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Introduction

Coral reefs are under pressure from large scale disturbances such as ocean warming and acidification, tropical storms, pollution, coastal development and overfishing [START_REF] Bellwood | Confronting the coral reef crisis[END_REF][START_REF] Bruno | Regional decline of coral cover in the Indo-Pacific: Timing, extent, and subregional comparisons[END_REF]Hoegh-Guldberg et al., 2007;[START_REF] Hughes | Spatial and temporal patterns of mass bleaching of corals in the Anthropocene[END_REF]. At the same time, coral-eating crownof-thorns starfish (COTS) outbreaks continue to affect the Indo-Pacific zone, accelerating the degradation of coral reef ecosystems [START_REF] Baird | Acanthaster planci is a major cause of coral mortality in Indonesia[END_REF][START_REF] Kayal | Predator Crown-of-Thorns Starfish (Acanthaster planci) Outbreak, Mass Mortality of Corals, and Cascading Effects on Reef Fish and Benthic Communities[END_REF][START_REF] Leray | Acanthaster planci outbreak: Decline in coral health, coral size structure modification and consequences for obligate decapod assemblages[END_REF][START_REF] Mellin | Spatial resilience of the Great Barrier Reef under cumulative disturbance impacts[END_REF]. For example, the world's largest continuous coral reef system, the Great Barrier Reef, suffered a loss of half its coral cover across the three last decades, which COTS outbreaks were responsible for 42% (De'ath et al., 2012) and COTS outbreaks still have a dominant impact on coral state and performance on the GBR [START_REF] Castro-Sanguino | Reef state and performance as indicators of cumulative impacts on coral reefs[END_REF]. The causes and mechanisms of outbreak initiations are still not fully elucidated, despite increased research efforts the last three decades [START_REF] Pratchett | Limits to Understanding and Managing Outbreaks of Crown--of--Thorns Starfish (Acanthaster spp.)[END_REF]. Because of the exceptional fecundity of COTS, it is usually accepted that the slightest increase of larval survivorship could translate to a tremendous increase in the abundance of adults. A variety of environmental modifications could enhance larval survival, including the eutrophication of surface waters improving food availability, the alleviation of natural predation, and the modification of ocean parameters due to climate change [START_REF] Cowan | Crown-of-thorns starfish larvae are vulnerable to predation even in the presence of alternative prey[END_REF]Fabricius et al., 2010;[START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF].

There has been growing research interest in COTS development in elevated temperatures and CO2 conditions in a climate change context (see Table 1). Conflicting results have emerged from these studies on diverse aspects of the reproductive cycle. For example, some authors predicted negative effects on COTS fertilisation success from a pH of 7.70 (Uthicke et al., 2013a), while others found no significant effects of pH down to 7.60 (Caballes et al., 2017b;[START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF]. Similarly, it was suggested that 30°C would either be a lethal threshold for COTS larvae [START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF], or that it would enhance larval growth and development when combined with high food availability [START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF]. At first glance, most of these discrepancies may be attributable to differences in experimental protocols, such as the number and physiological status of reproductive adults, the sexand sperm to egg ratios used for the fertilisation trials, or potentially different geographical locations and associated temperature baselines resulting in different warming deltas. While these various protocols are sometimes difficult to compare, most of the studies to date share one common experimental aspect: a lack of parental exposure to the modified pH and/or temperature conditions and the investigation of potential effects on the subsequent biological stages (Table 1). 
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Experiments where a punctual stress is directly applied over a particular life stage are unlikely 77 to accurately reflect climate change, which occurs gradually and chronically (IPCC, 2014). Therefore, 78 a number of studies on echinoderms have begun to implement an initial acclimation phase, where 79 reproductive adults are exposed to the target conditions (Dupont et al., 2013;[START_REF] Hu | Trans-life cycle acclimation to experimental ocean acidification affects gastric pH homeostasis and larval recruitment in the sea star Asterias rubens[END_REF]Karelitz 80 et al., 2020Karelitz 80 et al., , 2019;;[START_REF] Strader | Examining the Role of DNA Methylation in Transcriptomic Plasticity of Early Stage Sea Urchins: Developmental and Maternal Effects in a Kelp Forest Herbivore[END_REF][START_REF] Strader | Parental environments alter DNA methylation in offspring of the purple sea urchin, Strongylocentrotus purpuratus[END_REF][START_REF] Suckling | Adult acclimation to combined temperature and pH stressors significantly enhances reproductive outcomes compared to short-term exposures[END_REF][START_REF] Uthicke | Key biological responses over two generations of the sea urchin Echinometra sp. A under future ocean conditions[END_REF]Uthicke et al., , 2013b;;Wong 81 et al., 2019). This parental exposure is a key phase to take into account as it may modify, buffer, or 82 even reverse effects demonstrated without it, or conversely show no change at all [START_REF] Morley | Long-term effects of altered pH and temperature on the feeding energetics of the Antarctic sea urchin, Sterechinus neumayeri[END_REF]83 Parker et al., 2012;[START_REF] Suckling | Adult acclimation to combined temperature and pH stressors significantly enhances reproductive outcomes compared to short-term exposures[END_REF]Uthicke et al., 2013b). For example, two studies on sea 84 urchins have recently suggested that longer adult exposure to acidification would produce larger 85 larvae, but with a lower survival rate [START_REF] Karelitz | Parental acclimation to future ocean conditions increases development rates but decreases survival in sea urchin larvae[END_REF][START_REF] Suckling | Experimental influence of pH on the early life-stages of sea urchins II: increasing parental exposure times gives rise to different responses[END_REF]. It is now widely 86 acknowledged that short-term experiments lacking parental exposure might end up in biased, possibly 87 misleading results, reinforcing the need to generalize acclimation phases in climate change-related 88 experimental research (Harianto et al., 2018;[START_REF] Karelitz | Parental acclimation to future ocean conditions increases development rates but decreases survival in sea urchin larvae[END_REF][START_REF] Karelitz | Impact of growing up in a warmer, lower pH future on offspring performance: transgenerational plasticity in a pan-tropical sea urchin[END_REF][START_REF] Uthicke | Key biological responses over two generations of the sea urchin Echinometra sp. A under future ocean conditions[END_REF]. 89

In this context, it seemed important that we reconsider the results obtained by previous studies 90 that investigated climate change effects on COTS, by systematically including a parental exposure 91 phase. In this study, we exposed the COTS parental generation to modified temperature and pH 92 conditions and investigated the larval development and growth. We kept adult COTS in a fully crossed design of ambient, warming (+2 °C) and acidification (pH 7.75 units) conditions for a 20 week period.

These conditions reflect the "business-as-usual" scenario projections for the end of the century by climatologists (IPCC, 2014). We then investigated COTS growth and development across all stages of larval development, from gastrulation (24 hours post-fertilisation) to the final larval (brachiolaria) stage [START_REF] Keesing | Large-scale laboratory culture of the crown-of-thorns starfish Acanthaster planci (L.) (Echinodermata: Asteroidea)[END_REF][START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF]. Based on previous results obtained on COTS reproductive performances with the same experimental set-up [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF] see Table 1), we hypothesized that (i) temperature has detrimental effects on larval development (ii) pH does not significantly affect larvae and (iii) reproduction is more effective earlier in the reproduction time frame in New Caledonia.

Material and methods

Species and collection sites

Approximately 100 adult specimens of Acanthaster cf. solaris (35 ± 3 cm; mean ± SD) were collected in early August 2019 on the Bancs de l'Ouest reefs (south-western lagoon of New Caledonia, 22°30'S, 166°36'E). Within one hour of collection, COTS were transported to the Aquarium des Lagons facilities in Noumea and stored in flow-through 3,000 l raceways for one week prior to the experiment.

From each specimen, several gonadal lobes were collected by incising the proximal end of one arm, and sex was determined microscopically (Leica DM750; magnification ×100). The animals were haphazardly distributed into 12 tanks of 500 l (4 treatments replicated 3 times, including four males and four females per tank, n=96), to achieve a compromise between conserving a decent genetic pool and avoiding overcrowded tanks [START_REF] Ayukai | Practical handbook for large scale rearing of the larvae and juveniles of crown-of-thorns starfish[END_REF][START_REF] Kamya | Indirect effects of ocean acidification drive feeding and growth of juvenile crown of-thorns starfish, Acanthaster planci[END_REF][START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF]. We chose a multiple parent approach to avoid the potential maternal and paternal effects characteristics of single dam-sire crosses and therefore reflect a population of natural spawners [START_REF] Caballes | The role of maternal nutrition on oocyte size and quality, with respect to early larval development in the coral-eating starfish, acanthaster planci[END_REF][START_REF] Palumbi | All males are not created equal: Fertility differences depend on gamete recognition polymorphisms in sea urchins[END_REF][START_REF] Sparks | Paternal identity influences response of Acanthaster planci embryos to ocean acidification and warming[END_REF].

Experimental treatments and adult exposure

Experimental treatments were the same as in [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF]. All tanks were supplied with flowthrough seawater pumped from 5 m deep in nearshore waters facing the aquarium facility. Filtered seawater was obtained by using 5 μm cartridge filters set at a flow rate of 1.2 l.min -1 . Tanks were haphazardly allocated to one of four different treatments (three replicates × four treatments; see details below). Each of the twelve tanks had temperature and pH controlled independently, in order to avoid pseudo-replication and follow appropriate design guidelines (Cornwall and Hurd, 2016). Water temperature and pH were controlled independently in twelve 120 l header tanks, which were placed above each adult tank for gravity feeding. Adult COTS were exposed to one of the four following treatments: Control: ambient seawater parameters not modified. Acidification (elevated CO2): pHNIST target was a 0.35 decline from ambient to approximately 7.75. This treatment represents the upper values of ocean acidification projected for the end of the century (IPCC 2014). Water acidification was obtained by bubbling pure CO2 through solenoid valves. In each tank, pH was monitored and regulated continuously using an IKS Aquastar pH-stat system (accuracy ± 0.05 pH units). Electrodes were calibrated using standardized NBS buffers and adjusted each day to the desired pHNIST using a Mettler Toledo 1140 pH meter with an InLab Expert DIN temperature compensated probe; the probe was calibrated weekly using standardized NIST precision buffers. Warming (elevated temperature): temperature was increased by 2 °C compared to control conditions. This treatment represents the ocean warming projected by the "business as usual" scenario for the end of the century (IPCC 2014).

Temperature was adjusted once a week to keep the +2 °C delta constant, while following the natural (seasonal) temperature changes. During the week, if the delta between ambient and elevated temperature treatments varied by >50% (i.e. ± 1 °C), it would be immediately readjusted to keep the +2 °C delta as stable as possible during the experiment. Temperature was controlled using 300 W titanium aquarium heaters (Tetra, HT) plugged with electronic temperature controllers (DR 983 Eliwell). Acidification and Warming (elevated CO2 and elevated temperature): a combination of the two previous treatments, i.e ambient temperature +2 °C and pH 7.75. Temperature and pHNIST were progressively modified in the corresponding tanks, to reach the targeted conditions over a week (Fig. 2). Temperature and pHNIST were measured twice a day in all tanks using a Mettler Toledo 1140 pH meter with an InLab Expert DIN temperature compensated probe. Total alkalinity was measured once a week on water samples collected and filtered through 0.45 µm syringes and immediately analysed by titration. The pHNIST was measured at 0.1 ml increme nts of 0.01 N HCl at 25 °C using a Schott Titroline Easy® titration system. Three replicates of 20 ml were analysed. Total alkalinity (AT) was calculated from the Gran function applied to pH variations from 4.2 to 3.0 as mEq l -1 from the slope of the curve HCl volume versus pH. Parameters of the CO2 system were calculated with the free access CO2SYS Systat package using the dissociation constants of Dickson & Millero (Dickson and Millero, 1987) (Table S1).

Adult COTS were exposed to one of the four treatments for a 20 week period from September 2019 to January 2020, coinciding with their natural gametogenesis and breeding season [START_REF] Conand | Abondance, cycle sexuel et relations biometriques de l'etoile de mer Acanthaster planci en Nouvelle-Caledonie 43[END_REF][START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF]. During the entire duration of experiments, animals were fed twice a week with 50 g of seafood mix (squids, mussels, fishes) per tank.

Spawning and larval rearing

Two reproductions were performed in vitro using the same animals. Gametes were harvested at 15 and 20 week (Fig. 2) which resulted in two experimental sets of data. Three to four gonadal lobes were collected from all four females per tank and placed in maturation-inducing hormones (10 -4 1methyladenine). Three to four gonadal lobes were then collected from each of the four males and placed in covered well plates to prevent desiccation. After 60 minutes, the egg mix was rinsed through a 500 μm mesh to retrieve eggs without the gonadic envelopes and pooled together. Two μl of sperm per male were collected and diluted to 15 ml of seawater. One ml of this mix was then added in the egg stock solution achieving a sperm to egg ratio of approximately 50:1 that reached fertilization >95% [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF][START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF]. Gametes of the four males and the four females were pooled to simulate a population of natural spawners and avoid potential maternal/paternal effects characteristic of single dam-sire crosses [START_REF] Palumbi | All males are not created equal: Fertility differences depend on gamete recognition polymorphisms in sea urchins[END_REF][START_REF] Sparks | Paternal identity influences response of Acanthaster planci embryos to ocean acidification and warming[END_REF]. For all steps, we used 1 μm filtered seawater from the corresponding tanks. Details of spawning procedure are also described in [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF].

The targeted amount of fertilized eggs was then introduced into rearing jars to obtain approximately 1 embryo per ml [START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF]. One cylindrical polyethylene rearing jar of ~15 l was allocated to each adult tank, to rear larvae in the same condition as their broodstock. Rearing jars were placed above corresponding adult tanks. Seawater homogenised at the desired temperature and pH was sent from the 120 l header tanks to the rearing jars using submersible aquarium pumps (1.000 l.h -1 ; Tetra) and filtered through 1 μm before entering the jars. The flow rate was set to achieve fully renew every hour. Larvae were retained in the rearing jars by 80 μm banjo filters placed on the water evacuation, that were replaced with 200 μm banjo filters after 3 days when algae were first introduced for larval feeding. Rearing jars were cleaned every third day by carefully washing larvae over a 40 μm mesh and replacing 100% of the water after washing the jars [START_REF] Ayukai | Practical handbook for large scale rearing of the larvae and juveniles of crown-of-thorns starfish[END_REF][START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF]. Fig. S1 presents the whole system we used to expose adults and rear larvae.

Larval feeding

We fed the larvae with two algae species: Tisochrysis sp. (CS 177/9) supplied by CSIRO (Hobart) and Dunaliella sp. isolated in New Caledonia [START_REF] Coulombier | Impact of Light Intensity on Antioxidant Activity of Tropical Microalgae[END_REF], as previously done in COTS larvae rearing [START_REF] Mellin | Selective feeding andmicroalgal consumption rates by crown-of-thorns seastar (Acanthaster cf. solaris) larvae[END_REF][START_REF] Uthicke | Effects of larvae density and food concentration on Crown-of-Thorns seastar (Acanthaster cf. Solaris) development in an automated flow-through system[END_REF][START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF]. To provide algae of constant biochemical quality, algae were cultured in 0.2 µm filtered seawater enriched with Walne's medium [START_REF] Walne | Experiments in the Large-Scale Culture of the Larvae of Ostrea Edulis L[END_REF] under controlled conditions using photobioreactors in continuous mode (Fig. S2).

Temperature and pH were kept constant during the algae cultures (Tables S1 andS2). Cell growth was assessed daily by measuring light absorbance (UV-mini, Shimadzu) at 680 nm and 800 nm (Table S1 and S2) and 2-3 times a week by counting cells under microscope (Leica DM750) using Malassez hemocytometer. Both strains were provided to larvae in equal cell concentration to reach 10,000 cell.ml -1 , corresponding to a fully satiated diet according to [START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF], excluding potential food limitations. Larvae were fed once a day beginning on day 3, twice a day from day 5 and finally 3 times a day from day 7 until the end of the experimental period. During feeding, the flow of seawater renewal was stopped for 90 minutes [START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF].

Gastrulation

To estimate the proportion of embryos undergoing normal gastrulation, 50 embryos per jar were sampled 24h after fertilisation and immediately placed in 6-well plate filled with a 7% MgCl2 solution to relax them. They were then photographed under microscope and scored as normal or abnormal gastrula following criteria established by [START_REF] Sparks | Paternal identity influences response of Acanthaster planci embryos to ocean acidification and warming[END_REF]. Namely, a gastrula was scored as abnormal if one or more of the following criteria were violated: longitudinal symmetry, internal and external cell wall integrity, clear development of a keyhole-shaped internal blind-ended gut, and finally their size roughly equal to that of the others (Fig. 1).

Larval mortality, development, and morphology

Larval mortality was estimated by haphazardly sampling ~30 larvae from each rearing jar using a graduated syringe, every other day from day 3 to day 21. Combining numbers of larvae sampled per day with specific volumes allowed us to calculate larvae density and deduce the mortality.

The ~30 larvae were immediately placed in 6-well plate filled with a 7% MgCl2 solution to relax them. After 5-10 minutes, they were photographed with a camera fixed on a microscope (magnification ×100; Leica DM750). Those pictures allowed a precise determination of larval development into four stages described in the literature (Caballes et al., 2017a;Henderson and Lucas, 1971;[START_REF] Lucas | Quantitative studies of feeding and nutrition during larval development of the coral reef asteroid Acanthaster planci (L.)[END_REF][START_REF] Yamaguchi | Early life histories of coral reef asteroids, with special reference to Acanthaster planci (L.)[END_REF]: (1) Early bipinnaria -complete alimentary canal, bipinnaria

arms not yet developed, pre-oral and anal lobes, coelomic pouches below or close to the mouth (Fig. 1); (2) Advanced bipinnaria -distinctly developed bipinnaria arms, coelomic pouches fuse as axohydrocoel above the mouth (Fig. 1); (3) Early brachiolaria -brachiolaria arms appear as little stumps (Fig. 1); (4) Mid-late brachiolaria -starfish primordium developing, brachiolaria arms elongate (Fig. 1). For all stages, we also determined larvae normality. If a larvae showed clear asymmetry, was stunted, or deformed, it was considered abnormal [START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF][START_REF] Lamare | The thermal tolerance of crown-of-thorns (Acanthaster planci) embryos and bipinnaria larvae: Implications for spatial and temporal variation in adult populations[END_REF] (Fig. 1). We used the ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] to evaluate the larval morphology by measuring a series of six metrics following [START_REF] Lamare | The thermal tolerance of crown-of-thorns (Acanthaster planci) embryos and bipinnaria larvae: Implications for spatial and temporal variation in adult populations[END_REF]: total length, total width, mouth hood, gut hood, gut length and gut width (Fig. 1).

Data analysis

Normality and homogeneity of variance from gastrulation proportion data did not improve after transformations. Therefore, we used non-parametric three-way permutational ANOVA (PERMANOVA) tests to evaluate the effects of experimental run (two levels, fixed), temperature (two levels, fixed), and pH (two levels, fixed) on these response variables. We chose to use experimental run as a fixed factor because the two runs were started at one month intervals and [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF] showed effects of temporality on COTS reproductive performances. Analysis of gastrulation proportions were computed in Primer using 9999 permutations.

Larval mortality data were analysed using linear mixed effect models with temperature (two levels, fixed), pH (two levels, fixed), days (nine levels, fixed), tank (nested within each temperature x pH level for a total of 12 levels, random), and all their interactions. Data from the proportion of each larvae stage each day were arcsin-root transformed prior to analysing with the same model described above, except we performed it for each stage by day.

Moreover, only normal larvae were analysed, resulting in four stages.

For larval morphology data, we performed a reduced-centered principal component analysis (PCA) to analyse all six larval metrics together and recovered data from the first component (71.09% of the total explained variation). The first component, with all variables (metrics) correlated in the same way (Fig. S3), corresponds to the global size of the larvae. Data of each larvae stage were analysed using linear mixed effect models with temperature (two levels, fixed), pH (two levels, fixed), days (ten levels, fixed), larvae variation nested within tank (nested within each temperature x pH level for a total of 12 levels, random), and all their interactions. Normality and homogeneity of variances were checked by inspecting model residual plots and boxplot of data within treatment groups. Post-hoc pairwise contrasts were performed using the R package "lsmeans" [START_REF] Lenth | Least-squares means: The R package lsmeans[END_REF], controlling for false discovery using Tukey adjustment. Models were computed in R (R Development Core Team) complemented by the nlme package [START_REF] Pinheiro | Package 'nlme[END_REF]. andh) examples of abnormal larvae, i) illustration of the six metric measures: total length (1), total width (2), mouth hood (3), gut hood (4), gut length (5), and gut width (6). All pictures are purposefully the same scale (bar = 200 µm).

Results

System performance

Both temperature and pH targets were achieved in adult tanks and larvae rearing jars across the 20 weeks of experiment (Fig. 2). Temperatures in adult tanks followed seasonality, with ambient treatments ranging from 22.5 ± 0.1 °C in early September to 26.6 ± 0.1 °C in late January and elevated treatments ranging from 24.1 ± 0.3 °C in early September to 28.7 ± 0.3 °C in late January (mean ± SD; Fig. 2). During the entire adult acclimation, the difference between ambient and elevated temperature was kept at 1.82 ± 0.3 °C. In the rearing jars, temperature ranged from 26.7 ± 0.3 °C in the ambient treatments to 28.4 ± 0.3 °C in the elevated treatments during the first experimental run. During the second experimental run the following month, temperatures ranged from 27.5 ± 0.6 °C in the ambient treatments to 29 ± 0.5 °C in the elevated treatments (mean ± SD; Fig. 2). During larval rearing, the delta of temperature between ambient and elevated temperature was 1.60 ± 0.15 °C (mean ± SD).

Average carbon chemistry, including pH, varied little among replicates or similar CO2 (low/high) treatments (Supplementary table 3). 
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Percentage of gastrulation

Percentage of gastrulation was not significantly affected by experimental run (Pseudo-F = 0.123; p(perm) = 0.726), pH (Pseudo-F = 0.073; p(perm) = 0.789), temperature, nor their interactions (Supplementary Table 4). The noteworthy difference was a tendency towards reduced normal gastrulation in elevated temperature treatments (62.7 ± 8.4%) compared to ambient temperature treatments (70 ± 8.5%), with a p-value close to the significant threshold (temperature; Pseudo-F = 4.000; p(perm) = 0.067; Supplementary Fig. 4).

Larval mortality

Final larval densities were drastically different between the two experimental runs and are therefore analysed separately (F = 51.113; p < 0.001; Fig. 3). Larval density appeared constant across the first experimental run (Factor day; F = 0.755; p = 0.643; mean ± SD last day, 72.6 ± 0.06%; Fig. 3) with no significant effect of the conditions, temperature and/or pH (Table 2). In contrast, an increased mortality was observed throughout the second run, down to densities of 22.5 ± 13.5% on the last day (Factor day; F = 32.596; p < 0.001, Fig. 3). A significant interaction between days and pH was observed (F = 2.647; p = 0.014), revealing a higher mortality in low pH conditions for the second run (mean ± SD last day, remaining larval density 30.9 ± 3% in ambient vs 14.2 ± 16% in low pH; Fig. 3). 

Larval development

For the first experimental run, the larvae in the control treatments followed the development pattern described in the literature [START_REF] Keesing | Large-scale laboratory culture of the crown-of-thorns starfish Acanthaster planci (L.) (Echinodermata: Asteroidea)[END_REF][START_REF] Lucas | Quantitative studies of feeding and nutrition during larval development of the coral reef asteroid Acanthaster planci (L.)[END_REF] (Fig. 4a). Specifically, peak proportion of early bipinnaria were detected at day 3 (88%), followed by advanced bipinnaria 2-4 days later (49-68%). Early brachiolaria were detected 2 days after the first detection of the previous stage (30% on day 9) and finally, mid-late brachiolaria appeared at day 9 with proportions ranging from 15-30% until day 21. Data highlighted notable differences in larval development between treatments. Significant interactions were observed between larval stages and pH and/or stages and temperature at different days (Table 3), suggesting a developmental delay from the first stage (early bipinnaria) to the second (advanced bipinnaria). Specifically, there were lower proportion of early bipinnaria in the warmed and acidified treatment at day 3 compared to the three other treatments, due to higher proportions of abnormal larvae (22.9 ± 7.6 % abnormal larvae in warmed and acidified treatment vs 9.6 ± 5.9 % in the three other treatments; Fig. 4a; Table 3). Moreover, there were higher proportions of early bipinnaria at day 5 in the low pH (61 ± 8.18 %) compared to the ambient pH treatments (34 ± 13%), and at day 9 in the elevated temperature treatments (21 ± 15%) compared to ambient temperature treatments (5 ± 4%; Table 3; Fig. 4a). These developmental delays eventually translated into delay in reaching the maximum proportion of mid-late brachiolaria, achieved on day 13 in control treatments but only day 15 or 17 when larvae faced elevated temperature and/or low pH conditions. Finally, there were also more abnormal larvae in the warmed and acidified treatment (23 ± 8%) compared to control (11 ± 8%).

The second experimental run (Fig. 4b) was distinct from the first one (χ 2 = 594.93, df = 3, p < 0.001). All treatments, including control, showed a higher proportion of abnormal larvae, eventually reaching 100% in the low pH treatment. At best, on average only 7.14 % of the larvae reached the last stage (mid-late brachiolaria) in the control treatment, i.e. ~4 times less than during the first run.

Therefore, as most larvae exhibited abnormal development patterns associated with marked morphological aberrations, data from the second run were excluded from the subsequent analyses. 

Larvae morphology

Only the normal larvae were used in the morphology analyses, as obtaining all six measures for abnormal larvae was not always possible. The six metrics were reduced-centered by PCA analysis; the coordinates of the larvae on the first axis (71.09% of total variation explained) were then used as a proxy of the global larvae size. The early bipinnaria appeared overall larger in low pH and ambient temperature exposures (temperature x pH; F = 5.945; p-value = 0.016; Fig. 5a). Early bipinnaria were also affected by the interaction of days with temperature (F = 6.462; p-value < 0.001) and with pH (F = 2.984; p-value = 0.011; Table 4). Pairwise revealed that larvae were smaller at day 5, 7 and 11 when exposed to elevated temperature (p-values < 0.02). Early bipinnaria finally appeared to be smaller at day 9 when exposed to both elevated temperature and lower pH (p-value = 0.003).

Advanced bipinnaria were significantly affected by the interaction of either days and temperature (F-= 2.215; p-value = 0.031), days and pH (F = 4.607; p-value < 0.001), or days temperature and pH (F = 3.455; p-value < 0.001). Pairwise revealed that larvae were smaller in elevated temperature at day 7 (p-values < 0.001) and larger in low pH and ambient temperature at days 9 and 13 (p-values < 0.01).

Finally, advanced bipannaria larvae were also larger in low pH treatments at day 17 (p-value = 0.04; Fig. 5b).

The size of early brachiolaria was significantly affected by pH (F = 33.945; p-value < 0.001).

Indeed, early brachiolaria appeared to be larger in acidified treatments (Fig. 6a)

Finally, the size of mid-late brachiolaria was significantly affected by the interaction of pH and days (F = 5.807; p-value < 0.001). The larvae were larger in low pH treatments at day 13 (p-value < 0.01) and from day 17 to day 21 (p-values < 0.03; Fig. 6b). 

Discussion

In this experimental study, we investigated the effects of near-future ocean warming and acidification on COTS development from early embryonic to late larval stages, after exposing the parental generation to stressors for 20 weeks. Parental exposure and acclimation represent a step towards a more realistic scenario of climate change, compared to previous studies that applied punctual stress only on single life-stage. To our knowledge, this is the first study on COTS which implemented an adult exposure phase prior to study larvae. We followed the "business-as-usual" scenario projections for the end of this century, with an increase in ocean temperature of 2° C and a decrease in pH to 7.75 (IPCC, 2014). We did not observe any evidence of additive or synergistic effects with the stressors.

Results suggest that the future climate might not be as detrimental to larval mortality, as there was no effect of pH or temperature detected. However, some developmental delay due to elevated temperature and/or lower pH were found. It is difficult to conclude if the delay would have repercussions on the following cycle, which would require conducting the same kind of experiments over more consecutive life-stages, for example through recruitment and juvenile stages. We highlighted that studying several life stages subsequently is critical to predict outcomes of similar experiments, as we found that early reproduction processes like fertilisation might not be enough to predict COTS offspring fitness.

Most metrics used to characterize the larval development suggested that the first experimental run was of better quality than the second run. This difference may be attributable to adult COTS gradually accumulating stress, e.g. from repeated gonad sampling. However, the greatest care was taken to keep disturbance to a minimum, and we did not observe any evidence of stress across the entire experiment, mortality being anecdotal (1% of the animals died over the 20 week period). A more plausible explanation for these marked differences is the spawning seasonality, as a recent study highlighted that breeding COTS earlier (December/January) resulted in fertilisation rates about twice as high as those obtained later in the season (February/March) [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF]. Our results are consistent with this seasonality, showing higher larvae performances (development and survival) in December (first experimental run) than in January (second), which is consistent our hypothesis: a higher reproduction success earlier in the breeding season in New Caledonia. This also suggests that the impacts of modified conditions should be investigated over as much of the development cycle as possible, as punctual "success" (such as high fertilisation rates, e.g. > 95%, [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF] does not necessarily translate into subsequent biological stages.

We could not see evidence of significant larval mortality in any treatments from the first experimental run. This contrasts with existing studies that systematically showed a marked larval mortality through time (Caballes et al., 2017a[START_REF] Caballes | The role of maternal nutrition on oocyte size and quality, with respect to early larval development in the coral-eating starfish, acanthaster planci[END_REF][START_REF] Pratchett | Larval survivorship and settlement of crown-of-thorns starfish (Acanthaster cf. solaris) at varying algal cell densities[END_REF][START_REF] Wolfe | Larval starvation to satiation: Influence of nutrient regime on the success of Acanthaster planci[END_REF]. Several methodological parameters could explain these differences. First, our larvae feeding procedure provided for a fully satiated diet (10.000 cells.ml -1 ; [START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF], with high biochemical quality algae obtained with photo-bioreactor cultures of two different strains, three times a day. While increasing the quality and quantity of food might have improved the overall larval survival, it is unlikely that it could explain the absence of mortality by itself, as some authors showed significant larval mortality even with high nutrition (Caballes et al., 2017a). Another explanation could be that larvae densities were only estimated from fifth day post-fertilisation onwards. Larval densities generally stabilize after most non-viable larvae have died, usually happening around the sixth day [START_REF] Keesing | Large-scale laboratory culture of the crown-of-thorns starfish Acanthaster planci (L.) (Echinodermata: Asteroidea)[END_REF]. This may explain the apparent stability observed from day 5 to day 21.

However, previous studies on COTS larval densities still show mortality after 5 days (Caballes et al., 2017a;[START_REF] Pratchett | Larval survivorship and settlement of crown-of-thorns starfish (Acanthaster cf. solaris) at varying algal cell densities[END_REF]. The last difference between our study and all previous studies on COTS larvae was the adult exposure phase. In echinoderms, it has already been shown that a sufficient period of adult exposure allows acclimation through reproductive physiology, after which no effect of warming and/or acidification would be detected on larvae performances (Dupont et al., 2013;[START_REF] Suckling | Adult acclimation to combined temperature and pH stressors significantly enhances reproductive outcomes compared to short-term exposures[END_REF]. Nevertheless, these alleviated effects have only been shown in sea urchins after acclimation periods > 1 year, but not after only 4-6 months. Further examinations of COTS larval survivorship, including longer adult exposure periods, will be necessary to reinforce this and the absence of mortality in larvae exposed to near-future ocean acidification and warming. However, it is necessary to cautiously interpret these results emerging from a specific experiment frame (constant food providing, constant renewal of water, absence of predation, no real hydrologic movements, filtered seawater and regular cleaning of the jars potentially preventing disease). Therefore, ecological impacts cannot be directly inferred, and further investigations will be required.

Larval development was negatively influenced by both elevated temperature and low pH. The two stressors produced passage delay from early bipinnaria to advanced bipinnaria stages, which eventually led to delay in achieving large proportion of mid-late brachiolaria. In the absence of similar studies who included a parental exposure, it is difficult to compare development patterns in different temperature and pH treatments (but see Caballes et al., 2017a), who incorporated nutrition).

Nevertheless, studies with no parental exposure showed a delay produced by acidification [START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF] which reinforce our results, though the delay produced by temperature does not match the literature [START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF]. This latter study proposed that larvae subjected to elevated temperature combined with high nutrition would grow and evolve faster. The prior exposure of adults could be an explanation for these discrepancies and underscore the importance of multigenerational studies. If elevated temperature produced thermal stress on eggs and fertilization as previously suggested [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF], this stress might have been transmitted forward to the larvae. The fact that gastrulation tended to be lower in elevated temperature treatments reinforces the suggested effect, though this effect was barely above the significant threshold (p-value = 0.06). At the end of the experiment (21 days), however, all larvae stages were in roughly the same proportion, independent of treatments. We could assume that larvae from elevated temperature/low pH treatments that were lagging at day 13 eventually caught up. Nevertheless, we could also hypothesize that these delays could have repercussions later in the life-cycle, therefore elongating the time to recruitment and decreasing the survival chances, in contrast to the co-promoting effect of higher food and increasing temperature suggested by [START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF].

Elevated temperature also had detrimental effect on larval morphology, with smaller advanced bipinnaria in elevated temperature treatments from day 5 to 11. Once again, these findings contradict other studies where a moderate increase of temperature (+2 °C) has shown enhanced larvae growth [START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF][START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF] or no significant impacts [START_REF] Lamare | The thermal tolerance of crown-of-thorns (Acanthaster planci) embryos and bipinnaria larvae: Implications for spatial and temporal variation in adult populations[END_REF].

Nevertheless, these studies usually target 1 to 3 days post-fertilisation with all larvae pooled together for daily analysis [START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF][START_REF] Lamare | The thermal tolerance of crown-of-thorns (Acanthaster planci) embryos and bipinnaria larvae: Implications for spatial and temporal variation in adult populations[END_REF][START_REF] Uthicke | Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks[END_REF]Uthicke et al., , 2013a)). This is potentially misleading, as analyses very likely encompass larvae from different development stages, with contrasted sizes, growth rates etc. In this study, all growth analyses were performed after larvae were individually attributed to a specific development stage. We collected ten samples from day 3 to day 21 post-fertilisation, reducing uncertainty from studies sampling 1 to 3 days post-fertilisation. The temperature effects on morphology we observed may also result from our initial exposure phase, with the thermal stress experienced by adults being passed on to the first larval stage (bipinnaria). These effects, however, were not observed on the next larval stage (brachiolaria). This raises the issue of stage resilience, as more advanced larvae such as brachiolaria were assumed to be less resilient to warming than early larval stages [START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF][START_REF] Lamare | The thermal tolerance of crown-of-thorns (Acanthaster planci) embryos and bipinnaria larvae: Implications for spatial and temporal variation in adult populations[END_REF]. Surprisingly, positive effects of acidification were systematically found on larvae morphology, from early bipinnaria to late brachiolaria, which were larger when reared in low pH (7.75). Again, these findings contrast with current literature, in which lower pH resulted in smaller larvae [START_REF] Kamya | Larvae of the coral eating crown-of-thorns starfish, Acanthaster planci in a warmer-high CO 2 ocean[END_REF] or increased abnormality (Uthicke et al., 2013a). These seemingly conflicting results could be attributable to a transgenerational adaptive process from broodstock to the larval stages, triggered by the initial phase of parental exposure. Indeed, an example of transgenerational plasticity has been proposed in a recent study which similarly found that sea urchin larvae of Strongylocentrotus purpuratus would grow larger in acidification treatments after 4.5 months of parental generation exposure [START_REF] Wong | Transcriptomics reveal transgenerational effects in purple sea urchin embryos: Adult acclimation to upwelling conditions alters the response of their progeny to differential p CO 2 levels[END_REF].

Finding out if there is indeed a link between low pH effects on developmental delay and larger larvae will require further investigations.

Our study also identified information regarding spawning seasonality that is pertinent for both future experiments and COTS management. The strong differences between the two experimental runs for larvae performances allowed us to clarify the spawning seasonality for COTS in New Caledonia.

Therefore, we propose a thinner timeframe for future experiments, peaking in December for years without anomalous temperature increases. Understanding this spawning seasonality is also primordial for managers planning controls to limit coral reef damages from COTS outbreaks [START_REF] Bos | Management of crown-ofthorns sea star (Acanthaster planci L.) outbreaks: Removal success depends on reef topography and timing within the reproduction cycle[END_REF]Dumas et al., 2016). Acquiring more knowledge about the peak spawning period could help prevent the formation of primary outbreaks and the initiation of secondary outbreaks [START_REF] Babcock | Suppressing the next crown-of-thorns outbreak on the Great Barrier Reef[END_REF].

These secondary outbreaks are caused by a primary outbreak population that triggers massive spawning, producing large quantities of adults that will have high impacts on coral reefs. Organizing control campaigns before the annual spawning peak is among the best current leads to fight COTS outbreaks [START_REF] Babcock | Suppressing the next crown-of-thorns outbreak on the Great Barrier Reef[END_REF]. The success of these operations depends on early detection of COTS growing densities. Combining spawning season knowledge with efforts of participative science, already proven efficient in detecting and reporting growing COTS densities [START_REF] Hue | Temperature affects the reproductive outputs of coral-eating starfish Acanthaster spp. after adult exposure to near-future ocean warming and acidification[END_REF], could be critical in controlling COTS population outbreaks. We hope this contribution to a broader view of COTS early development processes in the context of current global change will help to better understand, anticipate, and ultimately manage future outbreaks [START_REF] Babcock | Suppressing the next crown-of-thorns outbreak on the Great Barrier Reef[END_REF][START_REF] Westcott | Relative efficacy of three approaches to mitigate Crown-of-Thorns Starfish outbreaks on Australia's Great Barrier Reef[END_REF].

Figure 1 .

 1 Figure 1. Development stages of Acanthaster cf. solaris; a) normal and b) abnormal gastrula, c) early and d) advanced bipinnaria, e) early and f) mid-late brachiolaria, g) and h) examples of abnormal larvae, i) illustration of the six metric measures: total length (1), total width (2), mouth hood (3), gut hood (4), gut length (5), and gut width (6). All pictures are purposefully the same scale (bar = 200 µm).

Figure 2 .

 2 Figure 2. Daily averages of temperature and pH in both experimental tanks (Adult) and rearing jars (Larvae) coloured by treatments, from September 2019 to February 2020. The shaded part on the left graphs represents both larvae rearing periods, parameters of which are detailed on the right graphs.

Figure 3 .

 3 Figure 3. Proportion of initial larvae remaining from day 5 to day 21. Results of the first experimental run (started mid-December) and of the second (started mid-January) represented across the four treatments. Curves were drawn with mean ± SD (n = 3 rearing jars).

Figure 4 .

 4 Figure 4. Development of COTS larvae for a) the first experimental run (started mid-December) and b) the second (started mid-January) though time across the four experimental treatments. Colour bars represent mean percentage of each larvae stage across the experimental time, from day 3 to day 21 (n = 3 rearing jars).

Figure 5 .

 5 Figure 5. Evolution of size for a) early bipinnaria and b) advanced bipinnaria across the four experimental treatments. PCA1 represents a proxy of larval global size. Bold horizontal lines indicate medians, boxes enclose the upper and lower quartiles of the data, whiskers mark the maximum and minimum values excluding outliers, and the dots show outliers. Data for individual larvae measured are shown.

Figure 6 .

 6 Figure 6. Evolution of size for a) early brachiolaria and b) mid-late brachiolaria across the four experimental treatments. PCA1 represents a proxy of larval global size. Bold horizontal lines indicate medians, boxes enclose the upper and lower quartiles of the data, whiskers mark the maximum and minimum values excluding outliers, and the dots show outliers. Data for individual larvae measured are shown.

  

  

  

Table 1 .

 1 Studies on the impact of modified temperature and/or pH on different COTS stage of life.OA, OW and OAW stand for Ocean Acidification, Ocean Warming and Ocean Acidification and Warming, respectively.

	Ontogenic	Conditions tested	Parental	Main findings	References
	stage			exposure		
		Temperature	pH	(weeks)		
	Gonado-	seasonnal T°;	pHNIST	3 and 4	Negative effect of OW on GSI	Hue et al. 2020
	Somatic	seasonnal T°	ambient;	months	No effect of OA nor OAW	
	Index	+2°C	pHNIST 7.75			
	Egg metrics seasonnal T°;	pHNIST	3 and 4	Negative effect of OW on egg	Hue et al. 2020
		seasonnal T°	ambient;	months	maximum diameters and volumes;	
		+2°C	pHNIST 7.75		No effect of OA nor OAW	

Table 2 .

 2 Results of the linear mixed effect model performed on COTS larvae survival submitted to different treatment through time, for the two experimental runs.

	First experimental run		Second experimental run
	Source of	F	Df Df.res Pr(>F)	F	Df Df.res Pr(>F)
	variation							
	Temperature 0.849 1	8	0.383	0.134 1	8	0.723
	pH	0.003 1	8	0.96	2.292 1	8	0.168
	Days	0.755 8	64	0.643 32.596 8	64	<0.001
	Temperature	0.23	1	8	0.644	0.049 1	8	0.828
	x pH							
	Temperature	0.799 8	64	0.604	1.578 8	64	0.149
	x Days							
	pH x Days	0.527 8	64	0.831	2.647 8	64	0.0142

Table 3 .

 3 Results of the linear mixed effect model performed on COTS larvae development submitted to different treatment through time for the first experimental run. Only results including the days where effects were highlighted appear in the table (see Supplementary Table 5 for the complemented results).

Table 4 .

 4 Results of the linear mixed effect model performed on COTS larvae size for the four different stages submitted to different treatment through time for the first experimental run.

			Early bipinnaria	Advanced bipinnaria
	Source of variation	F	Df Df.res Pr(>F)	F	Df Df.res Pr(>F)
	Temperature	6.533 1 284.4 0.011	21.278 1 280.99 <0.001
	pH	2.55 1 305.68 0.111	6.578 1 275.66 0.01
	Days	99.06 5 634.74 <0.001	91.341 7 747.07 <0.001
	Temperature x pH	5.945 1 318.25 0.016	0.339 1 278.29 0.561
	Temperature x Days	6.462 5 640.05 <0.001	2.215 7 749.06 0.031
	pH x Days	2.984 5 645.53 0.011	4.607 7 749.97 <0.001
	Temperature x pH x				
	Days	0.186 5 648.8 0.968	3.455 7 750.58 0.001
			Early brachiolaria	Mid-late brachiolaria
	Source of variation	F	Df Df.res Pr(>F)	F	Df Df.res Pr(>F)
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