that thermal 737 

seasonality may not be the primary control of density band formation (e.g. Lough et al. 738 

2015). There may also be dating errors that contribute to the conflicting reports. For 739 

example, depending on tissue thickness and coral linear extension rate, dating of density 740 

bands based solely on their position relative to the growing surface of the colony can 741 

result in dating errors of up to eight months (Barnes and Lough 1993; Taylor et al. 1993; 742 

Carricart-Ganivet et al. 2007). Nevertheless, such variability in responses highlights our 743 

relatively poor understanding of skeletal banding patterns and their drivers. Interestingly, 744 

the apparent timings of HD band formation at both the northern GBR and Gulf of 745 

Eilat/Aqaba seem to coincide with periods of greater seasonal weather activity i.e. 746 

Australian monsoon and tropical cyclone season from Nov–Apr at the GBR (Ramsay et 747 

al. 2007), and storms in the Gulf of Eilat/Aqaba during winter months generating fairly 748 

choppy conditions (Mancy 1993).  749 
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It is unlikely that seasonal density bands in massive Porites are driven by annual 750 

cycles of sexual reproduction, as suggested for some other coral species (Wellington and 751 

Glynn 1983; Mendes 2004). Massive Porites species are gonochoric broadcast spawners 752 

observed to participate during multi-specific spawning events (Guest 2004, Stoddart et al. 753 

2012, Chelliah et al. 2015), the majority of which occur within Feb–May across various 754 

sites around the Thai-Malay Peninsula including at Phuket, Singapore and P. Tioman 755 

(Guest 2004, Kongjandtre et al. 2010, Chelliah et al. 2015). On GBR, mass coral 756 

spawning occurs ~Oct–Dec (Baird et al. 2009) when HD band are starting to form. In 757 

contrast, spawning occurs ~April–July in the northern/central Red Sea (Bouwmeester et 758 

al. 2015) coinciding with apparent LD band formation.  759 

To summarise, we found location-specific recurrent annual luminescent and 760 

density banding patterns in massive Porites from around the Thai-Malay Peninsula and 761 

identified potential environmental cues/drivers of these banding patterns. Seasonal 762 

variations in luminescence showed the clearest relationships with salinity, as a proxy for 763 

freshwater/river runoff. The lack of a convincing relationship between luminescence 764 

intensity and intra-annual variations in density, support the notion that the timing of the 765 

deposition of bright/dull luminescent bands is due to inclusions of fluorophores into the 766 

coral skeleton rather than, as previously suggested by Barnes and Taylor (2001, 2005), 767 

variations in skeletal architecture. Seasonal variations in skeletal density variations 768 

reported here are likely related to wave energy, or some other linked environmental 769 

parameter/s. It is, however, important to remember that correlations do not confer 770 

causation, and further validation is required to ascertain cause and effect of the 771 

environmental parameters identified in the present study on variations in both density and 772 
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luminescence intensity. The great variability in the appearance and timing of 773 

luminescence and density banding patterns as well as occurrence of quasi-annual 774 

lines/bands demonstrated in the current study also stresses the importance of properly 775 

validating the timing of band formation (e.g. through alizarin stating, repeated 776 

subsampling, geochemical dating) as well as the need for replication when interpreting 777 

them. 778 

  779 



 36 

REFERENCES 780 

Acker, J. and G. Leptoukh. 2007. Online analysis enhances use of NASA Earth science 781 

data. Trans., Am. Geophys. Union 88: 14. 782 

 783 

Al-Rousan, S. 2012. Skeletal extension rate of the reef building coral Porites species 784 

from Aqaba and their environmental variables. Natural Science 4: 731–739. 785 

 786 

Allison, N., A.W. Tudhope and A.E. Fallick. 1996. Factors influencing the stable carbon 787 

and oxygen isotopic composition of Porites lutea coral skeletons from Phuket, South 788 

Thailand. Coral Reefs 15: 43-57. 789 

 790 

Baird, A.H., J.R. Guest and B.L. Willis. 2009. Systematic and biogeographical patterns in 791 

the reproductive biology of scleractinian corals. Annual Review of Ecology, Evolution 792 

and Systematics 40: 551–571. 793 

 794 

Barnes, D.J. and B.E. Chalker. 1990. Calcification and photosynthesis in reef-building 795 

corals and algae, p. 109-131. In Z. Dubinsky [ed.], Ecosystems of the World 25: Coral 796 

Reefs. Elsevier, New York. 797 

 798 

Barnes, D.J. and J.M. Lough. 1993. On the nature and causes of density banding in 799 

massive coral skeletons. J. Exp. Mar. Biol. Ecol. 167: 91-108. 800 

 801 



 37 

Barnes, D.J. and M.J. Devereux. 1988. Variations in skeletal architecture associated with 802 

density banding in the hard coral Porites. J. Exp. Mar. Biol. Ecol. 121: 37-54. 803 

 804 

Barnes, D.J. and R. B. Taylor. 2001. On the nature and causes of luminescent lines and 805 

bands in coral skeletons. Coral Reefs 19: 221-230. 806 

 807 

Barnes, D.J. and R.B. Taylor. 2005. On the nature and causes of luminescent lines and 808 

bands in coral skeletons: II. Contribution of skeletal crystals. J. Exp. Mar. Biol. Ecol. 809 

322: 135-142. 810 

 811 

Barnes, D.J., R.B. Taylor and J.M. Lough. 2003. Measurement of luminescence in coral 812 

skeletons. J. Exp. Mar. Biol. Ecol. 295: 91-106. 813 

 814 

Bartoń, K. 2013. MuMIn: multi-model inference. R package version 2013. 815 

 816 

Bessat, F. and D. Buigues. 2001. Two centuries of variation in coral growth in a massive 817 

Porites colony from Moorea (French Polynesia): a response of ocean-atmosphere 818 

variability from south central Pacific. Palaeogeogr., Palaeoclimatol., Palaeoecol. 175: 819 

381-392.  820 

 821 

BOBLME. 2011. Country Report on Pollution - Malaysia BOBLME-2011-Ecology-1, p. 822 

9-42. In Z.I. Zelina, M.P. Zakaria, N.M. Tahir, S. Kasmin, M. Amiruddin, N. Ismail, 823 



 38 

A.K. Rahim [eds.], Bay of Bengal Large Marine Ecosystem Project: Malaysia National 824 

Report on Coastal Pollution Loading and Water Quality Criteria. BOBLME, Thailand. 825 

 826 

Boto, K. and P.J. Isdale. 1985. Fluorescent bands in massive corals result from terrestrial 827 

fulvic acid inputs to nearshore zone. Nature 315: 396-397. 828 

 829 

Bouwmeester, J., A.H. Baird, C.J. Chen, J.R. Guest, K.C. Vicentuan and M.L. Berumen. 830 

Multi-species spawning synchrony within scleractinian coral assemblages in the Red Sea. 831 

Coral Reefs 34: 65–77. 832 

 833 

Brown, B.E. 1984. Skeletal Extension of Acropora formosa at a fringing reef in the 834 

Andaman Sea. Coral Reefs 3: 215–219. 835 

 836 

Brown, B.E., M. Le Tissier, L.S. Howard, M. Charuchinda, J.A. Jackson. 1986. 837 

Asynchronous deposition of skeletal bands in Porites lutea. Mar. Biol. 93: 83-89. 838 

 839 

Buddemeier, R.W. and R.A. Kinzie. 1975. The chronometric reliability of contemporary 840 

corals, p. 135-146. In G.D. Rosenberg and S.K. Runcorn [eds.], Growth rhythms and the 841 

history of the earth's rotation. Wiley, London. 842 

 843 

Buddemeier, R.W., J.E. Maragos and D.W. Knutson. 1974. Radiographic studies of reef 844 

coral exoskeletons: rates and patterns of coral growth. J. Exp. Mar. Biol. Ecol. 14: 179-845 

200. 846 



 39 

 847 

Burnham, K.P. and D.R. Anderson. 2002. Model selection and multimodel inference: a 848 

practical information-theoric approach. Springer, New York. 849 

 850 

Burnham, K.P. and D.R. Anderson. 2004. Multimodel inference: understanding AIC and 851 

BIC in model selection. Sociological Methods and Research 33: 261–304 852 

 853 

Cahyarini, S. 2008. Annual growth band analysis of Porites corals: case study Seribu 854 

Islands corals, Indonesia. Jurnal Riset Geologi dan Pertambangan 18: 51-59. 855 

 856 

Camerlengo, A. and M.I. Demmler. 1997. Wind-driven circulation of Peninsular 857 

Malaysia’s eastern continental shelf. Scientia Marina 61: 203–211. 858 

 859 

Cantin N.E. and J.M. Lough. 2014. Surviving coral bleaching events: Porites growth 860 

anomalies on the Great Barrier Reef. PLoS ONE, doi:10.1371/journal.pone.0088720. 861 

 862 

Carricart-Ganivet, J.P. and D.J. Barnes. 2007. Densitometry from digitized images of X-863 

radiographs: methodology for measurement of coral skeletal density. J. Exp. Mar. Biol. 864 

Ecol. 344: 67-72. 865 

 866 

Carton, J.A. and B.S. Giese. 2008. SODA: A reanalysis of ocean climate. Monthly 867 

Weather Review 136: 2999-3017. 868 

 869 



 40 

Chalker, B. and D.J. Barnes. 1990. Gamma-densitometry for the measurement of skeletal 870 

density. Coral Reefs 9: 11-23. 871 

 872 

Chansang, H., N. Phongsuwan and P. Boonyanate. 1992. Growth of corals under effect of 873 

sedimentation along the northwest coast of Phuket Island, Thailand. Proc. Int. Coral Reef 874 

Symp., 7
th

 1: 241-248. 875 

 876 

Charuchinda, M. and H. Chansang. 1985. Skeleton extension and banding formation of 877 

Porites lutea of fringing reefs along the south and west coasts of Phuket Island. Proc. Int. 878 

Coral Reef Symp., 5
th

 6: 83-87. 879 

 880 

Chelliah, A., H. Amar, J. Hyde, K. Yewdall, P.D. Steinberg and J.R. Guest. 2015. First 881 

record of multi-species synchronous coral spawning from Malaysia. Peer J, 882 

doi:10.7717/peerj777. 883 

 884 

Chen, M., K. Murali, B-C. Khoo, J. Lou and K. Kumar. 2005. Circulation modeling in 885 

the Strait of Singapore. J. Coastal Res. 21: 960-972. 886 

 887 

Chua, T.E., R. Natarajan and S.A. Ross. 1998. Analysis of the state of the marine 888 

environment of the straits of Malacca and Singapore. Singapore Journal of International 889 

and Comparative Law 2: 323-349. 890 

 891 



 41 

Comeau, S., P.J. Edmunds, C.A. Lantz and R.C. Carpenter. 2014. Water flow modulates 892 

the response of coral reef communities to ocean acidification. Scientific Reports 4: 6681. 893 

 894 

Cooper, T.F., R. O'Leary and J.M. Lough. 2012. Growth of western Australian corals in 895 

the anthropocene. Science 335: 593-596. 896 

 897 

Dennison, W.C. and D.J. Barnes. 1988. Effect of water motion on coral photosynthesis 898 

and calcification. J. Exp. Mar. Biol. Ecol. 115: 67-77. 899 

 900 

Denny, M.W., T.L. Daniel, and M.A.R. Koehl. 1985. Mechanical limits to size in wave-901 

swept organisms. Ecol. Monogr. 55: 69-102. 902 

 903 

Dodge, R.E. and J. Thomson. 1974. The natural radiochemical and growth records in 904 

contemporary hermatypic corals from the Atlantic and Caribbean. Earth Planet Sci. Lett. 905 

23: 313-322. 906 

 907 

Dodge, R.E., A.M. Szmant, R. Garcia, P.K. Swart, A. Forester and J.J. Leder. 1992. 908 

Skeletal structural basis of density banding in the reef coral Montastraea annularis. Proc. 909 

Int. Coral Reef Symp., 7
th

 1: 186-195. 910 

 911 

Giorgino T. 2009. Computing and visualizing dynamic time warping alignments in R: the 912 

dtw package. Journal of Statistical Software 31: 1–24. 913 

 914 



 42 

Grove, C.A., J. Zinke, T. Scheufen, J. Maina, E. Epping, W. Boer, B. Randriamanantsoa, 915 

G-J.A. Brummer. 2012. Spatial linkages between coral proxies of terrestrial runoff across 916 

a large embayment in Madagascar. Biogeosciences 9: 3063-3081. 917 

 918 

Grove, C.A., R. Nagtegaal, J. Zinke and others. 2010. River runoff reconstructions from 919 

novel spectral luminescence scanning of massive coral skeletons. Coral Reefs 29: 579-920 

591. 921 

 922 

Guest, J.R. 2004. Reproductive patterns of scleractinian corals on Singapore’s reefs. Ph.D 923 

thesis. National University of Singapore, Singapore. 924 

 925 

Hendy, E.J., J.M. Lough, M.K. Gagan. 2003. Historical mortality in massive Porites from 926 

the central Great Barrier Reef, Australia: evidence for past environmental stress? Coral 927 

Reefs 22: 207-215.  928 

 929 

Highsmith, R.C. 1979. Coral growth rates and environmental control of density banding. 930 

J. Exp. Mar. Biol. Ecol. 37: 105-125. 931 

 932 

Holthuijsen L.H.  2007. Waves in oceanic and coastal waters. Cambridge University 933 

Press, United Kingdom. 934 

 935 

Isdale, P.J. 1984. Fluorescent bands in massive corals record centuries of coastal rainfall. 936 

Nature 310: 578-579 937 



 43 

 938 

Isdale, P.J. 1998. Palaeohydroplogial variation in a tropical river catchment: a 939 

reconstruction using fluorescent bands in corals of the Great Barrier Reef, Australia. The 940 

Holocene 8: 1-8. 941 

 942 

Jha, M.K. and A.K. Singh. 2013. Trend analysis of extreme runoff events in major river 943 

basins of Peninsular Malaysia. Int. J. Water 7: 142-158. 944 

 945 

Jones, P.D., K.R. Briffa, T.J. Osborn and others. 2009. High-resolution 946 

palaeoclimatology of the last millennium: a review of current status and future prospects. 947 

The Holocene 19:3-49. 948 

 949 

Klein, R and Y. Loya. 1991. Skeletal growth and density pattern of two Porites corals 950 

from the Gulf of Eilat, Red Sea. Mar. Ecol. Prog. Ser. 77: 253-259. 951 

 952 

Klein, R., J. Pätzold, G. Wefer and Y. Loya. 1993. Depth-related timing of density band 953 

formation in Porites spp. corals from the Red Sea inferred from X-ray chronology and 954 

stable isotope composition. Mar. Ecol. Prog. Ser. 97: 99-104. 955 

 956 

Klein, R., Y. Loya, G. Gvirtzman, P.J. Isdale and M. Susic. 1990. Seasonal rainfall in the 957 

Sinai Desert during the late Quaternary inferred from fluorescent bands in fossil corals. 958 

Nature 345:145-147. 959 

 960 



 44 

Knutson, D.W., R.W. Buddemeier and S.V. Smith. 1972. Coral chronometers: seasonaI 961 

growth bands in reef corals. Science 177: 270-272. 962 

 963 

Kongtjandtre, N., T. Ridgway, S. Ward, O. Hoegh-Guldberg. 2010. Broadcast spawning 964 

patterns of Favia species on the inshore reefs of Thailand. Coral Reefs 29: 227-234. 965 

 966 

Kumar, R.R., B.P. Kumar and D.B. Subrahamanyam. 2009. Parameterization of rain 967 

induced surface roughness and its validation study using a third generation wave model. 968 

Ocean Sci. J. 44: 125-143. 969 

 970 

Lau, K.M. and S. Yang. 1997. Climatology and interannual variability of the southeast 971 

Asian summer monsoon. Adv. Atmos. Sci. 14: 141-162. 972 

 973 

Le-Tissier, M.D.A., B. Clayton, B.E. Brown and P.S. Davis PS. 1994. Skeletal correlates 974 

of coral density banding and an evaluation of radiography as used in sclerochronology. 975 

Mar. Ecol. Prog. Ser. 110: 29-44. 976 

 977 

Lee, J.N. and C.A.R. Mohamed. 2011. Accumulation of settling particles in some coral 978 

reef areas of Peninsular Malaysia. Sains Malaysiana 40: 549-554. 979 

 980 

Lerato, L. and T.R. Niesler. 2012. Investigating parameters for unsupervised 981 

clustering of speech segments using TIMIT. Proceedings of the 23
rd

 Annual Symposium 982 

of the Pattern Recognition Association of South Africa, Pretoria. 983 



 45 

 984 

Llewellyn, L.E., Y.L. Everingham and J.M. Lough. 2012. Pharmacokinetic modeling of 985 

multi-decadal lumiscence time series in coral skeletons. Geochim. Cosmochim. Acta 83: 986 

263-271. 987 

 988 

Lough J.M. 2011. Great Barrier Reef coral luminescence reveals rainfall variability over 989 

northeastern Australia since the 17th century. Paleoceanography. 990 

doi:10.1029/2010PA002050. 991 

 992 

Lough, J.M. 2007. Tropical river flow and rainfall reconstructions from coral 993 

luminescence: Great Barrier Reef, Australia. Paleoceanography 22: PA2218 994 

 995 

Lough, J.M. 2010. Climate records from corals. WIREs Climate Change 1: 318–331. 996 

 997 

Lough, J.M. and D.J. Barnes. 1990. Intra-annual timing of density band formation of 998 

Porites coral from the central Great Barrier Reef. J. Exp. Mar. Biol. Ecol. 135: 35-57. 999 

 1000 

Lough, J.M. and D.J. Barnes. 1992. Comparisons of skeletal density variations in Porites 1001 

from the central Great Barrier Reef. J. Exp. Mar. Biol. Ecol. 155: 1-25. 1002 

 1003 

Lough, J.M. and D.J. Barnes. 2000. Environmental controls of growth of the massive 1004 

coral Porites. J. Exp. Mar. Biol. Ecol. 245: 225-243. 1005 

 1006 



 46 

Lough, J.M., D.J. Barnes and F.A. McAllister. 2002. Luminescent lines in corals from the 1007 

Great Barrier Reef provide spatial and temporal records of reefs affected by land runoff. 1008 

Coral Reefs 21: 333-343. 1009 

 1010 

Lough, J.M., N.E. Cantin, J.A. Benthuysen and T.F. Cooper. 2015. Environmental drivers 1011 

of growth in massive Porites corals over 16 degrees latitude along Australia’s northwest 1012 

shelft. Limnology and Oceanography, doi:10.1002/lno.10244. 1013 

 1014 

Madin, J.S., T.P. Hughes and S.R. Connolly. 2012. Calcification, storm damage and 1015 

population resilience of tabular corals under climate change. PLoS ONE 7: e46637. 1016 

 1017 

Mancy, K.H. (1993) Gulf of Aqaba ecological overview and call to action, p. 19-24. In D. 1018 

Sandler, E. Adly, M.A. Al-Khoshman, P. Warburg and T. Bernstein [eds.], Protecting the 1019 

Gulf of Aqaba: a regional environmental challenge. Environmental Law Institute, 1020 

Washington DC. 1021 

 1022 

Mendes, J. 2004. Timing of skeletal band formation in Montastrea annularis: relationship 1023 

to environmental and endogenous factors. Bull. Mar. Sci. 75: 423-437. 1024 

 1025 

Nieuwolt, S. 1968. Diurnal rainfall variation in Malaya. Annals of the Association 1026 

of American Geographers 58: 313-326. 1027 

 1028 

Patterson, M.R., K.P. Sebens and R.R. Olson. 1991. In situ measurements of flow 1029 



 47 

effects on primary production and dark respiration in reef corals. Limnol. 1030 

Oceanogr. 36: 936–948. 1031 

 1032 

Prouty N.G., C.D. Storlazzi, A.L. McCutcheon and J.W. Jenson. 2014. Historic impact of 1033 

watershed change and sedimentation to reefs along west-central Guam. Coral Reefs 33: 1034 

733–749. 1035 

 1036 

R Core Team (2012) A language and environment for statistical computing. R 1037 

Foundation for Statistical Computing, Vienna. 1038 

 1039 

Ramsay, H.A., L.M. Leslie, P.J. Lamb, M.B. Richman and M. Leplastrier. 2008. 1040 

Interannual variability of tropical cyclones in the Australian region: role of large-scale 1041 

environment. J. Climate 21: 1083–1103. 1042 

 1043 

Ramseyer, K., T.M. Miano, V. D’Orazio, A. Wildberger, T. Wagner and J. Geister. 1997. 1044 

Nature and origin of organic matter in carbonates from speleothems, marine cements and 1045 

coral skeletons. Org. Geochem. 26: 361-378. 1046 

 1047 

Rasband, W.S. 1997–2012 ImageJ. National Institute of Health, USA. 1048 

 1049 

Rayner, N.A., D.E. Parker, E.B. Horton and others. 2003. Global analyses of sea surface 1050 

temperature, sea ice, and night marine air temperature since the late nineteenth century. J. 1051 

Geophys. Res. 108: 4407. 1052 



 48 

 1053 

Risk M.J., O.A. Sherwood, J.M. Heikoop and G. Llewellyn. 2003. Smoke signals from 1054 

corals: isotopic signature of the 1997 Indonesian ‘haze’ event. Marine Geoglogy 202: 71–1055 

78. 1056 

 1057 

Rixen, T., P. Ramachandran, L. Lehnhoff, D. Dasbach, B. Gaye, B. Urban, R. 1058 

Ramachandran and V. Ittekkot. 2011. Impact of monsoon-driven surface ocean processes 1059 

on a coral off Port Blair on the Andaman Islands and their link to North Atlantic climate 1060 

variations. Global and Planetary Change 75: 1-13. 1061 

 1062 

Rizal, S., P. Damm, M.A. Wahid, J. Sundermann, Y. Ilhamsyah, T. Iskandar and 1063 

Muhammad. 2012. General circulation in the Malacca Strait and Andaman Sea: a 1064 

numerical model study. Am. J. Environ. Sci. 8: 479-488. 1065 

 1066 

Robinson, R.A., H. Tong and A.K. Tham. 1953. A study of drift in the Malacca and 1067 

Singapore Straits from salinity determinations. Proceedings of the 4
th

 Indo-Pacific 1068 

Fisheries Commission Symposium 2: 105-110. 1069 

 1070 

Sazzad, M.H., A.R. Wijaya, K. Tanaka and S. Ohde. 2010. Environmental effects on the 1071 

stable carbon and oxygen isotopic compositions and skeletal density banding pattern of 1072 

Porites coral from Khang Khao Island, Thailand. Am. J. Biochem. Biotechnol. 9: 5373-1073 

5382. 1074 

 1075 



 49 

Schneider, R.C. and S.V. Smith. 1982. Skeletal Sr content and density in Porites spp. in 1076 

relation to environmental factors. Mar. Biol. 66: 121–131. 1077 

 1078 

Scoffin, T.P., A.W. Tudhope and B.E. Brown. 1989. Fluorescent and skeletal density 1079 

banding in Porites lutea from Papua New Guinea and Indonesia. Coral Reefs 7: 169-178. 1080 

 1081 

Scoffin, T.P., A.W. Tudhope, B.E. Brown, H. Chansang and R.F. Cheeney. 1992. 1082 

Patterns and possible environmental controls of skeletogenesis of Porites lutea, South 1083 

Thailand. Coral Reefs 11: 1-11.  1084 

 1085 

Selvarajah, V. 1961. A study of drift in the north Malacca Straits from salinity 1086 

determinations. Proceedings of the 8
th

 Indo-Pacific Fisheries Commission Symposium 1: 1087 

1-6. 1088 

 1089 

Siripong, A. 1990. Environmental change after the severe flooding in November 1988, at 1090 

the southern Thailand. Proceedings of the 1
st
 ASEAMS Symposium on Southeast Asian 1091 

Marine Science and Environmental Protection: 147-172. 1092 

 1093 

Smith, T.J., H. Hudson, M.B. Robblee, G.V.N. Powell and P.J. Isdale. 1989. Freshwater 1094 

flow from the everglades to Florida Bay: a historical reconstruction based on fluorescent 1095 

banding in the coral Solenastrea bournoni. Bull. Mar. Sci. 44: 274-282. 1096 

 1097 



 50 

Smithers, S.G. and C.D. Woodroffe. 2001. Coral microatolls and 20
th

 century sea level in 1098 

the eastern Indian Ocean. Earth Planet Sci. Lett. 191: 173-184. 1099 

 1100 

Stickler, A., S. Brönnimann, M.A. Valente, J. Bethke, A. Sterin, S. Jourdain, E. 1101 

Roucaute, M.V. Vasquez, D. A. Reyes, R. Allan and D. Dee. 2014: ERA-CLIM: 1102 

historical surface and upper-air data for future reanalyses. Bull. Amer. Meteor. Soc. 1103 

95:1419-1430 1104 

 1105 

Stoddart, C.W., J.A. Stoddart and D.R. Blakeway. 2012. Summer spawning of Porites 1106 

lutea from north-western Australia. Coral Reefs 31: 787-792. 1107 

 1108 

Suhaila, J., S.M. Deni, W.Z. Wan Zin and A.A. Jemain. 2010. Trends in Peninsular 1109 

Malaysia rainfall data during the southwest monsoon and northeast monsoons seasons: 1110 

1975–2004. Sains Malaysiana 39: 533-542. 1111 

 1112 

Suharsono, S. and S. Cahyarini. 2012. Reduced trends of annual growth of Indonesian 1113 

Porites over ~20 years. Proc. Int. Coral Reef Symp., 8
th

: ICRS2012_8E_1. 1114 

 1115 

Supriharyono. 2004. Growth rates of the massive coral Porites lutea (Edward and 1116 

Haime), on the coast   of Bontang, East Kalimantan, Indonesia. Journal of Coastal 1117 

Development 7: 143-155. 1118 

 1119 



 51 

Susic, M., K. Boto and P.J. Isdale. 1991. Fluorescent humic acid bands in coral skeletons 1120 

originate from terrestrial runoff. Mar. Chem. 33: 91-104. 1121 

 1122 

Tanggang, F.T., C. Xia, F. Qiao, L. Juneng and F. Shan. 2011. Seasonal circulations in 1123 

the Malay Peninsula Eastern continental shelf from a wave-tide-circulation coupled 1124 

model. Ocean Dynamics 61: 1317-1328. 1125 

 1126 

Tanzil, J.T.I. 2012. Bleaching susceptibility and growth characteristics of Porites lutea 1127 

from the Andaman Sea, South Thailand. Phuket Marine Biological Centre Research 1128 

Bulletin 71: 49-56. 1129 

 1130 

Tanzil, J.T.I., B.E. Brown, A.W. Tudhope and R.P. Dunne. 2009. Decline in skeletal 1131 

growth of the coral Porites lutea from the Andaman Sea, South Thailand between 1984 1132 

and 2005. Coral Reefs 28: 519-528. 1133 

 1134 

Tanzil, J.T.I., B.E. Brown, R.P. Dunne RP, J.N. Lee, J.A. Kaandorp and P.A. Todd. 2013. 1135 

Regional decline in growth rates of massive Porites corals in Southeast Asia. Global 1136 

Change Biol. 19: 3011-3023. 1137 

 1138 

Todd, P.A. 2008. Morphological plasticity in scleractinian corals. Bio. Rev. 83: 315-337. 1139 

 1140 



 52 

Tudhope, A.W., D.W. Lea, G.B. Shimmield, C.P. Chilchott CP and S. Head. 1996. 1141 

Monsoon climate and Arabian Sea coastal upwelling recorded in massive corals from 1142 

Southern Oman. PALAIOS 11: 347-361. 1143 

 1144 

Vörösmarty, C.J., B. Fekete and B.A. Tucker. 1998. River Discharge Database, Version 1145 

1.1 (RivDIS v1.0 supplement). Available through the Institute for the Study of Earth, 1146 

Oceans, and Space/University of New Hampshire, Durham NH (USA). 1147 

 1148 

Ward, J.H. 1963. Hierarchical grouping to optimize an objective function. J. Am. Stat. 1149 

Assoc. 58: 236–244. 1150 

 1151 

Weber, J.N., E.W. White and P.H. Weber. 1975. Correlation of density banding in reef 1152 

coral skeletons with environmental parameters: the basis for interpretation of 1153 

chronological records preserved in the corolla of corals. Paleobiology 1: 137-149. 1154 

 1155 

Wellington, G.M. and P.W. Glynn. 1983. Environmental influences on skeletal banding 1156 

in Eastern Pacific (Panama) corals. Coral Reefs 1: 215-222. 1157 

 1158 

Wong, C.L., R. Venneker, S. Uhlenbrook, A.B.M. Jamil and Y. Zhou. 2009. Variability 1159 

of rainfall in Peninsular Malaysia. Hydrology and Earth Sciences Discussions 6: 5471-1160 

5503. 1161 

 1162 



 53 

Wood, S.N. 2006. Generalized additive models: an introduction with R, p. 59–325. In 1163 

B.P. Carlin, C. Chatfield, M. Tanner, J. Zidek [eds.], Texts in Statistical. Chapman and 1164 

Hall/CRC Press, Florida. 1165 

 1166 

Wyrtki, K. 1961. Physical oceanography of the Southeast Asian waters. NAGA report, 1167 

volume 2, Scientific Results of Marine Investigations of the South China Sea and the 1168 

Gulf of Thailand 1959-1961. Scripps Institution of Oceanography, University of 1169 

California.  1170 

 1171 

Zicheng, P., H. Xuexian, Z. Zhaofeng, Z. Jie, S. Liusi and G. Hui. 2002. Correlation of 1172 

coral fluorescence with nearshore rainfall and runoff in Hainan Island, South China Sea. 1173 

Progress in Natural Sciences 12:41-44. 1174 

  1175 



 54 

ACKNOWLEDGEMENTS 1176 

Many thanks to Mr. Richard Dunne for his invaluable input that has made this manuscript 1177 

substantially better. We thank Prof. Chou Loke Ming at the Department of Biological 1178 

Sciences (NUS); Dr. Paul Erftermeier (SKM); the Director and staff of the Phuket Marine 1179 

Biological Centre, especially Dr. Nalinee Thongtham and Mr. Niphon Phongsuwan; Prof. 1180 

Che Abdul Rahim and Mr. Kee Alfian at the Marine Ecosystem Research Centre (UKM); 1181 

and Mr. Eric Matson at the Australian Institute of Marine Science for making this 1182 

research possible. Many thanks also to Katie Yewdall (Blueventures, Tioman), East 1183 

Divers Tioman, East Marine (Langkawi), Dr. Intan Suci Nurhati (SMART), Dr. Sin Tsai 1184 

Min and the Coral Team at the Tropical Marine Science Institute (NUS) for their valuable 1185 

assistance. We thank also the National Research Council of Thailand, Malaysian Marine 1186 

Parks and Singapore National Parks for allowing us to conduct this research. This 1187 

research was funded by the Singapore-Delft Water Alliance (Marine Theme II, grant no. 1188 

R-303-001-007-272 and R-303-001-023-414), and partially funded by Ministry of 1189 

Education Malaysia (FRGS/2/2013/STWN04/UMT/03/1), and the National Research 1190 

Foundation Singapore under its Singapore NRF Fellowship scheme awarded to N.F. 1191 

Goodkin (National Research Fellow Award No. NRF-RF2012-03), as administered by 1192 

the Earth Observatory of Singapore and the Singapore Ministry of Education under the 1193 

Research Centres of Excellence initiative. We also thank the Associate Editor of L&O, 1194 

and the two anonymous reviewers for their assistance in greatly improving this paper. 1195 

 1196 

 1197 

1198 



 55 

FIGURE LEGENDS 1199 

 1200 

Figure 1. Map of study locations around the Thai-Malay Peninsula. PKT – Phuket, PY – 1201 

P. Payar, PD – Port Dickson, SG – Singapore, TIO – P. Tioman, RED – P. Redang. (The 1202 

abbreviation “P.” in each case stands for Pulau = island).  1203 

 1204 

Figure 2. Images of representative coral slices showing annual variation in luminescence 1205 

intensity (photographed under ultraviolet light (365nm), left side of image) and density 1206 

(X-ray positive print, right side of image) for each study location over period ~Dec 2004 1207 

to ~Dec 2009. The timing of the bands formation was ascertained through alizarin 1208 

staining, and repeated subsampling of tagged colonies at multiple time points over a 2-1209 

year period (Table 1). Core tops and luminescent/density band patterns were aligned and 1210 

cross-checked in the multiple samples from the same site, and also across sites. The 1211 

approximate timing of Dec 2004 and 2009 is shown. The black lines delineate one year’s 1212 

growth. 1213 

 1214 

Figure 3. Monthly averaged anomalies for a) SST, b) photosynthetically active radiation 1215 

(PAR), c) rainfall, d) salinity, and e) significant wave height (SWH) over the period Dec 1216 

2004–Nov 2009 for the six study locations. Confidence intervals omitted for clarity. 1217 

 1218 

Figure 4. Monthly averaged luminescence intensity and skeletal density anomalies over 1219 

the period Dec 2004–Nov 2009 for locations along the western (a-c) and eastern (d-f) 1220 

coasts of the Thai-Malay Peninsula. Error bars indicate ± one standard error. Note the 1221 
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difference in scale for luminescence for graphs c and f. See Table 2 for absolute mean 1222 

values of luminescence and density at each location. 1223 

 1224 

Figure 5. Dendograms of agglomerative hierarchical clustering of dynamic time warping 1225 

(DTW) sequence aligned, normalised variation in a) luminescence intensity, and b) 1226 

skeletal density for cores from Phuket (PKT), P. Payar (PY), Port Dickson (PD), 1227 

Singapore (SG), P. Tioman (TIO), and P. Redang (RED) over the period Dec 2005–Nov 1228 

2009.  1229 

 1230 

Figure 6. Histograms of the relative importance weights (RIW) (calculated from AIC, 1231 

AICc and BIC weights) of the five environmental predictor variables (SST – sea surface 1232 

temperature anomaly; PAR – photosynthetically active radiation anomaly; Rain – rainfall 1233 

anomaly; Salinity – salinity anomaly; SWH – significant wave height anomaly) for a) 1234 

luminescence intensity anomalies, and b) skeletal density anomalies, based on the 32 1235 

GAMM models examined.  1236 

 1237 

Figure 7. Partial effects plot showing relationships between a) luminescence intensity 1238 

anomaly and anomalies in salinity/ppt (Sal), and rainfall/mm month
-1

 (Rain), and b) 1239 

skeletal density anomaly/g cm
-3

 and anomalies in significant wave height/m (SWH) and 1240 

rainfall/mm month
-1

 (Rain). Dashed line denote 95% confidence interval of the model; 1241 

tick marks on the inside of the x-axis of each partial plot denotes the locations of the 1242 

covariate values that applies to the plot. 1243 

 1244 
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Figure 8. Average monthly discharge (m
3
 s

-1
) of selected major rivers around the Thai-1245 

Malay Peninsula (river discharge data from Siripong 1990, the RivDis1.1 (Vörösmarty et 1246 

al. 1998) and the Department of Irrigation and Drainage Malaysia). PKT – Phuket, PY – 1247 

P. Payar, PD – Port Dickson, SG – Singapore, TIO – P. Tioman, RED – P. Redang 1248 
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Table 1. Details of study sites, and the dates and number of colonies stained with alizarin red-S. (The abbreviation “P.” in each case 1 

stands for Pulau = island). 2 

Peninsula 

coast, Sea  

Location, 

Country 

Reef name 

Latitude 

(ºN) 

Longitude 

(ºE) 

Water 

clarity 

(m) 

Type of 

fringing reef 

Distance 

from 

mainland 

Peninsula 

(km) 

Distance 

from Met. 

station 

(km) 

Alizarin 

staining dates 

(dd/mm/yyyy) 

Colonies 

sampled 

        
 

            

West, 

Andaman 

Sea 

Phuket, 

Thailand 

(PKT) 

Yam Yen (YY) 7.80867 98.39984 <3 Inshore ~35 ~35 25/01/2010, 

06/10/2011 

1 

  Porites Bay 

(PB) 

7.80880 98.41032 <5 Inshore ~35 ~35 – 2 

    Koh Hae (KH) 7.74509 98.38335 >8 Nearshore 

island 

~40 ~40 – 4 

  Koh Racha Yai 

(KR) 

7.61311 98.37286 >20 Offshore 

island 

~55 ~55 25/01/2010, 

04/10/2011 

5 

  P. Payar, P. Payar house 6.06320 100.04203 >8 Offshore ~25 ~45 27/03/2010, 5 
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Malaysia 

(PY) 

reef (PYHR) island 21/06/2011 

 Port 

Dickson, 

Malaysia 

(PD) 

Monkey Bay 

(MB) 

2.41638 101.85259 <2 Inshore <1 ~45 5/6/14 3 

South, South 

China Sea 

Singapore, 

Singapore 

(SG) 

P. Hantu (HT) 1.22729 103.74664 <3 Nearshore 

island 

~20 ~30 02/07/2009, 

09/11/2009, 

15/11/2010, 

14/06/2011 

3 

  P. Semakau 

(SEM) 

1.19996 103.75669 <3 Nearshore 

island 

~20 ~30 – 2 

    P. Jong (JO) 1.21435 103.78687 <4 Nearshore 

rock island 

~20 ~25 – 3 

  P. Kusu (KU) 1.22549 103.86014 <3 Nearshore 

island 

~20 ~20 – 4 

    Raffles 

Lighthouse 

1.16062 103.74054 <5 Offshore 

island 

~25 ~35 02/07/2009, 

09/11/2009, 

3 
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(RL) 15/11/2010 

East, South 

China Sea 

P. Redang, 

Malaysia 

(RED) 

Redangkalong 

house reef 

(RDHR) 

2.81769 104.15378 >20 Offshore 

island 

~30 ~3 29/10/2009, 

25/05/2010, 

12/04/2011 

4 

    Kerengga Besar 

(RDKR) 

2.91147 104.09782 >20 Offshore 

rock outcrop 

~30 ~3 28/10/2009, 

26/05/2010, 

14/04/2011 

4 

 P. Tioman, 

Malaysia 

(TIO) 

EDT house reef 

(EDT) 

5.76253 103.02873 >10 Offshore 

island 

~50 ~50 10/03/2010, 

05/07/2011 

5 

    P. Tulai (PTU) 5.75426 103.02936 >15 Offshore 

island 

~50 ~55 10/03/2010, 

04/07/2011 

5 

 1 

  2 



 61 

Table 2. Average values ± 1 SD for average linear extension rates (LE), skeletal density, luminescence intensity and various 1 

environmental parameters for the period Dec 2004–Nov 2009 2 

Location 

LE rates             

(cm year
-1

) 

Skeletal density 

(g cm
-3

) 

Lumin. 

Intensity 

SST (ºC) 

PAR (μmol m
-2

 

day
-1

) 

Rainfall (mm 

month
-1

) 

Salinity (psu) SWH (m) 

Phuket 2.00 ± 0.14 1.11 ± 0.16 0.55 ± 0.10 29.12 ± 0.55 45.13 ± 4.33 198.39 ± 181.17 31.93 ± 0.40 0.86 ± 0.22 

P. Payar 1.91 ± 0.18 1.11 ± 0.10 0.71 ± 0.08 29.23 ± 0.56 45.02 ± 4.36 200.13 ± 137.84 31.58 ± 0.34 0.55 ± 0.14 

Port Dickson 2.16 ± 0.14 0.92 ± 0.11 0.93 ± 0.19 29.37 ± 0.61 44.95 ± 3.47 169.95 ± 100.67 31.87 ± 0.33 0.10 ± 0.01 

Singapore 1.85 ± 0.14 0.97 ± 0.15 0.74 ± 0.18 28.01 ± 0.87 38.78 ± 4.26 196.13 ± 129.72 31.99 ± 0.32 0.15 ± 0.06 

P. Tioman 1.89 ± 0.10 1.23 ± 0.13 0.49 ± 0.05 28.84 ± 0.93 43.54 ± 5.99 209.83 ± 156.86 32.21 ± 0.32 0.45 ± 0.22 

P. Redang 2.03 ± 0.12 1.15 ± 0.09 0.44 ± 0.04 28.69 ± 1.11 43.83 ± 7.39 235.32 ± 269.49 32.41 ± 0.45 0.65 ± 0.35 

 3 

  4 
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Table 3. Result of Pearson’s correlation tests between anomalies in skeletal luminescence intensity and density. df = number of sample 1 

pairs minus two. 2 

 

Lumin vs. Density 

 Location p r df 

Phuket 0.686 0.015 697 

P. Payar <0.001 -0.216 286 

Port Dickson 0.063 0.140 176 

Singapore <0.001 0.128 813 

P. Tioman <0.001 0.249 478 

P. Redang <0.001 0.305 418 

 

  3 
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Table 4. Results of Pearson’s correlation tests between monthly averaged anomalies in 1 

luminescence intensity and skeletal density, and SST (ºC), photosynthetic active radiation 2 

(PAR) (μmol m
-2

 day
-1

), rainfall (mm month
-1

), salinity (ppt) and significant wave height 3 

(SWH) (m) over the period Dec 2004–Nov 2009. Blue text = significant positive 4 

correlation (i.e. p<0.05); Red text = significant negative correlations; Black text = no 5 

significant correlations. df = number of sample pairs minus two. 6 

  

Peninsula 

coast 

Location   SST PAR Rain Salinity SWH 

Luminescence West Phuket  p 0.010 <0.001 <0.001 <0.001 <0.001 

      r -0.097 0.474 -0.458 -0.504 -0.459 

      df 697 593 697 573 697 

 

West P. Payar p <0.001 0.058 <0.001 <0.001 <0.001 

   

r -0.256 0.123 -0.322 -0.350 -0.334 

   

df 286 237 286 277 286 

  West Port Dickson p <0.001 0.889 0.800 <0.001 0.097 

      r -0.473 0.011 -0.019 -0.401 0.126 

      df 176 148 176 145 176 

 

South Singapore p <0.001 0.955 <0.001 <0.001 <0.001 

   

r 0.250 0.002 -0.218 -0.243 -0.217 

   

df 813 701 813 670 813 

  East P. Tioman p <0.001 0.144 0.274 0.021 <0.001 

      r -0.156 -0.068 0.047 -0.110 0.138 

      df 538 466 538 439 538 

 

East P. Redang p <0.001 <0.001 <0.001 <0.001 <0.001 

   

r -0.485 -0.375 0.194 -0.287 0.527 

      df 418 418 418 341 418 
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Density West Phuket  p <0.001 0.630 0.182 0.167 0.018 

      r 0.159 -0.02 0.051 0.058 0.081 

      df 697 593 697 573 697 

 

West P. Payar p <0.001 0.552 <0.001 0.609 <0.001 

   

r 0.341 -0.039 0.293 0.034 0.256 

   

df 286 237 286 277 286 

  West Port Dickson p 0.096 0.068 0.584 0.238 0.596 

      r 0.127 -0.149 0.042 -0.098 0.04 

      df 176 148 176 145 176 

 

South Singapore p 0.276 0.002 0.043 0.845 0.223 

   

r 0.038 -0.119 0.071 0.008 0.043 

   

df 813 701 813 670 813 

  East P. Tioman p <0.001 <0.001 <0.001 <0.001 <0.001 

      r -0.355 -0.255 0.283 -0.256 0.45 

      df 538 466 538 439 538 

 

East P. Redang p <0.001 <0.001 0.013 <0.001 <0.001 

   

r -0.37 -0.353 0.113 -0.268 0.391 

      df 418 418 418 341 418 

 1 

  2 
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Table 5. Best 5 GAMM models based on AIC and their respective ∆ (difference from 1 

lowest model AIC value), inferential models weights (.ωi), evidence ratios (ER) for 2 

luminescence intensity anomalies (LUMINESCENCE) and skeletal density anomalies 3 

(DENSITY). SST – sea surface temperature anomaly; PAR – photosynthetically active 4 

radiation anomaly; Rain – rainfall anomaly; Sal – salinity anomaly; SWH– significant 5 

wave height. 6 

  AIC ∆AIC AIC.ωi ER Model 

Luminescence -5755.475 0 0.350 – Sal + Rain 

 

-5754.113 1.362 0.177 1.976 Sal  

 

-5753.317 2.158 0.119 2.942 Sal + PAR 

 

-5752.753 2.722 0.090 3.900 Sal + Rain + PAR 

 

-5752.241 3.234 0.069 5.038 Sal + Rain + SWH 

Density -5859.724 0 0.363 – SWH + Rain 

 

-5858.761 0.963 0.224 1.619 SWH + Rain + Sal 

 

-5857.875 1.849 0.144 2.521 SWH + Rain + SST 

 

-5856.074 3.65 0.058 6.203 SWH + Rain + Sal + SST 

  -5855.896 3.828 0.054 6.780 SWH + Rain + Sal + PAR 

 7 


