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The persistence of populations of marine organisms depends on the success of the

dual processes of reproduction and recruitment. The production of offspring alone is

inconsequential unless larvae and propagules can recruit, which often entails a period

of development and distribution in the water column and subsequent selection of

appropriate habitats. For fish, this may mean drifting in currents before responding

to particular habitat cues. For corals and other benthic invertebrates, larvae must

undergo site selection, settlement and metamorphosis into the juvenile form, and

survivorship is directly linked to site choice and environmental conditions. Both biotic

and abiotic factors affect population replenishment success, and hence, anthropogenic

influences such as pollution, sedimentation and climate change can negatively affect

critical processes such as reproductive synchronization in spawning species, successful

embryological development, appropriate site selection, settlement, metamorphosis and

in the case of reef building corals, acquisition of the required zooxanthellae partner.

Effective management practices are essential for ensuring the persistence of populations

of coral reef organisms of economic, cultural and ecological value.

Keywords: corals, planulae, larval development, larval recruitment, pollution and global change, climate change

impacts, metamorphic induction, anthropogenic stressors

REPRODUCTION AND RECRUITMENT

Reproduction is the process by which new individuals are formed from parental stock, and
can occur through asexual or sexual means. In corals, the most common type of asexual
reproduction is via fragmentation, and often involves physical separation of a portion of the
tissue-covered skeleton. This can occur as a result of fish feeding on associated crabs, shrimp,
bivalves or barnacles, and the driver of recruitment “behavior” is gravity, that is, the fragment
sinks, settles, attaches and hopefully survives. Other means of asexual reproduction can occur
via tissue sloughing or polyp bail out, and the resulting ciliated tissue bits can disperse over
greater distances and exhibit selective settlement behavior (Sammarco, 1982). Larvae can also be
produced via parthenogenesis, and while genetically identical to the parent colony, exhibit classic
larval behaviors. Sexual reproduction involves the fusion of sperm and egg (gametes) produced by
the male and female of the species respectively. Sexual reproduction results in two opportunities
for increasing genetic variability: one through the contributions of two different parents to the
offspring and another through the “crossing over” among chromosomes that occurs during the
prophase one stage of meiosis, the reduction division that makes haploid (1n) gametes that
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fuse to become a diploid (2n) organism. No matter how the
progeny are formed, they do not contribute to the population
unless they successfully recruit, and that is where behavior comes
in.

The persistence of populations depends on the success of
both reproduction and recruitment processes. With a focus on
the importance of larval behavior for successful recruitment, the
following discussion will center on sexual reproduction as the
primary means of producing this critical life history stage for the
perpetuation of coral reefs and related ecosystems. There are six
chemically mediated steps involved in the replenishment of reef
populations: gamete development within mature coral colonies,
synchronization of gamete release, successful fertilization of
eggs by sperm, complete embryological development to the
competent larval stage, settlement and metamorphic induction,
and acquisition of symbiotic zooxanthellae in recruits that do
not have them vertically transmitted by the parent colony
(Richmond, 2014; Figure 1). These key processes are affected by
both density dependent and density independent factors.

As with all sessile and benthic organisms, for reproductive
events to be successful in the production of viable larvae, a
critical density of parental stock is required. As the distance
between individuals and colonies of the same species increases,
the incidence of appropriate egg-sperm interactions decreases,
with reduced levels of fertilization and larval production. This
is called the Allee Effect, and is well known within marine
organisms (Gascoigne and Lipcius, 2004). Population density is a
function of environmental conditions, stressors and disturbance.

Water and bottom quality are essential parameters that
affect the health of coral reefs and other marine ecosystems.
Reduced water quality can stress adult populations, inhibiting
gametogenesis and reducing chemical signaling between
conspecifics that helps with the synchronization of spawning,
the viability of gametes, fertilization success and the ability
of embryos to develop into viable planula larvae. As gametes
(egg and sperm) are among the most sensitive life history
stages to environmental parameters, terrigenous runoff is a

FIGURE 1 | Recent coral recruit exhibiting colony growth through

extra-tentacular budding and the acquisition of symbiotic zooxanthellae from

the ambient environment.

serious problem that impacts reproduction of marine organisms
(Richmond, 1993). Bottom quality affects recruitment success
in corals and many other benthic invertebrates. Sediment cover
prevents larvae from sensing key settlement cues, both chemical
and textural, from preferred substrata such as crustose coralline
algae. Larval metamorphic induction may be prevented by
sediment and algal cover through substrate instability, the
alteration of the benthic microbiome, and the alteration of
bottom chemistry. In addition to the local stressors mentioned
above, increased temperatures and ocean acidification tied to
global climate change are factors that also affect reproduction
and recruitment in a broad range of marine organisms. These
anthropogenic issues will be discussed below.

LARVAL COMPETENCY

The competency period of larvae, the time during which they can
successfully disperse, settle and metamorphose, is an important
determinant of connectivity among sites and populations. The
longer the competency period, the greater the distributional
range of a species, and broader distributions translate into
enhanced survival of species exposed to local and global level
stressors with the associated threat of local extinction. The
competency period of larvae is tied to nutritional mode and
energy availability. Planktotrophic larvae actively feed, and often
have specific structures that aid in food capture. They have a
delay before they can recruit, the pre-competency period, during
which time they undergo additional development and often,
morphological changes. Lecithotrophic larvae survive primarily
on stored energy reserves, such as lipids provided in the eggs.
The term mixotrophic refers to larvae that use a combination
of stored energy reserves and planktonic feeding, which can
include absorption of dissolved nutrients, and in the case of
corals, translocated metabolites from symbiotic zooxanthallae.

While in the plankton, larvae are not limited to drifting at
the mercy of currents, but can exert a degree of control through
vertical and horizontal swimming behaviors. Suchmovement can
change the water parcels in which the larvae are contained and
hence, the direction and speed of travel, ambient temperature
that affects larval development and metabolic rates, and light
levels including photosynthetically active radiation (PAR) and
UV exposure. An extreme example is for larvae that get entrained
in water parcels affected by the Kelvin Wave associated with
the onset of El Nino conditions. Such larvae can be transported
over hundreds to thousands of km over a period of weeks to
months (Richmond, 1990). Downward vertical movement of
larvae can also affect entrainment of larvae in bottom currents
and eddies that enhances recruitment on coral reefs and other
benthic habitats. Recent research has demonstrated that larval
swimming behavior can be influenced by a number of parameters
including light, gradients of salinity and temperature, as well as
by auditory and chemical cues. Both fish and invertebrate larvae
have been documented to respond to reef sounds that aid in the
recruitment of larvae to reefs, and chemical cues can influence
larval swimming and settlement behavior (Vermeij et al., 2010).
While both auditory and chemical cues can attract larvae, the
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distance over which some, including coral planulae, can swim is
limited (Figueiredo et al., 2014; Hata et al., 2017).

Fish larvae usually have an initial distribution pattern tied to
currents, but after a degree of development and spinal hardening,
can begin to exhibit directional swimming. Coral reef fish, as
opposed to pelagic species, need to find specific habitats in order
to recruit, grow and eventually reproduce, hence, cueing behavior
is of paramount importance. Specific cues include sounds and
smells. Waves impacting reefs and other barriers send sounds
over relatively long distances. Interestingly, these reflections and
refractions of wave energy are also used by traditional navigators
in the Pacific Islands to identify the location of landmasses
and submerged features. Over shorter distances, the sounds of
crabs, snapping shrimp and fish can help larvae navigate toward
healthy reefs. Dead reefs and reefs in decline may provide fewer
cues to which larvae can respond (Dixson et al., 2014). The
natural chemistry of reefs, tied to everything from coral mucus,
algae and bacteria, also provides signals to larvae, which possess
chemoreceptors. Toxicants that block these chemical signals or
the larval receptors, act to impede recruitment (Peters et al.,
1997).

Coral planula larvae do not randomly settle and
metamorphose, but rather, select their recruitment sites
(Golbuu and Richmond, 2007). Bacteria have been specifically
identified as important cues for coral larval recruitment to
specific substrata. Coral planulae have been found to also
respond to specific crustose coralline algae (CCA), likely due to
associated polysacchides and glycoglycerolipids (Tebben et al.,
2015; Figure 2).

Coral larvae from brooding species and some spawning

species (e.g., Montipora) possess symbiotic zooxanthellae that

are vertically transmitted from the parent colony. These algal

cells provide additional energetic input to the larvae and can

extend the competency period (Richmond, 1987). While the
period during which these larvae can successfully settle and
metamorphose can extend from weeks to months, translating
into the potential for long-distance dispersal, studies have shown

that most larvae travel over short distances and many reefs are
self-seeding (Sammarco et al., 1989; Jones et al., 1999; Figueiredo
et al., 2013). This is due to a combination of abiotic factors
(currents and associated eddies) and larval behavior, including
cueing to the biotic factors of natal reefs, identified above.

Water quality remains a key concern during the planktonic
phase of larvae throughout the competency period. Substratum
quality is also important for settlement and metamorphosis to
occur. The implications are that efforts to protect bottom and
water quality in and around coral reef ecosystems are of critical
importance to maintaining reef populations by supporting
successful reproduction and larval recruitment.

THE EFFECTS OF STRESSORS ON CORAL
REPRODUCTION AND RECRUITMENT

Water Quality
The world’s nearshore marine habitats are being increasingly
exposed to a variety of anthropogenic stressors, such as
sedimentation, eutrophication, pollution, and overfishing
(Morgan et al., 2016), all of which have a profound impact on
reproduction, recruitment and survival of larvae. As mentioned
above, early life stages of many marine organisms are more
sensitive to pollutants than adult stages (Reichelt-Brushett and
Harrison, 1999), due in part to the important role that chemical
cues play in substrate selection and metamorphosis of larvae in
many marine organisms (Hadfield and Paul, 2001; Freckelton
et al., 2017). For example, many species of coral larvae use
chemical cues to settle on a substratum where specific coralline
algae and/or their associated bacteria are present (Golbuu and
Richmond, 2007; Vermeij et al., 2008; Tebben et al., 2015).
Recently, a single bacterial metabolite, tetrabromopyrrole,
was shown to induce metamorphosis in certain coral species,
occurring even without attachment to a substratum (Tebben
et al., 2011; Sneed et al., 2014). Chemical pollutants, therefore,
affect key life stages and behaviors of corals and other marine
organisms by interfering with their chemosensory functions.

FIGURE 2 | Coral planulae undergoing settlement and metamorphosis (panel 1) following exploration of the substrata (panels 2 and 3) and encountering the proper

chemical/biotic cues.
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FIGURE 3 | Sewage discharges along a reef on Guam, resulting in decreased recruitment of coral larvae. The freshwater effluent rises 100% of the time and bathes

the adjacent shallow water reef area when there is an onshore wind. The chemical content includes personal care products, heavy metals, pesticides,

pharmaceuticals, hydrocarbons and even estrogenic compounds from un-metabolized birth control pills.

A variety of chemical agents are introduced into our coastal
waters via coastal development, terrestrial runoff, sewage outfalls
and toxic antifouling paints from ships (Figure 3). Many studies
have shown the negative effects of these agents on coral
larvae and their behaviors (Woods et al., 2016). For example,
increased heavy metal concentrations reduce fertilization rates,
larval survival, settlement success, metamorphosis, and growth
rates of reef-building corals. Copper (Cu) is shown to affect
all of the above stages in coral larvae at relatively low
concentrations (Reichelt-Brushett and Harrison, 1999, 2000;
Victor and Richmond, 2005; Negri and Hoogenboom, 2011). In
fact, Cu inhibits the metamorphosis of coral larvae at the lowest
concentration of any metals tested so far (Reichelt-Brushett
and Harrison, 1999). Exposure to iron (Fe) induced oxidative
stress responses and DNA damage in coral larvae (Vijayavel
et al., 2012), affecting their metabolic functions and behaviors.
Exposure of coral larvae to mercury, cadmium and zinc showed
neutral or mixed results (Heyward, 1988; Reichelt-Brushett and
Harrison, 1999, 2005; Farina et al., 2008), suggesting interspecific
differences in sensitivity to these metals.

The effects of organic compounds such as anti-fouling agents,
hydrocarbons, and pesticides have been increasingly studied in
marine organisms, including their impacts on reproductive and
larval recruitment success. Tributylin (TBT) and Irgarol 1051
are active compounds of anti-fouling paints, and are reported
to inhibit larval settlement and/or metamorphosis (Negri et al.,
2002; Inoue, 2004; Negri and Marshall, 2009; Knutson et al.,
2011). Since the banning of applying paints with TBT in 2003 by
the International Maritime Organization, the use of the algaecide
Irgarol in marine paints has increased dramatically. However,
even relatively small concentrations of Irgarol can inhibit coral
larval settlement (Knutson et al., 2011), which suggests that the
Irgarol use may need to be reevaluated. Hydrocarbons, such
as crude oil, dispersed oil, oil dispersant, and benzo[a]pyrene,
are all reported to negatively affect fertilization, metamorphosis,
and settlement of coral larvae (Epstein et al., 2000; Lane and
Harrison, 2000; Negri and Heyward, 2000; Goodbody-Gringley
et al., 2013). Oil dispersants and dispersed oil appear to have

more negative effects than crude oil itself (i.e., water soluble
fractions); morphological deformations and loss of normal
swimming behavior of coral larvae were observed with exposure
to dispersants and dispersed oil (Epstein et al., 2000).

Corals are holobionts, harboring endosymbiotic algae,
zooxanthellae (Symbiodinium spp.), in their tissues. These algal
symbionts provide the majority of the coral’s energy needs

through photosynthesis. Increased detection of herbicides and
insecticides in marine environments has raised serious concerns

regarding their impacts on coastal coral reef ecosystems (Markey

et al., 2007; van Dam et al., 2011), since some herbicides
used in agriculture and antifouling paints, such as diuron and
atrazine, are photosystem II (PSII) inhibitors that directly
affect zooxanthellae’s functions (Owen et al., 2002; Jones
et al., 2003; Jones, 2004, 2005). Our understanding about
how these herbicides and insecticides affect coral hosts is

still limited. The effects of pesticides found in coastal waters,
on coral reproduction and physiology, are of high concern
to resource managers. Our results from laboratory exposure
experiments showed that the tested herbicides and insecticides
had negative effects on at least one or more of coral life stages.
For example, Roundup R© (Monsanto Company) significantly
reduced fertilization and settlement rates in corals at very low
concentrations (0.0069 ppm), and caused damage to eggs at a
relatively low concentration (>0.35 ppm) (Diu, 2016). Another
emerging pollutant gaining attention in the marine environment
is the active ingredient in some sunscreens, oxybenzone.
Increased mortality, deformation, and DNA damage, as well
as reductions in photosynthetic efficiency were observed in
coral larvae exposed to oxybenzone (Downs et al., 2016). These
observations raise concerns about the environmental safety of
other personal care products that enter into coastal waters and
the open ocean.

Bottom Quality
Water and substratum quality are critical components affecting
both reproduction and recruitment of marine organisms.
In order for successful population replenishment to occur,
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consideration must be given to the source areas, the conduits
of connectivity and the recipient sites. For example, larvae
formed at one site will be physiologically compromised or
killed if transported across an area affected by polluted and
sediment-laden watershed discharges (Victor et al., 2006). Even
a drop in salinity will affect survivorship of many types of
larvae, including corals and echinoderms (Richmond and Jokiel,
1984). Contaminated recipient sites and those with accumulated
sediment will also be inhospitable to benthic invertebrate and
fish larvae from clean source sites, as such degradation will affect
critical chemically cueing.

Sedimentation affects the success of reproduction and
recruitment several different ways. During spawning events,
sediment, particularly the finer clay-size particles, can adhere to
eggs, causing them to sink rather than float to the ocean’s surface,
where fertilization often occurs. Sediment is a major carrier of
toxicants from land to the sea, where the change in chemistry can
cause contaminant release (Figure 4). Such pollutants include
petroleum products (polycyclic aromatic hydrocarbons–PAH’s),
pesticides (both insecticides and herbicides), personal care
products and heavy metals. Sediment particles often serve as
nuclei that aggregate organic material, including mucus and
phytoplankton, which harbor bacteria, and when this material
sinks to the bottom, it increases biological oxygen demand
(BOD), dropping both oxygen levels and pH at the sediment-
water interface (Wolanski et al., 2003). This effect can negatively
impact the survivorship and growth of larval recruits. Finally,
sediment blocks key metamorphic inducers needed by many
types of larvae, and most benthic epifaunal larvae cannot recruit
to such unstable substrata.

Sediments impact reproductive, larval behavior and
recruitment success. In additional to the chemical effects
listed above, sediment has physical effects that in turn,
affect the physiology of organisms. For organisms dependent
upon photosynthesis for energy, metabolism, growth and
reproductive allocation, the shading effects of sediment block
photosynthetically active radiation (PAR) that is essential to
running the light-mediated chemical reactions. Turbidity,
expressed as a weight per unit volume of water (e.g., mg/l),
is especially problematic for photosynthesis. Sedimentation
deposition rate, a weight per unit area over a given time period
(e.g., g/m2/day) impacts both photosynthesis and energetics, due
to the cost of shedding particles. Sediment can be re-suspended
numerous times, so even without the addition of new materials
from land-based sources, waves can result in additional impacts
through reintroducing particles into the water column.

Temperature
Coral larvae remain viable and competent within the ambient
temperature range of the parent colonies (Woolsey et al.,
2015). As with adult colonies, deviations of a few degrees
above or below the norm can have deleterious effects, such
as reducing competency or inducing mortality. The expected
increase in tropical and subtropical seawater temperatures of
2–4◦C due to climate change, has major implications for coral
larval survival, development, dispersal, and settlement (IPCC,
2007). Temperature is tied to larval development, and alterations

FIGURE 4 | Sediment covering the reef surface blocks metamorphic inducers

and prevents larval recruitment.

in the ambient rearing temperature can have drastic effects.
Abnormalities in embryogenisis of the spawning coral Acropora
millepora were seen at 32◦C (4◦C above ambient temperature
where gametes where collected), as well as decreased fertilization
rates, with no fertilization occurring at 34◦C (Negri et al.,
2007). A temperature increase reduced pre-competency periods
by as much as an entire day in some coral species, which can
affect the dispersal range for coral species, as well as impede
the ability for devastated coral reefs to recruit new individuals
and recover following bleaching events (Heyward and Negri,
2010). Model predictions suggest that increasing temperatures
will serve to increase local retention of coral planulae due to
reduced competency periods, and reduce connectivity among
reefs separated by greater distances (Figueiredo et al., 2014). The
implications are positive for locally targeted conservation efforts
but raise additional concerns for reefs and populations dependent
on external larval supplies for recovery and enhancing genotypic
diversity.

Elevated temperature effects on coral planulae can have
regional implications for population replenishment as well as
global ones, as higher latitude larvae tend to develop more
slowly than their tropical counterparts. An increase of even a
single degree (◦C) above the normal range can increase the
metabolic expenditure of stored energy, increasing premature
metamorphosis and reducing recruitment success in addition to
causing outright mortality (Edmunds et al., 2001; Graham et al.,
2017). In aposymbiotic larvae from Diploria strigosa, a 2◦C rise
in temperature from an ambient 28◦C seawater temp caused 50%
mortality, and an increase to 31◦C caused 70% mortality (Bassim
and Sammarco, 2003).

As mentioned, coral larvae respond to different chemical
and biological cues, and must have an appropriate settlement
substrate for successful settlement and metamorphosis to occur.
Temperature experiments elevating seawater to 32◦C for a period
of a week have been able to bleach CCA, also resulting in a
shift in its microbial community (Webster et al., 2010). Acropora
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millepora larval settlement and metamorphosis was reduced
by 50% when these planulae were exposed to bleached CCA
compared to healthy CCA from ambient seawater conditions.
While a microbial shift can occur by altering the chemical
compounds released by CCA, it’s also important to note that the
color change from pink to white when CCA bleaches can also
alter larvae settlement due to a resulting lack of an appropriate
spectral cue. In an experiment examining synthetic surfaces of
either white or red hues, the coral larvae preferred a red surface
85% more often when compared to a white synthetic surface
when both were also exposed to a chemical cue (Foster and
Gilmour, 2016). The larvae themselves exhibit spectral variance
by producing fluorescent proteins that change in response to
environmental conditions. Fluorescent proteins are present in
both larval and adult corals. While their function is not fully
understood, they appear to be altered when the animal is exposed
to stressors (Palmer et al., 2009). There is a demonstrated change
in the expression of green fluorescent protein (GFP) in response
to increased light, as well as red fluorescent protein (RFP) in
response to heat(Rodriguez-Lanetty et al., 2009; Kenkel et al.,
2011). The combined effect of increased water temperature and
light intensity can also affect larval settlement, with a 16%
decrease in larval settlement when they are exposed to both high
temperatures and higher than normal light conditions (Kenkel
et al., 2011).

When considering larval survival and physiology under
increased temperatures, the symbiotic relationship between the
animal and algal symbionts must be considered. Aposymbiotic
larvae and symbiotic larvae both respond to stress in different
ways, yet survivorship between temperatures of 28–32◦C is not
significantly different (Baird et al., 2006).When the aposymbiotic
larvae from A. millepora were exposed to temperatures above
their normal range for a period of 10 h, heat shock protein gene
expression was elevated but oxidative stress pathways remained
unchanged (Rodriguez-Lanetty et al., 2009 ). The infection of
symbionts within aposymbiotic larvae is a complex process
that is just beginning to be understood under normal seawater
temperatures, and may be altered under increased seawater
temperatures (Weis et al., 2001). A study examining physiological
responses to 4 clades of symbionts, as well as coral larvae
infection, found that there were different optimum temperatures
among the symbiont types where they had the ability to infect
aposymbiotic coral larvae (Baird et al., 2008). Certain symbionts
demonstrated lower rates of survival even at 32◦C, giving other
symbiodinium strains a competitive edge. This advantage may
come with tradeoffs however, as one of the most thermally
tolerant strains had the slowest rate of population increase after
infecting the coral larval host. This could have long-term impacts
on the ability for the coral recruit to establish itself and grow,
when fewer symbionts are available to provide nutrients needed
for growth.

The means by which corals transmit their symbionts can
affect stress in and survivorship of larvae. Hartmann et al. (2017)
suggested that vertical transmission of zooxanthellae to coral eggs
may exact a cost on gamete and larval survival due to the effect
of increased buoyancy from lipids that result in the exposure to
increased temperature and UV light at the sea surface. As many

corals spawn during the rainy season in parts of the world, the
sea surface can be a stressful environment with reduced salinity
and increased toxicant concentrations from freshwater runoff.
Hartmann et al. propose that the acquisition of symbionts after
metamorphosis improves fertilization and out-crossing following
spawning. The adaptive advantage of horizontal transmission of
zooxanthellae is reflected in the fact that themajority of spawning
corals (71%) acquire their symbionts that way.

Under conditions of elevated temperature, algal symbionts
can contribute to stress and mortality in coral larvae. Yakovleva
et al. (2009) found coral planulae with zooxanthellae had higher
mortality rates than those lacking algal symbionts at high
temperatures. Mortality was attributed to oxidative damage tied
to photosynthesis and was a function of both the magnitude of
increased temperature and the duration of exposure. As with
exposure to other physical and chemical stressors, zooxanthellae
shift from being a mutualistic partner to becoming a burden at
higher temperatures.

Ocean Acidifcation
Reduced oceanic pH attributed to increasing levels of
atmospheric CO2 is a concern for the future of coral reefs
as the structural foundation of these ecosystems results from
the deposition of CaCO3 (aragonite). Chua et al. (2013),
performed a study of the effects of pH on coral planulae using
four relevant exposure treatments, and found no consistent
effects on embryological development, larval survivorship and
metamorphosis. They posit that larvae containing zooxanthellae
may be more sensitive to the effects of decreased pH through
metabolic effects on the symbionts. As coral planulae (generally)
do not calcify while in the plankton, ocean acidification is more
likely to directly affect larvae that do, such as those of sea urchins
(Kurihara, 2008). However, the long-term effects of OA on coral
recruitment and survivorship are expected to increase and, based
on current predictions, be substantial. Reduced pH does affect
the recruitment and growth of crustose coralline algae, which has
been shown to be a preferred settlement substratum for many
coral species (Kuffner et al., 2008). As small coral recruits can
be outcompeted for space by a number of benthic organisms
including algae, sponges and ascidians, reduced colony growth
rates will affect survivorship as OA increases.

SURVIVORSHIP–SELECTION/ADAPTATION
VS. ACCLIMATIZATION

Intraspecific variation, or inter-individual differences, in
traits arise from genetic predispositions, past experiences and
physiological states (Guest et al., 2012; Nanninga and Berumen,
2014), and is increasingly recognized as an important ecological
factor that affects population dynamics and evolution of species,
including reproductive success (Benton et al., 2006; Bolnick
et al., 2011). In reef-building corals, significant differences in
larval success has been observed among different genotypes
(Meyer et al., 2009; Baums et al., 2013; Miller, 2014; Miller et al.,
2016), as well as due to the parental experiences of exposure
to stressful conditions (Putnam and Gates, 2015). This tells us
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that the larval stages are subject to strong selective pressures
from their environmental conditions. Since persistence of
populations, and ultimately species, depends on producing better
adapted genotypes, the larval stages play a key role in coral
population dynamics, connectivity, and survival. The fitness of
existing individuals depends on their acclimatization potential,
and many larval behaviors likely contribute to increasing their
fitness; examples include selecting an optimal environment to
settle (e.g., Davies et al., 2014; Dixson et al., 2014; Doropoulos
et al., 2016), using reverse metamorphosis to escape from
adverse conditions (Richmond, 1985; Negri et al., 2005), and
potentially benefitting from increased size by forming a chimeric
aggregate (Amar et al., 2008). When selective pressures exceed
the acclimatization capacity of an individual, the individual will
be eliminated from the population (i.e., selection). However,
since no individual larva will experience exactly the same
conditions, one evolutionary response is to produce genetically
variable offspring so that the population will have enough
adaptive capacity to respond to environmental heterogeneity and
unpredictability. Intraspecific variation in reproductive success
may, therefore, be a result of such an evolutionary strategy.

Looking forward, corals and many other marine organisms will
face strong selective forces from rising sea surface temperatures

and ocean acidification (Webster et al., 2013; Baums et al., 2014).
The larval stages known to be vulnerable to environmental
stressors (Polato et al., 2010) will especially be subject to this
strong selection, resulting in adaptation playing an essential role

in how coral populations respond to changing environmental
conditions. Standing genetic variation fuels such short-term
adaptation (Stapley et al., 2010; Voolstra et al., 2011; Shinzato
et al., 2012). In this regard, loss of genetic diversity already seen
in some threatened coral populations (Baums et al., 2013) poses
a great concern, as it reduces the coral’s future reproductive and
adaptive capacity. Human activities, including those responsible
for global climate change, are predicted to reduce overall genetic

diversity in populations and species (Templeton et al., 2001;
Pauls et al., 2013), which further threatens the persistence of
coral reef ecosystems.

SUMMARY AND CONCLUSIONS

In a world of mounting anthropogenic stressors affecting
the world’s oceans and all life contained within, the ability
of populations of organisms to survive, reproduce, evolve
and grow is threatened at the local, regional and global
levels. An understanding of the reproductive and recruitment
behavior of marine organisms is essential to addressing the
challenges of resource sustainability through responsive and
effective management of the human activities responsible for
resource declines. New tools such as genomics, proteomics and
transcriptomics allow for the study of behaviors at the cellular
andmolecular levels,whichwhen combinedwithmore traditional
studies of physiology and organismal behavior, have the potential
to provide key guidance. The needs are pressing if there is to be a
sound legacy of ocean resources for future generations.
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