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Abstract

Intervention strategies to enhance coral resilience include manipulating the association between corals
and their algal endosymbionts. While hosting thermotolerant Durusdinium trenchii can increase bleaching
thresholds in adults, its effects remain largely unknown during the early life stages of Caribbean corals.
Here, we tested if Orbicella faveolata recruits could establish symbiosis with D. trenchii supplied by
nearby “donor” colonies and examined the resulting ecological trade-offs to evaluate early
Symbiodiniaceae manipulation as a scalable tool for reef restoration. We exposed aposymbiotic recruits to
29°C or 31°C and to fragments of either Montastraea cavernosa (containing Cladocopium) or Sderastrea
siderea (containing D. trenchii). After 60 days, recruits reared with D. trenchii donors hosted nearly three
times more D. trenchii than those with Cladocopium donors, suggesting that recruits can acquire
Symbiodiniaceae from nearby corals of different species. Temperature did not affect D. trenchii uptake.
Next, donor colonies were removed and surviving recruits were maintained for three months at ambient
temperatures, after which a subset was exposed to a 60-day heat stress trial. Recruits previously reared at
31°C survived twice as long at 34°C as those reared at 29°C, suggesting that pre-exposure to heat can
prime recruits to withstand future thermal stress. In addition, recruits hosting primarily D. trenchii
survived twice as long at 34°C as those hosting little or no D. trenchii. However, the proportion of D.
trenchii hosted was negatively correlated with polyp size and symbiont density, indicating a trade-off
between growth (of both host and symbiont) and heat tolerance. These findings suggest that, while donor
colonies may be effective sources for seeding coral recruits with thermotolerant symbionts, practitioners
will need to balance the likely benefits and costs of these approaches when designing restoration

strategies.

I ntroduction

Scleractinian corals are ecosystem engineers, building reefs that support one quarter of all marine

biodiversity and contributing billions of dollars to global economies annually through fisheries, tourism,
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and coastline protection (Jones et al. 1994; Wells et al. 2006). However, coral reefs are declining rapidly
as multiple stressors outpace their natural capacity to evolve and threaten the critical ecosystem services
they provide (Hughes & Connell 1999; Hughes et al. 2003; Pandolfi et al. 2003; Wild et al. 2011). A
major cause of recent decline is coral bleaching (Hughes et al. 2017), a phenomenon wherein stressful
environmental conditions destabilize the partnership between corals and Symbiodiniaceae, a diverse
family of largely symbiotic dinoflagellate algae (LaJeunesse et al. 2018), prompting ejection of the algae
by the coral hosts (Knowlton & Rohwer 2003; Weis 2008). However, some corals survive these bleaching
episodes, recovering or even maintaining their symbioses while neighboring colonies perish (Baker et al.
2004; LaJeunesse et al. 2010; Cunning et al. 2016). One factor contributing to this resilience is the type(s)
of Symbiodiniaceae hosted within the corals; when stressful conditions subside, bleached corals can
reacquire algae (Jones & Yellowlees 1997; Boulotte et al. 2016; Cunning et al. 2016). Termed ‘symbiont
shuffling” (Baker 2003), this process involves shifts in the relative abundance of different symbiont types
within the host, which can result in replacement of the numerically dominant symbiont and alter the
community function (Buddemeier & Fautin 1993; Toller et al. 2001; Baker 2001; Stat et al. 2008).

Many members of the Symbiodiniaceae genus Durusdinium are particularly tolerant to thermal
stress (Glynn et al. 2001; Baker et al. 2004; Rowan 2004) and may prove critical for the persistence of
reefs. Most prevalent after bleaching events or on reefs characterized by extreme or highly variable
conditions (Baker et al. 2004; Fabricius et al. 2004; LaJeunesse et al. 2009, 2010), Durusdinium is widely
distributed (albeit at generally low abundance) among locations and host species worldwide (Silverstein
et al. 2012). During recent marine heatwaves, corals hosting this genus have maintained their symbioses
while nearby colonies bleached (Glynn et al. 2001; Baker et al. 2004; LaJeunesse et al. 2009; Kemp et al.
2014), and many bleached colonies have recovered with predominantly Durusdinium, increasing the
holobiont’s subsequent bleaching threshold by ~1-2°C (Berkelmans and van Oppen 2006; Silverstein et
al. 2015). Thus, symbiont shuffling, and particularly relative increases in Durusdinium trenchii,

represents a mechanism of rapid ecological acclimatization and a potential tool for researchers to enhance
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coral heat tolerance (Baker et al. 2004; Silverstein et al. 2015; Cunning et al. 2018; National Academies
2019).

However, despite its thermotolerance benefits, hosting D. trenchii may be accompanied by
physiological trade-offs that impact whether symbiont shuffling is sustainable at the ecosystem scale.
Studies have found reduced calcification, growth rates, lipid stores, and egg size in corals hosting D.
trenchii under non-stressful temperatures (Little et al. 2004; Jones & Berkelmans 2011; Poquita-Du et al.
2020), suggesting that, while this symbiont increases heat tolerance, it may compromise long-term reef
recovery (Ortiz et al. 2013; Pettay et al. 2015). Consequently, we must consider both the benefits and
trade-offs of D. trenchii in the context of predicted stress exposure as we assess approaches to increase
reef resilience.

While laboratory studies have manipulated algal partners in adult Caribbean corals to enhance
stress tolerance (Silverstein et al. 2015; Cunning et al. 2016, 2018), the capacity of Caribbean coral
juveniles to acquire D. trenchii and the eco-physiological trade-offs of this association are not well
understood. Many corals are broadcast spawners, beginning life as aposymbiotic larvae that acquire
Symbiodiniaceae “horizontally” from their environment (Harrison & Wallace 1990; Coffroth et al. 2006).
A recruit’s algal partners influence fitness (Mieog et al. 2009), and thus early establishment of
environmentally-appropriate symbioses may enhance survival (Chamberland et al. 2017; Quigley et al.
2017a). Various processes may govern symbiont acquisition and selection during early ontogeny (Little et
al. 2004), but few studies have tracked the biotic and abiotic factors shaping symbiotic partnerships in
young Caribbean corals. Indeed, Quigley et al. (2018) urged that research be directed at optimizing
natural and artificial Symbiodiniaceae delivery to boost juvenile survival.

This study investigated whether temperature and/or neighboring adult corals could enhance initial
D. trenchii uptake in juvenile Orbicella faveolata, an important Caribbean reef-builder listed as
threatened under the Endangered Species Act. First, we tested the hypothesis that elevated temperature
and/or proximity of D. trenchii “donor” colonies increases D. trenchii abundance in recruits during

symbiosis establishment. Next, we examined the physiological trade-offs, such as polyp size and algal
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cell density, of hosting D. trenchii. Finally, we tested if symbiont community and/or previous heat

exposure impacted recruit survival during a heat stress trial.

M ethods

Larval rearing and settlement

This experiment utilized newly-settled Orbicella faveolata recruits collected as gametes during a
broadcast spawning event six days after the full moon in August 2018 from Horseshoe Reef in Key
Largo, FL (25.1388°N, 80.2950°W). This location was chosen because multiple O. faveolata colonies
were previously mapped, genotyped, and observed to spawn (Miller et al., 2018; Fisch et al., 2019).
Gamete bundles were collected from eight colonies in conical mesh nets, gathering in removable 50 mL
Falcon tubes at the nets’ apices. Once ~20% filled with bundles, tubes were removed, capped, and
brought to the boat. Gametes from all parents were pooled in 2-liter plastic containers, then immediately
diluted with filtered seawater (FSW) as bundles began breaking apart to reach a sperm concentration of
~10° cells/mL following Hagedorn et al. (2009). Batches of mixed gametes were transported to a field lab
in Key Largo, FL, where larvae were maintained in FSW for four days as they developed. Fresh FSW was
provided and dead larvae were removed several times daily.

Four days post-fertilization, ~4,000 larvae were transported to laboratories at the Rosenstiel
School of Marine and Atmospheric Science, where they were placed in one-micron FSW and supplied
with 108 ceramic plugs (2.5 cm diameter) to facilitate settlement. Plugs had one-mm grooves in the top
and were previously preconditioned at Emerald Reef (near Miami, FL) for three weeks to develop a “reef-
like” biofilm (Hadfield 2011). After two days, settlers were counted under a microscope. To maintain
consistent light conditions, only recruits on the top face of plugs were tracked and sampled for the

subsequent experiment (n=1,595).

Experiment 1. Symbiodiniaceae uptake
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Plugs were distributed randomly into 12 new 2.5-gallon aquaria, so that nine plugs started in each
with an approximately even number of settlers (~133 per aquarium). Aquaria were supplied with one-
micron FSW (fine enough to exclude Symbiodiniaceae cells) and immersed in one of two 50-gallon
seawater tanks to maintain temperatures, one held at 31°C and the other at 29°C. The maximum monthly
mean (MMM) temperature on Horseshoe Reef in Key Largo, FL is ~30°C (according to Pathfinder 5.0
and Coral Reef Watch — R. van Hooidonk, pers. comm.), so these treatments were within the scope of
what newly-settled recruits might naturally experience. The 31°C treatment was designed to exert only
mild heat stress on recruits without high mortality. Light (150-300 umol quanta m-2 s—1, measured by
an Apogee Underwater Quantum PAR Meter MQ J210) was maintained on a 12 hour light—dark cycle
using 400 W metal halide pendant lights (IceCap Inc., USA). Irradiance and temperature were recorded
every 20 minutes with a HOBO Pendant® data logger (Onset Computer Corporation MX2202). One ~6
cm’ fragment of Siderastrea siderea was placed into half of the aquaria at each temperature. These
fragments originated from a single colony and were known to host >95% D. trenchii. One fragment of
Montastraea cavernosa hosting >95% Cladocopiumwas placed in each of the other six aquaria. One 4W
submersible pump (VicTsing CAAA3-HG16) was placed into each aquarium to distribute heat and
symbiont cells. With two temperatures and two symbiont sources, the experiment consisted of four
treatments, each conducted in triplicate (Fig. 1).

Recruits were maintained in their respective treatments for 60 days. FSW was replaced every
other day, and algae were manually removed from plugs regularly to prevent overgrowth and/or
competition with recruits. To minimize differences in light and flow, aquaria were shuffled within their

temperature baths and plugs were shuffled within aquaria weekly.
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Figure 1: Sequence of experimental treatments and sampling events described in this study.

Observation and tissue sampling
At least once per week, a dissecting microscope was used to count the number of: (1) surviving

recruits in all aquaria and (2) recruits visibly infected with symbionts (Fig. 2a, 2b). When infection was
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first observed in all aquaria (day 21) and again at the end of the 60 days in their treatments, three to five
recruits from each aquarium were sacrificed using a razor blade (Fig. 1; Fig. 2d). To ensure consistency of
sampling, only individual polyps not clumped with others were sacrificed (Fig. 2c). Sacrificed recruits
were placed in individual 1.5-mL microcentrifuge tubes with 200 uL of 1% SDS + DNAB and incubated

at 65°C for one hour. Genomic DNA was extracted from SDS archives following modified organic

extraction methods (Rowan and Powers, 1991; Baker & Cunning, 2016).

Figure 2: (a) Symbiodiniaceae infection was scored visually, aided by violet light filters to view red chlorophyll
fluorescence in symbiont cells. (b) A one-month-old O. faveolata recruit infected with Symbiodiniaceae. c) Recruits

circled in green are examples of individual, well-separated polyps, which were chosen for sampling. Recruits circled
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in red are clumped together without clear separation, and were not chosen for sampling. d) Individual recruits were

sacrificed using a razor blade.

Growth and symbiont density

After 60 days, donor fragments were removed from aquaria. Temperatures in aquaria at 31°C
were reduced by 1°C per day to reach 27°C (the ambient temperature of incoming Bear Cut, FL, seawater
at the time), while those at 29°C were reduced by ~0.5°C per day. After this point temperature tracked
local seasonal fluctuations, eventually reaching 22°C three months later (January 2019).

Five months (150 days) after settlement, a random sample of recruits from each of the four
original treatments were photographed under a dissecting microscope with QCapture Suite Plus. Only
individual, well-separated polyps were photographed to maximize accuracy of area measurements (Fig.
2¢). ImageJ was used to calculate recruit skeletal area in mm?. R was used to create generalized linear
models (GLMs) to compare recruit area by experimental temperature and symbiont sources. A subset of
the photographed recruits were then sacrificed for DNA extraction and gPCR, to calculate symbiont

identity and density at the time of growth measurements.

Experiment 2: Heat stresstrial

To assess whether: (1) previous exposure to elevated temperature and/or (2) D. trenchii
dominance increased tolerance to future thermal stress, a subset of recruits were exposed to a heat stress
trial in late January 2019 (day 150), three months after the end of treatments from Experiment 1. Three
recruits per aquarium (nine per treatment, 36 total) were sampled to characterize Symbiodiniaceae
communities in recruits from each of the 12 aquaria at the start of heat stress. However, since the small
size of recruits prevented us from sampling without sacrificing them, we could not directly sample
Symbiodiniaceae in individual recruits used in the heat stress trial. For analysis, aquaria were therefore
split into three categories based on the mean proportion of Durusdinium hosted on day 150 (“low” =

<0.25, “intermediate” = 0.25-0.75, “high” = >0.75; Fig. 7b).
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Then, two or three plugs from each aquarium were placed into new aquaria with one-micron
FSW, temperature was increased from 22°C to 28°C over six days, and then from 28°C to 32°C over 48
hours. At the start of this trial, all recruits (n=66) were infected with symbionts. About half the recruits
(n=32) had been reared at 31°C during Experiment 1 and were thus pre-exposed to mild heat stress, while
the other half (n=34) were reared at 29°C and naive to heat stress. Temperature was maintained at 32°C
for ten days, then raised to 33°C for ten days, then raised to 34°C for 40 days. Every two to five days,
recruits were examined using a fluorescence microscope and scored as “healthy”, “pale”, “bleached”, or

“dead” (Fig. 7, S2, S3). GLMs were created in R to test how prior heat exposure and proportion

Durusdinium impacted survival and bleaching during heat stress.

Symbiodiniaceae identification and quantification

Quantitative PCR (gPCR) assays were used to identify Symbiodiniaceae to genus level and
quantify symbiont-to-host (S:H) cell ratios for each recruit sampled. Since O. faveolata commonly hosts
members of the genera Symbiodinium, Breviolum, Cladocopium, and Durusdinium (Kemp et al., 2015),
assays targeting specific actin loci for each genus were performed using a QuantStudio 3 Real-Time PCR
Instrument (Applied Biosystems, USA). Assays for O. faveolata, Symbiodinium, and Breviolum followed
reactions described in Cunning and Baker (2013), whereas Cladocopiumand Durusdinium assays were
multiplexed and conducted as described in Cunning et al. (2015a). The StepOneR software package in R
was used to quality-filter assay results and calculate relative abundance of each symbiont genus and S:H
cell ratios. The Kaplan-Meier estimate was used to calculate the fraction of recruits in each treatment
living after a given amount of time (Goel et al., 2010). GLMs were created to compare the effects of each
experimental factor and their interactions on survivorship, symbiont infection rates, symbiont community

composition, and S:H cell ratios over time.

Results

10
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Experiment 1: Symbiodiniaceae uptake
Survivorship and Symbiodiniaceae infection

Recruit survivorship did not vary significantly among treatments. In all treatments, the proportion
of recruits visibly infected with Symbiodiniaceae increased over time (Fig. 3). Differences in proportion
of infected recruits were driven primarily by temperature (p < 0.0001) and to a lesser extent by donor
symbiont type (p = 0.048). A significantly higher proportion of recruits reared at 29°C were infected with
symbionts compared with those reared at 31°C, which were delayed in their infection by ~5-20 days at all
time points after 14 days (Fig. 3). At 43 days at 31°C, a significantly higher proportion of recruits reared

with D. trenchii donors were visibly infected compared to those with Cladocopium donors (p = 0.005).
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Figure 3: Symbiodiniaceae infection in recruits varied with temperature (p < 0.0001) and symbiont treatments (p =

0.048). Error bars represent +/- SEM.

Symbi odiniaceae identity and abundance

11
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Recruits in all treatments hosted Symbiodinium, Breviolum, and Durusdinium, but Cladocopium
was not detected. Overall, D. trenchii was found to be dominant (>90% of symbiont community) or co-
dominant (10 — 90% of community) in 58.3% of recruits after 60 days. The proportion of D. trenchii in
recruits was significantly related to donor symbiont type but not to temperature (Fig. 4). Recruits raised
with D. trenchii-dominated colonies hosted higher proportions of D. trenchii (48.3+34.9%) than in those

reared near Cladocopium-dominated colonies (17.8+24.9%) (p = 0.03).
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Figure 4: Proportion of D. trenchii in recruits reared near D. trenchii donors and Cladocopium donors after 60 days.

On average, S:H cell ratios increased in recruits with age but varied with symbiont community
composition (Fig. 5) and showed significant interactions with time (p < 0.001). For recruits <150 days
old, log S:H cell ratio decreased with increasing proportion of Symbiodinium, while in recruits >150 days
old the opposite trend was observed (Fig. 5a). In recruits >14 days old, as proportion of Breviolum
increased, the log S:H cell ratio also increased (p < 0.001, Fig. 5b). Conversely, as proportion of D.

trenchii increased in recruits >14 days old, the log S:H cell ratio decreased (p < 0.001, Fig. 5c).
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Figure 5: Symbiodiniaceae density varies with community composition in recruits. Log S:H cell ratio shows (a) no
relationship with proportion of Symbiodinium, (b) positive correlation with proportion of Breviolum (p < 0.001), and

(c) negative correlation with proportion of D. trenchii (p < 0.001). Points were jittered to minimize overlap.

Polyp area

After 5 months, polyp size varied significantly with Symbiodiniaceae community composition.
Mean polyp area increased with proportion Breviolum (p = 0.005, Fig. 6b) and decreased with increasing

proportion of D. trenchii (p = 0.006) (Fig. 6¢). There was no significant relationship between polyp size

and previous temperature treatment or proportion of Symbiodinium (Fig. 6a).
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Figure 6: Correlation of polyp area with proportion of (a) Symbiodinium, (b) Breviolum, and (c) D. trenchii. Each
point represents the mean size of polyps on one plug. Error bars represent +/- SEM. Points were jittered to prevent

overlap.

Experiment 2: Heat stresstrial

During the heat stress trial, both previous heat exposure and symbiont community impacted
recruit survivorship. Recruits previously reared at 31°C survived over twice as long at 34°C as those
reared at 29°C, independent of their symbionts (p < 0.001) (Fig. 7a). In addition, recruits hosting high
proportions of D. trenchii at the start of the trial survived over twice as long at 34°C as recruits with low
proportions of D. trenchii and 50% longer than recruits with intermediate proportions of D. trenchii (p <
0.001) (Fig. 7b). Conversely, recruits with high proportions of Symbiodinium and Breviolum experienced
reduced survivorship (Fig. S1). Survival probability during heat exposure was positively correlated with
proportion of D. trenchii (p = 0.006) and negatively correlated with proportion of Symbiodinium (p =
0.022), but not correlated with Breviolum (p = 0.174).

Similarly, both previous heat exposure and proportion of D. trenchii influenced bleaching

resistance. During heat stress, recruits previously reared at 31°C and/or hosting high proportions of D.
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trenchii at the start of the trial maintained symbiosis longer than those reared at 29°C and/or hosting

intermediate or low proportions of D. trenchii (Fig. S2, S3).
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Figure 7: Heat stress trial revealed highest survivorship in recruits a) previously reared at 31°C and b) hosting a
high proportion of D. trenchii. In panel (a), red points indicate recruits previously reared at 31°C and blue points
indicate those reared at 29°C. In panel (b), orange points indicate recruits hosting high proportions of D. trenchii at
the start of heat stress (>0.75), green indicates intermediate proportions (0.25 — 0.75), and purple indicates low
proportions (<0.25). Points were jittered to minimize overlap. Lines indicate smoothed data (method = “loess”), and

shaded areas indicate +/- SEM.

Discussion
M anipulating symbiosis establishment in recruits

This study tested a novel, scalable approach for introducing thermotolerant Durusdinium trenchii
into coral hosts at a key stage in their life history. Our results indicate that temperature and/or symbionts
in neighboring colonies can affect: (1) the rate of infection in O. faveolata recruits, (2) the identity of
Symbiodiniaceae acquired during initial symbiosis establishment, and (3) the subsequent thermal

tolerance of the recruits.
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In experiment 1, temperature impacted the onset of symbiosis while nearby donor colonies
influenced initial Symbiodiniaceae community composition. Infection was delayed in recruits reared at
31°C (a treatment representing only mild temperature stress), suggesting that even minimal heat exposure
can slow algal acquisition in recruits by ~5-20 days (Fig. 3). Abrego et al. (2012) similarly found that
Acroporatenuisand A. millepora recruits at 31°C acquired symbionts much later than those at 28°C.
Delayed infection could prove detrimental, particularly in the field, because juvenile corals rely on the
fixed carbon their endosymbionts provide to grow and surpass size-escape thresholds (Doropoulos et al.
2012; Suzuki et al. 2013; Chamberland et al. 2017). Although we hypothesized that elevated temperature
would favor acquisition of D. trenchii (Cunning et al. 2015a, Abrego et al. 2012), we found no significant
effect of temperature on the algal species hosted, suggesting that availability outweighs temperature in
determining the dominant symbiont type of O. faveolata recruits. However, it is also possible that 31°C
was not hot enough to favor D. trenchii acquisition in recruits from Key Largo, FL.

In all treatments, recruits acquired Symbiodinium, Breviolum, and D. trenchii. This result is
consistent with studies of other coral species, which have found that recruits can initially host a variety of
different algal partners (Coffroth et al. 2001; Little et al. 2004; Mieog et al. 2009; Cumbo et al. 2018).
Field surveys have found that O. faveolata adults associate with Symbiodinium, Breviolum, Cladocopium,
and Durusdinium throughout their range and even within the same colony (Rowan & Knowlton 1995,
Rowan et al. 1997; Kemp et al. 2015). In this study, the presence of D. trenchii-dominated Sderastrea
siderea colonies enhanced the proportion of D. trenchii two- to three-fold in O. faveolata recruits. Nearby
corals may influence symbiont availability by discharging algal cells, which persist in the sediments and
water column and increase the rate of acquisition by newly-settled recruits (Coffroth et al. 2006; Nitschke
et al. 2016; Ali et al. 2019). D. trenchii has been shown to be highly infectious in aposymbiotic recruits
compared with other symbionts, although its abundance generally declines during ontogeny (Abrego et al.
2009; Pollock et al. 2017).

No recruits acquired detectable levels of Cladocopium, including those in aquaria with

Cladocopiumdonor fragments. In O. faveolata, Cladocopium are generally found under relatively low
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irradiance around a colony’s base or on reefs deeper than 3 m (Rowan & Knowlton 1995; Kemp et al.
2015). Irradiance in our experiments (150-300 micromoles quanta m—2 s—1) may have resembled a
shallow reef, where O. faveolata hosts primarily Symbiodiniumand Breviolum (particularly B1) (Rowan
et al. 1997; LaJeunesse 2002; Thornhill et al. 2009). Alternatively, since aposymbiotic cnidarians acquire
“homologous” (native) symbionts more readily than other types (Weis et al. 2001, Mellas et al. 2014), the
Cladocopium strain(s) available may have been “heterologous” to O. faveolata. Throughout its range, M.
cavernosa typically hosts C1 and C3, whereas O. faveolata hosts C3, C7, and/or C12 (Thornhill et al.
2009; Kemp et al. 2015; Hauff et al. 2016). Fewer recruits in Cladocopium aquaria were infected after 43
days compared with those in D. trenchii aquaria (Fig. 3b), indicating a possible shortage of compatible
Symbiodiniaceae.

Since Symbiodinium and Breviolumwere detected in recruits but not in donor colonies, these
algae must have been present at low abundance, either in the donor tissue, unsampled parts of donor
fragments, the FSW, or the biofilm on the settlement plugs. As such, Symbiodiniumand Breviolum were
likely present at much lower densities than Cladocopiumand D. trenchii, which were presumably shed by
donor fragments during the experiment to regulate algal density in their tissues (Fitt et al. 2001).
Therefore, the differential acquisition of Symbiodinium and Breviolum despite their relative scarcity

suggests a degree of symbiont specificity in O. faveolata recruits under these conditions.

Heat tolerancein O. faveolata recr uits hosting D. trenchii

Recruits initially reared at 31°C survived significantly longer during the subsequent heat stress
trial than those reared at 29°C, regardless of dominant symbiont type (Fig 7a), suggesting that pre-
exposure to mild thermal stress may increase a juvenile’s ability to withstand future, more severe heat
waves. It should be noted that in nature, coral recruits are unlikely to experience heat stress at 5 months
post-settlement. Instead, since most broadcast spawning corals are born during the warmest time of year,
they might more plausibly face heat stress either 0 - 3 months or one year after settlement. However, our

results show that recruits can be preconditioned to heat, and that this effect may last at least 3 months
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after heat exposure ends. Future studies should test how long recruits retain thermal tolerance after pre-
exposure.

Symbiodiniaceae community composition also impacted survivorship under heat stress. Recruits
that started the trial with the highest proportion of D. trenchii (> 0.75) survived over twice as long at 34°C
as recruits with low proportions of D. trenchii (< 0.25) and 50% longer than recruits with intermediate
proportions (0.25 — 0.75) for a similar decline in survivorship (Fig. 7b). This agrees with previous studies
reporting increased heat tolerance and bleaching resistance in adult O. faveolata hosting D. trenchii
(Kemp et al. 2014; Cunning et al. 2018; Manzello et al. 2018). Acroporid juveniles from the Great Barrier
Reef also survived better under thermal stress when hosting D. trenchii compared with other symbionts
(Mieog et al. 2009; Abrego et al. 2012; Quigley et al. 2020; but see Abrego et al. 2008). Together, these
findings suggest that D. trenchii may enhance coral survival during vulnerable early life stages in the face

marine heatwaves that can often coincide with, or shortly follow, coral spawning events.

Trade-offs of hosting D. trenchii

Symbiodiniaceae cell density varied with algal community composition in O. faveolata recruits.
At all time points, log S:H cell ratio was negatively correlated with the proportion of D. trenchii (Fig. 5¢)
and positively correlated with the proportion of Breviolum (Fig. 5b). Fewer symbionts per host cell could
indicate slower colonization or proliferation rates for D. trenchii, differences in cell size between
symbiont species (Jones & Yellowlees 1997; LaJeunesse et al. 2018), or a host-regulated reduction in
symbiont density when hosting D. trenchii. This low cell S:H cell ratio may also help explain the heat
tolerance observed in recruits hosting D. trenchii, since high Symbiodiniaceae density can increase
bleaching susceptibility (Cunning & Baker 2013).

We observed a significant negative correlation between the proportion of D. trenchii and polyp
size after 5 months, consistent with previous studies reporting reduced growth in juvenile and adult corals
hosting D. trenchii (Little et al. 2004; Cantin et al, 2009; Jones & Berkelmans 2010; Pettay et al. 2015;

but see Yuyama & Higuchi 2014; Quigley et al. 2020). For instance, Little et al. (2004) found that
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acroporid recruits infected with Cladocopium grew 2-3 times faster than those hosting Durusdinium.
Under ambient, non-stressful conditions, D. trenchii is less photochemically efficient than Breviolumand
Cladocopium (Cunning et al. 2018) and thus may have less photosynthate available for the coral host.
Although dominant Symbiodiniaceae type explained up to 30% of variation in polyp size after 5 months,
algal communities detected at the time of photographing and sampling provided only a “snapshot”
assessment and do not necessarily represent previous communities that may have contributed to growth
earlier in ontogeny. However, due to their small size (<1 mm in diameter), it was impossible to sample a
recruit’s symbiont community without sacrificing it. Consequently, some of the unexplained variation in
polyp size could be due to changes in symbiont communities over time. Algal density could also impact
growth, because fewer Symbiodiniaceae cells in coral tissues may translate to less carbon produced and
delivered to the host. Thus, the smaller size of recruits hosting D. trenchii may result from their low
symbiont density, and not necessarily from these symbionts being individually stingy or “selfish” (Stat &
Gates 2011).

Growth rates can help determine winners and losers in coral reef ecosystems, which are highly
competitive for space and light. Like many organisms, corals attain some refuge in size whereby
predators and competitors are less likely to harm larger individuals. Field studies of Pocillopora
damicornis and Sderastrea radians juveniles reported significant increases in survivorship with colony
size (Raymundo & Maypa 2004; Vermeij & Sandin 2008). Combined with environmental stressors such
as ocean acidification that already compromise coral growth (Hoegh-Guldberg et al. 2007; Doropoulos et
al. 2012), hosting D. trenchii could further prolong the vulnerability that comes with small size and
prevent population recovery (Ortiz et al., 2013). With these potential trade-offs, it will be important to
take many factors into account when assessing the net risks versus benefits of D. trenchii in enhancing

coral restoration strategies.

Implications for reef restoration and resilience
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In recent years, researchers, practitioners, and managers have recognized the importance of
sexually-derived coral stock to expanding the genetic diversity and spatial scale of reef restoration efforts
(Baums et al. 2019, Randall et al., 2020). However, strategies for maximizing the early post-settlement
survival of reared and outplanted juveniles need to be advanced. Specifically, efforts to: (1) reduce the
risk of predation or competition, (2) promote early, beneficial associations with Symbiodiniaceae, and (3)
enhance stress tolerance prior to outplanting can minimize juvenile mortality and strengthen the impact of
restoration efforts (Quigley et al. 2018).

Since O. faveolata (and most Caribbean reef-building corals) spawn during the warmest time of
year, recruits are likely to experience heat stress during the first few months of their lives, a threat that
will only intensify with continued climate change. As such, boosting the thermal resilience of new
generations of corals should be a priority of reef restoration efforts. Since D. trenchii may enable recruits
to resist heat stress, restoration practitioners concerned about bleaching risk may benefit by rearing
recruits near D. trenchii donors (in situ or ex situ) to increase uptake of this algae. However, experiments
to manipulate symbioses may only be feasible in certain species. While some coral juveniles can acquire
diverse Symbiodiniaceae during early ontogeny (Little et al. 2004; Abrego et al. 2009; Cumbo et al. 2013;
Mcllroy & Coffroth 2017), others exhibit genetically-determined symbiont preferences (Weis et al. 2001;
Poland & Coffroth 2017; Quigley et al. 2017b). Similarly, the relative benefit of hosting D. trenchii likely
varies among species (Cunning et al. 2018). Therefore, restoration practitioners should test how D.
trenchii impacts the particular coral(s) they work with before incorporating it into their efforts.

Given its associated physiological trade-offs, there is a risk that D. trenchii may reduce corals’
competitive ability and prolong recovery following disturbances (Ortiz et al., 2013). Nevertheless, since a
majority of the world’s reefs are projected to experience annual severe bleaching by mid-century (van
Hooidonk et al. 2014), coral persistence may soon depend more on heat tolerance than growth. Under
elevated temperature, D. trenchii confers a photochemical advantage to its hosts and relative growth
trade-offs may decrease or even disappear at progressively higher temperatures (Cunning et al. 2015b;

Cunning et al. 2018). Thus, under a ‘new normal’ of repeated or chronic heat stress, D. trenchii may
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increase coral survival without compromising growth relative to other symbiont genera. Stakeholders
should therefore consider climate projections when deciding if D. trenchii may help or harm the reefs
they manage in the long-term.

Going forward, it will be important to determine whether recruits can be primed with D. trenchii
in-situ as part of existing restoration pipelines. Without the constraints of laboratory space, field methods
to boost D. trenchii uptake could help practitioners rear large numbers of thermally-tolerant coral
juveniles for outplanting. However, even if D. trenchii proves advantageous during thermal anomalies, it
may be lost from corals over time in the absence of heat stress (Thornhill et al. 2006; LaJeunesse et al.
2009). Therefore, future studies should examine the longevity of manipulated symbiont communities in
outplanted recruits, and identify conditions that promote D. trenchii dominance and maintain its benefits
for hosts.

Finally, our finding that nearby colonies enhance D. trenchii uptake in recruits may inform the
potential for symbiont community feedbacks within and between generations. While it was historically
present at low abundances in some corals and locations, D. trenchii has rarely served as the dominant,
preferred symbiont (e.g., LaJeunesse et al. 2002) unless colonies experienced environmental stress or
extremes (Baker et al. 2004; Fabricius et al. 2004; Kennedy et al. 2015; Silverstein et al. 2015). However,
warming oceans and recurring bleaching events may favor D. trenchii at the ecosystem level because it
colonizes newly-settled recruits and adults recovering from bleaching (Nitschke et al. 2016; Boulotte et
al. 2016), and colonies that cannot shift to environmentally-appropriate partnerships perish (LaJeunesse et
al. 2010; Grottoli et al. 2014).

It remains uncertain whether the proliferation of D. trenchii on coral reefs will promote resilience
or hinder recovery. As studies continue to disentangle the relationships between Symbiodiniaceae
identity, coral physiology, and environmental variability, we can begin to predict context-dependent
trade-offs within the coral holobiont and use our findings to inform reef restoration. If early infection with

D. trenchii increases thermal tolerance in coral juveniles without severely compromising other aspects of
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fitness, practitioners may choose to rear them near D. trenchii-dominated adult colonies, boosting their

resilience before outplanting them onto the reef.

Acknowledgements

Fieldwork was conducted under permit FKNMS-2016-047-Al. The authors thank A. Peterson
and A. Bright for support during coral spawning dives, and for rearing O. faveolata larvae prior to
settlement. OW thanks M. Schmale for use of his dissecting microscope to sample recruits, R. Cunning
for support with data analysis, and R. van Hooidonk for calculating sea surface temperature MMM’s
using Pathfinder 5.0 and Coral Reef Watch. Funding sources: CIMAS Fellowship and B. Kirtman,

NOAA Task Il (to M. Johnson and A. Baker)

Conflict of Interest Statement

On behalf of all authors, the corresponding author states that there is no conflict of interest.

References

Abrego D, Ulstrup, KE, Willis BL, van Oppen MJH (2008) Species-specific interactions between algal
endosymbionts and coral hosts define their bleaching response to heat and light stress. Proc Biol Sci

275:2273-2282

Abrego D, van Oppen MJH, Willis BL (2009) Onset of algal endosymbiont specificity varies among closely related

species of Acropora corals during early ontogeny. Mol Ecol 18:3532-3543

Abrego D, Willis BL, van Oppen MJH (2012) Impact of light and temperature on the uptake of algal symbionts by

coral juveniles. PLoS ONE 7: e50311

Ali A, Kriefall NG, Emery LE, Kenkel CD, Matz MV, Davies SW (2019) Recruit symbiosis establishment and

Symbiodiniaceae composition influenced by adult corals and reef sediment. Coral Reefs 38: 1-11

22


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Baker AC (2001) Ecosystems: reef corals bleach to survive change. Nature 411:765-766

Baker AC (2003) Flexibility and specificity in coral-algal symbiosis: diversity, ecology, and biogeography of

Symbiodinium. Annu Rev Ecol Evol Syst 34:661-689

Baker AC, Cunning R (2015) Coral “bleaching” as a generalized stress response to environmental disturbance. In:

Woodley CM, Downs CA, Bruckner AW, Porter JW, Galloway SB(eds), Diseases of Coral, pp 396-409

Baker AC, Cunning R (2016) Bulk gDNA extraction from coral samples. protocols.io

Baker AC, Starger CJ, McClanahan TR, Glynn PW (2004) Coral reefs: corals’ adaptive response to climate change.

Nature 430:741-741

Baums 1B, Baker AC, Davies SW, Grottoli AG, Kenkel CD, Kitchen SA, Kuffner IB, LaJeunesse TC, Matz MV,
Miller MW, Parkinson JE, Shantz AA (2019) Considerations for maximizing the adaptive potential of restored

coral populations in the western Atlantic. Ecol Appl 29

Berkelmans R, van Oppen MJH (2006) The role of zooxanthellae in the thermal tolerance of corals: a “nugget of

hope” for coral reefs in an era of climate change. Proc Biol Sci 273:2305-2312

Boulotte NM, Dalton SJ, Carroll AG, Harrison PL, Putnam HM, Peplow LM, van Oppen MJH (2016) Exploring the
Symbiodinium rare biosphere provides evidence for symbiont switching in reef-building corals. ISME J

10:2693-2701

Buddemeier RW, Fautin DG (1993) Coral bleaching as an adaptive mechanism: a testable hypothesis. BioScience

43:320-326

Cantin NE, van Oppen MJH, Willis BL, Mieog JC, Negri AP (2009) Juvenile corals can acquire more carbon from

high-performance algal symbionts. Coral Reefs 28: 405-414

Chamberland VF, Snowden S, Marhaver KL, Petersen D, Vermeij MJA (2017) The reproductive biology and early
life ecology of a common Caribbean brain coral, Diploria labyrinthiformis (Scleractinia: Faviinae). Coral

Reefs 36:83-94

23


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Coffroth MA, Santos S, Goulet T (2001) Early ontogenetic expression of specificity in a cnidarian-algal symbiosis.

Mar Ecol Prog Ser 222:85-96

Coffroth MA, Lewis CF, Santos SR, Weaver JL (2006) Environmental populations of symbiotic dinoflagellates in

the genus Symbiodinium can initiate symbioses with reef cnidarians. Curr Biol 16:R985-7

Cumbo V, van Oppen MJH, Baird A (2018) Temperature and Symbiodinium physiology affect the establishment and

development of symbiosis in corals. Mar Ecol Prog Ser 587:117-127

Cunning R, Baker AC (2013) Excess algal symbionts increase the susceptibility of reef corals to bleaching. Nat Clim

Chang 3:259-262

Cunning R, Silverstein RN, Baker AC (2015a) Investigating the causes and consequences of symbiont shuffling in a

multi-partner reef coral symbiosis under environmental change. Proc Biol Sci 282:20141725

Cunning R, Ritson-Williams R, Gates RD (2016) Patterns of bleaching and recovery of Montipora capitata in

Kane*‘ohe Bay, Hawai‘i, USA. Mar Ecol Prog Ser 551:131-139

Cunning R, Silverstein RN, Baker AC (2018) Symbiont shuffling linked to differential photochemical dynamics of

Symbiodinium in three Caribbean reef corals. Coral Reefs, 37:145-152

Doropoulos C, Ward S, Marshell A, Diaz-Pulido G, Mumby PJ (2012) Interactions among chronic and acute impacts

on coral recruits: the importance of size-escape thresholds. Ecology, 93: 2131-2138

Fabricius KE, Mieog JC, Colin PL, Idip D, van Oppen MJH (2004) Identity and diversity of coral endosymbionts
(zooxanthellae) from three Palauan reefs with contrasting bleaching, temperature and shading histories. Mol

Ecol 13:2445-2458

Fisch J, Drury C, Towle EK, Winter RN, Miller MW (2019) Physiological and reproductive repercussions of
consecutive summer bleaching events of the threatened Caribbean coral Orbicella faveolata. Coral Reefs,

38:863-876

24


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Fitt WK, Brown BE, Warner ME, Dunne R (2001) Coral bleaching: interpretation of thermal tolerance limits and

thermal thresholds in tropical corals. Coral Reefs, 20:51-65

Glynn PW, Maté JL, Baker AC, Calderon MO (2001) Coral bleaching and mortality in Panama and Ecuador during
the 1997-1998 EI Nifio—Southern Oscillation Event: spatial/temporal patterns and comparisons with the 1982—

1983 event. Bull Mar Sci 69:79-109

Goel MK, Khanna P, Kishore J (2010) Understanding survival analysis: Kaplan-Meier estimate. Int J Ayurveda Res

1:274-278

Grottoli AG, Warner ME, Levas SJ, Aschaffenburg MD, Schoepf V, McGinley M, ... Matsui Y (2014) The
cumulative impact of annual coral bleaching can turn some coral species winners into losers. Glob Chang Biol

20:3823-3833

Hadfield MG (2011) Biofilms and marine invertebrate larvae: what bacteria produce that larvae use to choose

settlement sites. Ann Rev Mar Sci 3:453-470

Hagedorn M, Carter VL, Leong JC, Borneman EH, Petersen D, Laterveer M, ... Schick M (2009) Ex situ culture of
Caribbean and Pacific coral larvae comparing various flow-through chambers. Smithson Contrib Mar Sci,

38:259-267

Harrison PL, Wallace CC (1990) Reproduction, dispersal and recruitment of scleractinian corals. In: Dubinsky

Z(ed.) Ecosystems of the world, 25: coral reefs. Elsevier, Amsterdam, Netherlands, pp 133-207

Hauff B, Haslun JA, Strychar KB, Ostrom PH, Cervino JM (2016) Symbiont diversity of zooxanthellae
(Symbiodiniumspp.) in Porities astreoides and Montastraea cavernosa from a reciprocal transplant in the

lower Florida Keys. Int J Biol 8:9-22

Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenfield P, Gomez E, ... Hatziolos ME (2007) Coral

reefs under rapid climate change and ocean acidification. Science, 3181;737-1742

25


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Hughes TP, Connell JH (1999) Multiple stressors on coral reefs: a long-term perspective. Limnol Oceanogr 44:932—

940

Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, Folke C, ... Roughgarden J (2003) Climate change,

human impacts, and the resilience of coral reefs. Science 301:929-933

Hughes TP, Kerry JT, Alvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, ... Wilson SK (2017)

Global warming and recurrent mass bleaching of corals. Nature 543:373-377

Jones AM, Berkelmans R (2010) Potential costs of acclimatization to a warmer climate: Growth of a reef coral with

heat tolerant vs. sensitive symbiont types. PLoS ONE 5:e10437

Jones AM, Berkelmans R (2011) Tradeoffs to thermal acclimation: Energetics and reproduction of a reef coral with

heat tolerant Symbiodiniumtype-D. J Mar Biol 2011:1-12

Jones CG, Lawton JH, Shachak M (1994) Organisms as ecosystem engineers. Oikos 69:373

Jones RJ, Yellowlees D (1997). Regulation and control of intracellular algae (= zooxanthellae) in hard corals. Philos

Trans R Soc Lond B Biol Sci 352:457-468

Kemp DW, Hernandez-Pech X, Iglesias-Prieto R, Fitt WK, Schmidt GW (2014) Community dynamics and
physiology of Symbiodiniumspp. before, during, and after a coral bleaching event. Limnol Oceanogr 59:788—

797

Kemp DW, Thornhill DJ, Rotjan RD, Iglesias-Prieto R, Fitt WK, Schmidt GW (2015) Spatially distinct and
regionally endemic Symbiodiniumassemblages in the threatened Caribbean reef-building coral Orbicella

faveolata. Coral Reefs 34:535-547

Kennedy EV, Foster NL, Mumby PJ, Stevens JR (2015) Widespread prevalence of cryptic Symbiodinium D in the

key Caribbean reef builder, Orbicella annularis. Coral Reefs 34:519-531

Knowlton N, Rohwer F (2003) Multispecies microbial mutualisms on coral reefs: the host as a habitat. Am Nat

162:551-562

26


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

LaJeunesse TC (2002) Diversity and community structure of symbiotic dinoflagellates from Caribbean coral reefs.

Mar Biol 141:387-400

LaJeunesse TC, Smith RT, Finney J, Oxenford H (2009) Outbreak and persistence of opportunistic symbiotic
dinoflagellates during the 2005 Caribbean mass coral ‘bleaching’ event. Proc R Soc Lond B Biol Sci

276:4139-4148

LaJeunesse TC, Pettay DT, Sampayo EM, Phongsuwan N, Brown BE, Obura D, ... Fitt WK (2010) Long-standing
environmental conditions, geographic isolation and host-symbiont specificity influence the relative ecological
dominance and genetic diversification of coral endosymbionts in the genus Symbiodinium. Journal of Biogeogr

37:785-800

LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra CR, Santos SR (2018) Systematic
revision of Symbiodiniaceae highlights the antiquity and diversity of coral endosymbionts. Curr Biol 28:2570-

2580.e6

Little AF, van Oppen MJH, Willis BL (2004) Flexibility in algal endosymbioses shapes growth in reef corals.

Science 304:1492-1494

Manzello DP, Matz MV, Enochs IC, Valentino L, Carlton RD, Kolodziej G, ... Jankulak M (2018) Role of host
genetics and heat tolerant algal symbionts in sustaining populations of the endangered coral Orbicella

faveolata in the Florida Keys with ocean warming. Glob Chang Biol 25:gch.14545

Mcllroy SE, Coffroth MA (2017) Coral ontogeny affects early symbiont acquisition in laboratory-reared recruits.

Coral Reefs 36:927-932

Mellas RE, Mcllroy SE, Fitt WK, Coffroth MA (2014) Variation in symbiont uptake in the early ontogeny of the

upside-down jellyfish, Cassiopea spp. J Exp Mar Biol Ecol 459:38-44

Mieog JC, Olsen JL, Berkelmans R, Bleuler-Martinez SA, Willis BL, van Oppen MJH (2009) The roles and

interactions of symbiont, host and environment in defining coral fitness. PLoS ONE 4:e6364

27


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Miller MW, Baums IB, Pausch RE, Bright AJ, Cameron CM, Williams DE, ... Woodley CM (2018) Clonal structure

and variable fertilization success in Florida Keys broadcast-spawning corals. Coral Reefs 37:239-249

National Academies of Sciences, Engineering, and Medicine (2019) A research review of interventions to increase

the persistence and resilience of coral reefs. The National Academies Press, Washington, DC

Nitschke MR, Davy SK, Ward S (2016) Horizontal transmission of Symbiodinium cells between adult and juvenile

corals is aided by benthic sediment. Coral Reefs 35:335-344

Ortiz JC, Gonzalez-Rivero M, Mumby PJ (2013) Can a thermally tolerant symbiont improve the future of Caribbean

coral reefs? Glob Chang Biol 19:273-281

Pandolfi JM, Bradbury RH, Sala E, Hughes TP, Bjorndal KA, Cooke RG, ... Jackson JBC (2003) Global trajectories

of the long-term decline of coral reef ecosystems. Science 301:955-958.

Pettay DT, Wham DC, Smith RT, Iglesias-Prieto R, LaJeunesse TC (2015) Microbial invasion of the Caribbean by

an Indo-Pacific coral zooxanthella. Proc Nat Acad Sci 112:7513-7518

Poland DM, Coffroth MA (2017) Trans-generational specificity within a cnidarian—-algal symbiosis. Coral Reefs

36:119-129

Pollock JF, Katz SM, van de Water JAJM, Davies SW, Hein M, Torda G, ... Willis BL (2017) Coral larvae for
restoration and research: A large-scale method for rearing Acropora millepora larvae, inducing settlement, and

establishing symbiosis. PeerJ 2017(9)

Poquita-Du RC, Huang D, Chou LM, Todd PA (2020) The contribution of stress-tolerant endosymbiotic
dinoflagellate Durusdiniumto Pocillopora acuta survival in a highly urbanized reef system. Coral Reefs

39:745-755

Quigley KM, Bay LK, Willis BL (2017a) Temperature and water quality-related patterns in sediment-associated
Symbiodinium communities impact symbiont uptake and fitness of juveniles in the genus Acropora. Front Mar

Sci 4:401

28


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Quigley KM, Willis BL, Bay LK (2017b) Heritability of the Symbiodinium community in vertically- and

horizontally-transmitting broadcast spawning corals. Sci Rep 7:8219

Quigley KM, Torda G, Bay LK (2018) The use of larvae or recruits in coral restoration initiatives: Symbiodinium

acquisition does not differ between coral life stages in the wild. Restor Ecol, 26:422-425.

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 C, Negri A, Quigley KM, Foster T, Ricardo G, Webster N, ... Heyward A (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

Rowan R (2004) Thermal adaptation in reef coral symbionts. Nature 430:742

Rowan R, Powers DA (1991) Molecular genetic identification of symbiotic dinoflagellates (zooxanthellae). Mar

Ecol Prog Ser 71:65-73

Rowan B, Knowlton N (1995) Intraspecific diversity and ecological zonation in coral-algal symbiosis. Proc Nat

Acad Sci USA 92:2850-2853

Rowan R, Knowlton N, Baker AC, Jara J (1997) Landscape ecology of algal symbionts creates variation in episodes

of coral bleaching. Nature 388:265-269

Silverstein RN, Cunning R, Baker AC (2015) Change in algal symbiont communities after bleaching, not prior heat

exposure, increases heat tolerance of reef corals. Glob Chang Biol 21:236-249

Stat M, Morris E, Gates RD (2008) Functional diversity in coral-dinoflagellate symbiosis. Proc Nat Acad Sci USA

105:9256-9261

29


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Suzuki G, Yamashita H, Kai S, Hayashibara T, Suzuki K, lehisa Y, ... Komori T (2013) Early uptake of specific

symbionts enhances the post-settlement survival of Acropora corals. Mar Ecol Prog Ser 494:149-158

Thornhill DJ, Xiang Y, Fitt WK, Santos SR (2009) Reef endemism, host specificity and temporal stability in
populations of symbiotic dinoflagellates from two ecologically dominant Caribbean corals. PLoS ONE

4:€6262

Thornhill DJ, LaJeunesse TC, Kemp DW, Fitt WK, Schmidt GW (2006) Multi-year, seasonal genotypic surveys of

coral-algal symbioses reveal prevalent stability or post-bleaching reversion. Mar Biol 148:711-722

Toller WW, Rowan R, Knowlton N (2001) Repopulation of zooxanthellae in the Caribbean corals Montastraea

annularisand M. faveolata following experimental and disease-associated bleaching. Biol Bull 201:360-373

van Hooidonk R, Maynard JA, Manzello D, Planes S (2014) Opposite latitudinal gradients in projected ocean

acidification and bleaching impacts on coral reefs. Glob Chang Biol 20:103-112

van Oppen MJH, Palstra FP, Piquet AMT, Miller DJ (2001) Patterns of coral-dinoflagellate associations in
Acropora: Significance of local availability and physiology of Symbiodinium strains and host-symbiont

selectivity. Proc R Soc Lond B Biol Sci 268:1759-1767

Vermeij MJA, Sandin SA (2008) Density-dependent settlement and mortality structure the earliest life phases of a

coral population. Ecology 89:1994-2004

Weis VM (2008) Cellular mechanisms of cnidarian bleaching: stress causes the collapse of symbiosis. J Exp Biol

211:3059-3066

Weis VM, Reynolds WS, DeBoer MD, Krupp DA (2001) Host-symbiont specificity during onset of symbiosis
between the dinoflagellates Symbiodinium spp. and planula larvae of the scleractinian coral Fungia scutaria.

Coral Reefs 20:301-308

Wells S, Ravilious C, Corcoran E (2006) In the front line: shoreline protection and other ecosystem services from

mangroves and coral reefs. UNEP World Conservation Monitoring Centre, Cambridge, United Kingdom

30


https://doi.org/10.1101/2020.11.02.360941

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.02.360941; this version posted November 3, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Wild C, Hoegh-Guldberg O, Naumann MS, Colombo-Pallotta MF, Ateweberhan M, Fitt WK, ... van Woesik R
(2011) Climate change impedes scleractinian corals as primary reef ecosystem engineers. Mar Freshw Res

62:205

Yuyama I, Higuchi T (2014) Comparing the effects of symbiotic algae (Symbiodinium) clades C1 and D on early

growth stages of Acropora tenuis. PLoS ONE 9:€98999

31


https://doi.org/10.1101/2020.11.02.360941

