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ABSTRACT: Reef restoration via direct outplanting of sexually propagated juvenile corals is a key
strategy in preserving coral reef ecosystem function in the face of global and local stressors (e.g.
ocean warming). To advance our capacity to scale and maximize the efficiency of restoration initiatives, we examined how abiotic conditions (i.e. larval rearing temperature, substrate condition,
light intensity, and flow rate) interact to enhance post-settlement survival and growth of sexually
propagated juvenile Montipora capitata. Larvae were reared at 3 temperatures (high: 28.9°C,
ambient: 27.2°C, low: 24.5°C) for 72 h during larval development, and were subsequently settled
on aragonite plugs conditioned in seawater (1 or 10 wk) and raised in different light and flow
regimes. These juvenile corals underwent a natural bleaching event in Kāne‘ohe Bay, O‘ahu,
Hawai‘i (USA), in summer 2019, allowing us to opportunistically measure bleaching response in
addition to survivorship and growth. This study demonstrates how leveraging light and flow can
increase the survivorship and growth of juvenile M. capitata. In contrast, larval preconditioning
and substrate conditioning had little overall effect on survivorship, growth, or bleaching response.
Importantly, there was no optimal combination of abiotic conditions that maximized survival and
growth in addition to bleaching tolerances. This study highlights the ability to tailor sexual reproduction for specific restoration goals by addressing knowledge gaps and incorporating practices
that could improve resilience in propagated stocks.
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1. INTRODUCTION
Coral reefs around the world are subject to a combination of natural and anthropogenic stressors that
have caused ecosystem-scale shifts and declines in
structure and function (Hughes et al. 2018, Sully et
al. 2019). Among these stressors, coral bleaching due
to extreme temperature events is the most severe,
leading to mass mortality at increasingly frequent
intervals (Hughes et al. 2017). This problem will only
become more extreme, as coral bleaching is pro*Corresponding author: crawford.drury@gmail.com
#,‡
These authors contributed equally

jected to become a near yearly occurrence on most of
the world’s reefs by mid-century (Hughes et al. 2018,
Sully et al. 2019).
Even under ideal conditions, coral reef recovery
after stress can take decades (Gilmour et al. 2013,
Hughes et al. 2018), so intervention in the form of
active restoration has become an increasingly common strategy for mitigation (National Academies of
Sciences, Engineering, and Medicine 2019). Most
restoration work in the recent past has focused on
asexual propagation of adult colonies maintained in
© Inter-Research 2021 · www.int-res.com
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a nursery, which produces coral fragments that are
outplanted onto degraded reefs (National Academies
of Sciences, Engineering, and Medicine 2019); however, sexual reproduction can also be an important tool
that aids in recovery and maintains genetic diversity
(Guest et al. 2014). The use of sexual propagules settled ex situ as material for subsequent outplanting
can minimize or remove the in situ nursery propagation phase of the ‘coral gardening’ approach, but adds
logistical complexity (e.g. fertilization, gamete collection). Sexual propagation for restoration has been
attempted infrequently relative to asexual propagation (Omori et al. 2008, Nakamura et al. 2011, Chamberland et al. 2017), but is a growing area of research
(Randall et al. 2020).
The use of sexual propagules increases the scalability and increases genetic diversity (Pollock et al.
2017), which is paramount for the success of future
restoration projects (Baums et al. 2019). This method
allows for the generation of orders of magnitude
more propagules (compared to hundreds in asexual
propagation) while simultaneously allowing the integration of targeted selection (i.e. screening with a
stressor of interest), selective breeding, deliberate
symbiont infection, or preconditioning (van Oppen et
al. 2015, Buerger et al. 2020, Quigley et al. 2020).
These are key strategies to dramatically increase
coral restoration efficacy under climate change (Van
Oppen et al. 2017).
Rearing of sexually produced coral offspring presents significant logistical and biological challenges,
particularly survival bottlenecks during settlement,
and post-settlement survivorship in the lab and in
situ (Randall et al. 2020). Importantly, sexual recruits
can take years to reach reproductive maturity, before
which they contribute to the ecological structure and
function of the reef but have a limited role in adaptive change. Newly settled corals are vulnerable to
benthic competition (Box & Mumby 2007), predation
(Wilson & Harrison 2005, Rotjan & Lewis 2008, Trapon
et al. 2013), and sedimentation (Leong et al. 2018),
and therefore optimization of abiotic influences (e.g.
to reduce algal competition) can have strong impacts
on growth and survival. Previous work has focused
largely on substrate dynamics such as crustose
coralline algae (CCA) communities (Harrington et al.
2004, Ritson-Williams et al. 2010) and algal overgrowth (Tebben et al. 2014). Optimization of postsettlement survival presents an opportunity to scale
success. Advances in our understanding of fertilization, larval rearing, settlement strategies, and substrate influence have improved the viability of raising sexually produced corals and have created

opportunities to tailor additional interventions (Guest
2010, Pollock et al. 2017, Doropoulos et al. 2019), but
scaling this technique to an extent useful for restoration typically requires substantial prior knowledge
that is species and location specific. For many coral
species, there is a limited understanding of reproductive biology and knowledge on husbandry practices,
especially post settlement.
Given the emerging importance of sexual reproduction for restoration, identifying factors that promote coral survivorship and growth for key reefbuilding species (or rare threatened species) can
fill important knowledge gaps. Here, we examined
the impact of 4 ecologically important abiotic conditions on post-settlement survivorship and growth
of the broadcast spawning coral Montipora capitata
in Kāne‘ohe Bay, O‘ahu, Hawai‘i (USA). During
the summer of 2019, Kāne‘ohe Bay experienced
unusually warm temperatures and mild bleaching,
so we opportunistically tracked bleaching response.
We used over 12 000 juvenile M. capitata to test
and optimize the effects of (1) substrate conditioning, (2) light intensity, (3) flow rate, and (4) larval
rearing temperature (see Fig. S1 in the Supplement
at www.int-res.com/articles/suppl/m657p123_supp.
pdf).

2. MATERIALS AND METHODS
2.1. Spawning, collection, fertilization,
and larval rearing
Montipora capitata is a simultaneous hermaphrodite broadcast spawner that releases positively buoyant egg−sperm bundles in mass spawning events
around the summer new moons in Hawai‘i (PadillaGamiño & Gates 2012). M. capitata is also one of relatively few broadcast-spawning species that provision eggs with symbionts (i.e. vertical transmission;
Padilla-Gamiño et al. 2012). Gamete bundles were
collected near Reef 11 (21° 26’ 56’’ N, 157° 47’ 45’’ W)
in Kāne‘ohe Bay, O‘ahu, during the mass spawning
event on 31 June and 1 July 2019. Egg−sperm bundles were released at approximately 21:00 h and were
gathered from the ocean surface using 153 μm mesh
nets until approximately 21:15 h. Bundles were gently rinsed from nets into large collection containers
(19 l) of 1 μm filtered seawater. We immediately
aliquoted 5 ml of intact egg−sperm bundles into 35 ml
of 1 μm filtered seawater and allowed fertilization to
occur for 90 min before removing concentrated
sperm supernatant. Approximately 5 ml of fertilized
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embryos were added per liter of filtered seawater in
larval conicals (n = 58; Fig. S1). Larval rearing conicals utilized flow-through temperature-controlled
seawater filtered at 1 μm that drained through a centralized banjo filter (153 μm mesh). For the first 24 h
post fertilization, water input was <1 l h−1 to prevent
physical shearing of early-stage embryos. At 24 h
post fertilization, water flow was increased (~2 l h−1)
to minimize larvae settling on the conical walls.
Additional detail can be found in Text S1.

2.2. Larval rearing temperature treatments
Embryos were reared for 3 d at ambient temperatures before temperature treatments commenced
(ramping to treatment conditions over ~6 h; high:
28.9 ± 0.05°C, ambient: 27.2 ± 0.02°C, low: 24.5 ±
0.03°C, mean ± SE; Fig. S2). Larval cultures (high:
n = 21, ambient: n = 29, low: n = 8) were maintained
under these treatments for 72 h before returning to
ambient (~6 h) immediately prior to introduction of
settlement substrate. On the second day of treatments, temperatures fluctuated during a seawater
supply change affecting all of the Hawai‘i Institute of
Marine Biology.

2.3. Plug conditioning and larval settlement
In preparation for larval settlement, aragonite plugs
(2.85 cm2 top surface) were conditioned for either
10 wk or 1 wk in flow-through sand-filtered seawater
under natural sunlight. Conditioning produced a biofilm and moderate CCA coverage in the 10 wk treatment and a biofilm in the 1 wk treatment. One week
after fertilization (at the conclusion of larval temperature treatments), larvae were allowed to settle on
aragonite plugs in chambers (~15 cm wide × 30 cm
long with plugs in 2 cm water, n = 24) with mesh
bottoms (153 μm). Chambers were partially submerged in flow-through raceways to maintain larval
concentrations and ensure continuous water exchange
through the mesh bottom, which was elevated
~10 cm from the tank bottom. See Text S1 for additional details.
Each settlement chamber contained 83 upsidedown aragonite plugs, half of which were from each
substrate conditioning treatment (1 and 10 wk). Larvae were allowed to settle for 3 d in settlement chambers before plugs with newly settled juvenile recruits
were removed and transferred into grow-out treatments. See Text S1 for additional details.
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2.4. Post-settlement treatment conditions
Newly settled juvenile corals were raised in a fully
crossed design manipulating (1) prior larval rearing
temperature, (2) substrate condition, (3) light intensity, and (4) flow rate (Fig. S1). In total, 12 183 settled
juveniles, including at least 201 from each fully crossed
treatment combination (initial n = 201−1358 per
treatment), were reared for 5 mo in outdoor flowthrough seawater raceway tanks (n = 2 total raceways). Raceways were siphoned monthly to remove
accumulated sediment. We did not clean individual
plugs or deliberately leverage microherbivory, which
can be important for coral husbandry (Craggs et al.
2019). Twice per week, 3 g of Reef Chili (commercial
coral food, Bulk Reef Supply) was mixed with seawater and added to each tank for the duration of the
experiment. Plugs were repositioned within treatments at each sampling timepoint (see Section 2.7).
Tank temperatures closely matched those in Kāne‘ohe
Bay, including elevated temperatures (above mean
monthly max [MMM]) from July to October and subsequent bleaching (Fig. S3).

2.5. Flow rate
An adjustable manifold (powered by 2 Danner
Manufacturing magnetic drive pumps) created a highflow environment in one raceway, and the absence of
circulation pumps created a low-flow environment in
the other (n = 1). Each 196 l raceway received equal
seawater input (6 l seawater min−1, turnover time
~0.5 h), but the high-flow tank had the equivalent of
~5300 l h−1 additional circulation.

2.6. Light intensity
Light levels were modified in half of each raceway
(n = 2) using commercially available shade cloth
to create relative high- and low-light environments
(Fig. S4). Light loggers (Onset Pendants) in each
treatment failed during the study, so light data were
captured over a 24 h period at the end of the experiment for a representative day using replicate (n = 2)
loggers in each light treatment.

2.7. Juvenile responses
To assess treatment effects on coral survivorship,
growth, and bleaching susceptibility, plugs (N = 1687)
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were photographed (AM 1000 MU Scope camera)
immediately after settlement and at 9 subsequent
timepoints (6, 13, 20, 27, 34, 63, 91, 119, 148 d). Juveniles were classified as individuals or aggregates
(colony type) at the initial timepoint for downstream
analysis, with aggregates defined as the clustered
settlement of 2 or more juveniles in physical contact.

2.7.1. Survivorship
We tracked survivorship at each timepoint for all
juveniles on n = 1687 plugs. Survivorship was determined by examining photographs of plugs and recording a juvenile as being ‘alive’ if a distinct corallite structure was present with tissue pigmentation
that was distinguishable from the substrate. Juveniles
were recorded as ‘dead’ if tissue pigmentation was
not present, and corallites appeared eroded or overgrown with turf algae or CCA.

2.7.2. Growth
We calculated growth for juveniles that were alive
at the conclusion of the experiment as the percent
change in planar surface area (SA, mm2) over the
entire experiment (148 d). Growth measurements
were calculated by tracing the outline of a juvenile
coral at the beginning and conclusion, and growth
SA final − SA initial
was corrected for initial size
.
SA initial
Growth measurements were collected from all corals
on 15 randomly selected plugs from each treatment
(n = 608 juveniles). Measurements were conducted
in ImageJ (version 1.51).

(

)

2.7.3. Bleaching
During the experiment, a bleaching event occurred
in Kāne‘ohe Bay, resulting in temperatures above the
bleaching threshold (MMM + 1°C) within the experimental tank system (Fig. S3). Bleaching susceptibility was quantified throughout the experiment using
photographs described above. A juvenile was classified with a binary response either as ‘bleached’ if tissue bleaching was apparent and tissue integrity was
preserved (i.e. not eroded calices). Unbleached juveniles were those that did not exhibit tissue paling. We
calculated degree heating weeks (DHW) as the time
spent above MMM + 1°C (Wyatt et al. 2020) (27.5 +
1°C; calculated for 2008−2012 from NOAA National

Data Buoy Center Station MOKH1; https://www.
ndbc.noaa.gov/station_page.php?station=mokh1).

2.8. Data analysis
The effects of larval rearing temperature, substrate
conditioning, flow rate, light intensity, and colony
type on juvenile coral response (survival, growth,
bleaching) were analyzed with linear mixed effect
models in the ‘lme4’ package (Bates et al. 2014) in R
Statistical Programming (version 4.0.2) and RStudio
(v1.2.5019; R Core Team 2019). Cohen’s d effect sizes
for treatment effects of variables of interest were
calculated using the packages ‘effsize’ (Torchiano
2020) and ‘rstatix’ (https://CRAN.R-project.org/package
=rstatix) in R.
For all response metrics, corals that fused with
neighboring colonies were removed from analyses,
with ‘colony type’ indicating those that were either
individual or aggregate at the start of the experiment. Juvenile coral survivorship was analyzed as a
binary response (alive or dead) for each individual.
First, survivorship was analyzed with time and light
intensity as fixed effects and plug number as a random intercept. As mortality was high in the low-light
treatment, we then analyzed survivorship within the
high-light treatment with a binomial mixed effects
model with larval rearing temperature, flow rate, substrate conditioning, and colony type as fixed effects.
Plug number was included as a random intercept to
account for repeated measures. Significance tests
were conducted using Type II ANOVA tests in the
‘lmerTest’ package (Kuznetsova et al. 2017). Overdispersion was examined in the ‘blmeco’ package
(Korner-Nievergelt et al. 2015).
Juvenile coral bleaching was measured on individuals over the course of the experiment as a binary
response (bleached or unbleached). Bleaching was
analyzed with a binomial mixed effects model with
larval rearing temperature, flow rate, substrate conditioning, and colony type as fixed effects. Plug number and time (days) were included as random intercepts. Bleaching was only analyzed for juveniles in
the high-light treatment, as there was complete mortality in the low-light treatment.
Juvenile coral percent growth and final size were
analyzed with larval rearing temperature, flow rate,
substrate conditioning, and colony type as fixed effects. Growth was only analyzed in the high-light
treatment due to high mortality in the low-light treatment. Plug number was included as a random intercept. Percent growth (square root) and final size (1/10
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exponential) were transformed to meet assumptions
of analysis. Normality of residuals was examined with
quantile−quantile plots, and homogeneity of variance
was tested with Levene’s tests in the ‘car’ package (Fox
et al. 2012). Due to violation in homogeneity of variance, a White heteroscedasticity-corrected coefficient
covariance matrix adjustment was applied for both
analyses of percent growth and final size. To analyze
the relationship between growth and survivorship,
we calculated the average growth and survivorship
rate for each treatment combination and examined
Spearman’s correlations between survivorship and
growth for (1) aggregates and (2) individuals.
For all mixed effect model analyses, significance
was tested using Type II ANOVA tests in the ‘lmerTest’ package (Kuznetsova et al. 2017). Overdispersion in binomial models was assessed using the
‘blmeco’ package (Korner-Nievergelt et al. 2015).
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lyzed juvenile survival, bleaching, and growth within
the high-light treatment. Survival in the high-light
treatment was dependent on colony type, with
higher survivorship in aggregate colonies than individuals (p < 0.01; Fig. 2A; Table S3). Further, survival
was increased with high flow (p < 0.01; Fig. 2B;
Table S4). High-flow conditions were more favorable
for individual colonies as compared to aggregate

Light level

1.0
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0.6
0.4
0.2

3. RESULTS

0.0

light * time p < 0.01
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3.1. Physical conditions
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Days post settlement
Tanks closely tracked the temperature profiles of
Kāne‘ohe Bay, averaging 0.43°C warmer throughout
the experiment (Fig. S3). Low-light treatments had
23% of the daily light dose (integral of lux) of highlight treatments (Fig. S4A). Peak light intensity was
15% higher in the low-flow tank; however, the daily
light integral was only 2.9% higher in the low-flow
tank (Fig. S4B).

Fig. 1. Percent survivorship of Montipora capitata juveniles
in high-light and low-light treatments over time. Survivorship was significantly higher in low-light treatments during
the first 35 d post settlement. After 64 d, survivorship was significantly higher in the high-light treatment. Vertical dotted
line represents time of change in relative survivorship between light treatments; shading represents 95% confidence
interval
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0.6
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There was a large significant effect
(d = −0.91) of light availability on juvenile survival over the course of the
experiment (p < 0.01; Fig. 1, Table S1).
Survival was higher in the low-light
treatment up until 35 d post-settlement (post hoc p < 0.01), after which
point survival was instead higher in
the high-light treatment (post hoc p <
0.01; Fig. 1; Table S2). Mean ± SE
juvenile survivorship at the end of the
experiment was significantly higher in
the high-light treatment (34 ± 1%)
than in the low-light treatment (1 ±
0%; post hoc p < 0.01).
Due to high mortality in the lowlight treatment (Fig. 1), we further ana-
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3.2. Juvenile survivorship
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Fig. 2. End-point survivorship of settled Montipora capitata juveniles by light
treatment, substrate conditioning, colony type (agg: aggregates; ind: individuals), and larval rearing temperature. (A) Survivorship was significantly higher in
aggregate corals experiment wide. (B) There was a significant interaction of
flow rate and colony type on survivorship, but high-flow treatments had higher
survivorship overall. (C) There was a significant interaction between larval
rearing temperature (low: 24.5°C, ambient: 27.2°C, high: 28.9°C) and colony
type, although the effect sizes were small (Table S1). Error bars represent SD
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Aggregate
1.0

Corals in this experiment accumulated 5.79 DHW,
and peak bleaching occurred during the first week of
August (Fig. S3). Across all groups, approximately
10% of corals exhibited bleaching (Table S5). Aggregate colonies exhibited less bleaching (3%) than
individual colonies (7%) (p < 0.01; Fig. 4A; Table S6).
Juvenile corals exposed to high flow also had significantly decreased bleaching than those in low-flow
conditions (p < 0.01; Fig. 4B).
Juveniles that were exposed to elevated temperature as larvae were more susceptible to bleaching
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Fig. 3. Interaction of substrate conditioning, flow rate, and
colony type on survivorship of settled Montipora capitata juveniles. There was a significant interaction between flow
rate, substrate conditioning, and colony type on settled juvenile survivorship, with higher survivorship in aggregates
and high-flow treatments and a diminished difference between flow rates on unconditioned aggregate plugs. Error
bars represent SD

compared to those exposed to ambient larval temperatures (p < 0.01; Fig. 4C). Further, the influence of
larval thermal exposure was dependent on colony
type, with different patterns in response to larval
temperature differing between aggregate and individual colonies (p < 0.01; Fig. 4C).
There was also a significant effect of substrate conditioning, with elevated bleaching susceptibility for
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colonies (p < 0.01; Fig. 2B). Larval rearing temperature had a small (d = −0.02), but significant, effect on
juvenile survival (p < 0.01; Fig. 2C). Both aggregate
and individual colonies had higher survival after larval exposure to high and low temperature treatments
as compared to ambient (Fig. 2C).
Plug conditioning, colony type, and water flow created complex interactive effects on juvenile survival
(p < 0.01; Table S4). For both aggregate and individual colonies, survival was higher on 10 wk conditioned plugs in a high-flow environment, but survival
on these conditioned plugs was lower in a low-flow
environment as compared to 1 wk conditioned plugs
(Fig. 3; Table S3).

Survivorship
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Fig. 4. Bleaching and recovery of settled juvenile Montipora capitata during a mild bleaching event (July−December 2019) in
Kāne‘ohe Bay and experimental tanks receiving ambient seawater. Bleaching rate was significantly lower (A) in aggregates
than in individual settlers and (B) in high-flow treatments than in low-flow treatments. (C) The interaction of larval rearing
temperature and colony type was significant, but effect sizes and overall bleaching rate were low. (D) The interaction of substrate conditioning and colony type was significant, but 1 wk substrate conditioned plugs had lower bleaching than 10 wk
substrate conditioned plugs in both treatments. See Fig. S3 for long-term temperature profile and how sampling timepoints
overlap temperature dynamics. Shading represents 95% confidence interval
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Overall, juvenile corals grew 5 ± 2% (mean ± SE)
over the duration of the experiment (Table S7). Aggregates had a slower rate of growth than individual
corals (p < 0.01; Table S8; Fig. 5A) and many had
negative growth. Individual juveniles grew more
quickly (size-specific growth rate), but aggregate
colonies were 2.5 times larger at the end of the experiment (p < 0.01; Tables S9 & S10; Fig. 5B). Growth
rates were higher with increased flow for both aggregates and individuals (p < 0.01; Table S8; Fig. 6).

3.5. Relationship between survivorship and growth
Survivorship and growth were not related in either
aggregate (ρ = −0.09, p = 0.78) or individual (ρ = 0.37,
p = 0.23) Montipora capitata corals when averaged
for each treatment group (Fig. S5).

4. DISCUSSION
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Identifying post-settlement rearing conditions that
maximize survivorship and growth of juvenile corals
is an essential step in the development of sexual reproduction as a tool for reef restoration (Craggs et al.
2019, Randall et al. 2020). Increasing our understanding of the factors that support juvenile success
through early life-history bottlenecks can reduce
current limitations to restoration and allow climatefocused strategies such as thermal conditioning or
selective breeding to be integrated with production
techniques. We reared and tracked more than 12 000
preconditioned juvenile Montipora capitata for 5 mo
through a natural bleaching event in Kāne‘ohe Bay,
O‘ahu, in an ex situ facility. Testing multiple factors
simultaneously, our study demonstrates that optimization of certain abiotic conditions can support
survivorship or growth of juvenile corals.
Coral health is strongly dictated by environmental
conditions (Drury et al. 2017, Putnam et al. 2017);
however, most studies focus on the biology of adult
corals and few have examined how many factors

Ind

Fig. 5. Growth rate of juvenile Montipora capitata by colony
type. (A) Individually settled corals (ind) grew significantly
faster than aggregates (agg). (B) At the final timepoint, aggregates were nearly 3 times as large as individuals. Bar: median; box: interquartile range; whiskers: 1.5× the interquartile
range; dots: outliers

Growth rate (% change)

juveniles settled on 10 wk conditioned plugs, as compared to plugs conditioned for only 1 wk (p < 0.01;
Fig. 4D). Juvenile susceptibility to bleaching was
driven by interactions between abiotic and biotic factors in this experiment, highlighting the complex
nature of coral bleaching (p < 0.05; Table S6).
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Low

Flow rate
Fig. 6. Growth rate of juvenile Montipora capitata corals by
type and flow rate. Box plot parameters as in Fig. 5

translate across life-history stages. We demonstrate
the importance of manipulating flow rate and light
intensity on post-settlement growth and survivorship
of juvenile corals. Individual colonies had a higher
growth rate than aggregates, but both grew more
quickly in a high-flow environment. Forsman et al.
(2012) found that adult M. capitata grew twice as fast
in low-flow environments compared to high flow, but
juvenile corals in our experiment showed opposite
patterns in both aggregates and individuals. This
pattern supports a size effect in flow response, because higher growth (or calcification) also has been
observed in flow manipulations in other corals (Dennison & Barnes 1988). The benefits of increased flow
include sediment removal, food delivery, and increased respiration and metabolic waste flushing
(Jokiel 1978, Rogers 1990, Sebens et al. 1997, 2003,
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Bruno & Edmunds 1998), but may impact corals of
various sizes in different ways (Hoogenboom & Connolly 2009). Forsman et al. (2012) documented that
flow and light requirements were species specific,
but that low-light treatments yielded lower growth in
adult M. capitata regardless of flow, corresponding
to the high mortality we observed in low light. High
flow can also alleviate bleaching in high-light environments (Van Woesik et al. 2005) by removing or
reducing the warm boundary layer around colonies
(Edmunds 2005), potentially lessening temperature
stress by facilitating the removal of toxic and metabolic compounds (Fabricius 2006). Our results suggest that the benefits of exposure to adequate flow
also supports survival of juveniles during bleaching
stress, but the natural distribution of juveniles on the
reef may prevent these benefits in some corals due to
microhabitat differences where flow is lower.
Light is one of the most important factors dictating
the distribution and biology of corals (Mundy & Babcock 1998, Putnam et al. 2017), and our data also suggest that optimal light exposure shifts as juvenile corals
age. Most coral larvae prefer to settle within lowerlight conditions in shaded microhabitats (Maida et al.
1994), and our results demonstrate that this lowerlight environment is also beneficial for survivorship
until approximately 1 mo post settlement. Doropoulos et al. (2016) pointed out that juvenile corals may
need to settle in low-light microhabitats to avoid predation before taking advantage of high light later in
life. Low light in our experiment may have benefited
juvenile corals by enabling sufficient photosynthesis
while limiting algal competition (Birkeland et al. 1981).
We did not routinely clean juvenile coral plugs, so
the impacts of light on algal competition are critically
important. Other studies have sought to use microherbivory to address this time-consuming step (Craggs
et al. 2019), and a combination of light and herbivory
may further increase efficiency. At 1 mo post settlement, survivorship in the lower-light treatment declined significantly, potentially because the energetic needs of developing corals were not met by
photosynthesis. Since M. capitata is a vertical transmitter (i.e. eggs are provisioned with symbionts),
photosynthesis under low light may be sufficient at
the earliest stages of post-settlement development
due to energetic reserves or low energetic demands.
Indeed, this time-dependent effect of light intensity
has recently been documented in juveniles of other
scleractinian species (Kuanui et al. 2020), suggesting
that the manipulation of light levels over time may be
used to enhance early survivorship and improve
coral cultivation via sexual reproduction. As juvenile

corals grow, they also develop thicker tissues which
can self-shade, increasing tolerance of high-light
conditions (Putnam et al. 2017).
Aggregation behavior at the time of settlement
(individual or aggregate) influenced survival, growth,
and bleaching throughout the experiment. Aggregate corals had higher survivorship, lower bleaching,
and larger final size, although they exhibited slower
growth rates. This is an important practical consideration for managers and restoration practitioners who
can control aggregation via settlement density, but
also highlights the dynamic interaction between abiotic and biotic influences in early juvenile development. Gregarious settlement and tissue fusion allows
small, newly settled corals to overcome size-specific
mortality thresholds by rapidly increasing total colony
size (Raymundo & Maypa 2004, Puill-Stephan et al.
2012), and formation of chimeric aggregations may
facilitate wider ranges of physiological strategies to
survive stress (Amar et al. 2008, Rinkevich 2019).
While our study did not intend to create aggregate
colonies, numerous studies have shown that increased larval supply density positively affects total
larval settlement and the potential formation of gregarious colonies (Cruz & Harrison 2017, Cameron &
Harrison 2020). Therefore, future research should
aim to optimize larval concentrations during settlement in order maximize the growth and survivorship
of targeted species for specific restoration purposes.
Sublethal temperature exposure during the larval
phase had small effects on downstream post-settlement
survival, bleaching resistance, and growth. While we
did observe significantly higher survivorship in juveniles that were exposed to both high and low larval
rearing temperatures, the logistical constraints of creating temperature treatments may not be worth the
added benefit in a restoration context, especially
given the small effect sizes of larval rearing temperature during subsequent bleaching. Coral larvae undergo broad molecular changes in response to temperature stress (Polato et al. 2010, Meyer et al. 2011,
Dixon et al. 2015) and suffer increased mortality in
temperatures higher than the local average temperatures (Woolsey et al. 2015), so the lack of meaningful
response found here may relate to treatment timing,
duration, or intensity. Previous work has found positive effects of preconditioning in adult corals (Middlebrook et al. 2008, Bellantuono et al. 2012, Bay &
Palumbi 2015), but this response is not ubiquitous
(Schoepf et al. 2019, Dilworth et al. 2020). The lack of
large effect here could also be because larval rearing
temperature does not translate across life-history
stages or is obscured by interactions with light or flow.
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Previous work utilizing thermal preconditioning as
a strategy to improve downstream traits in early lifehistory stages found that gamete preconditioning at
32°C could improve fertilization success rate (Puisay
et al. 2018). In our study, moderate temperatures may
not have elicited strong enough molecular responses
to create large effects downstream. It is also possible
that logistical difficulties which temporarily compromised temperature treatments contributed to this outcome. M. capitata eggs also contain higher levels of
antioxidants than adults, which could mute the response of early life-history stages to oxidative stress
(Padilla-Gamino et al. 2013). Future experiments
should continue to examine the influence of timing
and intensity of stress while avoiding treatments that
result in high mortality and selective screening (Dixon
et al. 2015). These factors should be given consideration based on the specific goals of the project.
Practitioners can manipulate abiotic conditions (including light and flow) to improve growth and survivorship of juvenile corals using simple and costeffective techniques such as shading and increasing
circulation. Our results show that the highest survivorship treatment combination for individual corals was
achieved by combining high light levels, low larval
rearing temperatures, unconditioned substrate, and
low flow. Aggregate survivorship was maximized in
high light and at low larval rearing temperatures, with
high flow and 10 wk conditioned substrate. Interestingly, these treatments only supported 45% of maximum growth in individuals and led to negative growth
in aggregates. There was also no significant correlation between growth and survivorship, which means
that practitioners should not expect changes designed
to elicit improvement in one metric to lead to improvements in another, which depends on the additive,
antagonistic, or synergistic effects of treatments. Treatments may be tailored during post-settlement growout to maximize a specific outcome based on the
goals of the specific project and tailored to fit the
biology of different species.
The primary limitation of our study is the pseudoreplication of flow regime in 2 large raceway tanks:
we were logistically limited by infrastructure capacity and the ability to create different flow regimes in
replicate tanks. Tanks shared a water source, input
flow rate was standardized daily, and the biofouling
communities (mostly CCA) of each tank were similar
in gross composition and biomass. Conversely, the
light measurements we collected indicate that subtle
but potentially important differences in maximum
intensity and the shape of the daily light profile
impact these tanks, although the total difference is
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within the measurement error of our instruments
(~3%). High flow can also create substantial light scattering and may contribute to these patterns. We consistently randomized the position of plugs within
tanks during measurement intervals to account for
micro-scale differences in shading. Water temperature was similar between tanks (~0.1°C). Despite
these similarities, unknown differences between
tanks may contribute to the large effect sizes due to
flow in our analysis, and future experiments should
confirm this pattern with better replication. There
may also be bias in our growth data, where we deliberately chose colonies that survived the experiment
to maximize our efficiency. This could introduce bias
for corals that grew more quickly and survived as a
result, or from another unknown source of variance.
Conversely, our very high replication, use of genetically diverse input, and integrative statistical analysis give us confidence in our results.
Our results provide useful practical information
about the use of abiotic treatments to improve postsettlement growth, survivorship, and bleaching response in juvenile M. capitata corals collected from
natural spawning events and reared ex situ. Optimization of sexual reproduction for restoration can utilize these factors to improve outcomes and create a
framework in which biological interventions such as
selective breeding can be applied to increase resilience in restoration stock.

Data availability. Data and scripts are publicly available at
https://github.com/AHuffmyer/Mcapitata_Juvenile_Rearing.
Data and scripts are available at Zenodo (doi:10.5281/
zenodo.4289416).

Acknowledgements. This work was funded by the Paul G.
Allen Family Foundation. We thank Gyasi Alexander, Filip
Blastik, Jenna Dilworth, Luke Kikukawa, Max Moonier,
Vojtech Prokůpek, and the Gates Coral Lab for field and lab
assistance. Coral gamete bundles were collected under
Hawai‘i DLNR permit SAP 2018-03 to the Hawai‘i Institute
of Marine Biology (HIMB). This work was inspired by Ruth
Gates’ vision for selective breeding as part of Assisted Evolution. This is SOEST contribution 11148 and HIMB contribution 1827.

LITERATURE CITED

Amar KO, Chadwick NE, Rinkevich B (2008) Coral kin
aggregations exhibit mixed allogeneic reactions and
enhanced fitness during early ontogeny. BMC Evol Biol
8:126
Bates D, Maechler M, Bolker B, Walker S (2014) Lme4: Linear mixed-effects models using Eigen and S4. R package

132

Mar Ecol Prog Ser 657: 123–133, 2021

version 1:1−23. https://cran.r-project.org/web/packages/
lme4/index.html
Baums IB, Baker AC, Davies SW, Grottoli AG and others
(2019) Considerations for maximizing the adaptive potential of restored coral populations in the western Atlantic.
Ecol Appl 29:e01978
Bay RA, Palumbi SR (2015) Rapid acclimation ability mediated by transcriptome changes in reef-building corals.
Genome Biol Evol 7:1602−1612
Bellantuono AJ, Hoegh-Guldberg O, Rodriguez-Lanetty M
(2012) Resistance to thermal stress in corals without
changes in symbiont composition. Proc R Soc B 279:
1100−1107
Birkeland C, Rowley D, Randall RH (1981) Coral recruitment
patterns at Guam. Proc 4th Int Coral Reef Symp Manila 2:
339−344
Box SJ, Mumby PJ (2007) Effect of macroalgal competition
on growth and survival of juvenile Caribbean corals. Mar
Ecol Prog Ser 342:139−149
Bruno JF, Edmunds PJ (1998) Metabolic consequences of
phenotypic plasticity in the coral Madracis mirabilis
(Duchassaing and Michelotti): the effect of morphology
and water flow on aggregate respiration. J Exp Mar Biol
Ecol 229:187−195
Buerger P, Alvarez-Roa C, Coppin CW, Pearce SL and others (2020) Heat-evolved microalgal symbionts increase
coral bleaching tolerance. Sci Adv 6:eaba2498
Cameron KA, Harrison PL (2020) Density of coral larvae
can influence settlement, post-settlement colony abundance and coral cover in larval restoration. Sci Rep 10:
5488
Chamberland VF, Petersen D, Guest JR, Petersen U, Brittsan
M, Vermeij MJA (2017) New seeding approach reduces
costs and time to outplant sexually propagated corals for
reef restoration. Sci Rep 7:18076
Craggs J, Guest J, Bulling M, Sweet M (2019) Ex situ co culturing of the sea urchin, Mespilia globulus and the coral
Acropora millepora enhances early post-settlement survivorship. Sci Rep 9:12984
Cruz DW, Harrison PL (2017) Enhanced larval supply and
recruitment can replenish reef corals on degraded reefs.
Sci Rep 7:13985
Dennison WC, Barnes DJ (1988) Effect of water motion on
coral photosynthesis and calcification. J Exp Mar Biol
Ecol 115:67−77
Dilworth J, Caruso C, Kahkejian VA, Baker AC, Drury C
(2020) Host genotype and stable differences in algal
symbiont communities explain patterns of thermal stress
response of Montipora capitata following thermal preexposure and across multiple bleaching events. Coral
Reefs, doi:10.1007/s00338-020-02024-3
Dixon GB, Davies SW, Aglyamova GV, Meyer E, Bay LK,
Matz MV (2015) Genomic determinants of coral heat tolerance across latitudes. Science 348:1460−1462
Doropoulos C, Roff G, Bozec YM, Zupan M, Werminghausen
J, Mumby PJ (2016) Characterizing the ecological tradeoffs throughout the early ontogeny of coral recruitment.
Ecol Monogr 86:20−44
Doropoulos C, Elzinga J, ter Hofstede R, van Koningsveld
M, Babcock RC (2019) Optimizing industrial-scale coral
reef restoration: comparing harvesting wild coral spawn
slicks and transplanting gravid adult colonies. Restor
Ecol 27:758−767
Drury C, Manzello D, Lirman D (2017) Genotype and local
environment dynamically influence growth, disturbance

response and survivorship in the threatened coral, Acropora cervicornis. PLOS ONE 12:e0174000
Edmunds PJ (2005) Effect of elevated temperature on aerobic respiration of coral recruits. Mar Biol 146:655−663
Fabricius KE (2006) Effects of irradiance, flow, and colony
pigmentation on the temperature microenvironment
around corals: implications for coral bleaching? Limnol
Oceanogr 51:30−37
Forsman ZH, Kimokeo BK, Bird CE, Hunter CL, Toonen RJ
(2012) Coral farming: effects of light, water motion and
artificial foods. J Mar Biol Assoc UK 92:721−729
Fox J, Weisberg S, Adler D, Bates D and others (2012) Package ‘car’. CAR: 3.0-10. https://cran.r-project.org/web/
packages/car/index.html
Gilmour JP, Smith LD, Heyward AJ, Baird AH, Pratchett MS
(2013) Recovery of an isolated coral reef system following severe disturbance. Science 340:69−71
Guest J (2010) Rearing coral larvae for reef rehabilitation.
Coral Reef Targeted Research and Capacity Building for
Management Program. Coral Reef Initiatives for the
Pacific, Saint Lucia, QLD
Guest JR, Baria MV, Gomez ED, Heyward AJ, Edwards AJ
(2014) Closing the circle: Is it feasible to rehabilitate reefs
with sexually propagated corals? Coral Reefs 33:45−55
Harrington L, Fabricius K, De’Ath G, Negri A (2004) Recognition and selection of settlement substrata determine
post-settlement survival in corals. Ecology 85:3428−3437
Hoogenboom MO, Connolly SR (2009) Defining fundamental niche dimensions of corals: synergistic effects of
colony size, light, and flow. Ecology 90:767−780
Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-Romero
JG and others (2017) Global warming and recurrent
mass bleaching of corals. Nature 543:373−377
Hughes TP, Kerry JT, Baird AH, Connolly SR and others
(2018) Global warming transforms coral reef assemblages. Nature 556:492−496
Jokiel PL (1978) Effects of water motion on reef corals. J Exp
Mar Biol Ecol 35:87−97
Korner-Nievergelt F, Roth T, von Felten S, Guélat J, Almasi
B, Korner-Nievergelt P (2015) Bayesian data analysis in
ecology using linear models with R, BUGS, and Stan.
Academic Press, Cambridge, MA
Kuanui P, Chavanich S, Viyakarn V, Omori M, Fujita T, Lin
C (2020) Effect of light intensity on survival and photosynthetic efficiency of cultured corals of different ages.
Estuar Coast Shelf Sci 235:106515
Kuznetsova A, Brockhoff PB, Christensen RHB (2017)
LmerTest package: tests in linear mixed effects models.
J Stat Softw 82:1−26
Leong RC, Marzinelli EM, Low J, Bauman AG and others
(2018) Effect of coral−algal interactions on early life history processes in Pocillopora acuta in a highly disturbed
coral reef system. Front Mar Sci 5:385
Maida M, Coll JC, Sammarco PW (1994) Shedding new light
on scleractinian coral recruitment. J Exp Mar Biol Ecol
180:189−202
Meyer E, Aglyamova GV, Matz MV (2011) Profiling gene
expression responses of coral larvae (Acropora millepora) to elevated temperature and settlement inducers
using a novel RNA-Seq procedure. Mol Ecol 20:3599−3616
Middlebrook R, Hoegh-Guldberg O, Leggat W (2008) The effect of thermal history on the susceptibility of reef-building corals to thermal stress. J Exp Biol 211:1050−1056
Mundy CN, Babcock RC (1998) Role of light intensity and
spectral quality in coral settlement: implications for

Hancock et al.: Montipora capitata husbandry

133

depth-dependent settlement? J Exp Mar Biol Ecol 223:
235−255
Nakamura R, Ando W, Yamamoto H, Kitano M and others
(2011) Corals mass-cultured from eggs and transplanted
as juveniles to their native, remote coral reef. Mar Ecol
Prog Ser 436:161−168
National Academies of Sciences, Engineering, and Medicine
(2019) A research review of interventions to increase the
persistence and resilience of coral reefs. National Academies Press, Washington, DC
Omori M, Iwao K, Tamura M (2008) Growth of transplanted
Acropora tenuis 2 years after egg culture. Coral Reefs 27:
165
Padilla-Gamiño JL, Gates RD (2012) Spawning dynamics in
the Hawaiian reef-building coral Montipora capitata.
Mar Ecol Prog Ser 449:145−160
Padilla-Gamiño JL, Pochon X, Bird C, Concepcion GT,
Gates RD (2012) From parent to gamete: vertical transmission of Symbiodinium (Dinophyceae) ITS2 sequence
assemblages in the reef building coral Montipora capitata. PLOS ONE 7:e38440
Padilla-Gamino JL, Bidigare RR, Barshis DJ, Alamaru A and
others (2013) Are all eggs created equal? A case study
from the Hawaiian reef-building coral Montipora capitata. Coral Reefs 32:137−152
Polato NR, Voolstra CR, Schnetzer J, DeSalvo MK and others (2010) Location-specific responses to thermal stress
in larvae of the reef-building coral Montastraea faveolata. PLOS ONE 5:e11221
Pollock FJ, Katz SM, van de Water JAJM, Davies SW and
others (2017) Coral larvae for restoration and research: a
large-scale method for rearing Acropora millepora larvae, inducing settlement, and establishing symbiosis.
PeerJ 5:e3732
Puill-Stephan E, van Oppen MJH, Pichavant-Rafini K, Willis
BL (2012) High potential for formation and persistence of
chimeras following aggregated larval settlement in the
broadcast spawning coral, Acropora millepora. Proc R
Soc B 279:699−708
Puisay A, Pilon R, Goiran C, Hédouin L (2018) Thermal
resistances and acclimation potential during coral larval
ontogeny in Acropora pulchra. Mar Environ Res 135:1−10
Putnam HM, Barott KL, Ainsworth TD, Gates RD (2017) The
vulnerability and resilience of reef-building corals. Curr
Biol 27:R528−R540
Quigley KM, Randall CJ, van Oppen MJH, Bay LK (2020)
Assessing the role of historical temperature regime and
algal symbionts on the heat tolerance of coral juveniles.
Biol Open 9:bio047316
Randall CJ, Negri AP, Quigley KM, Foster T and others
(2020) Sexual production of corals for reef restoration in
the Anthropocene. Mar Ecol Prog Ser 635:203−232
Raymundo LJ, Maypa AP (2004) Getting bigger faster:
mediation of size-specific mortality via fusion in juvenile
coral transplants. Ecol Appl 14:281−295
R Core Team (2019) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna. www.r-project.org

Rinkevich B (2019) Coral chimerism as an evolutionary rescue mechanism to mitigate global climate change impacts.
Glob Change Biol 25:1198−1206
Ritson-Williams R, Paul VJ, Arnold SN, Steneck RS (2010)
Larval settlement preferences and post-settlement survival of the threatened Caribbean corals Acropora palmata and A. cervicornis. Coral Reefs 29:71−81
Rogers CS (1990) Responses of coral reefs and reef organisms to sedimentation. Mar Ecol Prog Ser 62:185−202
Rotjan RD, Lewis SM (2008) Impact of coral predators on
tropical reefs. Mar Ecol Prog Ser 367:73−91
Schoepf V, Carrion SA, Pfeifer SM, Naugle M, Dugal L,
Bruyn J, McCulloch MT (2019) Stress-resistant corals
may not acclimatize to ocean warming but maintain heat
tolerance under cooler temperatures. Nat Commun 10:
4031
Sebens KP, Witting J, Helmuth B (1997) Effects of water flow
and branch spacing on particle capture by the reef coral
Madracis mirabilis (Duchassaing and Michelotti). J Exp
Mar Biol Ecol 211:1−28
Sebens KP, Helmuth B, Carrington E, Agius B (2003) Effects
of water flow on growth and energetics of the scleractinian coral Agaricia tenuifolia in Belize. Coral Reefs 22:
35−47
Sully S, Burkepile DE, Donovan MK, Hodgson G, van Woesik R (2019) A global analysis of coral bleaching over the
past two decades. Nat Commun 10:1264
Tebben J, Guest JR, Sin TM, Steinberg PD, Harder T (2014)
Corals like it waxed: paraffin-based antifouling technology enhances coral spat survival. PLOS ONE 9:e87545
Torchiano M (2020) effsize: Efficient Effect Size Computation. R package version 0.8.1. https://CRAN.R-project.org/
package=effsize
Trapon ML, Pratchett MS, Hoey AS, Baird AH (2013) Influence of fish grazing and sedimentation on the early postsettlement survival of the tabular coral Acropora cytherea.
Coral Reefs 32:1051−1059
van Oppen MJH, Oliver JK, Putnam HM, Gates RD (2015)
Building coral reef resilience through assisted evolution.
Proc Natl Acad Sci USA 112:2307−2313
Van Oppen MJH, Gates RD, Blackall LL, Cantin N and others (2017) Shifting paradigms in restoration of the world’s
coral reefs. Glob Change Biol 23:3437−3448
Van Woesik R, Nakamura T, Yamasaki H, Sheppard C (2005)
Comment on ‘Effects of geography, taxa, water flow, and
temperature variation on coral bleaching intensity in
Mauritius’ (McClanahan et al. 2005). Mar Ecol Prog Ser
305:297−299
Wilson J, Harrison P (2005) Post-settlement mortality and
growth of newly settled reef corals in a subtropical environment. Coral Reefs 24:418−421
Woolsey ES, Keith SA, Byrne M, Schmidt-Roach S, Baird
AH (2015) Latitudinal variation in thermal tolerance
thresholds of early life stages of corals. Coral Reefs 34:
471−478
Wyatt ASJ, Leichter JJ, Toth LT, Miyajima T, Aronson RB,
Nagata T (2020) Heat accumulation on coral reefs mitigated by internal waves. Nat Geosci 13:28−34

Editorial responsibility: Pei-Yuan Qian,
Kowloon, Hong Kong SAR
Reviewed by: K. Cameron and 2 anonymous referees

Submitted: April 14, 2020
Accepted: October 13, 2020
Proofs received from author(s): December 4, 2020

