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Plasticity of Porites astreoides Early Life History Stages Suggests Mesophotic Coral Ecosystems Act as Refugia in Bermuda
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As the devastating impacts of global climate change and local anthropogenic stressors on shallow-water coral reefs are expected to rise, mesophotic coral ecosystems have increasingly been regarded as potential lifeboats for coral survival, providing a source of propagules to replenish shallower reefs. Yet, there is still limited knowledge of the capacity for coral larvae to adjust to light intensities that change with depth. This study elucidates the mechanisms underlying plasticity during early life stages of the coral Porites astreoides that enable survival across broad depth gradients. We examined physiological and morphological variations in larvae from shallow (8–10 m) and mesophotic (45 m) reefs in Bermuda, and evaluated differences in survival, settlement patterns and size among recruits depending on light conditions using a reciprocal ex situ transplantation experiment. Larvae released from mesophotic adults were found to have significantly lower respiration rates and were significantly larger than those derived from shallow adults, indicating higher content of energetic resources and suggesting a greater dispersal potential for mesophotic larvae compared to their shallow counterparts. Additionally, larvae released from mesophotic adults experienced higher settlement success and larger initial spat size compared to larvae from shallow adults, demonstrating a potential connection between parental origin, offspring quality, and recruitment success. Although both shallow and mesophotic larvae exhibited the capacity to survive and settle under reciprocal light conditions, all larvae had higher survival under mesophotic light conditions regardless of parental origin, suggesting that conditions experienced under low light may enable longer larval life, further extending the dispersal period. These results indicate that larvae from mesophotic Porites astreoides colonies are likely capable of reseeding shallow reefs in Bermuda, thereby supporting the Deep Reef Refugia Hypothesis.
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INTRODUCTION

By creating complex 3-dimensional calcium carbonate frameworks, reef building corals support the most productive and biologically diverse marine ecosystems on Earth. Coral reefs are not only a critical habitat for a wide variety of species, but also provide indispensable ecosystem services for millions of people (Burke et al., 2011). Despite their great importance, coral reefs are facing significant challenges due to human activities (e.g., pollution, overfishing, and the physical destruction of reefs) (Burke et al., 2011). In addition, changes in environmental features determined by ocean warming and seawater acidification are seriously threatening the survival of entire coral reef ecosystems (Hoegh-Guldberg et al., 2017). Coral losses are particularly pronounced on shallow water reef systems, where corals and their dinoflagellate symbionts live close to their physiological thermal maximum, and as a result, warming of 1°C or more can significantly reduce their fitness and cause whole-colony mortality (Hoegh-Guldberg, 1999; Jones, 2008). However, coral reefs extend far beyond the well-studied shallow reef zones into Mesophotic Coral Ecosystems (MCEs) ranging from 30 m depth down to depths potentially greater than 170 m (Hinderstein et al., 2010; Rouzé et al., 2021). In the last few years, MCEs have gained significant interest as they appear not to have experienced the same trend in coral decline as their shallow-water counterparts, displaying relatively stable coral populations over time (Bak et al., 2005). Thus, it is hypothesized that MCEs may act as refugia for corals, serving as potential sources to reseed shallower reefs through larval exchange and thereby increasing overall reef resilience [termed the Deep Reef Refugia Hypothesis “DRRH”; (Bongaerts et al., 2010; Lesser et al., 2018)].

Resilience of ecosystems under rapid environmental change relies, in part, on the capacity of organisms to adapt and/or acclimatize to new conditions. From shallow to mesophotic depths, wide variations in light intensity shape different physiological, morphological and gene expression patterns in both the coral and the algal symbiont (Mass et al., 2007; Einbinder et al., 2016; Goodbody-Gringley and Waletich, 2018; Martinez et al., 2020; Malik et al., 2021). For instance, differences in photosynthetic efficiency have been observed in the algal endosymbionts between shallow and mesophotic corals (Bongaerts et al., 2011). Moreover, coral larvae and recruits from different light environments significantly differ in size (Turner et al., 2018; Scucchia et al., 2020) and possess differential recruitment patterns (Turner et al., 2018). These wide variations among conspecifics are recurrently suggested to result from plasticity in response to differing environmental conditions at depth, such as light intensity changes (Goodbody-Gringley and Waletich, 2018). Nevertheless, there is still limited knowledge of the physiological and morphological contributors that underlie such plasticity, particularly in early life stages. This reduces our capacity to adequately assess the ability of mesophotic larvae to survive under higher light intensities and replenish shallower reefs.

If MCEs are in fact an important lifeboat for coral survival, it is imperative to evaluate the degree of physiological plasticity of coral larvae that would enable them to successfully migrate and settle across wide depth gradients, as successful settlement is fundamental to coral population dynamics as well as reef community structure (Piniak et al., 2005). We assessed this plasticity in the reef-building coral Porites astreoides, a hermaphroditic, brooding species (Brazeau et al., 1998) that inhabits large environmental clines (Elizalde-Rendón et al., 2010) and exhibits high phenotypic plasticity at various life stages (Green et al., 2008). This Atlantic coral is common throughout the Caribbean and Western Atlantic with a broad depth distribution, ranging from 0 to 50 m (Fricke and Meischner, 1985; Chornesky and Peters, 1987). In Bermuda, P. astreoides is a main contributor to reef community structure and is ubiquitously distributed across the lagoon and rim reef zones, with relative frequency decreasing with increasing depth beyond 20 m (Fricke and Meischner, 1985; de Putron and Smith, 2011; Goodbody-Gringley et al., 2019). Due to the high levels of fecundity and settlement success, P. astreoides is considered a resilient species (Bak and Engel, 1979; Chornesky and Peters, 1987). Additionally, variable bleaching responses and different host gene expression patterns between inshore and offshore populations exposed to heat stress suggest that P. astreoides may be able to acclimatize or adapt to thermal stress (Kenkel et al., 2013a,b; Wong et al., 2021). Across a depth gradient, this species was also found to have similar thermal tolerance ranges, despite variable thermal histories, suggesting high levels of plasticity to temperature (Gould et al., 2021). Consequently, P. astreoides is expected to increase in relative abundance compared to other Atlantic scleractinian species (Green et al., 2008), and is therefore an ideal study species as it will likely be an important contributor to the future community composition of Caribbean and Western Atlantic reefs. Importantly, this species was also found to maintain high degrees of genetic connectivity in Bermuda across inshore and offshore sites that ranged in depth from 4 to 26 m (Serrano et al., 2016), and multiple studies have described Symbiodinium spp. [ITS2 type A4; (LaJeunesse et al., 2018)] as the dominant symbiont in P. astreoides in Bermuda (Venn et al., 2006; Serrano et al., 2016; Zhang et al., 2016; Reich et al., 2017). Thus, there is strong support for host and symbiont homogeneity in Bermuda across depths enabling comparisons of phenotypic response to environmental conditions.

In this study, we examined physiological and morphological characteristics of P. astreoides larvae released from shallow (8–10 m) and mesophotic (45 m) adults and, through a reciprocal ex situ transplantation experiment, we assessed differences in survival, settlement patterns and size among recruits depending on settlement light conditions. With this approach, we elucidated the mechanisms underlying the plasticity of P. astreoides early life stages that enables them to survive across broad depth gradients. The existence of such plasticity increases the probability of effective connectivity between shallow and mesophotic depths, ultimately advancing our understanding of these ecosystems and the potential for MCEs to serve as refugia.



MATERIALS AND METHODS


Site Selection

Two study sites on the north Atlantic Bermuda platform were selected for this study: a rim reef (Hog Shallow; 8–10 m depth; 32°27′26″N, 64°50′05″W), and a mesophotic reef (Hog Deep; 45 m depth; 32°29′18″N, 64°51′18″W) (Figure 1). Mesophotic (∼45 m) Bermudian coral reefs have been characterized as a light and nutrient-limited environment with colder temperatures compared to shallow reefs (Goodbody-Gringley et al., 2015). Temperature (°C) was measured from early June 2019 through mid August 2019 using HOBO water temperature ProV2 loggers deployed on the benthos at 10, 30, 45, and 60 m. Temperatures were found to be consistently lower at deeper depths throughout the summer, but converged toward the peak of the summer (Figure 1). Maximum temperature at the shallow site (10 m) peaked at 28.9°C, compared to 26.8°C at the mesophotic site (45 m).
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FIGURE 1. Map of Bermuda indicating its’ location within the Western Atlantic (inset) as well as the sample sites on the northern edge of the platform (image left, yellow symbol). Image of team collecting adult coral colonies from the reef site at 45 m depth using closed-circuit rebreathers (top right; Image by HN). In situ mean seawater temperature (°C) measured with a HOBO water temperature ProV2 logger deployed on the benthos at 10, 30, 45, and 60 m depth from June to August 2019. Shaded area represents 95% confidence intervals (bottom right). Asterisk indicates significant difference.




Larval Collection

The reproductive timing of P. astreoides has been relatively well studied in Bermuda. This brooding species is capable of both self-fertilization and outcrossing (Brazeau et al., 1998) and releases symbiotic larvae in accordance with the lunar cycle (de Putron and Smith, 2011). In Bermuda, the planula release period of P. astreoides occurs over several days beginning up to 10 days before the new moons of July, August, and September (de Putron and Smith, 2011), enabling predictable larval collections.

A total of 20 adult colonies with a minimum surface area of 170 cm2 were randomly chosen and collected for this experiment using a hammer and chisel (PSLicenses #2019061407): 10 from the shallow reef (10 m depth) and 10 from the mesophotic reef (45 m depth; Figure 1), 9 days prior to the July new moon (22 July 2019). Any minimal differences in surface area are not expected to affect reproductive patterns, as it has been shown that there is no significant relationship between numbers of planulae released and the surface areas of reproductive colonies of P. astreoides in Bermuda (de Putron and Smith, 2011).

Adult corals were transferred to the outdoor mesocosm at the Bermuda Institute of Ocean Sciences (BIOS) where they were maintained in 400-L flow tanks under ambient temperature conditions. Temperature was recorded in the mesocosm tanks daily using a HOBO onset data logger on 1-min intervals (27.6°C ± 0.004, shallow; 27.5°C ± 0.005, mesophotic). To reduce light stress and maintain temperature controls, water level heights of ∼45 cm above the colony surface were maintained during the day. All corals experienced a natural light period. Mesophotic colonies were covered with a single layer of light filter (Lagoon Blue, ©LEE Filters) to mimic mesophotic light levels, while shallow colonies were left uncovered. Daily light readings using a PME miniPAR logger were recorded for each condition between 12:00 and 13:00 over the period that corals were in the mesocosm (10 days; Table 1). In situ light measurements from the collection sites were taken every 30 s for a period of 3–4 min between 12:00 and 13:00 at depths of 10 m and 45 m on the day of coral collections using a Li-COR sensor on a stable frame with a 100 m fiber optic cable (Table 1).


TABLE 1. Mean PAR (μmol/s m2) readings taken on in situ drops using a Li-COR PAR sensor at 10 m and 45 m, and ex situ in the mesocosm using a PME miniPAR logger in unshaded and light-filtered conditions.

[image: Table 1]Larval collections occurred from July 24 to July 26, 2019. During the larval collection period, tank water levels were dropped at night and individual colonies were placed into 2-L plastic separated jugs with individual lines of flowing seawater. An 800 mL polypropylene beaker with a 153 μm mesh bottom was placed under the spout of each container to collect the positively buoyant larvae following the methods of Goodbody-Gringley et al. (2018). Every morning, all larvae released from each colony were collected with a clear transfer pipette and pooled by reef depth. On the final day of larval collections (July 26, 2019), subsamples of the pooled larvae were used to quantify larval volume, respiration, and settlement success. By pooling larvae across the 3 collection days, variations in parameters were only assessed at the population level and thus the effects of individual colony or lunar day of release were not evaluated in this study.



Larval Sizing

Larvae from samples pooled by depth were randomly sub-sampled (n = 41, shallow; n = 19 mesophotic) and digitally photographed from a side view (elliptical in shape) using a MicroViewer camera (Mighty Scope 5M, Aven Tools). Larval volume was determined by measuring the length and width of the longitudinal and transverse axes in ImageJ and applying the equation for volume of an elliptical sphere, V = 4/3 πab2, where a is 1/2 the width and b is 1/2 the length (Isomura and Nishihira, 2001). Larval volumes met the assumptions of normality (Shapiro–Wilk’s test) and homogeneity (Levene’s test) and were compared by parental depth using an Analysis of Variance (ANOVA) followed by a Tukey’s HSD post hoc test performed in RStudio v1.2.5001 (RStudio Team, 2019) using the “aov” function in the package “car” (Fox and Weisberg, 2019).



Larval Respiration

Larval respiration was quantified using a sensor dish reader (SDR) and 24 80 μL-well microplate system (Loligo Systems) and recorded using PreSens-SDR software. Ten wells were filled with planulae from mesophotic corals (n = 30 larvae, 3 per well), ten wells were filled with planulae from rim corals (n = 40 larvae, 4 per well), and four wells were filled with filtered seawater to be used as blanks. One blank well was also used to monitor temperature with a Thermocoupler probe (Fluke 80PJ-1 Bead Probe). Due to observed differences in larval size, fewer mesophotic larvae were used per well to allow for adequate swimming space, prevent rapid oxygen depletion and standardize total larval volume within each well. The wells were sealed with Parafilm and the entire SDR system was placed in an incubator set to 27°C. Oxygen concentration and internal plate temperature were recorded every 15 s over a 20-min trial. Following the respiration trials, larvae were fixed in 10% formalin and volume (mm3) was determined using the methods described above. The sum larval volume was then calculated for each microplate well.

Raw data from respirometry trials were filtered to remove oxygen concentration measurements below 70% air saturation. Wells with less than 4 min of data were discarded. Respiration rate for each plate well was determined using a least squares linear regression of oxygen concentration against time in R v.4.0.2 (R Core Team, 2020) with the package “LoLinR” (v0.0.0.9000; Olito et al., 2017). Sample respiration rates were normalized using the mean blank rate. Rates were calculated per unit of larval volume (nmol O2 min–1 mm–3) rather than per larva as individual larval size differed significantly between the two depths. Several previous studies have normalized respiration to number of larvae (Edmunds et al., 2011; Cumbo et al., 2013; Serrano et al., 2018) rather than larval volume, however, these studies were not comparing larvae from different adult cohorts that differed significantly in size. Alternatively, Putnam and Gates (2015) compared size-normalized respiration rates of larvae from parental colonies with differing thermal histories due to differences in larval size between treatments. Metabolic rates are documented to correlate directly with larval size in other marine invertebrates (Manahan, 1990; Pan et al., 2016), and thus, while it is possible that our approach to normalize respiration to larval volume may have biased our results, significant differences in larval volume between depths suggests that normalization to organism size provides a more accurate comparison of physiological traits for these data.

Larval respiration data were assessed for normality and variance homogeneity using the Shapiro–Wilk test and Levene’s F-test to ensure t-test assumptions had been met. Group means were compared using a two-sample t-test.



Settlement Success

A total of 60 mesophotic larvae and 222 shallow larvae were randomly sub-sampled and used for ex situ settlement experiments. The sub-sampled larvae from each reef site were transferred into individual 0.5-L plastic settlement chambers containing two plastic settlement plugs (n = 37 shallow; n = 10 mesophotic, larvae per chamber). Plugs were preconditioned on an inshore patch reef for approximately 1 month prior to use to allow them to acquire a mixed cover of calcareous algae, bacterial communities and other organisms. Three replicate chambers from each origin depth were placed under each ex situ light condition (unshaded shallow vs. light filtered mesophotic; Table 1). Settlement chamber design followed Goodbody-Gringley (2010), where containers were covered with 150 μm mesh to facilitate water flow but prevent larvae from escaping. Settlement containers were randomly placed in flow-through filtered seawater tanks on an outdoor wet-bench and kept fully submerged for the duration of the experiment. After 72 h, the settlement containers were removed and percent settlement was determined using a dissecting microscope. Settlement was defined as the metamorphic transformation from planula to primary polyp (appearance of primary septa) as in Goodbody-Gringley (2010). Larval settlement and survival met the assumption of normality and variance homogeneity (Shapiro–Wilk test and Levene’s F-test, α = 0.05), and were compared using a two-way ANOVA for the interactive effects of parental origin and settlement light conditions followed by a Tukey’s HSD post hoc test. Statistical analyses were performed in RStudio v1.1.423 (R Development Team) using the “aov” function in the package “car” (Fox and Weisberg, 2019).



RESULTS


Larval Physiology

Mean larval volume differed significantly by site of parental origin (p < 0.001; ANOVA), where larvae released by colonies originating from the mesophotic reef site were larger than those released from colonies originating from the shallow reef site (Figure 2). Rate of respiration also differed significantly between experimental treatments (p < 0.001; ANOVA), where respiration rates based on total larval volume were higher for wells containing larvae released by shallow colonies compared to those released by mesophotic colonies (Figure 3).
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FIGURE 2. Box plot of the volume (mm3) of larvae released by shallow (light blue) and mesophotic (dark blue) adult Porites astreoides colonies (p < 0.001; ANOVA). The solid horizontal bars correspond to median values, the upper and lower sections (box outlines) correspond to the first and third quartiles, the whiskers extend to the highest and lowest values within 1.5 times the inter-quartile range. Asterisk indicates significant difference (α = 0.05).
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FIGURE 3. Box plot of respiration rates for larvae released by shallow (light blue) and mesophotic (dark blue) adult Porites astreoides colonies (p < 0.001; ANOVA). The solid horizontal bars correspond to median values, the upper and lower sections (box outlines) correspond to the first and third quartiles, the whiskers extend to the highest and lowest values within 1.5 times the inter-quartile range. Asterisk indicates significant difference (α = 0.05).




Larval Settlement and Survival

Settlement success differed significantly by depth of parental origin (p = 0.007; ANOVA), where percent of settlement success relative to total number of larvae per chamber was higher in chambers containing larvae released by mesophotic corals than those released by shallow corals. Settlement success did not differ between settlement light conditions (Figure 4A; p = 0.117; ANOVA), and there was no significant effect of the interaction of parental depth and settlement light conditions on settlement success (p = 0.123; ANOVA).


[image: image]

FIGURE 4. Box plots of (A) settlement success and (B) survival under shallow (no shade) and mesophotic (Lagoon Blue Filter, ©Lee Filters) light conditions for larvae released by adult Porites astreoides colonies originating from shallow (10 m) and mesophotic (45 m) reefs. The solid horizontal bars correspond to median values, the upper and lower sections (box outlines) correspond to the first and third quartiles, the whiskers extend to the highest and lowest values within 1.5 times the inter-quartile range. Significant differences are designated by letters (α = 0.05).


Larval survival, which includes settled spat and swimming larvae, did not differ significantly by depth of parental origin (p = 0.511; ANOVA) but did differ significantly by settlement light conditions (p = 0.017; ANOVA). However, there was no effect of the interaction of parental depth and settlement light conditions on larval survival (Figure 4B; p = 0.408; ANOVA). Larvae settled under mesophotic light conditions had higher survival than those settled under shallow light conditions, regardless of parental origin.



Juvenile Size

Mean surface area of newly settled spat differed significantly based on depth of parental origin (p < 0.001; ANOVA), where juvenile spat originating from mesophotic parental colonies were larger than those from shallow colonies (Figure 5). Mean surface area of newly settled spat also differed significantly by settled light conditions (p < 0.001; ANOVA), where juvenile spat settled under mesophotic reef light conditions were larger than those settled under shallow reef light conditions. The interaction of parental depth and settlement light conditions did not significantly affect juvenile size (p = 0.684).
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FIGURE 5. Box plot of juvenile spat surface area (mm2) originating from larvae released by shallow and mesophotic adult Porites astreoides colonies and settled under ex situ shallow and mesophotic light conditions. The solid horizontal bars correspond to median values, the upper and lower sections (box outlines) correspond to the first and third quartiles, the whiskers extend to the highest and lowest values within 1.5 times the inter-quartile range. Significant differences are designated by letters (α = 0.05).




DISCUSSION

The persistence of coral reefs under global environmental change is built upon larval survival and settlement success. Evaluating the phenotypic diversity and plasticity of coral larvae is fundamental to understand their range of environmental tolerance. P. astreoides larvae originating from shallow and mesophotic corals show clear differences in physiological and morphological traits, likely stemming from adaptation to different light environments experienced during the brooding period. Larvae released from mesophotic colonies have significantly lower respiration rates per unit biomass than those derived from shallow colonies (Figure 3). Decreased coral respiration rate appears to be linked to lower availability of photosynthetically fixed carbon at light-limited mesophotic depths (McCloskey et al., 1984). Low metabolic rates of coral larvae are proposed to significantly extend dispersal potential, enhancing population connectivity (Graham et al., 2013). Likewise, a larger larval size allows for longer planktonic periods, enabling coral larvae to disperse farther (Isomura and Nishihira, 2001; Hartmann et al., 2013; Chamberland et al., 2017). In this study, larvae released from mesophotic colonies were found to be significantly larger than those released from shallow colonies (Figure 2), which suggests higher content of energetic resources in larvae of mesophotic origin, as larval size often correlates with energetic content in the form of maternally derived lipids (Wendt, 2000; Hartmann et al., 2013; de Putron et al., 2017). Active swimming represents the major energetic cost during marine invertebrates’ larval stages (Marshall and Keough, 2003), and in coral larvae this energy may be acquired from lipid catabolism (Harii et al., 2007). In addition, lipids within coral larvae are used for buoyancy and as an energy source to sustain longer periods in the plankton (Harii et al., 2007; Figueiredo et al., 2012). Considering that phytoplankton availability and light-dependent productivity markedly decrease with depth (Lesser et al., 2010), a high content of maternally derived lipid stores could significantly support metabolic requirements of mesophotic larvae. Collectively, these observations suggest that P. astreoides larvae of mesophotic origin possess a greater dispersal potential compared to their shallow counterparts. In fact, as previously hypothesized for P. astreoides larvae in Bermuda, the smaller size of shallow larvae may infer a shortage of energetic reserves, which could lead to lower rates of competency and survival (de Putron et al., 2017; Goodbody-Gringley et al., 2018). However, P. astreoides larvae acquire Symbiodinium through vertical transmission, enabling direct translocation of photosynthate as an energy source that can likely sustain the higher metabolic rates of shallow larvae (Putnam and Gates, 2015). Further examinations of larval lipid content and stable isotopes to determine rates of reliance on heterotrophy versus autotrophy in larvae from differing parental depths may help elucidate variations in larval duration and dispersal potential.

Larvae in the water column can change buoyancy in response to light intensity, in order to maximize the chance of finding the substratum at the optimal depth for recruitment (Mundy and Babcock, 1998). This indicates that the light environment varying with depth is a crucial element controlling the survival and successful settlement of coral larvae. In this study, P. astreoides larvae of both shallow and mesophotic origin exhibit the potential to adjust to wide differences in light intensity, by displaying the capacity to survive and successfully settle under reciprocal light settlement conditions (Figure 4). Furthermore, their phenotypic plasticity allowed larvae of both shallow and mesophotic parental origin to develop differential juvenile size based on the light environment encountered upon settlement (Figure 5).

Coral depth distribution largely correlates with light gradients and is highly influenced by the differing light tolerance and photosynthetic properties of their endosymbiotic algae (Iglesias-Prieto et al., 2004; LaJeunesse et al., 2004). Previous studies on the same species in Bermuda found that while densities of zooxanthellae cells within larvae of upper-mesophotic origin (30 m) were higher than those of shallow inshore patch reef origin (5 m), zooxanthellae densities did not differ between larvae from upper-mesophotic and rim reef origin (10 m) (Goodbody-Gringley et al., 2018). The ability of P. astreoides larvae to successfully adjust to differing light environments observed in this study, therefore, might stem from the endosymbionts’ photo-acclimatory potential. In fact, corals hosting symbionts in the genus Symbiodinium (formerly clade A; LaJeunesse et al., 2018), which is the dominant type in P. astreoides in Bermuda across depths (Venn et al., 2006; Serrano et al., 2016; Zhang et al., 2016; Reich et al., 2017), have been shown to possess high resistance to light variations (Reynolds et al., 2008) and to be less susceptible to bleaching (Warner et al., 1999). In addition, Symbiodinium spp. symbionts abundantly produce UV-protective amino acids that prevent damage to the photosynthetic apparatus due to changes in light intensity (Banaszak et al., 2006). The colonization of a wide range of light environments may not only be determined by the endosymbionts’ photosynthetic plasticity, but also from the ability of corals to modulate their tissue light field by either filtering out excess light that can be harmful to the algae (i.e., in high-light conditions), or by increasing the photon flux reaching the algae (i.e., in low-light conditions) (Lichtenberg et al., 2016). As such, a combination of host-symbiont phenotypic plasticity might be at the root of the capacity of P. astreoides larvae to colonize highly different light environments.

Overall, low light conditions appear to promote both higher survival and settlement of P. astreoides larvae (Figure 4). Under shallow light conditions, larvae from shallow adults experienced lower survival and settlement success compared to those from mesophotic adults, in accordance with previous observations by Goodbody-Gringley et al. (2018). Coral recruitment is known to be influenced by several physical characteristics varying with depth, with light representing one of the most critical factors (Babcock and Mundy, 1996; Mundy and Babcock, 1998). Sufficient light quality and intensity are required for photosynthesis, however, at shallow depths, light levels may be too high for young coral settlers (Gleason and Hofmann, 2011) leading to settlement in more cryptic sites (Babcock and Mundy, 1996). In addition, larval settlement is significantly influenced by recruit density, with fewer larvae settling in preferred locations as density increases (Cameron and Harrison, 2020). Thus, if larval densities are too high, cryptic and shaded space availability might be limited, leading to fewer larvae settling. As such, the higher density of larvae in the shallow settlement chambers may have negatively affected settlement success. However, this is unlikely as previous experiments using similarly sized chambers and available substrate with equal larval densities found analagous results, with higher settlement by upper-mesophotic larvae compared to shallow larvae (Goodbody-Gringley et al., 2018). Larval settlement is also documented to be driven in part by the benthic community, specifically the presence of crustose coralline algae (Morse et al., 1988; Ritson-Williams et al., 2009) and a bacterial film (Sneed et al., 2014). Shlesinger and Loya (2021) found that substrate type significantly influenced settlement choice by shallow and mesophotic larvae in the Red Sea, where larvae preferentially settled onto tiles conditioned at the corresponding depth of parental origin. Settlement tiles used in the present study, however, were all conditioned in a common garden environment on a nearshore shallow patch reef where conditions did not directly correspond to either site of parental origin, thereby reducing potential effects associated with tile conditioning.

Recruitment success of lecithotrophic coral larvae is largely influenced by larval size, with smaller larvae (i.e., less energetic reserves) translating to lower competency and survival (de Putron et al., 2017), and lower recruit sizes leading to decreased post-settlement survivorship (Raymundo and Maypa, 2004). Collectively, our results indicate that offspring quality and settlement success are deeply interconnected, and show an increase in larval fitness with increasing reef depth and decreasing light. These results suggest that differential quality of larvae released from shallow and mesophotic adults may be related to latent effects of parental history. For many animals, the environment experienced by parents influences the phenotype and fitness of their offspring, in a process known as “parental effects” (Marshall, 2008; Badyaev and Uller, 2009; Torda et al., 2017). Such parental effects influence the development of coral larvae and the recruits’ fitness (Dixon et al., 2015; Kenkel et al., 2015; Quigley et al., 2016; Putnam et al., 2020; Wong et al., 2021). Therefore, the increased performance of mesophotic offspring observed in this study may be due to the higher stability of environmental conditions experienced by mesophotic parental colonies during the brooding period, compared to consistently higher temperatures experienced by the adults on shallow reefs (Figure 1; Goodbody-Gringley et al., 2018). Furthermore, shallow reefs in Bermuda are more likely impacted by anthropogenic activities (Smith et al., 2013), which can also reduce the fitness of shallow adult colonies. Parental effects have been indicated as major factors limiting coral larval dispersal across depths as larvae may be adapted to the conditions experienced by their parent (Shlesinger and Loya, 2021), however, our findings show that offspring plasticity also plays a crucial role in shaping coral capacity to colonize differing environments. Yet, the density of adult P. astreoides colonies on shallow and mesophotic reefs in Bermuda does not reflect a pattern of increased recruitment to mesophotic depth, as adult colony frequency is documented to decrease with increasing depth (Fricke and Meischner, 1985). This apparent disconnect may be related to post-recruitment mortality and the adaptive potential of individual settlers, which were not assessed in this study. Future studies that follow post-recruitment survival in situ and examine variations in genomic responses through early life history stages at differing depths may better elucidate the mechanisms underlying these discrepancies and potential influences of parental effects.

A greater dispersal potential combined with the ability to survive and settle under a range of light conditions indicates that P. astreoides larvae from mesophotic reefs are likely capable of reseeding shallow reefs in Bermuda, thereby supporting the Deep Reef Refugia Hypothesis. Importantly, the higher settlement success of mesophotic larvae under shallow light conditions compared to shallow larvae under mesophotic light conditions suggests that recruitment may preferentially occur up the slope (mesophotic to shallow) rather than down the slope (shallow to mesophotic). These results oppose previous observations of asymmetric gene flow (Prada and Hellberg, 2013; Serrano et al., 2014; Bongaerts et al., 2017) and larval settlement patterns (Shlesinger and Loya, 2021) occurring from shallow to deeper reefs. Nevertheless, the higher reproductive success observed for mesophotic corals in the Western Atlantic (Holstein et al., 2015; Goodbody-Gringley et al., 2018) and subsequent larval effective recruitment found in the present study suggest that mesophotic reefs likely represent a significant source of propagules across the depth gradient and may aid in the recovery of degraded shallow reefs in Bermuda. Thus, mesophotic corals appear to be important contributors to the resilience of Bermuda’s reef ecosystems, which highlights the importance of establishing management strategies aimed at protecting mesophotic reefs. Future research assessing larval dispersal potential and recruitment success in situ is warranted to provide accurate data on population dynamics for mesophotic and shallow corals. Such studies will inform effective management of the ecological functions and ecosystem services provided by connected coral reef communities.
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