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Abstract
The decline of coral reefs has prompted an emergent field of research on the potential for various biological interventions focused on increasing stress tolerance in corals. Among these is selective breeding, the selection and reproductive crossing of parental stock based on a trait of interest with the goal of enhancing the frequency or intensity of the trait in subsequent generations. Selective breeding has been successfully applied to commercially and ecologically important species to mitigate the negative effects of climate change, including marine invertebrates and more recently, corals. Here, we review the process of selective breeding and detail 4 case studies that have documented the increase of thermal tolerance in selectively bred corals across various life history stages and temperature stressors. These outcomes are supported by a substantial body of literature demonstrating the heritability of thermal tolerance across organisms, including genome wide association studies and family-specific responses to heat stress in larvae. We also highlight some of the major knowledge gaps around selective breeding, including the magnitude of possible phenotypic tradeoffs and the potential for unintended negative genetic consequences, and discuss how these risks can be mitigated.  We conclude by suggesting conservation approaches that can benefit from the integration of selective breeding. Current evidence suggests that selective breeding may be a viable option for supporting the persistence of coral reefs while climate action develops.

Key words: Coral Reef, Selective Breeding, Climate Change, Coral Bleaching

Correspondence: crawford.drury@gmail.com 


1| Introduction
The earth’s climate has changed substantially in recent decades, forcing ecosystems to cope with historically unencountered conditions including warming and acidification. Coral reefs are particularly sensitive to these perturbations and generally occur near the upper thermal limits of corals in tropical oceans. While coral reefs are exposed to numerous local and global stressors including overfishing, sedimentation, pollution, and ocean acidification (OA), thermal stress due to climate change is the most severe stressor contributing to coral mortality (Hoegh-Guldberg et al. 2007; Hughes et al. 2017a). Global oceans are already committed to ~1.5°C of warming, even if emissions stopped today (Mauritsen and Pincus 2017). Under the current ‘best-case’ scenario (SSP1-1.9) this amount of warming (1.6°C)  will be achieved by mid-century (IPCC 2021), a scenario in which coral reefs must face several centuries of stressful conditions (Hughes et al. 2017a) regardless of present day actions.
Thermal stress causes the breakdown of the coral-algal symbiosis. This evolutionarily ancient nutritional relationship with algae in the family Symbiodiniacea is the energetic driver of coral reef formation (LaJeunesse et al. 2018). This breakdown of this symbiosis, known as coral bleaching, compromises the structure and function of reefs as corals bleach, starve, and die in large numbers (Alvarez-Filip et al. 2009; Hughes et al. 2017b; Hughes et al. 2018). Three global mass bleaching events have occurred in the past 25 years and as temperature stress is predicted to become more frequent and severe, annual bleaching will occur on 99% of the world’s reefs by the end of the 21st century (Van Hooidonk et al. 2016). This sustained pressure will impact different regions in unique ways, with long-term cascading effects that potentially transform reefs from threatened to permanently degraded states.
As with any organism, corals must try to cope with changing conditions through acclimatization and adaptation. Most corals are sessile, necessitating physiological and/or evolutionary responses to cope in place of range shifts available to more mobile animals. Historically, local adaptation was expected to be low in marine invertebrates with broad dispersal capacities (Sanford and Kelly 2011), but dramatic differences in thermal tolerance across large and small spatial scales are commonly observed (Drury 2019), highlighting the potential frequency of adaptive divergence in corals. For example, corals in the Red Sea live at 5°C above the upper thermal tolerance of their conspecifics elsewhere (Berkelmans et al. 2004; Manzello et al. 2007; Riegl and Purkis 2012) and temperature gradients along the GBR produce large effects in response to thermal stress (Howells et al. 2013; Quigley et al. 2020a; Middlebrook et al. 2008; Dixon et al. 2015). There are also substantial differences in thermal tolerance over very small spatial scales (Barshis et al. 2013; Bay and Palumbi 2014; Kenkel et al. 2015; Howells et al. 2016) and variation in bleaching tolerance within populations is ubiquitous (Drury 2019; Drury and Lirman 2021; Jokiel and Coles 1974; Matsuda et al. 2020), indicating that the raw genetic material for adaptation to at least some level of increased thermal exposure is readily available in many coral populations.
The long-term success of reef conservation under climate change is predicated in large part on the heritable genomic basis of heat tolerance (and other traits) in corals (Dixon et al. 2015; Fuller et al. 2020; Bay and Palumbi 2014; Quigley et al. 2020b). This heritability may vary based on the polygenic nature of the trait and genomic architecture (number of loci associated, their effect sizes and linkage patterns) which underlies it (Bay et al. 2017a; Torda and Quigley 2021), but these details remain mostly unknown in many species of corals. The ability of adaptive processes to keep up with climate change on reefs has yet to be resolved empirically, but recent modeling shows that populations have adapted to past change (Cooke et al. 2020) and suggests that standing variation can keep pace over the short term, beyond which novel genetic diversity is required (Bay et al. 2017b; Matz et al. 2018; Matz et al. 2020).  Even if the rate of adaptive change cannot keep pace with a rapidly changing climate, restoration interventions that bolster coral resilience may provide important management tools to support the short-term persistence of reefs as effective climate mitigation practices develop (van Oppen et al. 2015).

2| Selective Breeding
Climate change has motivated ambitious research programs aimed at developing applied interventions to accelerate adaptation and maintain the services provided by commercially and ecologically important species. One of these approaches is selective breeding, which has been used by humans for millennia to enhance desired traits in animals and plants, long before the genetic basis and biological mechanisms driving this capacity were understood or quantified. Selective breeding is the planned reproductive crossing of specific individuals based on their phenotypic traits to produce offspring that ‘improved’ desired trait values (Visscher et al. 2008). The goal of this process is to leverage underlying heritability of the trait to increase its frequency or magnitude in subsequent generations through single or multiple sequential crosses.
Selective breeding has produced meaningful improvements in drought and temperature tolerance in many commercially important (wheat, rice, lentils, cotton, poultry, tomatoes, cattle, pigs) (Kumar et al. 2020; Langridge and Reynolds 2021; Tenorio et al. 2013; Singh et al. 2007; Wasti et al. 2020; Ayenan et al. 2019; Johnson 2018) and ecologically essential species, including trees (Müller et al. 2017; Cortés et al. 2020). The breeding approach has also produced improvements in thermal tolerance, OA tolerance and climate warming-related disease resistance in benthic marine invertebrates including oysters, mussels, scallops and clams (reviewed in (Tan et al. 2020)). This research suggests that the manipulation of the life history of some marine invertebrates, including corals, is not an inherent obstacle to selective breeding.
The breadth of this success suggests selective breeding is a potential mechanism by which Assisted Evolution (van Oppen et al. 2015) can support coral reef resilience by harnessing the existing natural adaptive capacity of corals to directionally evolve key traits of interest. This strategy has only recently become a focal area of research on coral reefs, but a growing body of research highlights the potential and the unknowns of this approach. This review aims to detail the current state of knowledge of intraspecific selective breeding in corals (i.e., breeding within the same species of corals and excluding interspecific hybridization) and addresses techniques, limitations, potential negative consequences and the future directions for this research. While thermal tolerance in corals is driven by the complex interaction of cnidarian host, Symbiodiniaceae and other microbial symbionts, this chapter will focus on improving heat tolerance via host-centered mechanisms (Dilworth et al. 2020). 

3| Selective Breeding in Corals 
To date, selective breeding research in reef building corals has focused mostly on thermal tolerance (Quigley et al. 2020a; Drury et al. 2021; Howells et al. 2021; Dixon et al. 2015). However, any heritable, ecologically relevant characteristic (e.g., growth or reproduction under warming or OA conditions) could be targeted to support the long-term persistence of coral reefs under climate change. Indeed, the trade-offs between different traits should be an essential part of breeding assessments (Quigley et al. 2021). Although parental selection can be based on phenotyping, recent developments in sequencing of non-model organisms have facilitated selective breeding in other marine organisms and is particularly useful for traits that cannot be adequately described in parental stocks (e.g., disease resistance) (Yue 2014; Hollenbeck and Johnston 2018). Next generation sequencing data also describe genomic variation closely linked with thermal tolerance in corals (Dixon et al. 2015; Drury and Lirman 2021; Fuller et al. 2020; Quigley et al. 2020b; Bay and Palumbi 2014). These results support the substantial literature on narrow and broad-sense heritability of thermal tolerance and other traits derived via clonal replication in experiments and restoration (reviewed in (Drury 2019)), indicating that selective breeding in corals is achievable, although only a few studies have deliberately manipulated coral reproduction to investigate it explicitly (Figure 1).	Figure 1 - Selective Breeding Experiments in Corals
Summary of survivorship in coral embryos, larvae and juveniles using selective breeding methods. To compare studies using different experimental methods, survivorship in the highest temperature at the final time point was converted to average and standard error. ‘Control’ and ‘Selected’ treatments represent the lowest expected performer in the experiment (i.e., based on bleaching phenotype or location) and are pooled across treatments where appropriate. Note that life history stage, heat stress temperature, parental selection strategy and timing of sampling vary across experiments as denoted; relative changes are illustrative of the process and should be interpreted with caution. A. millepora, A. spathulata, M. capitata,  P. daedalea. Points for GBR corals are shared by both studies.

Dixon et al. (2015) crossed Acropora millepora colonies from a warmer northern GBR reef with parents from a cooler reef, using local environmental conditions as a proxy for parental phenotypes. Larvae from parents sourced from the warmer reef had higher survivorship under heat stress and gene expression responses that were very similar between larvae and parents, supporting the genomic basis of this trait and its heritability. Similarly, Quigley et al. (2020a) crossed Acropora spathulata colonies which survived mass bleaching in 2016 and 2017 from the northern GBR with corals from a historically cooler reef. Juvenile corals grown under warmer temperatures had substantially higher survivorship and less bleaching if both parents were from the historically warm reef. This tolerance was further boosted by exposure to thermally tolerant symbionts. When larval families were sequenced, inter-population crosses supported adaptive genetic variance, including key loci related to heat stress responses, which demonstrates targeted adaptive introgression via selective breeding (Quigley et al. 2020b). Three ‘select and re-sequence’ experiments have also found that adaptive variation in various families or bulk crosses is differentially impacted, again supporting the genomic basis for selection (Drury et al. 2021; Elder et al. 2020; Dixon et al. 2015). 
	Howells et al. (2021) created 50 larval families from Platygyra daedalea sourced in and outside the Persian Gulf, a relatively small area covering a large thermal gradient. Similar to previous studies, they demonstrated that individuals from the warmer population had higher survivorship at 6°C and 9°C above ambient temperatures than those from the cooler reefs and that adaptive introgression supported the stress tolerance of hybrid crosses between the two populations. However, these regional effects masked large variation in the performance of individual parental genotypes, a hallmark of coral heat tolerance. After sequencing larvae and parental genotypes, this variation was resolved by underlying genetic correlations with heat stress, which deviated from regional predictions to explain the performance of individual parents. Experimental selection of these larvae identified thousands of loci impacted by heat stress and found that selectively bred corals with different genetic backgrounds (i.e., ‘purebred’ and ‘hybrid’) experienced different levels of selection despite having similar survivorship, highlighting the polygenic nature of this trait and importance of understanding the genomic architecture of coral thermal tolerance. The authors also describe limited overlap between gene ontologies predictive of thermal tolerance and those selected by heat stress, underscoring the complexity of selective breeding for this trait in corals.
Drury et al. (2021) created bulk crosses of Montipora capitata gametes sourced from a single reef, using bleaching phenotypes underscored by different symbiont communities and host genetics to produce larvae and juveniles with elevated temperature tolerance. This result, the only example to date of selective breeding in a vertically transmitting coral, shows that the adaptive capacity of this transmission mode may be additive;  with juveniles reared at +2.5°C above ambient temperatures experiencing no declines in survivorship compared to control temperatures. These results highlight that in some species the symbiosis can be the trait of interest for selection, rather than only targeting host genetic effects. There is substantial scope for leveraging different symbiotic modes in corals to improve performance in selective breeding (Randall et al. 2020). Gene expression profiling also shows that the symbiont community creates intrapopulation differences in host expression in adult corals (Barfield et al. 2018) and that heat-evolved symbionts produce unique expression differences in coral larvae (Buerger et al. 2020). Experimental bleaching and reinfection with symbionts from different genera also elicits differential expression profiles within individual genotypes (Cunning and Baker 2020). Each of these studies highlights the complexity of working within the holobiont system, but also indicates that multiple, interacting approaches can multiplicatively boost coral tolerance (Quigley et al. 2020a) for conservation.
There is also a substantial body of literature which informs the practice of selective breeding but is not conceptualized as such, including the crossing of different corals from the same reef. These experiments demonstrate that larvae from different parental crosses have different heat shock activity, metabolic rates, survivorship, growth, gene expression patterns, and settlement rates under thermal stress (Meyer et al. 2011; Meyer et al. 2009; Baums et al. 2013; Elder et al. 2020; Kirk et al. 2018). In corals sourced from along a thermal gradient, larval survivorship in multiple species is highest around local median temperatures, which translates to several degrees of absolute temperature difference (Woolsey et al. 2015). Likewise, normal embryonic development is highest at or below average local temperatures, indicating that coral larvae from cooler regions may suffer substantial developmental complications when exposed to warmer conditions that the local conspecifics do not. To the best of our knowledge, all selective breeding studies to date describe a single generation of breeding (Parental to F1 generation) and only examine hermaphroditic broadcast spawners. These limitations reflect the difficulty of coral husbandry and captive reproduction and long generation times in corals.
Different aspects of coral biology present advantages and disadvantages for selective breeding for thermal tolerance or other traits. The complexity of the coral holobiont may diminish the broad-sense heritability of this trait, which has been measured between ~0.5 and 0.8 in various studies (Howells et al. 2021; Quigley et al. 2020b; Kirk et al. 2018). Genetic drivers of thermal tolerance, which are primarily measured via associations with stress testing or environmental conditions, routinely find hundreds to thousands of loci significantly impacted, strongly suggesting that many loci of small effect drive thermal tolerance (Bay and Palumbi 2014; Drury and Lirman 2021; Fuller et al. 2020). This architecture may be disadvantageous for the rapid or directed spread of adaptive variance, but this also indicates that substantial standing genetic variation is present in most coral populations. Finally, the combination of potentially large populations in some coral species with varying levels of standing diversity (Torda and Quigley 2021) spanning heterogeneous environments suggests that few individuals are typically needed to sample the common genetic diversity useful for genetic rescue in a coral population (Drury et al. 2017; Agashe et al. 2011; Bell and Gonzalez 2009; Whiteley et al. 2015).

4| Methods and Techniques
	Successful selective breeding requires some baseline level of biological knowledge and logistical capacity, beyond which it can be tailored to the species and project goals. Specifically, a selective breeding program must have a population with heritable variation in the trait of interest, a means of measuring the trait of interest, ability to manipulate reproduction to perform reproductive crosses, and the ability to complete the lifecycle and track the fate of individual offspring (Gjedrem and Baranski 2010) (Figure 2). These prerequisites have been developed for several species of scleractinian corals (e.g., Hancock et al. (2020); Omori (2005); Craggs et al. (2020)). The development of breeding programs in more coral species is likely dependent on logistical considerations such as knowledge of spawning timing, ability to access reproductive parent colonies and isolate gametes, and facilities and protocols to maintain living embryos and larvae through settlement and rearing. Observations of hundreds of species with documented spawning times at specific geographic locations are currently registered in the Coral Spawning Database (Baird et al. 2021), but aquaculture techniques must still be developed and optimized on a species by species basis (Pollock et al. 2017). 
	Scleractinian corals have diverse reproductive strategies, with various permutations of sexual system (gonochorisitc vs hermaphroditic), reproductive mode (brooding vs spawning), and symbiont transmission (vertical vs horizontal) (Kerr et al. 2011; Harrison 2011). However, the majority of scleractinian coral species are hermaphroditic broadcast spawners, of which the majority acquire symbionts via horizontal transfer (Baird et al. 2009; Richmond and Hunter 1990). Horizontal transfer of symbionts may work synergistically with the heritable variation in heat-tolerance derived from the host and the specific symbiont association and can be deliberately leveraged to further increase holobiont tolerance (Quigley et al. 2020a; Buerger et al. 2020; Randall et al. 2020). Vertically transmitting species may also vary the parental contribution of their offspring’s symbionts to a community more amenable to surviving under heat, such that the symbiont community is under both environmental and heritable regulation (Quigley et al. 2017). Broadcast spawners are amenable to conventional selective breeding because gametes can be collected from individuals and redistributed across controlled crosses, but corals with other reproductive strategies such as hermaphroditic brooders present challenges to conventional workflows and make the controlled contact of gametes between chosen parental colonies difficult. Substantial self-fertilization is also common in brooding corals (Brazeau et al. 1998). Broadcast spawning corals with broad dispersal potential tend to be self-incompatible, but do exhibit a range of selfing rates (Hagedorn et al. 2017; Carlon 1999; Fogarty et al. 2012), which can be minimized by promptly rinsing eggs upon gamete collection prior to performing crosses (dela Cruz and Harrison 2020; Willis et al. 1997).Figure 3 - Selective Breeding Workflow
Schematic of a generalized selective breeding program workflow for broadcast spawning corals. This follows a conventional breeding approach which selects parental stock, creates crosses and assess traits in offspring. Figure modeled on.


Sourcing Parental Colonies
	The reproduction, demography, and habitat of corals generally limits options for parental selection and precludes family and pedigree-based selection strategies that require knowledge of phenotypes over multiple generations. To date, this limits selective breeding in corals to ‘purebreeding’, the mating of unrelated animals from a population. Although the single generation improvement in a desired trait is less than in inbreeding or crossbreeding, purebreeding capitalizes on increased genetic diversity in wild populations and is regarded as “the method of choice for long term, continuous genetic improvement” programs (Gjedrem and Baranski 2010).
	There are multiple approaches to identifying potential heat-tolerant coral colonies which vary in scalability, cost, and technical dependency (Caruso et al. 2021). Colonies may be selected based on their presence in a habitat where the historical conditions include locally atypical warm conditions because local adaptation increases the likelihood of the trait (Bay and Palumbi 2014; Morikawa and Palumbi 2019; Carilli et al. 2012). A more direct targeted selection is possible if there is information available about the past performance of individual identifiable colonies during natural heat stress events. In this case, observation of a colony resisting or recovering from a past bleaching event indicates the potential presence of heat-tolerance traits. 
	In lieu of a direct observation of whole colony performance, samples from prospective breeding colonies can be subjected to artificially induced heat stress and observed as a proxy for the source colony (Voolstra et al. 2020). Terrestrial and aquaculture breeding programs leverage knowledge of specific alleles and identification of QTLs via genome scans to improve selection of coral individuals with a desired trait, but this approach has rarely been applied to corals (Fuller et al. 2020; Cooke et al. 2020). Similarly, other (non-genetic) biomarkers that correlate with heat-tolerance can be used as a proxy to identify candidate corals (Roach et al. 2021). Other selection considerations vary by species, but in every case, source colonies must be reproductively competent and produce adequate numbers of gametes, imposing size and health thresholds (Sakai 1998; Soong and Lang 1992).

Reproductive crosses
	Parent colonies need to be isolated to control gamete contact, which has traditionally been accomplished by isolating colonies in separate tanks or buckets prior to spawning (e.g., Willis et al. (1997); dela Cruz and Harrison (2020)). For hermaphroditic corals that release buoyant gamete bundles, enclosing individual colonies with a fine net affixed to a buoyant collection bottle is effective and allows gametes to be collected from corals in situ (e.g., Cameron and Harrison (2020); Vermeij et al. (2006)). For gonochoric spawners, in situ collections have been performed by divers using syringes or bottles to draw in and capture gametes upon their release (Teo et al. 2016). Hermaphroditic gamete bundles must be monitored until they break up to enable the isolation of eggs and sperm.
	Regardless of how gametes are collected, they must be mixed in accordance with the desired crossing regime to allow fertilization and the relevant parental metadata closely tracked. Optimal gamete concentrations vary by species and may be refined empirically, but higher concentrations of sperm than found in wild conditions prevent sperm limitation (Oliver and Babcock 1992), with a rule of thumb established across several studies and multiple species of 106 sperm mL−1 (w/ ~100 eggs per mL) (Nozawa et al. 2015). Rinsing excess sperm from the eggs after allowing for fertilization reduces fouling and selfing (as discussed above), thereby improving the yield of viable embryos by reducing mortality and contamination. After fertilization, rinsed embryos are transferred to rearing chambers (i.e., larval aquaculture conical tanks) and allowed to develop in as close to aseptic conditions as possible using highly filtered seawater. 

Settlement 
	The minimum time needed for scleractinian larvae to become competent to settle varies by species but has generally been documented on the order of days (Wilson and Harrison 1998; Harrison 2011). Once larvae reach this stage, they are provided with a suitable substrate to settle and metamorphose on. In lab settings, this can be a conditioned artificial substrate (i.e., aragonite ‘plugs’) for use in tank systems (e.g., Damjanovic et al. (2020); Hancock et al. (2020)). Competent larvae can also be on settled on objects designed for placement on natural reefs such as terracotta tiles; porcelain, aragonite or concrete tetrapods (Chamberland et al. 2017); or specialized settlement tiles (Petersen et al. 2005; Nozawa 2008) to enhance the long-term survival of newly settled spat. Uniform substrate materials also allow rates of settlement to be calculated and with labeling, enable repeated identification and tracking of spat associated with specific crosses. Particular settlement cues, particularly the presence of specific species of crustose coralline algae (Lei et al. 2021), have been shown to enhance recruitment to substrate, but effectiveness varies by species-cue combination (Whitman et al. 2020). Coral spat grow slowly (Wilson and Harrison 2005) and like many benthic marine invertebrates are subject to post-settlement attrition for various reasons (Hunt and Scheibling 1997). Care must be taken to produce sufficient spat to offset juvenile mortality rates in the first year(s) of growth and conditions which optimize growth and survivorship may be different (Hancock et al. 2020). 

Trait Validation
	A key component of selective breeding programs is to confirm the presence of the trait of interest in the offspring and determine the extent of trait improvement. For heat-tolerance in corals, trait validation can be performed by applying heat stress immediately in larvae (Dixon et al. 2015; Kirk et al. 2018), in newly settled spat, or in subsequent juvenile stages (Quigley et al. 2020a). These tests quantify survivorship under different temperature regimes. If possible, juvenile corals from selective crosses should also be placed in the field (Quigley et al. 2021; Howells et al. 2021) where they can be assessed under natural conditions outside of the selective pressures induced by aquaculture facilities, including during a potential bleaching event. Although it is not yet known how tightly heat-tolerance at one life history-stage correlates with heat tolerance at other life-stages, bulk crosses suggest that increased thermal tolerance in selectively bred larvae is also demonstrated in juveniles (Drury et al. 2021).
	Trait validation results can also be used to determine if the offspring are suitable for restoration goals and for assessing if the parental stock was appropriate. In projects aimed at augmentation of reefs with heat resilient corals, heat stress tests on subsets of offspring can be used to determine on which crosses to focus husbandry efforts. Coral breeders can access large numbers of offspring, so if techniques like gene expression of larval heat-tolerance is predictive of some portion of long-term heat tolerance, coral selective breeding can take advantage of progeny testing for parental selection without suffering the drawbacks of long generation times in corals. Progeny testing also helps estimate ‘breeding values’ for the heritable traits being targeted, allowing breeders to improve breeding in future generations and determine which ‘elite’ parents to use in future crosses based on the relative performance of their offspring (Randall et al. 2020).

5| Limitations and Consequences
All ecological interventions carry risk (Condie et al. 2021), but many in the coral reef community advocate for examining if and how human interventions may be necessary to ensure the long-term persistence of reef ecosystems while overall climate mitigation develops (Van Oppen et al. 2017; National Academies of Sciences 2019). There are several potential issues with the use of selectively bred corals (Quigley et al. 2019, 2020b; Torda and Quigley 2021), each of which varies by spatial scale at which interventions are considered and the degree of genetic or ecological differentiation among the populations used.
For a selective breeding program operating exclusively within a single coral population, the primary concern is overemphasizing a particular trait (e.g., heat stress tolerance) in a multi-stressor environment such as the one corals experience on a reef. For any organism, there is an ultimate energetic budget that must be allocated across various metabolic, reproductive, and stress response processes 62, so no organism can be perfectly adapted to all environmental pressures (MacArthur and Wilson 2016). Tradeoffs are poorly understood in corals, but previous work shows that high temperature tolerance can have consequences for growth, health, tissue loss and low temperature tolerance (Bay and Palumbi 2017; Ladd et al. 2017; Howells et al. 2013). Exceptions to this pattern occur when phenotypic responses to multiple stressors are driven by positive genetic covariances, where selection for one trait would have positive reinforcing effects on others (Wright et al. 2019). Maladaptation is also a concern for selective breeding between populations for the same reason, especially because genotype x environment interactions are likely and have been documented in corals (Drury and Lirman 2021; Howells et al. 2013).
	The concerns for selective breeding applied to a metapopulation are more significant, but can be mitigated with improved understanding of the dynamics of genetic and genomic drivers of thermal tolerance. First, the transport of unintended macro- (algae) and micro-organisms (bacteria, Symbiodiniaceae, etc.) is possible if selectively bred corals are used for restoration in an assisted migration (beyond species range) or assisted gene flow (within species range) framework (Quigley et al. 2019; Aitken and Whitlock 2013). Little is known about the potential for invasion of individual microbial communities through transplantation. Coral microbiomes respond dynamically to environmental change (Ziegler et al. 2017; Ziegler et al. 2019), but may also be retained during transplantation due to strong host effects (Aguirre et al. 2021); these outcomes should be explored further before implementation in the field.
Other concerns include the occurrence of outbreeding depression and genetic swamping (reviewed in Aitken and Whitlock (2013)). Outbreeding depression is the decline in fitness associated with reproductive crosses between distantly related individuals and can be driven by chromosome scale incompatibilities or epistatic interactions resulting from the disruption of coadapted gene complexes. Genetic association studies indicate that thermal tolerance is polygenic (Drury and Lirman 2021; Bay and Palumbi 2014; Bay et al. 2017a) and gene networks typically respond to stress in coordinated pathways (Rose et al. 2016; Kenkel and Matz 2016; Dixon et al. 2020), suggesting that coadapted complexes may be important for coral physiology and that single loci of large effect are unlikely to be responsible for thermal tolerance (Fuller et al. 2020). These potential negative epistatic interactions are poorly understood, but are primarily of concern when corals with distinct genetic backgrounds with little gene flow sourced from different populations are crossed. Conversely, selective breeding may actually intend to produce genetic swamping, where introduced genotypes have higher fitness in new (or changing) conditions and novel alleles are selected (Torda and Quigley 2021; Quigley et al. 2019), thereby “removing” ancestral variation from the population in favor of variants better adapted to current or future environmental conditions. Global assessments of marine exotic species impacts show that most have a modest ecological effect, with only 10% of invasives impacting local species (Anton et al. 2019). However, the downstream genetic consequences of selective breeding and introgression remain poorly understood, highlighting the need for similar meta-analyses for “assisted species”, importantly, suggests that their impact may be less than expected.

6| Future Directions 
	Conventional selective breeding may be subject to multiple methodological bottlenecks, including the logistics of performing individual coral crosses on the same night across multiple species, the avoidance of cryptic diversity causing reproductive mismatches and failures, eliminating culture crashes, raising viable larvae, and achieving sufficient post-settlement survivorship. Failure of breeding is a logistical issue but also concerning given the severity of climate change on coral reefs likely means that selective breeding programs aimed at increasing thermal tolerance via genetic rescue will need to produce vastly large numbers of offspring for outplanting onto degraded reefs (Quigley et al. 2019; Torda and Quigley 2021; Condie et al. 2021).

Post-hoc Selective Breeding
	An alternate strategy, which we term ‘post-hoc selective breeding’,  is to perform selection at early life stages in the offspring rather than in the parental generation. In this approach, wild gametes are collected and crossed naturally without regard to parental phenotypes (Figure 3). Wild larvae are reared in bulk, then subjected to a heat stress akin to the progeny testing described above, but with the intention of purposely inducing mortality of a targeted fraction of the offspring. This process could replicate an acute selection event caused by thermal stress, the survivors of which are putatively the most heat-tolerant individuals in the population of larvae or juveniles. The extensive time and effort required to rear corals can then be applied to a single cohort, thereby increasing the efficiency of selective breeding for conservation. 
	We propose that post-hoc selective breeding can occur during the larval or juvenile stages, each of which has advantages. Heat stress during the larval stage can enable the routine selection of hundreds of thousands to millions of input gametes during a single spawning season in a moderately equipped lab (Doropoulos et al. 2019), while selection after settlement may be more representative of “on the reef” selective pressure but requires large-scale settlement capacity. Further, post-hoc selective breeding requires the calibration of the degree of heat stress necessary to achieve the desired level of selective pressure at the particular life stage of choice, which may be tailored to individual species, their extent of local adaptation and targeted outplant environment (see Randall et al. (2020) for methods and theory). In the interest of logistical capacity, practitioners may want to explore how to compress the selection pulse into a smaller time-window to achieve the desired impacts at a more reproducible scale. Post-hoc selective breeding generally requires large-scale aquaculture capacity, although this is also a prerequisite of conventional selective breeding. 
	We suggest that once tested and validated, post-hoc selective breeding may be a viable alternative to conventional selective breeding for programs who primarily aim to return potentially thermally tolerant, but highly diverse, juveniles to the reef. Since this approach takes advantage of population-wide genetic diversity, it may also maintain and diversify pathways to heat-tolerance, and leverage larger, renewable sources of gametes from wild slick collections.
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Figure 4 - Post-hoc Selective Breeding Strategy
Schematic of generalized post hoc selective breeding strategy for heat-tolerance in broadcast spawning corals.  In this approach, wild spawn is collected and crossed indiscriminately, heat selection is applied at the larval or settled juvenile life stage, and effort is focused on rearing the surviving individuals. Figure modeled on.(Pollock et al. 2017)

Diversification, Scalability and Extensions
	Coral conservation is heavily focused on a limited number of species for restoration (Boström-Einarsson et al. 2020) and full-life cycle breeding programs (Randall et al. 2020). These targeted species must be diversified for projects aiming to preserve functional reefs which maintain ecosystem services. Selective breeding programs should invest in the development of species-specific protocols in new species, preferably those important for diversifying the functional niches of stock. In some cases, this development may be simple due to direct translation of existing methods, but other cases may require significant optimization. In many species, where spawning occurs in limited temporal windows, the required time and monetary investment in testing will not be trivial.
	The scale of sexual reproduction for conservation, with or without a selective breeding component, can also be increased through improved aquaculture. Collecting gametes and fertilization can be executed at large scales for some species (Doropoulos et al. 2019), so one of the major obstacles to operationalizing this approach is low post-settlement survivorship. Optimizing biotic (Craggs et al. 2019) and abiotic conditions(Hancock et al. 2020) which promote juvenile survivorship is therefore key for coral conservation. Established breeding programs may also use artificial ‘lunar’ cycles to manipulate spawning timing of corals in captivity (‘ex situ’ spawning) (Craggs et al. 2020; Craggs et al. 2017). Maintaining asynchronous cohorts of parental stock would allow practitioners to carry out selective breeding workflows multiple times per year independent of the natural spawning cycle, thereby increasing the number of crosses performed and juveniles reared with the same infrastructure and allowing the diversification of stock.
	Any approach to coral conservation using sexual reproduction may also be integrated with selective breeding to further support corals under the future conditions they will face. This includes larval outplanting, assisted gene flow and the creation of larval dispersal hubs. Larval outplanting, with or without a targeted enclosure, removes a major step of juvenile coral husbandry to return coral larvae to the reef for natural settlement (dela Cruz and Harrison 2020; Suzuki et al. 2020). Selective breeding can support this approach, at the cost of trait validation, so known stocks from pilot work could be used. Outplanting can also use the product of pooled crosses in the case that pilot work has demonstrated that parental selection produces the desired trait without the need for individual crosses. Drury et al. (2021) used this approach and Howells et al. (2021) found large, significant differences in thermal tolerance by parental population when pooling data for analysis, suggesting that gamete pooling can produce desired improvements. Selective breeding can also be used for assisted gene flow, outplanting selected corals in new habitats. This approach may be particularly important over larger spatial scales, where adaptive introgression produced by crosses from a thermally parent with a locally sourced parent support genetic diversity (Quigley et al. 2020b) and limit the potential for maladaptation created by translocating purebred corals from a different population.
	Selective breeding can also be achieved through larval dispersal hubs, where reproductive corals are gathered in a single location and allowed to naturally spawn, fertilize, disperse and settle. This strategy has been demonstrated in brooding corals (Amar and Rinkevich 2006) and future research may work to translate this concept to broadcast spawners. Nearly all asexual restoration programs aim to produce ‘naturally recovering’ populations with viable sexual reproduction and recruitment. This framework can incorporate selective breeding by concentrating parents with a desired trait on a reef, leading to natural reproduction that may enhance the trait. One critical question about this approach is how much enrichment is required to achieve a rate of fertilization that produces meaningful trait changes in the offspring. 

Cryopreservation
Among the many logistical challenges of selective breeding, the requirement that viable gametes from parents of interest be in the same place at the same time is paramount. Distant source parents may compromise the quality and viability of gametes before crossing can be undertaken or dictate that adult transportation is arranged in advance of spawning, uniting reproductive corals at one facility. Cryopreservation may alleviate some of these obstacles by preserving coral gametes at ultra-low temperatures. In the past, cryopreservation has also been used to preserve adult tissue, embryos and early-life history stages to bank as much genetic and ecological biodiversity as possible while targeting coral stock with ‘favorable traits’, including high-value species, populations, genotypes and phenotypes (Hagedorn et al. 2019). Cryopreservation is a particularly attractive method that facilitates timing, scalability and controlled provenance and allows the potential for work in species with currently unknown reproductive biology for future selective breeding. 
Most corals reproduce within limited seasonal windows and selective breeding must therefore align variable gamete quality and nightly/hourly variation in spawning timing across parental colonies. To overcome the limitations of spawning timing frozen material can be thawed as used as “fresh”, with no significant loss in quality (Daly et al. 2018), during reproductive events removed by hours, days, months or even years. Cryopreservation can also ensure the provenance of known corals for selective breeding, even if a source is lost, killed or deemed too valuable to harvest continually. Coral husbandry is challenging even in the most advanced settings and corals in a breeding program may die due to a range of biotic or abiotic factors. These resources form the foundation of breeding programs and typically have very high value phenotypes determined by population (e.g., northern GBR or Hawai’i) or genotype, so their loss would be catastrophic. Cryopreservation therefore provides the opportunity to not only control for provenance at the species or population level but also use exact coral genotypes with phenotypic validation, a logistical consideration that is fundamental to the progress of adaptive biology on coral reefs.
Perhaps most importantly, the reproductive details of many coral species are currently unknown, precluding many of them from use in breeding programs in the short-term. Resources like the Coral Trait Database (Madin et al. 2016) and the Indo-Pacific coral Spawning Database (Baird et al. 2021) have significantly improved our understanding of coral biology, but many species, including those with cryptic lineages of diversity, mesophotic corals, or those in remote and poorly-studied regions evade categorization. Even with the knowledge required to collect gametes from a single individual parent of a given species (e.g., location, timing, adult husbandry needs), the opportunity to breed such populations or species of corals is compromised by severe limitations in our fundamental knowledge of fertilization and rearing conditions. This issue is further complicated in gonochoric species, where individual sexes are hard to determine before collection and skewed sex-ratios can hinder the successful sourcing of enough sex individuals for reproductive work. Cryopreservation there has the potential to alleviate many of these issues by biobanking highly-precious material for use when species-specific spawning information becomes available.

7| Conclusion
Ultimately the long-term persistence of coral reefs can only be assured and accomplished by a rapid and severe reduction in greenhouse gas emissions. While climate mitigation efforts are developing, leveraging natural processes like adaptation may form a ‘bridge’ which allows some coral populations to persist in the near-term. Here we argue that selective breeding may be one viable option to increase thermal tolerance across multiple different coral species by producing beneficial changes in offspring phenotypes within a single generation. Although promising, these methods need to be expanded to include a more diverse suite of species, trade-offs must be evaluated, and the underlying genetic architecture of thermal tolerance should be better characterized. Finally, integration of selective breeding with other approaches like assisted gene flow and symbiont manipulations should be explored to support the enhancement of coral survival and the persistence of functional coral reefs under climate change.
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