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Authors’ response to reviewers’ comments on the manuscript bg-2017-120 1 

“Impact of diurnal temperature fluctuations on larval settlement and growth of 2 

the reef coral Pocillopora damicornis” by Lei Jiang et al. 3 

 4 

 5 

To the Editor 6 

 7 

Dear Dr. Christine Klaas, 8 

We would express our sincerest gratitude for your help to correct some errors in the 9 

early version of this manuscript, and all the time and efforts it took to develop this 10 

manuscript and the review process. We appreciate the constructive comment from the 11 

two reviewers. We have carefully considered and incorporated the comments and 12 

suggestions from both reviewers and the point-by-point responses are attached as 13 

follows. Moreover, we have sent this manuscript for English editing service and 14 

amended all the potential grammar errors and wording changes. We are looking 15 

forward to receiving your response soon. 16 

 17 

Best wishes, 18 

Lei Jiang on behalf of all authors, jianglei12@mails.ucas.ac.cn 19 
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To Referee#1 Dr. D. Barshis 45 

[General comments] The authors present a comprehensive assessment of the role of 46 

diurnally fluctuating temperatures on growth, settlement, and bleaching response of 47 

larvae from the coral Pocillopora damicornis. The study is quite sound and represents 48 

an important contribution to the field. Most coral thermal stress studies use static 49 

temperature exposures, hence a movement in the field to more realistic natural 50 

thermal profiles is desperately needed. Yet we still lack a fundamental understanding 51 

of the different responses of corals to static or variable temperatures in the same 52 

study. This research begins to fill in that gap and the manuscript is technically sound 53 

and well-presented. There are a few minor comments that should be addressed prior 54 

to publication as well as an additional reference that should be integrated into the 55 

discussion on growth (see line-by-line comments below). Also, while the writing is 56 

generally sound, there are a few instances of misuse of the word "the" and 57 

singular/plural errors that may be resolved by additional editing of the language. All 58 

in all, I think this is a sound paper that makes an important and needed contribution 59 

to the literature. 60 

 61 

[Reply] Thanks for the positive comments regarding our manuscript and other 62 

insightful and helpful suggestions. We have integrated all the constructive suggestions 63 

and further resolved the mistakes about the wording and singular/plural errors through 64 

English editing service. 65 

 66 

Reply to specific line-by-line comments: 67 

  68 

[Comment 1] Line 197. Siebeck found brightness and saturation to be indicative of 69 

bleaching, why was only saturation used? 70 

 71 

[Reply] Work by Siebeck et al., 2006 suggested that for pictures of bleached 72 

Pocillopora damicornis, there were reduced saturation and elevated brightness values. 73 

Here, we measured the saturation and brightness values simultaneously and observed 74 

the reduction in saturation and increase in brightness (Fig S2). We only presented the 75 

saturation value to illustrate the paling of corals at elevated temperatures in the 76 

manuscript. We will further include the data on saturation and brightness in 77 

Supplement (Fig. S2). Please refer to the Fig. S2 below for further details. 78 

 79 

Fig. S2 Photographic metrics for Pocillopora damicornis recruits at different 80 
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temperature treatments. 81 

 82 

[Comment 2] Section 2.7 Please specify the software used for statistical tests and 83 

copies of code (as supplementary information) if possible. 84 

 85 

[Reply] All statistical analyses were performed with STATISTICA version 12.0 86 

(Statsoft). This will be clarified in the text and Supplement. 87 

 88 

[Comment 3] Line 250-252. Confusing wording. Please clarify that both the elevated 89 

31 °C stable and 30-33 °C fluctuating treatments induced bleaching while the control 90 

and 28-31 °C fluctuating treatments did not. 91 

 92 

[Reply] Revised as suggested. Now it reads ―Recruits at 31 °C exhibited a paler 93 

appearance than those at 29 °C, as evidenced by the reduction in saturation and 94 

increase in brightness (Fig. S2). However, bleaching index which accounts for 95 

differences in recruit size, was unaffected by temperature level, regime, or their 96 

interaction (Fig. 3d)‖. Please see [Reply] to [Comment 4] below for explanations and 97 

details. 98 

 99 

[Comment 4] Lines 327-332. Would add discussion of the increased growth and 100 

survival in the higher temps. They may have decreased in color saturation but were 101 

not "stressed" according to the other metrics. There could also be a confound wherein 102 

a faster growing colony might pale simply because it‟s growing faster than the 103 

Symbiodinium are dividing so it‟s not losing cells, just diluting pigment. The 104 

photographic technique here does not allow for analysis of cell loss and it‟s unclear 105 

over how much area saturation was measured (i.e. how many pixels) and whether it 106 

was normalized to surface area or polyp number to account for size differences. 107 

 108 

[Reply] The discussion of increased growth and survival at higher temperatures will 109 

be added as follows, ―Moreover, recruits with increased growth rates at elevated 110 

temperatures showed higher survivorship, consistent with previous field observations 111 

that survival in early stages of reef corals was strongly dependent on colony size and 112 

growth rates (Babcock and Mundy, 1996; Hughes and Jackson, 1985)‖. 113 

  After carefully examining our data, results totally supported the idea of the 114 

reviewer that coral recruits just became paling because of the faster growth and the 115 

resultant dilution of pigments. We are thankful to the reviewer for pointing out this 116 

puzzle and error. Generally, saturation and brightness of each recruit, were measured 117 

by taking the average value of 30 randomly placed quadrats (100×100 pixels each) on 118 

each coral picture using Photoshop’s histogram function (Siebeck et al., 2006). The 119 

quantification of bleaching rates in juvenile corals was quite different from that was 120 

employed for adult branches in Siebeck et al., 2006. For adult branches, the mean 121 

saturation values can be taken as the proxy for symbiont density, however, for the new 122 

recruits here, only the saturation cannot totally reflect the change in symbiont content 123 

in coral holobiont. The bleaching index should consider the change in total content 124 
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rather than the mean density, because all recruits came from a single coral larva and 125 

recruits had significantly different surface area after exposure to different temperature 126 

conditions. Therefore, to account for the size difference between different treatments, 127 

the total chlorophyll/symbiont content of each recruit was determined by multiplying 128 

the mean saturation by surface area (as measured in Section 2.6). Bleaching response 129 

can be further quantified as the reduction in chlorophyll/symbiont content of each 130 

recruit relative to the one yielding the maximum value. Since we got similar results 131 

from both saturation and brightness measurements, we only presented that results 132 

calculated from saturation in Fig. 3d. 133 

  Consequently, this would change our previous result about the bleaching response. 134 

In fact, recruits at 31 °C only exhibited a visible paling because of the faster growth 135 

rates and the resultant dilution of pigments, and there was no obvious bleaching either 136 

under elevated temperature or temperature fluctuations (Fig. 3d). We have amended 137 

this error in the whole manuscript.  138 

 139 

References: 140 

1. Babcock R, Mundy C. Coral recruitment: consequences of settlement choice for 141 

early growth and survivorship in two scleractinians. J Exp Mar Biol Ecol 142 

206:179–201, 1996. 143 

2. Hughes TP, Jackson JBC. Population dynamics and life histories of foliaceous 144 

corals. Ecol Monogr 55:141–66, 1985. 145 

3. Siebeck, U., Marshall, N., Klüter, A., and Hoegh-Guldberg, O.: Monitoring coral 146 

bleaching using a colour reference card, Coral Reefs, 25, 453-460, 2006. 147 

 148 

[Comment 5] Section 4.4 Please see Buddemeier et al 2008 A modeling tool to 149 

evaluate regional coral reef responses to changes in climate and ocean chemistry. 150 

Limnology and Oceanography Methods. Particularly their meta-analysis in Figure 2. 151 

An alternative explanation may simply be a decreasing slope of the temperature x 152 

calcification relationship at higher temperatures as you approach the optimum 153 

(Buddemeier Fig. 2), wherein the corals are not calcifying linearly within the 154 

temperature fluctuation (i.e. at temperatures above the mean they‟re not growing 155 

much faster and they are growing slower at temperatures below the mean thus 156 

resulting in overall decreased calcification in comparison to 31 stable). 157 

[Reply] Thanks for the suggestion on reference and the idea about the non-linear 158 

relationship between calcification and temperature. The response of coral skeletal 159 

growth to temperature is non-linear and characterized by a parabola whose apogee 160 

indicates an optimum and threshold, beyond which the stimulatory impact of 161 

temperature will be reversed (Buddemeier et al., 2008; Castillo et al., 2014; Pratchett 162 

et al., 2015). Therefore, although the optimal temperature for calcification by P. 163 

damicornis recruits remains unknown here, it is possible that in the fluctuating 31 °C, 164 

recruits may calcify at a slower rate when temperature was above 31 °C during 165 

daytime and below 31 °C during night, thus leading to an overall decrease in 166 

calcification compared to the constant 31 °C. We have included this alternative 167 

explanation in the text as follows ―The relationship between skeletal growth in corals 168 
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and temperature is non-linear and characterized by a parabola whose apogee indicated 169 

an optimum and threshold, beyond which the stimulatory impact of temperature will 170 

be reversed (Buddemeier et al., 2008; Castillo et al., 2014; Inoue et al., 2012; Wírum 171 

et al., 2007). Although the optimal temperature for calcification by P. damicornis 172 

recruits remains unknown, it is possible that the recruits exposed to the fluctuating 173 

31 °C treatment calcified at a slower rate when the temperature was below 31 °C 174 

compared to those in the constant 31 °C. However, given the well-established 175 

temperature performance curve for coral calcification (Buddemeier et al., 2008; 176 

Wírum et al., 2007), daytime exposure to temperatures above 32 °C would have 177 

severely impaired the calcification process, thus leading to an overall decrease in 178 

calcification‖.  179 

 180 

Reference: 181 

1. Buddemeier R W, Jokiel P L, Zimmerman K M, et al. A modeling tool to evaluate 182 

regional coral reef responses to changes in climate and ocean chemistry [J]. 183 

Limnology & Oceanography Methods, 6(9):395-411, 2008.  184 

2. Pratchett M S, Anderson K D, Hoogenboom M O, et al. Spatial, Temporal and 185 

Taxonomic Variation in Coral Growth-Implications for the Structure and Function 186 

of Coral Reef Ecosystems [J]. Oceanography & Marine Biology, 53:215-295, 187 

2015. 188 

3. Castillo K D, Ries J B, Bruno J F, et al. The reef-building coral Siderastrea 189 

siderea exhibits parabolic responses to ocean acidification and warming [J]. 190 

Proceedings Biological Sciences, 281(1797), 2014. 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 
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To Referee#2 Dr. E. Rivest 213 

General comments: In their manuscript titled “Impact of diurnal temperature 214 

fluctuations on larval settlement and growth of the reef coral Pocillopora damicornis,” 215 

the authors present research on an exciting and timely topic – the effect of 216 

temperature variability on thermotolerance of two life history stages of a common 217 

reef-building coral. The topic is within the scope of the journal and the focus on 218 

effects of environmental variability is still novel within the coral field. Unfortunately, 219 

I find that this paper is not suitable for publication in its present form. There are 220 

several general ways in which this manuscript can be improved. 221 

 222 

[Reply] We are deeply grateful for the supreme and considerable efforts of the 223 

reviewer to give these valuable and helpful comments. We carefully considered the 224 

suggestions and corrections, and made the structure clearer and text more evident to 225 

the broad readership of Biogeosciences.  226 

 227 

Reply to specific line-by-line comments: 228 

 229 

[Comment 1] The Introduction should include a description of the study species and 230 

of their reproduction (brooding) and the fact that the larvae contain symbionts upon 231 

release. These are critical pieces of information that the general readership of 232 

Biogeosciences will likely not know and are important for properly interpreting the 233 

results. 234 

 235 

[Reply] Thanks for the suggestion about providing the basic information about the 236 

reproductive biology and vertical transmission mode in this coral species. These facts 237 

will be added in Introduction. ―P. damicornis is a widely distributed and major 238 

reef-building coral on reef flats in the Indo-Pacific region (Veron 1986). This species 239 

planulates almost every month and the release of free-swimming and zooxanthellate 240 

planula larvae follows a lunar cycle (Fan et al., 2002)‖ 241 

 242 

References: 243 

1. Veron, J.E.N.. Corals of Australia and the Indo-Pacific. University of Hawaii 244 

Press, Honolulu 644 pp, 1986. 245 

2. Fan TY, Li JJ, Ie SX, Fang LS. Lunar periodicity of larval release by pocilloporid 246 

corals in southern Taiwan. Zool Stud 41:288–294, 2002 247 

 248 

[Comment 2] The Methods needs a much better overall description of the 249 

experimental design. It is difficult to tell if the spat were from the same or separate 250 

trials. Furthermore, the experimental design is flawed because it does not include 251 

replication of the treatments and the culturing techniques are not shown to avoid 252 

imposing artifacts on the responses of the corals. 253 

 254 

[Reply] Sorry for the confusion about the origin of coral spats in Methods. We have 255 

revised to make it clear about the two separate experiments. For the settlement assays, 256 
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larvae were introduced to the petri-dishes with seawater and a CCA chip to test the 257 

effects of temperature treatments on larval settlement. Furthermore, another batch of 258 

larvae were transferred to petri-dishes and allowed to settle within 20 hours. 259 

Afterwards, these newly settled recruits were randomly assigned to treatment tanks to 260 

investigate the temperature effects on the early survival and growth of recruits. These 261 

important details will be included in the text.  262 

It was a pity that the experimental design did not include replication and we have 263 

explicitly pointed out that limitation and problem in Methods. This problem was 264 

addressed by dispensing of larvae/recruits with randomization procedures and 265 

controlling other confounding factors such as salinity and light intensity which are of 266 

great importance to coral growth (Inoue et al., 2012; Dufault et al., 2013). Secondly, 267 

dishes were rotated daily to avoid the potential positional effects within each tank 268 

system. All these procedures were performed to ensure similar conditions across 269 

treatments except for temperatures during the experiment, and therefore the observed 270 

differences could be attributed to temperature treatments (Hurlbert 1984; Underwood 271 

1997). Furthermore, this issue was also addressed by carefully examining the 272 

significance level of the treatment effects to make sure they were real (All the 273 

statistical results will be presented as Tables in Supplement).  274 

 275 

References: 276 

1. Dufault A M, Ninokawa A, Bramanti L, et al. The role of light in mediating the 277 

effects of ocean acidification on coral calcification [J]. Journal of Experimental 278 

Biology, 2013, 216(9):1570-7. 279 

2. Inoue M, Shinmen K, Kawahata H, et al. Estimate of calcification responses to 280 

thermal and freshening stresses based on culture experiments with symbiotic and 281 

aposymbiotic primary polyps of a coral, Acropora digitifera [J]. Global & 282 

Planetary Change, 2012, 92-93(s 92–93):1-7. 283 

3. Hurlbert S H. Pseudoreplication and the Design of Ecological Field Experiments 284 

[J]. Ecological Monographs, 1984, 54(2):187-211. 285 

4. Underwood AJ. Experiments in ecology: Their logical design and interpretation 286 

using analysis of variance. Cambridge University Press, 1997. 287 

 288 

[Comment 3] The statistical tests and results need to be fully described. Posthoc 289 

analyses are not described. Table(s) with full results of all statistical models should 290 

be included, including results of posthoc analyses 291 

 292 

[Reply] In fact, the statistical results of post-hoc analyses have been displayed in the 293 

figures and in the text. In Line 235-238, Line 245-246, Line 250-252, Line 259-260 294 

and Line 267-269, results of post-hoc analyses of settlement, budding, lateral growth 295 

and calcification were described. For instance, when describing the different effects 296 

temperature fluctuations on larval settlement and calcification at different mean 297 

temperatures, we were just depicting results from the post-hoc analyses. The detailed 298 

information of the post-hoc analyses will be included as Tables in Supplement. 299 

 300 
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[Comment 4] More synthesis and integrative discussion is needed across all the 301 

responses measured to inform a broader picture of the implications for the ecology of 302 

this coral. The authors need to place their results in the broader context of 303 

biogeosciences and coral reef ecology. 304 

 305 

[Reply] Thanks for the suggestion about an integrative and broader discussion. 306 

However, we feel that results of this study may not be applied broadly, because the 307 

temperature variability in marine environment still cannot be accurately predicted by 308 

far. To do that, we changed the title of ―Conclusions‖ to ―Conclusions and 309 

implications‖, and added a new paragraph after conclusions as follows: ―The results 310 

of this study suggested that coral larvae subjected to diurnal temperature variations, 311 

especially at increased temperature, exhibit better settlement competence than those 312 

subjected to static thermal treatment. The fluctuating temperatures were favorable to 313 

the photo-physiology of endosymbionts and only had minor effects on post-settlement 314 

development of coral recruits. Therefore, for corals in highly fluctuating environments, 315 

they may have the potential to tolerate and acclimate to the changing seawater 316 

temperatures. These findings may also provide clues as to how diverse coral 317 

communities can persist and thrive in some thermally variable conditions (Craig et al., 318 

2001; Richards et al., 2015). It is important to note that this study was technically 319 

limited to only one fluctuating amplitude, and the extent of thermal variance has as 320 

much of an impact on fitness as the changes in mean temperature (Vasseur et al., 321 

2014). Given that there is currently still no consensus on the future temperature 322 

variability (Burroughs, 2007), it will be critical to study the impact of a broad range of 323 

thermal variations which corals may fare in a warming ocean.‖ 324 

 325 

References: 326 

1. Craig P, Birkeland C, Belliveau S. High temperatures tolerated by a diverse 327 

assemblage of shallow-water corals in American Samoa [J]. Coral Reefs, 328 

20(2):185-189, 2001. 329 

2. Richards Z T, Garcia R A, Wallace C C, et al. A Diverse Assemblage of Reef 330 

Corals Thriving in a Dynamic Intertidal Reef Setting (Bonaparte Archipelago, 331 

Kimberley, Australia) [J]. PLoS ONE, 10(2):e0117791, 2015. 332 

3. Burroughs WJ (2007) Climate change: a multidisciplinary approach. Cambridge 333 

University Press 334 

4. Vasseur DA, DeLong JP, Gilbert B, Greig HS, Harley CDG, McCann KS, Savage 335 

V, Tunney TD, O'Connor MI. Increased temperature variation poses a greater risk 336 

to species than climate warming. Proceedings of the Royal Society B: Biological 337 

Sciences 281, 2014. 338 

 339 

[Comment 5] L58-59 – “sea surface temperature have increased on average by 0.7 340 

deg C”…since what date? A frame of reference is needed here. 341 

 342 

[Reply] Revised as suggested. Now it reads, “Sea surface temperatures have 343 

increased on average by 0.7 °C since preindustrial times (Feely et al., 2009)‖.  344 
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 345 

Reference:  346 

Feely R, Orr J, Fabry V, Kleypas J, Sabine C, Langdon C. Present and future changes 347 

in seawater chemistry due to ocean acidification. In: McPherson B, Sundquist E (eds) 348 

Carbon sequestration and its role in the global carbon cycle. Geophys Monogr Ser, 349 

Vol 183. AGU, p 175−188, 2009. 350 

 351 

[Comment 6] L65-70 – it would be good to cite studies that have quantitatively 352 

analyzed temperature variability for coral reefs here like Rivest and Gouhier, 2015 353 

and Guadayol et al. 2014 354 

 355 

[Reply] Thanks for the suggestion on references. References have been included. 356 

 357 

References: 358 

1. Rivest E B, Gouhier T C. Complex environmental forcing across the 359 

biogeographical range of coral populations[J]. PLoS ONE, 10(3): e0121742, 2015. 360 

2. Òscar Guadayol, Silbiger N J, Donahue M J, et al. Patterns in Temporal 361 

Variability of Temperature, Oxygen and pH along an Environmental Gradient in a 362 

Coral Reef[J]. PLoS ONE, 9(1): e85213, 2014. 363 

 364 

[Comment 7] L77-79 – actually, there are a handful of studies (at least 7) that have 365 

looked at the effects of temperature variability. I do see that the authors have 366 

described the results of a few of these studies in the next paragraph, but they should 367 

rephrase this sentence to better define the knowledge gap that their study aims to fill. 368 

 369 

[Reply] We have revised this sentence as suggested. Now it reads, ―However, only a 370 

handful of studies have explored this thermodynamic effect on corals which routinely 371 

experience thermal oscillations in nature (e.g., Mayfield et al., 2012; Putnam et al., 372 

2010)‖ 373 

  374 

[Comment 8] L83 – “more suited” is vague and confusing. Please be more specific 375 

here. 376 

 377 

[Reply] In Longman Dictionary of Contemporary English, ―suit‖ means ―be 378 

acceptable, suitable or convenient for a particular person or in a particular situation‖. 379 

Therefore, we thought this word choice was proper. 380 

 381 

[Comment 9] L84 – “deleterious effects” of what? Diel temperature oscillations? 382 

 383 

[Reply] Revised as suggested. Now it reads, ―Evidence for the deleterious effects of 384 

diel temperature oscillations includes the significant reductions in photochemical 385 

efficiency, symbiont density and aerobic respiration‖. 386 

 387 

[Comment 10] L86 – “under diel temperature oscillations” compared to what? 388 
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 389 

[Reply] We added the information as suggested. Now it reads, ―exposed to fluctuating 390 

temperatures compared to those in constant temperatures‖. 391 

 392 

[Comment 11] L90-93 – this statement needs references. 393 

 394 

[Reply] References were added as required. 395 

 396 

References: 397 

1. Byrne M. Global change ecotoxicology: Identification of early life history 398 

bottlenecks in marine invertebrates, variable species responses and variable 399 

experimental approaches [J]. Marine Environmental Research, 2012, 76(2):3-15.  400 

2. Keshavmurthy S, Fontana S, Mezaki T, et al. Doors are closing on early 401 

development in corals facing climate change [J]. Scientific Reports, 2014, 4:5633. 402 

 403 

[Comment 12] L126 – the date of collection of adult corals and the holding 404 

conditions of the corals prior to larval release need to be included. The temperature 405 

of the water at which the larvae were released should be included. 406 

 407 

[Reply] We have included information on date of collection and holding conditions. 408 

―Eight P. damicornis colonies were collected from 3 m depth on Luhuitou fringing 409 

reef on 20 August 2015. Colonies were transported to Tropical Marine Biological 410 

Research Station, and placed individually into 20 L flow-through tanks under partially 411 

shaded light conditions (noon irradiance, ~300 µmol photons m
2

 s
1

) and ambient 412 

temperature (28.7  0.5°C). The outflow of each tank was passed through a cup fitted 413 

with 180 μm mesh on the bottom to trap larvae‖  414 

 415 

[Comment 13] L129 – “the recruit experiment” – is this the settlement or 416 

post-settlement experiment? This should be more clearly defined using a phrase like 417 

“to test the effects of xx on yy, larvae were transferred”. This is confusing to the 418 

reader because the authors have not defined what settlers or recruits are. Remember 419 

– the audience is general and interdisciplinary. Or perhaps it would be clearer to 420 

describe more generally that the larvae and settlers are being tested in completely 421 

separate experiments? 422 

 423 

[Reply] Thanks for the suggestion. We revised the title of this section as ―Collection 424 

and allocation of coral larvae‖, and this paragraph as well to clearly define the 425 

settlement and recruit experiments as follows ―Larvae released from these colonies 426 

were collected at 07:00 on 22 August 2015, pooled and haphazardly assigned for the 427 

following experiments. For the settlement assays, larvae were transferred to 5.5-cm 428 

diameter plastic petri dishes as described below (see Section 2.4). To test the effects 429 

of temperature treatments on the photo-physiology and growth of recruits, another 430 

batch of larvae were transferred to 10-cm-diameter petri dishes which were left 431 

floating in a flow-through tank. Twenty hours later, 4 dishes with a total of 35–40 432 
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newly settled recruits were assigned to each treatment tank. Only recruits that settled 433 

individually and at least 1 cm apart from others were selected for the experiment to 434 

avoid possible contact between recruits through growth.‖  435 

 436 

[Comment 14] L130 – were the dishes covered? Did the authors account for/measure 437 

effects of evaporation on salinity? Did the authors measure the temperature in the 438 

floating dishes during this time? Was there selection that could have influenced the 439 

performance of the spat? Again, “spat” is another new synonym used. Please choose 440 

one term for the juvenile corals, define it clearly for the reader, and use it consistently 441 

throughout the text. 442 

 443 

[Reply] All the dishes were covered with close-fitting lids to minimize evaporation 444 

while submerged in the tanks. Unfortunately, we did not measure the salinity of 445 

seawater within the dish after incubation. Preliminary measurements showed that the 446 

difference in seawater temperature between dishes and tanks was less than 0.4 °C and 447 

this information will be included in the text. The selection of recruits that were at least 448 

1 cm apart from others was designed to make sure that they will not come into contact 449 

through lateral growth. Thanks for the suggestion of the wording for juvenile corals. 450 

We will use ―recruits‖ consistently throughout the text. 451 

 452 

[Comment 15] L135 – “ambient temperature” where? At the collection site of the 453 

adult corals? 454 

 455 

[Reply] We revised this sentence to make it clear. Now it reads, “The 29 °C treatment, 456 

corresponding to the ambient temperature at the collection site of adult P. damicornis, 457 

was taken to represent the control treatment.‖ 458 

 459 

[Comment 16] L153-155 – these are results and should be moved to that section. 460 

 461 

[Reply] We agreed that these are also results. However, we feel that it is more 462 

suitable to present this in Section Materials and methods because they clearly 463 

illustrate detailed information on temperature treatments. 464 

 465 

[Comment 17] L155 – how was salinity checked? 466 

 467 

[Reply] “Salinity within each tank was measured using an Orion 013010MD 468 

conductivity probe twice a day‖. 469 

 470 

[Comment 18] L159-162 – these are results and should be moved to that section. 471 

 472 

[Reply] Although this can also be regarded as results, information about the light 473 

conditions was a part of treatment conditions, and therefore we retained this in 474 

Materials and methods Section to show that the light conditions were precisely 475 

controlled and homogenous across tanks. 476 
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 477 

[Comment 19] L162 – it is a significant limitation that the experiment has no true 478 

replication. I understand and empathize with the frustrations of facility and logistical 479 

constraints but more justification is needed for the validity of the results. Could the 480 

authors repeat the experiment to replicate the results in place of replication during 481 

the experiment? 482 

 483 

[Reply] We are sorry for this limitation and we have explicitly stated this problem in 484 

Methods. To try to eliminate other confounding effects, we randomly allocated coral 485 

recruits to each treatment and accurately controlled the salinity and light intensity 486 

between treatments. Furthermore, the dishes with recruits were rotated daily within 487 

each tank to minimize the potential positional effects. In fact, during the pilot study 488 

(as the results presented in Supplement), we failed to manipulate the fluctuating 489 

temperature treatments because of a technical problem, and therefore we only 490 

reported results of the constant temperature treatments in Supplement. The results of 491 

the pilot study were consistent with the later one on the aspect that the growth and 492 

development of P. damicornis recruits were accelerated at 31 °C, therefore further 493 

consolidating our results.  494 

 495 

[Comment 20] L166 – the title “Settlement assay” makes me think that the authors 496 

are going to be testing effects on settlement and is confusing with “preparation of 497 

spat” in the title of the last section. Please revise. 498 

 499 

[Reply] We changed the structure in Methods and revised the title as suggested to 500 

make them clearer and easier to understand. Please see [Reply] to [Comment 2] and 501 

[Comment 13]. 502 

 503 

[Comment 21] L168 – is this species of CCA a natural settlement substrate for this 504 

species in your location? Please provide additional details here. 505 

 506 

[Reply] It has been shown that P. damicornis larvae have no specific discrimination 507 

for the settlement substrate and it can settle on plastic sheet without the presence of 508 

CCA (Hidaka 1985; Lei Jiang personal observation). Hydrolithon reinboldii is one of 509 

the most abundant CCA species in our study site and juvenile P. damicornis in the 510 

field are often found adjacent to H. reinboldii in our location. Our previous 511 

observation found that it was an effective settlement cue for P. damicornis larvae. 512 

These details are included in the text. 513 

 514 

Reference: 515 

Hidaka M. Tissue compatibility between colonies and between newly settled larvae of 516 

Pocillopora damicornis [J]. Coral Reefs, 1985, 4(2):111-116. 517 

 518 

[Comment 22] L170 – did the dishes have lids? Were they sealed in the treatment 519 

tank (“submerged”)? What was the depth of the water in the dishes? It seems like a 520 
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very high spat density in a small volume of water. Please provide justification that 521 

these are natural and representative settlement conditions for this species. 522 

 523 

[Reply] Yes, the petri dishes were covered with lids as they were submerged in the 524 

tanks. The depth of the water in each dish was approximately 7 mm. The volume of a 525 

single P. damicornis larvae ranged from 0.35-0.39 mm
3
 (Isomura & Nishihira 2001; 526 

Edmunds et al., 2011), and the total volume of 15 larvae was approximately 5.3-5.8 527 

mm
3
, which only accounted for 0.04% of the total seawater volume (15 ml, 15,000 528 

mm
3
) in each dish. Furthermore, the larval density in the petri dishes here was 1 larva 529 

per ml, which is representative of that used in the literature (e.g., Heyward & Negri 530 

2010; Putnam et al., 2008; Da-Anoy et al., 2017; Harii et al., 2010; Negri et al., 2005). 531 

 532 

References: 533 

1. Heyward A J, Negri A P. Plasticity of larval pre-competency in response to 534 

temperature: observations on multiple broadcast spawning coral species [J]. Coral 535 

Reefs, 2010, 29(3):631-636. 536 

2. Putnam H M, Edmunds P J, Fan T Y. Effect of Temperature on the Settlement 537 

Choice and Photophysiology of Larvae From the Reef Coral Stylophora pistillata 538 

[J]. Biological Bulletin, 2008, 215(2):135-142. 539 

3. Da-Anoy J P, Villanueva R D, Cabaitan P C, et al. Effects of coral extracts on 540 

survivorship, swimming behavior, and settlement of Pocillopora damicornis, 541 

larvae [J]. Journal of Experimental Marine Biology & Ecology, 2017, 486:93-97. 542 

4. Harii S, Yamamoto M, Hoegh-Guldberg O. The relative contribution of 543 

dinoflagellate photosynthesis and stored lipids to the survivorship of symbiotic 544 

larvae of the reef-building corals [J]. Marine Biology, 2010, 157(6):1215-1224. 545 

5. Isomura N, Nishihira M. Size variation of planulae and its effect on the lifetime of 546 

planulae in three Pocilloporid corals [J]. Coral Reefs, 2001, 20(3):309-315. 547 

6. Edmunds P J, Cumbo V, Fan T Y. Effects of temperature on the respiration of 548 

brooded larvae from tropical reef corals [J]. Journal of Experimental Biology, 549 

2011, 214(16):2783-90. 550 

7. Negri A, Vollhardt C, Humphrey C, et al. Effects of the herbicide diuron on the 551 

early life history stages of coral [J]. Marine Pollution Bulletin, 2005, 552 

51(1):370-383. 553 

 554 

[Comment 23] L180 – where did these spat come from? Were they from the 555 

“settlement assay” or from “preparation of spat”? Were they kept in the four 556 

treatments during this time? I can‟t interpret the results of these tests without knowing 557 

these important details. 558 

 559 

[Reply] Sorry again for this structure problem and the confusion it caused. The larvae 560 

were mixed and randomly used for two separate experiments. Recruits for the 561 

post-settlement experiment were all from another batch of larvae which settled on 562 

10-cm-diameter petri-dishes. Also refer to [Reply] to [Comment 2], [Comment 13] 563 

and [Comment 20]. 564 
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 565 

[Comment 24] L194-195 – describe the settings for photography and illumination to 566 

allow others to replicate your measurements. 567 

 568 

[Reply] ISO setting of the camera was 12800 and the illumination provided while 569 

photographing was 35 µmol photons m
2

 s
1

. This information will be added in the 570 

text. 571 

 572 

[Comment 25] L198 – the statistical comparison needs to be described here. What 573 

were the controls? Was the bleaching index assessed as relative to corals in the 574 

control treatment or was it a comparison of absolute values? 575 

 576 

[Reply] Saturation of each coral, a good proxy for chlorophyll/symbiont density 577 

(Siebeck et al. 2006), was measured by taking the average value of 30 randomly 578 

placed quadrats (100×100 pixels each) on each coral picture using Photoshop’s 579 

histogram function. The total chlorophyll/symbiont content of each recruit was 580 

determined by multiplying the mean saturation by surface area (as measured in 581 

Section 2.6 below) to further account for the size difference. Bleaching response was 582 

quantified as the reduction in chlorophyll/symbiont content of each recruit relative to 583 

the one yielding the maximum value. Therefore, it was just a comparison of the 584 

relative values. 585 

 586 

Reference: 587 

Siebeck, U., Marshall, N., Klüter, A., and Hoegh-Guldberg, O.: Monitoring coral 588 

bleaching using a colour reference card, Coral Reefs, 25, 453-460, 2006. 589 

 590 

[Comment 26] L201 – which recruits? The ones assessed for bleaching? Different 591 

ones? 592 

 593 

[Reply] We are sorry for the unclear structure of Methods that made the reviewer feel 594 

perplexed. All the recruits in each treatment were checked daily for their survivorship. 595 

At the end of the experiment, recruits were also photographed to assess their surface 596 

area and bleaching response. They were the same batch throughout the recruit 597 

experiment. To make it clearer, we revised this sentence as ―Throughout the recruit 598 

experiment, corals from each treatment were checked daily under a dissecting 599 

microscope and scored as alive or dead based on the presence of polyp tissue‖. Also 600 

refer to [Reply] to [Comment 2], [Comment 13], [Comment 20] and [Comment 23]. 601 

 602 

[Comment 27] L213 – details of post-hoc analyses need to be included. 603 

 604 

[Reply] When main effects were significant (P < 0.05), planned multiple comparisons 605 

following ANOVAs were conducted using Fisher’s LSD tests (Day and Quinn, 1989). 606 

All the details of post-hoc analyses will be included in Supplement. 607 

 608 
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Reference: 609 

Day, R. W., and Quinn, G. P.: Comparisons of treatments after an analysis of variance 610 

in ecology, Ecol Monogr, 59, 433-463, 1989. 611 

 612 

[Comment 28] L229-230 – is this „normal‟ settlement behavior for this species? 613 

Could it be an artifact of the „unnatural‟ settlement conditions? 614 

 615 

[Reply] It remains enigmatic whether it was ―normal‖ settlement behavior or it was 616 

just an artifact of the ―unnatural‖ settlement conditions. This phenomenon has been 617 

confirmed in a wide range of coral species in laboratory (Edmunds et al., 2001; 618 

Putnam et al., 2008; Vermeij, 2009; Mizrahi et al., 2014; Richmond, 1985; Denis et al., 619 

2014). In the discussion part, we presented the possible ecological implications of this 620 

kind of larvae according to previous studies (Mizrahi et al., 2014; Richmond, 1985). 621 

 622 

References: 623 

1. Edmunds, P., Gates, R., and Gleason, D.: The biology of larvae from the reef coral 624 

Porites astreoides, and their response to temperature disturbances, Mar. Biol., 139, 625 

981-989, 2001. 626 

2. Putnam H M, Edmunds P J, Fan T Y. Effect of Temperature on the Settlement 627 

Choice and Photophysiology of Larvae From the Reef Coral Stylophora pistillata 628 

[J]. Biological Bulletin, 215(2):135-142, 2008. 629 

3. Vermeij, M. J. A.: Floating corallites: a new ecophenotype in scleractinian corals, 630 

Coral Reefs, 28, 987, 2009. 631 

4. Mizrahi, D., Navarrete, S. A., and Flores, A. A. V.: Groups travel further: pelagic 632 

metamorphosis and polyp clustering allow higher dispersal potential in sun coral 633 

propagules, Coral Reefs, 33, 443-448, 2014. 634 

5. Richmond, R. H.: Reversible metamorphosis in coral planula larvae, Mar. Ecol. 635 

Prog. Ser., 22, 181-185, 1985. 636 

6. Denis V, Loubeyres M, Doo S S, et al. Can benthic algae mediate larval behavior 637 

and settlement of the coral Acropora muricata? [J]. Coral Reefs, 33(2):431-440, 638 

2014. 639 

 640 

[Comment 29] L231-235 – since the results were not significant, there are no 641 

“distinct” differences. If the interaction is not significant, how can there be 642 

significant groupings stated on the figure (2c)? 643 

 644 

[Reply] It is certain that ―despite a non-significant ANOVA F-test there are, in fact, 645 

significant differences between at least one set of means among the treatment groups 646 

tested which can be ultimately resolved using multiple comparison tests that have 647 

more power than the original ANOVA‖ (Underwood 1997; Dunne 2010; Lesser 648 

2010). Therefore, it cannot exclude the possibility of significant groupings though the 649 

interaction term was not significant (P < 0.05). Firstly, the main effect of temperature 650 

on settlement was significant, and then the post-hoc analyses did show that the effects 651 

of temperature fluctuation were dependent on the mean temperature.  652 
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 653 

References: 654 

1. Underwood AJ (1997) Experiments in ecology. Cambridge University Press, 655 

United Kingdom 656 

2. Dunne R P. Synergy or antagonism—interactions between stressors on coral reefs 657 

[J]. Coral Reefs, 2010, 29(1):145-152.  658 

3. Lesser M P. Interactions between stressors on coral reefs: analytical approaches, 659 

re-analysis of old data, and different conclusions [J]. Coral Reefs, 2010, 660 

29(3):615-619. 661 

 662 

[Comment 30] L237 – “greatly alleviated” is an interpretation and does not belong 663 

in the Results section. The phrase “in contrast” is inappropriate here because 664 

settlement success was not statistically distinct with that under the fluctuating and 665 

constant regimes at 29degC. 666 

 667 

[Reply] Revised as suggested. Now it reads ―The settlement rate at fluctuating 31 °C 668 

was comparable to that in the control treatment, and significantly higher than that in 669 

the constant 31 °C treatment‖. About the phrase ―in contrast‖, we thought it was 670 

appropriate. It was evident that the temperature fluctuations had different effect on 671 

settlement at different mean temperature levels. ―Settlement was similar between 672 

fluctuating and constant regimes at 29 °C‖. However, it was not this case at 31 °C. 673 

Hence, we used ―in contrast‖ to make a comparison of the effects temperature 674 

fluctuations at 29 and 31 °C.  675 

 676 

[Comment 31] L241 – what were the separate analyses? 677 

 678 

[Reply] Separate analyses meant separation of the results by timepoint, i.e., we 679 

analyzed the data separately for each timepoint. We revised this sentence as 680 

―Separation of the results by time showed that…….‖  681 

 682 

[Comment 32] L255 – replace “strongly” with “significantly.” Also, the Chi-square 683 

test was not listed in the Results section. Please include. 684 

 685 

[Reply] The wording is changed as suggested. Moreover, the Chi-square test on the 686 

budding state among different treatments was included in Section 2.7 Data analyses in 687 

Methods. ―Recruits were divided into 3 categories according to the number of polyps: 688 

1-polyp, (2-4)-polyp and (5-6)-polyp. A Chi-square test was used to compare the 689 

differences in bud formation among treatments.‖  690 

 691 

[Comment 33] L264-267 – again how can the authors claim this if the model was not 692 

statistically significant? 693 

 694 

[Reply] Again, the reason was that the main effect of temperature was significant, and 695 

the temperature fluctuations had different effects on calcification at different mean 696 
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temperatures as revealed by the post-hoc analyses. Please see the explanation in 697 

[Reply] to [Comment 29]. 698 

 699 

[Comment 34] L270 – survival of what? 700 

 701 

[Reply] Revised as suggested. Survival of recruits remained >86% in all treatments 702 

after 7 days. 703 

 704 

[Comment 35] L275 – this is the first time Q10 is mentioned. This needs to be 705 

included in the methods and defined carefully for the broad readership. Why was Q10 706 

calculated for these results and not the others? 707 

 708 

[Reply] Thanks for the suggestion. The definition, calculation formula and the 709 

implications of temperature coefficient Q10 will be added in Methods. Q10 is widely 710 

used in temperature experiments to express the sensitivity of metabolism, 711 

development and growth to temperature changes (Hochachka & Somero 2002; Rivest 712 

& Hofmann 2014; Howe & Marshall 2001). Q10 was calculated using following 713 

equation: Q10 = (R2/R1) ^ (10/(T2-T1)), where R is the growth rate at temperature T2 714 

or T1. Q10 values of enzyme-catalyzed reactions often double for the 10 °C increase 715 

in temperature. As Q10 is often calculated for respiration, growth and development, 716 

here it was calculated for changes in lateral growth, bud development and 717 

calcification at two temperatures. 718 

 719 

Reference  720 

1. Hochachka, P. W., and Somero, G. N.: Biochemical Adaptation: Mechanism and 721 

Process in Physiological Evolution, Oxford University Press, New York, 2002. 722 

2. Rivest E B, Hofmann G E. Responses of the Metabolism of the Larvae of 723 

Pocillopora damicornis to Ocean Acidification and Warming[J]. PLoS ONE, 724 

2014, 9(4): e96172. 725 

3. Howe, S. A. and A. T. Marshall. Thermal compensation of metabolism in the 726 

temperate coral, Plesiastrea versipora (Lamarck, 1816). J. Exp. Mar. Biol. Ecol. 727 

259: 231–248, 2001. 728 

 729 

[Comment 36] L279 –Based on my interpretation of the data, it was only lower at 730 

constant elevated temperatures. 731 

 732 

[Reply] Revised as suggested. Now it reads ―The pronounced decline in successful 733 

settlement at constant 31 °C‖ 734 

 735 

[Comment 37] L282 – “hardly impaired” – too qualitative 736 

 737 

[Reply] Revised as suggested. Now it reads, ―Interestingly, the transient exposure to 738 

33 °C in variable conditions did not produce the same negative response on larval 739 

settlement as constant exposure to 31 °C; on the contrary, coral larvae experiencing 740 
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diurnal shifts between 30 and 33 °C settled at a similar rate to those in the control‖. 741 

 742 

[Comment 38] L283 – I am having difficulty with the phrase “greatly attenuated the 743 

thermal stress on settlement” throughout the manuscript (alleviated, mitigated, 744 

tempered….). Because of the lack of replication, it is hard to attribute the responses to 745 

thermal stress and constant vs. variable conditions. I think it would be better to say 746 

something like “did not produce the same negative response to high temperature as 747 

under exposure to constant high temperature.” Based on the experimental design, it is 748 

impossible to know whether the corals simply experienced less thermal stress overall 749 

because they spent some time at temperatures less than 31degC each day or if they 750 

responded differently to the high temperature. These mechanistic possibilities should 751 

be discussed and phrasing should be more careful. 752 

 753 

[Reply] Sorry for this confusion. We have revised the saying in Line 282-283 as 754 

suggested. Please see [Reply] to [Comment 37]. About the replication problem, 755 

please see [Reply] to [Comment 2] for explanations and details. 756 

For the word choice of ―mitigated, alleviated, tempered…….‖, we should explain 757 

them one by one. For the first one in Line 32, since Qm was lowered by temperature 758 

fluctuations, we revised it as ―reduced the maximum excitation pressure‖. In Line 759 

236-237, we did agree with the reviewer’s comment that this was an interpretation 760 

and should be stated as facts. Therefore, we revised this sentence as ―The settlement 761 

rate at fluctuating 31 °C was comparable to that in the control treatment and 762 

significantly higher than that in the constant 31 °C treatment‖. For that in Line 763 

282-283, we have revised following the reviewer’s suggestion. Please see [Reply] to 764 

[Comment 37]. For the one in Line 312, as stated before, there was a significant effect 765 

of temperature fluctuation on Qm, and we revised it as ―temperature oscillations could 766 

relieve the heat stress on corals‖. For that in Line 423-424, we used the word 767 

―tempered‖ to state that the thermal stress caused by elevated mean temperature 768 

(31 °C) on larval settlement was lessened by temperature fluctuations. This was 769 

consistent with the meaning of ―temper‖ as ―to make something less severe or 770 

extreme‖,  771 

Although, in the fluctuating treatment, corals spent some time at temperatures less 772 

than 31 °C each day compared to those in constant 31 °C, that did not mean they 773 

experienced less thermal stress overall. Because the experiment was designed to 774 

create similar mean temperature values between constant and fluctuating temperature 775 

treatments. When determining thermal stress, there must be a reference level. 776 

Therefore, relative to control (29 °C in this study), the cumulative thermal stress, as 777 

assessed by degree heating days (Maynard et al., 2008), was equivalent for constant 778 

and fluctuating 31 °C treatments (corresponding to ~ 2 degree-heating day in the 779 

settlement assay). This index is useful in characterizing the experimental heating 780 

treatments and facilitating the comparison between temperature treatments (Oliver & 781 

Palumbi et al., 2011; Schoepf et al., 2015).  782 

Moreover, we would like to thank the reviewer for the hint that larvae may respond 783 

differently to high temperatures. Previous studies have shown that short-term 784 
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exposure (minutes to hours) of coral larvae to extremely high temperatures (33-37 °C) 785 

would enhance the subsequent settlement at lower temperature, suggesting a strong 786 

latent effect (Coles 1985; Nozawa & Harrison, 2007). Therefore, another 787 

nonexclusive reason for the higher settlement in fluctuating 31 °C may be the 2-h 788 

exposure at 33 °C during daytime, thereby exerting a latent effect on settlement at 789 

night when the temperature was lowered. This possibility is added to the Discussion. 790 

 791 

References: 792 

1. Maynard, J. A. et al. ReefTemp: An interactive monitoring system for coral 793 

bleaching using high-resolution SST and improved stress predictors. Geophys. 794 

Res. Lett. 35, L05603, 2008. 795 

2. Schoepf, V., Stat, M., Falter, J. L., and McCulloch, M. T.: Limits to the thermal 796 

tolerance of corals adapted to a highly fluctuating, naturally extreme temperature 797 

environment. Sci. Rep., 5, 17639, 2015. 798 

3. Oliver, T. A., and Palumbi, S. R.: Do fluctuating temperature environments 799 

elevate coral thermal tolerance?. Coral Reefs, 30, 429-440, , 2011 800 

4. Coles SL. The effects of elevated temperature on reef coral planula settlement as 801 

related to power station entrainment. In: Proceedings of 5th international coral 802 

reef congress. 4:171–176, 1985. 803 

5. Nozawa Y, Harrison P L. Effects of elevated temperature on larval settlement and 804 

post-settlement survival in scleractinian corals, Acropora solitaryensis, and 805 

Favites chinensis [J]. Marine Biology, 152(5):1181-1185, 2007. 806 

 807 

[Comment 39] L288 – I don‟t think the authors can say that fluctuating conditions 808 

favor settlement because the 29degC constant and fluctuating conditions produced 809 

statistically similar settlement rates. Furthermore, when did settlement happen? Did it 810 

happen during the daytime when temperatures were higher, or during the nighttime 811 

when temperatures were lower? These details could be important for appropriate 812 

interpretation of the results. 813 

 814 

[Reply] We totally agreed with the reviewer since fluctuating conditions did not 815 

impact settlement at 29 °C. However, settlement rates at the mean temperature of 816 

31 °C did differ between constant and fluctuating regimes. To address this, we revised 817 

this sentence to make it more specific. Now it reads, ―whereas settlement may proceed 818 

as temperature descends to a more tolerable level at night (30 °C in this study). It is 819 

likely that the fluctuating temperature conditions may provide some respite for coral 820 

larvae, thereby favoring the settlement at elevated and fluctuating temperatures‖. For 821 

the purpose of not disturbing larvae while handling of petri dishes, we did not monitor 822 

settlement at multiple timepoints during incubation. Therefore, we added more 823 

discussion here to state this problem and further observations are clearly needed to 824 

confirm this hypothesis. The added discussion is as follows, ―More precise assessment 825 

of settlement timing was not possible without disturbing larvae, given the use of small 826 

petri dishes. Future studies are needed to regularly observe and establish the dynamics 827 

of larval behavior under fluctuating temperatures to confirm this hypothesis.‖. 828 
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 829 

[Comment 40] L298-301 – what about the desperate larval hypothesis? 830 

 831 

[Reply] The desperate larval hypothesis denotes that the non-feeding planktonic 832 

larvae become less discriminating in their selection of settlement substrate, i.e., more 833 

desperate to settle, as they age and energy reserves run low. The settlement assays 834 

only lasted 24 hours, and therefore the desperate larval hypothesis may not fit here. 835 

 836 

[Comment 41] L327 – both constant and fluctuating T treatments 837 

 838 

[Reply] The +2 °C treatment denoted both the constant and fluctuating 31 °C 839 

treatments. 840 

 841 

[Comment 42] L340-342 – this sentence needs to be better integrated with the 842 

paragraph 843 

 844 

[Reply] Thanks for this suggestion and we have revised this paragraph as follows: 845 

―Although juvenile P. damicornis at 31 °C exhibited apparent paling appearance 846 

compared to those in 29 °C, loss of symbionts and bleaching were not indicated, as 847 

the faster lateral growth at 31 °C suggests that the paling is instead the result of 848 

pigment dilution due to a larger surface area. This outcome contrasts with previous 849 

work showing the sensitivity of endosymbionts within coral recruits to elevated 850 

temperatures (Anlauf et al., 2011; Inoue et al., 2012). The lack of bleaching response 851 

to elevated temperatures in the current study may be linked to the symbiont type. P. 852 

damicornis predominantly harbored Symbiodinium clade D in Luhuitou (Zhou, 2011), 853 

which has been found to be particularly thermally tolerant. In addition, the difference 854 

in treatment duration could also partially explain these contrasting sensitivities. Albeit 855 

ecologically relevant, the exposure duration in this study was much shorter than 856 

previous studies (Anlauf et al., 2011; Inoue et al., 2012), therefore resulting in less 857 

cumulative stress. It is possible that a loner exposure time may cause similar 858 

bleaching responses to those found by other studies. 859 

Further, daytime exposure to high temperatures in fluctuating treatments did not 860 

induce significant symbiont loss in juvenile P. damicornis. This observation is in stark 861 

contrast to the observations of Putnam and Edmunds (2011) on adult corals. That 862 

study found that ephemeral exposure to 30 °C at noon in fluctuating conditions (26–863 

30 °C) elicited a 45% reduction in symbiont density of adult P. meandrina compared 864 

to corals at the steady 28 °C treatment, a larger effect than that was elicited by 865 

continuous exposure to 30 °C (36%). The flat structure of juvenile corals has been 866 

suggested to provide a higher mass transfer capacity to remove reactive oxygen 867 

species than the branching and three-dimensional adults (Loya et al., 2001). Hence, 868 

the discrepancy between our results and that of Putnam and Edmunds (2011) may, at 869 

least partially, be attributed to the morphology-specific difference in thermal tolerance 870 

of juvenile and adult corals‖. 871 

 872 
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References: 873 
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coral-algal symbiosis. Ph.D. thesis, Graduate School of Chinese Academy of 880 

Sciences, p 127. 881 

4. Baker A C, Starger C J, Mcclanahan T R, et al. Coral reefs: corals' adaptive 882 

response to climate change [J]. Nature, 430(7001):741, 2004. 883 

 884 

[Comment 43] L344 – this section does not mesh well with the rest of the Discussion 885 

 886 

[Reply] In fact, section 4.3 was all about the higher growth rate and accelerated 887 

development at 31 °C compared to 29 °C, which was an important and independent 888 

aspect of this study.   889 

 890 

 891 

[Comment 44] L407-410 – but calcification rates increased under the high 892 

temperature treatments…..? 893 

 894 

[Reply] Here we are only discussing about the possible explanation for the 20% 895 

reduction in calcification at fluctuating 31 °C relative to its constant counterpart. It did 896 

not contradict the fact that recruits calcified faster at higher temperatures. 897 

 898 

[Comment 45] L429 – but it was still elevated compared to the 29degC treatments... 899 

Figure S1. Panels a and b are not very relevant displays of temperature information 900 

for useful interpretation of the experimental design. A plot showing average seasonal 901 

daily temperature variability would be more useful. Plot d needs to have an x-axis 902 

label.  903 

 904 

[Reply] To make it clearer, now it reads ―two hours’ exposure to 33 °C during the 905 

daytime apparently caused a reduction in calcification compared to constant exposure 906 

to 31 °C‖. For Fig S1., S1a did display the seasonal daily average temperatures and 907 

daily maximum and minimum values. The bold black line in Fig. s1a shows the daily 908 

average temperatures, and the shaded grey area illustrates the daily maximum and 909 

minimum temperatures Therefore, it did show the information about the seasonal 910 

daily temperature variability. The x-axial label ―Date‖ for S1d was added. 911 

 912 

[Comment 46] L116 – Doesn‟t the dataset go to 2016, not 2015? 913 

 914 

[Reply] Change was made as suggested in the text. Now it reads ―Seawater 915 

temperatures at 3 m depth on Luhuitou fringing reef (18°12′N, 109°28′E) was 916 
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recorded at 30 min intervals from 2012 to 2016.‖ 917 

 918 

[Comment 47] L123 – Should Fig. S1d be cited here instead of S1c? 919 

 920 

[Reply] Sorry for this mistake and correction was made accordingly in the text.  921 

 922 

[Comment 48] There are consistent errors in grammar and word choice throughout 923 

the manuscript. While it does not impede the reader from understanding the scientific 924 

content, I advise the authors to carefully copy edit the entire text. 925 

 926 

[Reply] We are truly sorry for this problem. With the help of Editor, reviewers and all 927 

authors, we have tried our best to correct errors in grammar and wording. We will 928 

further check the errors and improve the wording. After careful revision, the 929 

manuscript has been sent for English editing and we have carefully copy edited the 930 

entire text. 931 

 932 

 933 

 934 

 935 

 936 

 937 

 938 

 939 

 940 

 941 
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Abstract 964 

Diurnal fluctuations in seawater temperature are ubiquitous on tropical reef flats. 965 

However, the effects of such dynamic temperature variations on the the early stages of 966 

corals are poorly understood. HIn this studyere, we investigated the responses of 967 

larvae and new spatsrecruits of Pocillopora damicornis to two constant temperature 968 

treatments (29 and 31 °C), and two diurnally fluctuating treatments (28–31 and 30–969 

33 °C with daily means of 29 and 31 °C, respectively) simulating the 3 °C diel 970 

oscillations at 3 m depth on Luhuitou fringing reef (Sanya, China). Results showed 971 

that the thermal stress on settlement at 31 °C was almost negated by the the 972 

fluctuating treatment. Further, neither elevated temperature nor temperature 973 

fluctuations did not exacerbatecaused bleaching responses in recruits but , while 974 

alleviated the maximum excitation pressure over photosystem Ⅱ (PSⅡ) was reduced 975 

under fluctuating temperatures. Although early growth and development were highly 976 

stimulated at 31 °C, oscillations of 3 °C had little effects on budding and lateral 977 

growth at either mean temperature. Nevertheless, daytime encounters with the 978 

maximum temperature of 33 °C in fluctuating 31 °C elicited a notable reduction in 979 

calcification compared to constant 31 °C. These results underscore the complexity in 980 

of the effects caused by diel temperature fluctuations on early stages of corals, and 981 

suggest that the ecologically relevant temperature variability could buffer the 982 

warming stress on larval settlement and dampen the positive effects of increased 983 

temperatures on coral growth.  984 

 985 
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 990 

1 Introduction 991 

Scleractinian corals and the reef ecosystems they construct are currently facing 992 

environmental changes at unprecedented rates of changes, . Oof which thethese 993 

changes, rising seawater temperature is generally recognized as one of the most 994 

immediate and widespread threats (Hoegh-Guldberg, 1999; Hughes et al., 2003). The 995 

most conspicuous response of corals to elevated temperatures is to expel their 996 

endosymbiotic dinoflagellates and/or photosynthetic pigments, resulting in the paling 997 

ofgiving the affected colonies a pale appearance, a process known as coral bleaching 998 

(Hoegh-Guldberg, 1999). Due to the loss of zooxanthellae, bleached corals usually 999 

fail to obtain their key metabolic requirements from the photosynthetically fixed 1000 

carbon (Grottoli et al., 2006). As a result, massive mortality of corals has been 1001 

frequently observed following bleaching, leading to serious decline and impaired 1002 

ecosystem functionality due to bleaching events (Hoegh-Guldberg, 2011; Graham et 1003 

al., 2006). 1004 

On averageRelative to preindustrial level, sea surface temperatures have increased 1005 

on average by approximately 0.7 °C since preindustrial times (Feely et al., 2013) and 1006 

a further increase ofnother 2–3 °C increase areis expected by the end of this century 1007 
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(Bopp et al., 2013), giving rise to increased concerns about effects on corals. 1008 

Therefore, concerns about the devastating effects of rising temperatures on corals 1009 

have escalated, and the bulk of scientific work addressing the impact of ocean 1010 

warming on corals have has centered focused on their tolerance  and physiological 1011 

responses to the predicted increases in mean temperature (Stambler, 2010). 1012 

NeverthelessHowever, seawater temperatures on coral reefs are characterized by 1013 

striking fluctuations over timescales ranging from minutes to hours to months. In 1014 

particularNotably, temperature profiles from reef environments typically show diel 1015 

oscillations of up to 4–10 °C  (Coles, 1997; Dandan et al., 2015; Guadayol et al., 1016 

2014; Oliver and Palumbi, 2011; Rivest and Gouhier, 2015)(Coles, 1997; Dandan et 1017 

al., 2015; Mayfield et al., 2012; Oliver and Palumbi, 2011; Putnam and Edmunds, 1018 

2011). A consistent daily cycle is commonly present, with temperature increasing after 1019 

sunrise, peaking after noon and then gradually decreasing to the minimum (e.g., 1020 

Zhang et al., 2013; Putnam and Edmunds, 2011). 1021 

It has been long -established that the performance of organisms, including a diverse 1022 

range of marine invertebrates, differs in between steady versus and variable thermal 1023 

conditions of equivalent mean temperature, including a diverse range of marine 1024 

invertebrates (Bryars and Havenhand, 2006; Lucas and Costlow, 1979; Marshall and 1025 

McQuaid, 2010; Orcutt and Porter, 1983; Pilditch and Grant, 1999; Sastry, 1979). 1026 

These studies have demonstrated that temperature fluctuations can either speed up or 1027 

retard early development and growth can either be speeded up or retarded due to 1028 

temperature fluctuations, depending upon the mean temperatures and amplitude 1029 
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around the mean valueof the fluctuations. However, few studies have explored this 1030 

thermodynamic effect on corals which routinely experience temperature oscillations 1031 

in nature (e.g., Mayfield et al., 2012; Putnam et al., 2010) remains largely unstudied.  1032 

Recently, our understanding of the physiological responses of corals to diurnally 1033 

fluctuating temperature has advanced, but results have been variable and even 1034 

conflicting. For instance, the photo-physiology in larvale and adults of pocilloporid 1035 

corals is more suited to the fluctuating than to the constant temperatures (Mayfield et 1036 

al., 2012; Putnam et al., 2010). Conversely, evidence for the deleterious effects of diel 1037 

temperature fluctuations includes the significant reductions in photochemical 1038 

efficiency, symbiont density and aerobic respiration in corals exposed to fluctuating 1039 

temperatures compared to those in constant temperatures under diel temperature 1040 

oscillations (Putnam and Edmunds, 2011; Putnam and Edmunds, 2008). These 1041 

contrasting results reiterate emphasize a clear need to further explore the impact of 1042 

diurnally fluctuating temperatures, together with the projected increase in temperature 1043 

on reef corals. 1044 

In the context of global deterioration of coral reefs and climate change, the early 1045 

life history stages of corals have drawn increasing attention in recent decades, as they 1046 

are more vulnerable to environmental changes than their adult counterparts, and more 1047 

importantly, represent a bottleneck for the maintenance of populations (Byrne, 2012; 1048 

Keshavmurthy et al., 2014). The sSuccessful larval settlement, post-settlement 1049 

survival and growth are of paramount importance to population persistence, as well as 1050 

the recovery of degraded reefs (Ritson-Williams et al., 2009; Penin and Adjeroud, 1051 
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2013). Mounting evidence suggests that ocean warming poses a serious threat to these 1052 

early processes (reviewed in Keshavmurthy et al., 2014), but most of those previous 1053 

experiments utilized steady temperature treatments, therefore neglecting the temporal 1054 

variations of in situ temperature (but see Putnam et al., 2010). To date, there is a 1055 

paucity of knowledge regarding the influence of dynamic temperatures on these 1056 

crucial early stages in of reef corals. The risk imposed by ocean warming on fitness 1057 

and development of corals by ocean warming can be best understood by integrating 1058 

bothsuch diel thermocycles and changes in mean temperature (Boyd et al., 2016). 1059 

The present study aimed to investigate how the early stages of the reef coral 1060 

Pocillopora damicornis will be affected by the diurnally oscillatory temperatures, 1061 

together with ocean warming. P. damicornis is a widely distributed and major 1062 

reef-building coral on reef flats in the Indo-Pacific region (Veron, 1993). This species 1063 

planulates almost every month and the release of free-swimming and zooxanthellate 1064 

planula larvae follows a lunar cycle (Fan et al., 2002). Brooded larvae and new 1065 

settlersrecruits were exposed to contrasts of two temperature levels (29 and 31 °C) 1066 

and crossed with two temperatures regimes (constant and 3 °C diel fluctuations). 1067 

Diurnal patterns of temperature fluctuations were set according tobased on the 1068 

temperature records in from our study site, Luhuitou fringing reef in , Sanya, China. 1069 

Larval condition and juvenile growth after incubation were assessed to compare their 1070 

responses to constant and oscillatory temperatures. 1071 

 1072 

2 Materials and methods 1073 
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2.1 Field seawater temperature monitoring 1074 

Seawater temperatures at 3 m depth onin Luhuitou fringing reef (18°12′N, 109°28′E) 1075 

wereas recorded at 30 min intervals from 2012 to 20152016, using Hobo Pendant data 1076 

loggers (Onset, USA). The temperature profiles showed large seasonal and diurnal 1077 

fluctuations, with athe maximum of 33.1 °C and a minimum of 33.1 °C and 20.3 °C 1078 

respectively (Fig. S1a). The mean annual temperature was 27 °C and the mean 1079 

monthly mean temperature ranged from 22 °C to 30.2 °C (Fig. S1b). The dDiurnal 1080 

range during summer (JuneSeptember) was between 0.6 and 5.4 °C, with a mean 1081 

value of 1.76 °C (Fig. S1c). On a daily basisEach day, seawater temperature began to 1082 

increase around 08:00, reached the maximum at 13:00, often remained constant for 1083 

about two hours, and then gradually decreased (Fig. S1cS1d). 1084 

 1085 

2.2 Larval cCollection and preparation of spatallocation of coral larvae 1086 

Eight P. damicornis colonies were collected from at a depth of 3 m  depth in 1087 

Luhuitou fringing reefon 20 August 2015. Colonies were transported to Tropical 1088 

Marine Biological Research Station, and placed individually into 20 L flow-through 1089 

tanks at ambient temperature (28.7  0.5°C) under partially shaded light conditions 1090 

(noon irradiance, ~300 µmol photons m
2

 s
1

). The outflow of each tank was passed 1091 

through a cup fitted with 180 μm mesh on the bottom to trap larvae. Larvae released 1092 

from these colonies were collected at 07:00 on 22 August 2015, pooled and 1093 

haphazardly assigned for to the following two experimentseither the settlement or 1094 
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post-settlement experiments. For the settlement assays, larvae were introduced to 1095 

5.5-cm diameter plastic petri dishes as described below (see Section 2.4). To test the 1096 

effects of temperature treatments on the photo-physiology and growth of recruits, 1097 

another batch of larvae were transferred to 10-cm-diameter petri dishes which were 1098 

left floating in a flow-through tank. Twenty hours later, 4 dishes with a total of 35–40 1099 

newly settled recruits were assigned to each treatment tank. Only recruits that settled 1100 

individually and at least 1 cm apart from others were selected for the experiment in 1101 

order to avoid possible contact between recruits during growth.For the recruit 1102 

experiment, larvae were transferred to 10-cm-diameter petri dishes for settlement and 1103 

dishes were left floating in a flow-through tank. Twenty hours later, 4 dishes with a 1104 

total of 35–40 spats were assigned to each treatment tank. Only spat that settled 1105 

individually and at least 1 cm apart from others were selected for the experiment. 1106 

Dishes were rotated daily to avoid the potential positional effects within each tank. 1107 

 1108 

2.3 Experimental setup 1109 

The 29 °C treatment, corresponding to the ambient temperature during this studyat the 1110 

collection site of adult P. damicornis, was taken to representused as the control 1111 

treatment. The experimental temperature was 2 °C above the ambient and 1 °C above 1112 

the bleaching threshold for coral communities on Luhuitou reef (30 °C, Li et al., 1113 

2012), and within the range of projected increases (Bopp et al., 2013). Two 1114 

temperature regimes, i.e., constant and fluctuating were set for each temperature level. 1115 
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The pPattern and range of temperatures in the two fluctuating conditions treatments 1116 

were based on in situ records obtained during larval release of P. damicornis (Fig. 1117 

S1d), and the assumption that the predicted 2 °C increase in mean temperature will 1118 

would entail a 2 °C shift in the overall temperature trajectory time-course (Burroughs, 1119 

2007). 1120 

Four 40 L tanks were filled with sand-filtered seawater, which was changed 1121 

partially changed (30%) with temperature-equilibrated seawater at 22:00 every day. 1122 

Treatments were set using digital temperature regulators (Sieval, TC-05B, China) and 1123 

50 W heaters. The sSeawater was gently aerated and well mixed using submerged 1124 

pumps (350 L h
1

). The waterWater temperatures in each tank were was recorded with 1125 

a Hobo Pendant loggers at 15 min intervals throughout the experiment. In the two 1126 

fluctuating treatments (Fig. 1), temperatures were programmed to increase from 1127 

28/30 °C at 08:00, reach the plateau of 31/33 °C around 13:00 and stabilize for 2 1128 

hours. Afterwardst 15:00, temperatures were allowed to decrease gradually to 1129 

28/30 °C around 22:00 and remained stable until 09:00 the next morning. Mean ( SD) 1130 

daily temperature of the two stable treatments were 29  0.2 and 30.8  0.2 °C, and 1131 

the mean values intemperatures of the two fluctuating treatments were 28.9  1.3 and 1132 

30.7  1.3 °C respectively. Salinity in each tank was checked using  an Orion 1133 

013010MD conductivity probe twice a day  and remained stable at 33 psu during the 1134 

experiment.  1135 

Each tank was illuminated by a LED lamp (Maxspect, 10,000K, China) on a 12:12 1136 

h light-dark cycle. Light was measured with a Li-Cor 4-π quantum sensor below the 1137 
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water surface. Light intensity was similar among in all tanks (F3, 96 = 0.32, P = 0.81), 1138 

averaging at 183  3 µmol photons m
2

 s
1

 (mean  SE, n = 100), which was close to 1139 

the irradiance in crevices where coral recruits were found at 34 m depths in at our 1140 

study site (Lei Jiang, unpublished data). Facility and logistical constraints precluded 1141 

the replication of treatments, but salinity and light were carefully controlled to 1142 

eliminate any possible artefact (Underwood, 1997). 1143 

 1144 

2.4 Settlement assay 1145 

The settlement experiments were conducted in 5.5-cm-diameter petri dishes on 22 1146 

August 2015 and began around 09:00. The cCrustose coralline algae (CCA), 1147 

Hydrolithon reinboldii, one of the most abundant CCA species and an effective 1148 

settlement cue for larval settlement of P. damicornis at our study site, were was 1149 

collected at 2–3 m depths and cut into uniformly sized (5 × 5 × 3 mm) chips 4 days 1150 

before the settlement experiment. Each dish contained 15 ml seawater and a CCA 1151 

chip. Fifteen 15 actively swimming larvae were introduced into each dish, which was 1152 

then submerged floated in the treatment tanks to ensure temperature control. 1153 

Preliminary measurements showed that the difference in seawater temperature 1154 

between dishes and tanks was less than 0.4 °C. Four replicate dishes were used for 1155 

each treatment. Larvae were allowed to settle for 24 hours, after which the successful 1156 

settlement success was assessed under thea dissecting microscope following the 1157 

criteria of Heyward and Negri (1999). Larvae were categorized into four conditions: (i) 1158 
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dead, (ii) swimming, (iii) metamorphosed and floating in the water, i.e., premature 1159 

metamorphosis (sensu Edmunds et al., 2001), and (iv) metamorphosed and firmly 1160 

attached to CCA or dish, i.e., successful settlement. 1161 

2.5 Chlorophyll fluorescence and bleaching 1162 

Twenty 3-day-old spat recruits were randomly selected and marked in each treatment. 1163 

A Diving-pulse-amplitude modulation (PAM) fluorometry (Walz, Germany) was used 1164 

to measure the maximum quantum yield of PSⅡ (Fv/Fm), a proxy for potential 1165 

photochemical efficiency of symbionts (Genty et al., 1989). Measurements were 1166 

conducted at 05:30 on four consecutive days to allow enough time for dark adaption. 1167 

Both the measuring light and gain of PAM settings were adjusted to ―7‖ to give 1168 

optimal fluorescence signals (specifically 7).  1169 

To better assess the photo-physiological performance of symbionts, At the last day 1170 

of the experiment, eeffective quantum yield (ΔF/Fm′) was also measured for 15 1171 

recruits from each treatment at four timepoints (08:00, 11:00, 14:00, 17:00)on the last 1172 

day of the experiment (08:00, 11:00, 14:00, 17:00). The maximum excitation pressure 1173 

over PSⅡ (Qm) was calculated using the following equation: Qm = 1 – [(ΔF/Fm′ at 1174 

14:00)/(Fv/Fm)] (Iglesias-Prieto et al., 2004), to better assess the photo-physiological 1175 

performance of symbionts. 1176 

Bleaching response was assessed photographically following Siebeck et al. (2006) 1177 

with some modifications. At the end of the experiment, spat recruits were 1178 

photographed with a digital camera under the dissecting microscope and identical 1179 
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illumination (35 µmol photons m
2

 s
1

). The camera was adjusted toset on the manual 1180 

mode with constant ISO settings (12800). Saturation of each coral picture, Bleaching 1181 

index was quantified as the reduction in saturation of each spat relative to the spat 1182 

yielding the maximum saturation, because saturation in coral pictures is a good proxy 1183 

for symbiont or chlorophyll density during bleaching, was measured by taking the 1184 

average value of 30 randomly placed quadrats (100×100 pixels each) on each coral 1185 

picture using Photoshop’s histogram function (Siebeck et al., 2006).. The total 1186 

chlorophyll/symbiont content of each recruit was determined by multiplying the mean 1187 

saturation by surface area (as measured in Section 2.6 below) to account for 1188 

differences in the size of recruits. Bleaching response was quantified as the reduction 1189 

in chlorophyll/symbiont content of each recruit relative to the recruit yielding the 1190 

maximum value. 1191 

 1192 

2.6 Post-settlement survival and growth 1193 

Recruits were checked daily under a dissecting microscope throughout the experiment 1194 

and scored as alive or dead based on the presence of polyp tissue. At each census, the 1195 

number of living spats recruits were was recorded for each treatment. Digital images 1196 

of recruits with scale calibration were also analyzed for lateral growth using ImageJ 1197 

software (National Institutes of Health). The nNumber of polyps for each recruit were 1198 

was visually counted visually. Juvenile growth was estimated as the rates of change in 1199 

planar area and number of new polyps over time (Dufault et al., 2012; Jiang et al., 1200 
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2015).  1201 

Calcification was calculated as the dry skeletal weight deposited per day (Dufault et 1202 

al., 2012). Tissue of recruits was removed with a water-pick at the end of the 1203 

experiment. Skeletons were weighed individually using an ultra-microbalance at an 1204 

accuracy of  1 μg. Furthermore, the temperature coefficient (Q10), which is widely 1205 

used to express the sensitivity of metabolism, development and growth to temperature 1206 

changes (Hochachka and Somero, 2002; Howe and Marshall, 2001; Rivest and 1207 

Hofmann, 2014), was calculated using the equation: Q10 = (R2/R1) ^ (10/(T2-T1)), 1208 

where R is the growth rate at temperature T2 or T1. Q10 values of enzyme-catalyzed 1209 

reactions often double for the 10 °C increase in temperature. 1210 

 1211 

2.7 Data analyses 1212 

Data were tested for homogeneity of variances, using Cochran’s test, and normality 1213 

was assessed using QQ plots. Percent data in settlement assays and budding rates 1214 

were square root transformed to meet the requirements of homogeneity of variances. 1215 

Larval settlement, Qm and growth parameters were compared among treatments using 1216 

two-way analyses of variances (ANOVAs) with mean temperature and temperature 1217 

variability as fixed factors, each with two levels (29 and 31 °C; constant and 1218 

fluctuating regimes). When main effects were significant (P < 0.05), planned multiple 1219 

comparisons were conducted using Fisher’s LSD tests, which are more powerful than 1220 

Fisher’s LSD test was performed as planned multiple comparisons following 1221 
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ANOVAsthe original ANOVA  (Day and Quinn, 1989; Lesser, 2010)(Day and 1222 

Quinn, 1989). Recruits were divided into 3 categories according to the number of 1223 

polyps: 1-polyp, (2-4)-polyp and (5-6)-polyp. A Chi-square test was used to compare 1224 

the differences in bud formation among treatments.   Survivorship of coral spats 1225 

recruitsduring the experiment was analyzed using a Kaplan-Meier (KM) log-rank 1226 

analysis. Two-way ANOVAs with repeated measures were used to test for the effects 1227 

of temperature treatments on Fv/Fm or ∆F/Fm
 '
 over the sampling time points.  All 1228 

statistical analyses were performed with STATISTICA version 12.0 (Statsoft). 1229 

 1230 

3 Results 1231 

3.1  Larval settlement 1232 

Larval mortality was only observed in the the treatment with a constant temperature of 1233 

31 °C treatment during the settlement assay (Fig. 2a). In all treatments, between 35 1234 

and 60% of larvae metamorphosed whilst in a free- floating polyp state (Fig. S2), 1235 

and between 2.5 and 15% were swimming actively (Fig. 2b). Although the differences 1236 

in these percentages among treatments were not significant among treatments (Table 1237 

S1), there was were more metamorphosed and floating larvae at in the a constant 1238 

temperature  of 31 °C treatment than in the other treatments. Settlement was 1239 

significantly affected by elevated temperature (F1, 12 = 9.43, P = 0.01) and marginally 1240 

affected by the interaction between temperature level and regimeSettlement success 1241 

showed distinct different effects of temperature fluctuations vs. constant temperature 1242 
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at 31 °C (Fig. 2c, interaction term: F1, 12 = 4.00, P = 0.06Table S1.). Specifically, 1243 

percent sSettlement was similar between the fluctuating and constanttwo temperature 1244 

regimes at 29 °C; in contrast, , but differed between the constant and the thermal 1245 

stress on settlement was greatly alleviated by diurnal fluctuating 1246 

treatmentsfluctuations at 31 °C. The settlement rate at fluctuating 31 °C was 1247 

comparable to that in the control treatment, and significantly higher than that in the 1248 

constant 31 °C treatment (Fig. 2c, Table S2.). 1249 

 1250 

3.2 Chlorophyll fluorescence and bleaching 1251 

A significant interaction between time, temperature level and regime was observed for 1252 

maximum quantum yield Fv/Fm (F3, 228 = 3.7, P = 0.01Table S3., Fig. 3a). Separation 1253 

of the results by timeSeparate analyses showed that Fv/Fm was consistently lower at 1254 

higher temperatures, but this the effect size was small, only amounting to a 3 % 1255 

decrease (Table S4.). There was also a significant interaction between time, 1256 

temperature level and temperature regime for effective quantum yield ΔF/Fm′ (F1, 56 = 1257 

21.5, P < 0.001 Table S3.). Further separate analyses revealed that both temperature 1258 

increase and fluctuations showed had strong effects except at 08:00 (Table S4.), with 1259 

lower ΔF/Fm′ at elevated temperature and higher ΔF/Fm′ under fluctuating conditions 1260 

(Fig. 3b).  1261 

Qm, the maximum excitation pressure, was not influenced by elevated temperature 1262 

(F1, 56 = 0.14, P = 0.71Table S5.). However, it was considerably reduced under 1263 
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fluctuating regimes (F1, 56 = 10.4, P = 0.002, Fig. 3c, Table S5.).  Recruits at 31 °C 1264 

exhibited a paler appearance than those at 29 °C, as evidenced by the reduction in 1265 

saturation and increase in brightness (Fig. S3). However, bleaching index which 1266 

accounts for differences in recruit size, was unaffected by temperature level, regime, 1267 

or their interaction (Fig. 3d, Table S5.)Bleaching rates increased by 4065 % at 1268 

elevated temperatures (F1, 107 = 11.3, P = 0.001), while the fluctuating treatment 1269 

showed little additional effect on bleaching rates (F1, 107 = 0.02, P = 0.874, Fig. 3d). 1270 

 1271 

3.3 Growth, survival and temperature coefficient (Q10) 1272 

The bBudding state of recruits differed strongly significantly among treatments 1273 

(Chi-square test, 
2 

= 19.4, df = 6, P = 0.004). After 7 Seven days after  1274 

post-settlement, approximately 70% of recruits at 31 °C produced at least one bud at 1275 

31 °C, compared to less than 50% of recruits at 29 °C (Fig. 4a). Budding rates at 1276 

31 °Celevated temperature were more than twice those at 29 °C (Fig. 4b, F1, 107 = 22.8, 1277 

P < 0.001Table S6.). N At both temperatures, no significant differences between the 1278 

constant and fluctuating regimes were observed at either temperature (Table S6.F1, 105 1279 

= 1.25, P = 0.26). 1280 

Lateral growth rates increased significantly with elevated temperature (F1, 107 = 25.4, 1281 

P < 0.001), but were not affected by temperature fluctuations (F1, 107 = 2.12, P = 0.15, 1282 

Fig. 4c, Table S6.). SThe skeletal weight deposited each day was enhanced by 56% 1283 

higher at 31 °C compared tothan at 29 °C (Table S8.F1, 96 = 36.7, P < 0.001). The 1284 
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effects of temperature fluctuations on calcification were dependentd on the mean 1285 

temperature (Fig. 4d), although the interaction between temperature level and regime 1286 

was not statistically significant (Table S6.F1, 96 = 2.07, P = 0.15). At 29 °C, the 1287 

fluctuating treatment had no discernible effect on calcification, while at 31 °C it 1288 

caused a significant reduction (20%) in calcification compared to the constant regime 1289 

(Table S7.). 1290 

Survival of recruits remained >86% in all treatments after 7 days, with the highest 1291 

and lowest values at 31°C (97%) and 29°C (86%), respectively. Survivorship did not 1292 

vary significantly across treatments (
2 

= 4.49, df = 3, P = 0.21, Fig. 5), although it 1293 

was 6–13% higher at elevated temperature. For juvenile P. damicornis, lateral growth, 1294 

budding and calcification increased by 1.19-, 1.91- and 1.68-fold respectively 1295 

between 29 and 31 °C, yielding a Q10 of 2.6, 36.8 and 17.8, respectively. 1296 

 1297 

4 Discussion 1298 

4.1 Larval settlement under elevated and fluctuating temperatures 1299 

The pronounced declines in successful settlement at elevated temperaturesconstant 1300 

31 °C was were consistent with early previous findings that reported the effects of 1301 

thermal stress effects (>30 °C) on coral larval settlement (Humanes et al., 2016; 1302 

Randall and Szmant, 2009). Interestingly, transient exposure to 33 °C in variable 1303 

conditions did not produce the same negative effect on larval settlement as constant 1304 

exposure to 31 °Cthe transient exposure to high temperatures in variable conditions 1305 
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hardly impaired settlement; on the contrary, coral larvae experiencing the diurnal 1306 

shifts at between 30 and –33 °C greatly attenuated the thermal stress on 1307 

settlementsettled at a similar rate to those in the control. During daytime encounter 1308 

withexposure to elevated and stressful temperatures, coral larvae may not initiate 1309 

metamorphosis and settlement because larvae undergoing this complex stage are 1310 

particularly susceptible to thermal perturbations (Randall and Szmant, 2009), whereas 1311 

but settlement may proceed as temperature descends to a more tolerable level at night 1312 

(28/30 °C in this study). It is likely that the fluctuating temperature conditions could 1313 

provide some respite for coral larvae, thereby favoring settlement at elevated and 1314 

fluctuating temperature conditions. More precise assessment of settlement timing was 1315 

not possible without disturbing larvae, given the use of small petri dishes. Future 1316 

studies are needed to regularly observe and establish the dynamics of larval behavior 1317 

under fluctuating temperatures to confirm this hypothesis. 1318 

Another possible cause for the higher settlement of larvae in the fluctuating 31 °C 1319 

treatment may be the brief exposure to extreme temperatures around noon. Previous 1320 

studies have demonstrated that short-term exposure (minutes to hours) of coral larvae 1321 

to extremely high temperatures (33-37 °C) significantly enhanced the subsequent 1322 

settlement at lower temperature, suggesting a strong latent effect (Coles, 1985; 1323 

Nozawa and Harrison, 2007). Therefore, the 2-hour incubation at 33 °C during the 1324 

daytime may have exerted a latent and stimulatory effect on settlement at night when 1325 

the temperature was lower.  1326 

Metamorphosed and floating larvae, previously noted in corals (Edmunds et al., 1327 
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2001; Vermeij, 2009; Mizrahi et al., 2014; Richmond, 1985), were more frequent at 1328 

elevated temperatures. One possible explanation is that the premature metamorphosis 1329 

in coral larvae is a spontaneous response to increased temperatures (Edmunds et al., 1330 

2001). The floating polyps, as a result of pelagic metamorphosis, have been shown to 1331 

have extended longevity, possibly because they can obtain energy from 1332 

photosynthesis of by maternally derived symbionts and heterotrophic feeding using 1333 

tentacles (Mizrahi et al., 2014; Richmond, 1985). As a consequenceThus, the 1334 

plasticity in of metamorphosis during the dispersive phase could be a strategy for 1335 

coping with environmental stress in coral larvae, although it remains to be determined 1336 

whether these floating polyps are capable of settling and contributing to recruitment in 1337 

natural conditions. 1338 

 1339 

4.2 Symbiont responses to elevated and fluctuating temperatures 1340 

The reduction in Fv/Fm at 31 °C does not indicate severe damage to the photosynthetic 1341 

apparatus or chronic photoinhibition, as the values were still within the healthy range 1342 

(Hill and Ralph, 2005). The fluctuating regime showed had positive effects on ∆F/Fm
'
, 1343 

suggesting a greater light use efficiency to drive photochemical processes. Qm, an 1344 

indicator of the excitation pressure over PSⅡ, was lessened at reduced in fluctuating 1345 

treatments, reflective ofing a stronger competitiveness of photochemical process for 1346 

reaction centers over nonphotochemical quenching (Iglesias-Prieto et al., 2004). The 1347 

higher ∆F/Fm
'
 and lowered Qm under fluctuating conditions suggest that the diel 1348 
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temperature oscillations could mitigate relieve the heat stress on corals and 1349 

corroborate previous findings that temperature fluctuations are favorable tofor the 1350 

photo-physiology of corals (Mayfield et al., 2012; Putnam et al., 2010). The positive 1351 

effect of exposure to fluctuating temperatures on these photo-physiological metrics 1352 

from exposure to fluctuating temperatures may be associated with the cooling effect at 1353 

overnight and upregulation of the genes related to photosynthesis (Mayfield et al., 1354 

2012).  1355 

In contrast to these aforementioned studies, Putnam and Edmunds (2008) found 1356 

that when incubated at fluctuating temperatures (26–32 °C), Fv/Fm of P. meandrina 1357 

and Porites rus nubbins were depressed by ~20% compared to those maintained at a 1358 

constant temperature of 28 °C. These contrasting results are possiblymay be due to 1359 

methodological differences. Our study and Mayfield et al. (2012) mimicked the 1360 

natural temperature fluctuations by progressively modulating temperatures over time 1361 

which closely resemble the natural settings, whereas Putnam and Edmunds (2008) 1362 

directly transferred corals from low to high temperature in the morning morning and 1363 

vice versa at night. This approach could cause instant heat-shock and prolonged 1364 

exposure to extreme temperatures, thereby exaggeratingoverestimating the stressful 1365 

effects of diurnal thermal fluctuations.  1366 

Although juvenile P. damicornis at 31 °C exhibited apparent paling appearance 1367 

compared to those in 29 °C, loss of symbionts and bleaching were not indicated, as 1368 

the faster lateral growth at 31 °C suggests that the paling is instead the result of 1369 

pigment dilution due to a larger surface area. This outcome contrasts The +2 °C 1370 
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treatment resulted in increased bleaching of juvenile P. damicornis, a result consistent 1371 

with previous work showing the sensitivity of endosymbionts within coral recruits to 1372 

elevated temperatures (Anlauf et al., 2011; Inoue et al., 2012). The lack of bleaching 1373 

response to elevated temperatures in the current study may be linked to the symbiont 1374 

type. P. damicornis predominantly harbored Symbiodinium clade D in Luhuitou (Zhou, 1375 

2011), which has been found to be particularly thermally tolerant. In addition, the 1376 

difference in treatment duration could also partially explain these contrasting 1377 

sensitivities. Albeit ecologically relevant, the exposure duration in this study was 1378 

much shorter than previous studies (Anlauf et al., 2011; Inoue et al., 2012)(Inoue et al., 1379 

2012)(Anlauf et al., 2011), therefore resulting in less cumulative stress. It is possible 1380 

that a loner exposure time may cause similar bleaching responses to those found by 1381 

other studies. Higher levels of symbiont expulsion will reduce the accumulation of 1382 

reactive oxygen species (ROS) within Symbiodinium (Haryanti et al., 2015; 1383 

Yakovleva et al., 2009), therefore resulting in high survival rates.  1384 

 1385 

Further, daytime exposure to high temperatures in fluctuating treatments did not 1386 

amplify the effects of elevated temperature on bleaching responseinduce significant 1387 

symbiont loss of in juvenile P. damicornis. This observation is in stark contrast to the 1388 

observationsat of Putnam and Edmunds (2011) for on adult corals. That study found 1389 

that ephemeral exposure to 30 °C at noon in fluctuating conditions (26–30 °C) elicited 1390 

a 45% reduction in symbiont density of adult P. meandrina compared to corals at 1391 

thethose in steady 28 °C treatment, an effect size larger effect than that arising 1392 
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fromwas elicited by continuous exposure to 30 °C (36%). The flat structure of 1393 

juvenile corals has been suggested to provide a higher mass transfer capacity to 1394 

remove reactive oxygen species than the branching and three-dimensional adults The 1395 

discrepancy between this study and our results may reflect of a greater thermal 1396 

tolerance of juvenile corals. The flat structure of juvenile corals has been suggested to 1397 

provide a higher mass transfer capacity to remove ROS, which would enhance 1398 

thermal tolerance (Loya et al., 2001) . Hence, the discrepancy between our results and 1399 

that of Putnam and Edmunds (2011) may, at least partially, be attributed to the 1400 

morphology-specific difference in thermal tolerance of juvenile and adult corals. 1401 

 1402 

4.3 Accelerated early development at elevated temperature 1403 

Early development of juvenile P. damicornis, including budding, lateral growth and 1404 

calcification, was accelerated at 31°C, which is 2°C above the local long-term 1405 

summer mean and 1°C above the local bleaching threshold (Li et al., 2012). Growth 1406 

stimulation by temperature increase also occurred in a pilot study which showed that , 1407 

after two weeks at 31 °C, lateral growth and budding of P. damicornis after two weeks 1408 

at 31 °C werewas 10% and 41% higher respectively than that of those at 29 °C (Fig. 1409 

S4). Moreover, recruits with increased growth rates at elevated temperatures showed 1410 

higher survivorship, consistent with previous field observations that survival in early 1411 

stages of reef corals was strongly dependent on colony size and growth rates 1412 

(Babcock and Mundy, 1996; Hughes and Jackson, 1985). In contrast to our study with 1413 
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a tropical coral, a previous study reported that calcification of symbiotic polyps of 1414 

Acropora digitifera in subtropical Okinawa was highest at 29 °C (2 °C above the local 1415 

summer mean), and was reduced at 31 °C (Inoue et al., 2012).   1416 

It has been widely accepted that warming is likely to be more deleterious to early 1417 

stages of tropical corals than subtropical species (Woolsey et al., 2014). Clearly, 1418 

thermal tolerance of corals is relative to the ambient temperature at a particular 1419 

location. Given the great large seasonal temperature fluctuations and ranges in our 1420 

study site (Fig. S1), it is not surprising that P. damicornis grew faster at 31 °C.  1421 

However, the consistent positive effects of 2 °C increase on calcification by both P. 1422 

damicornis and A. digitifera does not support the suggestion that warming is likely 1423 

more deleterious to early stages of tropical corals as compared to subtropical species 1424 

(Woolsey et al., 2014). The positive effects of the 2 °C temperature increase on the 1425 

early development of P. damicornis suggest that tTropical corals dwelling in 1426 

thermally dynamic habitats may also have the capacity to modify their thermal limits, 1427 

thereby enhancing physiological performance and tolerance under increasing 1428 

temperatures (Clausen and Roth, 1975; Dandan et al., 2015; Schoepf et al., 2015). 1429 

Unlike previous findings of the synchronized reductions in symbiont density and 1430 

calcification in corals (Inoue et al., 2012; Tremblay et al., 2016), our study suggests 1431 

symbiont loss and calcification are decoupled at increased temperatures. There are 1432 

two possible explanations for this phenomenon the increases in growth and 1433 

development at elevated temperature in our study. Firstly, paling of recruits at 1434 

elevated temperatures as a result of pigment dilution will the enhancedenhance their 1435 
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internal light fields during bleaching , which could bring  about 2- to 3-fold increase 1436 

in symbiont specific productivity (Wangpraseurt et al., 2017), , therebyand in turn  1437 

support skeletal growth and asexual buddingcompensating for symbiont loss. 1438 

Unfortunately, the small size of juveniles and the variable temperatures here made it 1439 

difficult to measure photosynthesis. However, given the dramatic increases in skeletal 1440 

growth and new polyp formation at 31 °C, it is plausible that photosynthesis was not 1441 

compromised, or only minimally impacted, to support the observed growth. 1442 

Secondly, since coral calcification is positively correlated with carbon translocation 1443 

between Symbiodinium and the host (Tremblay et al., 2016), the elevated calcification 1444 

and growth at 31 °C indicates more efficient nutritional exchange, thus sustaining the 1445 

metabolic expenditure of faster development. This interpretation is further evidenced 1446 

supported by the excessive deviation of Q10 from the kinetic expectations (2–3): this 1447 

signifies a strong amplifying effect through changes in fundamental biochemical 1448 

systems along with the acceleration of functional enzyme activities at increased 1449 

temperatures (Hochachka and Somero, 2002).  1450 

 1451 

4.4 Differing effects of temperature fluctuations on growth 1452 

The growth-related processes, including budding, lateral growth and calcification 1453 

differ in their responses to temperature fluctuations, with calcification being more 1454 

responsive. The lack of statistically significant effects of temperature fluctuations on 1455 

budding and lateral growth suggests that either these processes were not affected by 1456 
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fluctuating temperatures, or the length of exposure to the peak temperatures may was 1457 

not be long enough to trigger a detectable effect (Lucas and Costlow, 1979).  1458 

The impact of fluctuating temperatures on calcification was different at ambient 1459 

and elevated temperatures: the fluctuating treatment did not affect calcification at 1460 

29 °C, but resulted in a significant decline at 31 °C. This decline may be a result of 1461 

inhibition by the maximum temperature (33 °C) reached in this treatment. In 1462 

comparison, prior studies with corals did not find that an influence of temperature 1463 

fluctuations on influenced skeletal growth (Mayfield et al., 2012; Putnam and 1464 

Edmunds, 2011). It is likely that the impact of temperature fluctuations depends 1465 

critically on whether the temperature ranges encompasses the maximum thermal 1466 

limits of the species (Vasseur et al., 2014).  1467 

The relationship between skeletal growth in corals and temperature is non-linear 1468 

and characterized by a parabola whose apogee indicated an optimum and threshold, 1469 

beyond which the stimulatory impact of temperature will be reversed (Buddemeier et 1470 

al., 2008; Castillo et al., 2014; Inoue et al., 2012; Wírum et al., 2007){Castillo, 2014 1471 

#157;Inoue, 2012 #65}. Although the optimal temperature for calcification by P. 1472 

damicornis recruits remains unknown, it is possible that the recruits exposed to the 1473 

fluctuating 31 °C treatment calcified at a slower rate when the temperature was below 1474 

31 °C compared to those in the constant 31 °C. However, given the well-established 1475 

temperature performance curve for coral calcification (Buddemeier et al., 2008; 1476 

Wírum et al., 2007), daytime exposure to temperatures above 32 °C would have 1477 

severely impaired the calcification process, thus leading to an overall decrease in 1478 
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calcification. At least two hypotheses from the literature can help explain this 1479 

inhibitory effectThe notable reduction in calcification under a fluctuating regime 1480 

around 31 °C may be explained by two processes. First, during the hottest part of a 1481 

daily temperature cycle, metabolic rates will usually be depressed to improve energy 1482 

conservation (Marshall and McQuaid, 2010; Putnam and Edmunds, 2008; Sastry, 1483 

1979). Depression in metabolism and ATP production in this specific ―quiescent‖ 1484 

period may impose constraints on daytime calcification, as calcification is 1485 

energetically costly, consuming up to 30% of the coral’s energy budget (Allemand et 1486 

al., 2011). An alternative and nonexclusive explanation is that daytime exposure to 1487 

extreme temperature could disturb the function and/or synthesis of skeletal organic 1488 

matrix (OM) within the calcifying medium. The OM plays has critical roles in 1489 

calcification such as calcium binding, providing carbonic anhydrase and the template 1490 

for crystal nucleation (Allemand et al., 2011). Daytime temperatures of 33 °C may 1491 

disrupt the function of carbonic anhydrases (Graham et al., 2015), therefore thereby 1492 

severelygreatly inhibiting the conversion of respired CO2 to bicarbonate for 1493 

subsequent use in calcification.  1494 

Further, since the OM itself is also incorporated into the skeleton, the rate of OM 1495 

synthesis is also a limiting factor for calcification (Puverel et al., 2005; Allemand et 1496 

al., 2011). Extreme temperatures may impede the production of OM as it is highly 1497 

sensitive and vulnerable to short-term thermal stress (Desalvo et al., 2010; Desalvo et 1498 

al., 2008; Maor-Landaw et al., 2014). Although the exact mechanism has not yet been 1499 

fully resolved, our study provides evidence that daytime exposure to extreme 1500 
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temperature in variable thermal conditions would adversely affects calcification, and 1501 

dampens the stimulation of skeletal growth in P. damicornis at elevated temperature.  1502 

 1503 

5 Conclusions and implications 1504 

This study was the first to examine the effects of both increased temperature and daily 1505 

temperature variability on the early stages of a reef coral. We found thatUsing realistic 1506 

diurnal temperature patterns, we found thatfluctuations considerably tempered thermal 1507 

stress on larval settlement was greatly tempered by diurnal temperature fluctuations, 1508 

whilst the fluctuating regime , and had varied effects on the physiology and early 1509 

development of P. damicornis. Diel oscillations in temperature did not 1510 

aggravateinduce bleaching but reduced relieved the heat stress on photo-physiology. 1511 

Further, temperature fluctuations had no obvious effects on budding and lateral 1512 

growth, but although two hours’ exposure to 33 °C during the daytime apparently 1513 

caused a reduction in calcification compared to constant exposure to 31 °C. Results 1514 

reported here emphasize the distinction between the effects of constant and fluctuating 1515 

temperature effects, not onlyboth for different mean temperatures but alsoand on two 1516 

successive life stages, and highlight the importance of incorporating diurnal trends 1517 

fluctuations into research on unravelling the influence of ocean warming on coral 1518 

biology.  1519 

The results of this study suggested that coral larvae subjected to diurnal 1520 

temperature variations, especially at increased temperature, exhibit better settlement 1521 
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competence than those subjected to static thermal treatment. The fluctuating 1522 

temperatures were favorable to the photo-physiology of endosymbionts and only had 1523 

minor effects on post-settlement development of coral recruits. Therefore, for corals 1524 

in highly fluctuating environments, they may have the potential to tolerate and 1525 

acclimate to the changing seawater temperatures. These findings may also provide 1526 

clues as to how diverse coral communities can persist and thrive in some thermally 1527 

variable conditions (Craig et al., 2001; Richards et al., 2015). It is important to note 1528 

that this study was technically limited to only one fluctuating amplitude, and the 1529 

extent of thermal variance has as much of an impact on fitness as the changes in mean 1530 

temperature (Vasseur et al., 2014). Given that there is currently still no consensus on 1531 

the future temperature variability (Burroughs, 2007), it will be critical to study the 1532 

impact of a broad range of thermal variations which corals may fare in a warming 1533 

ocean. 1534 
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Figures and captions 1760 

 1761 

Fig 1. Temperature profiles for each treatment throughout the experiment. The inset 1762 

shows the one-day temperature trajectory in the two oscillating treatments. Time 1763 

course in fluctuating treatments was: 10 h at minimum temperature; 5 h of upward 1764 

ramping; 2 h at maximum temperature; 7 h of downward ramping (passive). 1765 

 1766 
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 1767 

Fig 2. Percentage of P. damicornis larvae that (a) survived, (b) metamorphosed while 1768 

floating and remained pear-shaped, and (c) successfully settled after 24 h exposure to 1769 

temperature treatments. Error bars represent 1SEM. Different letters denote 1770 

significant differences between treatments. 1771 

 1772 
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 1773 

Fig 3. Photo-physiology and bleaching of P. damicornis recruits under constant and 1774 

fluctuating conditions of two temperatures (29 and 31 °C). (a) Fv/Fm over four 1775 

consecutive days, (b) ∆F/Fm
'
 throughout the last day of the experiment, (c) Qm and (d) 1776 

bleaching rates. Error bars represent 1SEM. Asterisks and hashes indicate significant 1777 

effects of temperature increase and fluctuations at a specific time, respectively. 1778 

Different letters represent significant differences between treatments. 1779 
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 1784 

Fig 4. (a) Budding state, (b) polyp formation rate, (c) lateral growth and (d) 1785 

calcification of P. damicornis recruits under constant and fluctuating conditions of 1786 

two temperatures (29 and 31 °C). Error bars represent 1SEM. Different letters denote 1787 

significant differences between treatments.  1788 

 1789 

Fig 5. Survivorship of P. damicornis recruits estimated using Kplan-Meier analysis in 1790 

each treatment over the 7-day experiment. 1791 


