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Reef site and habitat influence
effectiveness of Acropora palmata
restoration and its microbiome in the
Florida Keys

Check for updates

Stephanie M. Rosales 1,2 , Benjamin D. Young1,2,3, Allan J. Bright1,4, Enrique Montes1,2,
Jia-Zhong Zhang 2, Nikki Traylor-Knowles3 & Dana E. Williams1,4

The success of coral restoration for the critically endangeredAcropora palmata is understudied. Here,
we examined how habitat and coral microbiomes influenced survivorship in four genets of A. palmata
outplanted in three reefs.A. palmatamicrobiomeswere correlated to reef and habitat andminimally to
coral genet. Carysfort Reef exhibited the lowest survivorshipwhich correlated to lower current velocity
and a higher relative abundance of Rhodobacterales inA. palmata. Higher survivorship was present at
Pickles Reef which correlated to the highest current velocity, and at North Dry Rocks with the
shallowest outplant depth. Habitat factors driven by time of year such as higher levels of nitrate, nitrite,
and temperature also correlated with a relative increase in a putative pathogen, Alteromonadales, and
a decrease in an uncharacterized core bacteria. We suggest outplanting at sites with high currents,
lower depths, and at lower concentrations of nitrate/nitrite to increase A. palmata survivorship.

Tropical coral reefs globally are facing declines, with estimates suggesting a
potential 40% decrease in coral cover by 2100 due to an increase in global
average temperatures1. In the Caribbean, the Acropora palmata coral
population alone has decreased by over 80% since the 1950s2, resulting inA.
palmata being classified as threatened under the United States Endangered
Species Act3 and critically endangered under the International Union for
Conservation of Nature4.A. palmata, once dominant in the reef crest zones
of the Caribbean, played a crucial role in providing structural support and a
habitat for many reef species due to its complex branching morphology2.
The decline of this species has led to the structural loss of Caribbean reefs,
adversely affecting ecosystem health5, and replacement by other benthic
species like sponges, macroalgae, and non-reef-building organisms6. Other
factors contributing to the decline of A. palmata prevalence include
overfishing7, nutrient pollution2, disease outbreaks8, storm damage9,
predation9, and the increasing frequency and duration of marine heat
waves10.

In response to the decline in coral cover, restoration practitioners have
implemented strategies suchas coral outplanting, to increase coral cover and
restore ecosystem health10,11. Asexual coral restoration is the most common

method to repopulate coral reefs after disturbances or reef degradation.
Coral colonies are fragmented to induce faster growth and are allowed to
grow in coral nurseries. From nurseries, corals are outplanted on coral reefs
and attached using adhesive materials such as epoxy and cement12. An
objective of coral outplanting is to enhance genetic diversity, improve fit-
ness, and ensure adaptability to environmental stressors of individual coral
species13. This process entails the identification of coral genotypes and their
strategic dispersal across coral reefs14with ecological, economic, and cultural
significance13.

The success of coral health and outplant success relies on various
factors, including genotypes15, location11,16,17, and environmental
conditions17–21. One area noted to play a pivotal role in coral health is the
coral holobiont22,23. The coral holobiont consists of the coral host, the
obligate symbiotic dinoflagellate, and other microorganisms (bacteria,
archaea, viruses, fungi, and protists)24–26. The natural variation of micro-
biomes within corals is proposed as key to stress adaptation27. For example,
coral microbiomes in A. palmata containing the bacterium Myxococcales
were associated with disease-resistant phenotypes28, while A. palmata with
Endozoicomonas demonstrated increased tolerance to bleaching29.
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Environmental factors can also lead to changes in the A. palmata micro-
biome, for example, regions where A. palmata experienced periodic
upwelling had a distinct microbiome community and higher coral growth
and survivorship19. Examples of varied outplant success have been linked to
habitat conditions18,30,31. However, our understanding of the relationships
between themicrobiome and the habitat ofA. palmata, as well as how these
factors interact and influence outplant success, is limited.

The mechanisms governing phenotypic variations in coral outplants
are not entirely clear. Since coral-associated bacterial communities and coral
genetic responses aremore likely to vary across genotypes this suggests they
play a greater role in driving differences in survivorship compared to the
symbiont community, which remains largely stable. For example, ~70% of
A. palmata host a single strain of their symbiotic dinoflagellates, Symbio-
dinium “fitti”32. Instead, the coral’s genetics such as epigeneticmechanisms32

and alterations to the bacteria and archaea community (hereafter referred to
as the microbiome) show evidence that they play a role in the coral’s stress
response29. Previous research on Acropora millepora in the Great Barrier
Reef has shown that the microbiome varies during outplanting23. Thus, we
hypothesize that the microbiome plays a role in the success of the out-
planting process.

This study aims to investigate the relationship between coral genet,
reef habitat, andhow coralmicrobial communitiesmay impact the success
of outplanted A. palmata. We hypothesize that genotype, habitat, and
microbial community play a role in outplant survivorship and specific
microbial taxawill be associatedwithA. palmata survivorship.To test this,
in 2019, we examined four genets (i.e., a collection of clonally produced
individuals that share the samemultilocus at all loci33) on three coral reefs
in the upper Florida Keys that are actively being restored. Habitat data
collection included the assessment of dissolved inorganic nutrient con-
centration, deployment of instruments to gather ocean current data, and
remotely sensed satellite sea surface temperature and chlorophyll-a con-
centrations derived from ocean color radiometric measurements. We
used 16S rRNA gene sequencing to characterize coral-associated micro-
bial communities and correlated microbiome indices to outplant frag-
ment performance. Overall, we found that environmental factors such as
shallow depth and increased current velocity correlated with higher sur-
vivorship. The relative abundance of bacteria in the order Rhodobacter-
ales (within coral tissues) was inversely proportional to outplant
survivorship. Our results provide evidence that both the habitat and
microbiome correlate with A. palmata outplant survivorship, and are
useful for informing decision-making on reef restoration site selection to
increase survivorship.

Material and methods
Field sites
Field sampling was conducted at three active Coral Restoration Foundation
sites within the upper Florida Keys National Marine Sanctuary. The coral
reefs included Carysfort Reef ([CF] 25.2209, −80.2102, transect 49m),
North Dry Rocks Reef ([NDR], 25.1304, −80.2940, 2 transects 35m and
8m), and Pickles Reef ([PR] 24.9845,−80.4164, transect 48m; Fig. 1a). CF
lies northernmost, NDR in the middle, and PI the southernmost coral reef,
with CF and PR being 32 km apart. Acropora palmata fragments were
outplanted in March 2018 by the Coral Restoration Foundation and we
tracked four coral genets: CN2, CN4, ML2, and HS1. These genets were
selected because they were used in our previous disease studies34,35. Coral
fragments belonging to a single genet were attached to the substrate using
two-partmarine epoxy in clusters (or ramets33) of six to sevenwith a cow-tag
containing a unique cluster identifier nailed into adjacent coral reef sub-
strate. Fragments within the clusters were typically placed about <20 cm
apart to promote fusing the coral fragments within a cluster over time.
Fragments within each cow-tagged cluster were assigned unique numeric
identifiers and photographed with their assigned number or letter (Fig. 1b).
The depth (ft) of each cluster wasmeasured using a dive computer attached
to a dive weight and placed on the substrate within or immediately adjacent
to the clusterof fragments.Thedepth readingswere collectedusing the same

dive computer within a 60-min time frame to eliminate within-site differ-
ences due to tidal fluctuations.

Surveys for survivorship
This work was conducted under permit FKNMS-2018-117. To determine
survivorship across time and study site an initial survey was conducted to
assign each fragment within a cluster with a unique number or letter so that
individual fragments could be tracked throughout the nine surveys con-
ducted at 2-3month intervals (Fig. 1b). During subsequent surveys, contact
sheets containing photos of each cluster depicting the fragment’s assigned
number/letter designation were brought into the field for fragment re-
identification. At each survey, a weighted number/letter marker was placed
next to the corresponding fragment as identified from the contact sheet
(Fig. 1b). Each cluster was photographed with a scale bar (Fig. 1b). All
fragments within the cluster were scored as live or dead. A fragment was
considered live if any part of the fragment retained live tissue at the time of
the surveys, and dead if no live tissue remained on the fragment. These data
were used to estimate survivorship across all fragments from June of 2018
through December of 2019.

To identify survivorship differences among genotypes, and coral reefs,
the Cox proportional hazards model was implemented using the Survival R
v4.3.2 package 3.5.736,37, with CN2 and CF used as references, respectively.
Time was measured from the first survivorship survey conducted on June
21, 2018 (day 0) until an event, such as coral death, or the conclusion of the
survey on day 532, December 5, 2019. Survivorship rates were generated for
sampled fragments for correlations between microbiome indices (see
“Statistical analysis for bioinformatic data”). Survivorship rates were cal-
culated by grouping genet, coral reef, and date of survey, adding up the total
count of live fragments, and dividing this by the total on Day 0 to get a
percentage survivorship for each genet in a particular coral reef during a
specific day of collections.

Satellite sea surface temperature and chlorophyll-a
Habitat data was collected throughout the study to determine how these
factors may impact coral survivorship and coral microbiomes. Satellite sea
surface temperature (SST) and chlorophyll-a concentration (Chl-a) obser-
vations were retrieved from each sampled coral reef from January 1st

through December 31st, 2019. Average SST time series with one standard
deviation envelopes encompassing the sampling period were generated for
each coral reef site by extracting SST values from 10 × 10 pixels boxes
centered at each station’s longitude and latitude values using daily version 4
Multiscale Ultrahigh Resolution (MUR) L4 analysis derived from the
nighttime Group for High-Resolution Sea Surface Temperature
(GHRSST38) available on NOAA Environmental Research Division’s Data
Access Program (ERDDAP) servers at ~1 km pixel resolution (Dataset ID:
jplMURSST41). Time series of Chl-awere created similarlywith 2 × 2 pixels
boxes using 8-day andmonthly composites ofChl-a concentration at~4 km
pixel resolution from the MODIS-Aqua sensor produced by the Ocean
Biology Processing Group at NASA’s Goddard Space Flight Center
(ERDDAPDataset ID: erdMH1chla8day_R202SQ).Average SSTandChl-a
were also calculated for each field sampling event. Due to high data
patchiness from cloud masking in daily ocean color retrievals, 8-day
averages of Chl-a were computed for each coral reef seven days before the
sampling event including the day of sampling. For SST the averages on the
day of sampling were used. These values were subsequently used in statis-
tical analysis with microbial data. The SST data was log2 and Chla-
concentrations log10 transformed. The data was visually inspected for
normality using a barplot and Q-Q plot and homogeneity of variance was
assessed with residual plots. As assumptions were met, a one-way ANOVA
(R v4.3.2 function aov) was used to test environmental conditions between
reefs and if significant Tukeys HSD pairwise comparison was used.

Tilt current meters
Tilt Current meters ([TCMs], Lowell, East Falmouth, MA) were deployed
on12”X12” inchpaving stonesanchoredat each reef andwater velocitywas
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measured every 15min. Aflexible tetherwas thenused to link the TCMand
paving stone, which allowed the TCM to respond to water flow. Figure 1c
shows a depiction of how TCMs were placed throughout the transect, with
one at each end and at the middle of the outplant transect (Supplementary
Data 1). TCMs were left on the coral reef for the duration of the study and
swapped about every three months for battery change and cleaning. The
Lowell Domino software was used to configure the TCM for deployment
and extract the data as CSV files. Once the data was extracted, only speeds
lower than 25 cm/swere analyzed as higher speedswere likely artifacts from
biofouling or displacement froma vertical position. Since somefiles failed to
be extracted from TCM, the current velocity was averaged by month of

collection to reduce gaps in the data. The data were log-transformed to
reduce the data skew and increase normality. The data was visually assessed
for normality using bar plots andQ-Q plots, while homogeneity of variance
was evaluatedwith residual plots. Since the assumptionsweremet,ANOVA
was conducted tocompare and if significant differenceswere found,Tukey’s
HSD pairwise comparison was performed.

Nutrients
To evaluate how common nutrients measured in coastal water quality
monitoring may affect coral outplant survivorship and microbiome chan-
ges, four 50mL seawater samples were collected per coral reef for dissolved

Fig. 1 | Field sites are located in the upper Florida Keys, USA. a A map of South
Florida with the three sampled coral reefs (Carysfort Reef [CF], North Dry Rocks
[NDR], and Pickles Reef [PR]) denoted by white circles. The map shows the sea
surface temperature (SST) variance from 2003 to 2023. The bathymetry contours (in
white) correspond to the 5, 30, 100, and 200 m isobaths. b A representative pho-
tograph of Acropora palmata of a single genet in a cluster labeled with a number or
letter that was used to identify the same colony throughout the project. The scale next
to the cluster is in centimeters. c Schematic of sampling scheme. The timeline
represents the four sampling timepoints. The date of sampling is colored by the

cooler dry season in Feb.-Mar., and Nov (navy text), and the warmer wet season of
Jun.-Jul., and Sept. (red text). The blue rectangle represents a bird’s eye view
representation of an outplant transect. Circles represent a single cluster within the
transect. The clusters colored in blue represent genets outplanted but not analyzed in
this study and may represent different genets. The blue tags represent three frag-
ments selected for repeat sampling, and white tags are for fragments within the
cluster that were not sampled. The “n = ” corresponds to only tissue samples used in
microbiome analysis after quality control.
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inorganic nutrient analysis during each sampling event. Using 50mL
conical tubes two samples were collected above a coral head within the
outplant transect, and two additional samples were gathered at the surface.
Seawater samples were filtered into 50mL conical tubes using a 0.45 µm
filter with a sterile syringe.With a transfer pipette 0.1mL of chloroformwas
added for preservation and then placed on ice until stored at the NOAA
Atlantic Oceanographic Meteorological Laboratory’s nutrient lab. Nutrient
samples were analyzed less than two weeks after collection using a SEAL
Analytical AA3 continuousflow autoanalyzer for phosphate (PO4

3-), nitrate
(NO3

−), nitrite (NO2
−), and silicic acid (H4SiO4). Nitrite was determined by

diazotizing the samplewith sulfanilamide andcoupling itwithN-1naphthyl
ethylenediamine dihydrochloride to form an azo dye. The color produced is
measured at 540 nm39. Samples for nitrate analysis were passed through a
copper-coated cadmium column, which reduced nitrate to nitrite, together
with nitrite in the original sample this procedure determined the total
concentration of nitrite plus nitrate. Nitrate concentrations were calculated
as the difference40. Phosphate was determined by reacting the sample with
molybdic acid to form phosphomolybdic acid. This complex was subse-
quently reduced with hydrazine, and the absorbance of the resulting
phosphomolybdenum was measured at 836 nm41. Silicic acid was analyzed
by reacting with ammonium molybdate in an acidic solution to form β-
molybdosilicic acid, which was then reduced with ascorbic acid to form
molybdenum blue. The absorbance of themolybdenum blue wasmeasured
at 660 nm39.

The preparation of nutrient standards followed protocols outlined in
the GO-SHIP repeat hydrographic program42. The mixed standard solu-
tions were verified against Nutrient Certified Reference Materials in
seawater42,43. The nutrient data were tested for differences in coral reef and
months of sampling using a non-parametric Kruskal–Wallis test and
pairwise comparisons were adjusted with a Bonferroni correction on
R v4.3.2.

Coral sampling
To assess the microbiome of genotypes through time and between coral
reefs, in 2019, coral tissue samples were collected at four time points: Feb-
ruary-March, June-July, September, and November (Fig. 1c. and Supple-
mentary Table 1). The first sampling time pointwas one year after the initial
outplanting inMarch 2018. Due to time and weather constraints, it was not
possible to sample all three coral reef sites in a single day, but each coral reef
was sampled within 7 days of each other. Three clusters (representing one
genet) were selected per genet in each coral reef, and within each cluster,
three fragments were randomly selected for sampling (Fig. 1c). The same
fragments were sampled over time. Self Contained Underwater Breathing
Apparatus was used to collect tissue samples from outplanted A. palmata
coral clusters. Tissue samples, approximately 0.5 × 0.5 cm in size, were
collected from three fragments within each cluster using a hammer and
chisel, placed in a pre-labeled Ziploc bag, and returned to the boat. Samples
were transferred using bleach and ethanol-sterilized tweezers to 2mL
cryovial tubes. Samples that could notfit into tubeswere further fragmented
with bleach and ethanol-sterilized bone cutters. The samples were placed in
tubes pre-filled with 1.5mL of RNAlater, placed on ice, and transported to a
−80 °C freezer at the University of Miami until processing.

DNA extractions and high-throughput amplicon sequencing
To characterize the microbiome community of A. palmata, 16S rRNA
amplicon sequencing analysis was conducted on four coral genets, CN2,
CN4,ML2, andHS1 (Fig. 1c and Supplementary Table 1). DNA extractions
were performed using the MagBead DNA/RNA kit (Zymo Research, CA)
and the Kingfisher Flex instrument (ThermoFisher Scientific, MA)44.
Samples, which included mucus, tissue, and skeleton were transferred to a
ZymoBead Beating Tube containing 0.1mm and 0.5mmbeads, and 750 µl
of DNA/RNA shield (Zymo Research, CA). Vortexing of a maximum of 24
tubes occurred for 40min at maximum speed in a horizontal position.
Following vortexing, each tube was centrifuged for 30 s at 14,000 g, and
200 µl of the supernatant was transferred to a Kingfisher DeepWell Plate.

The supernatant consisted mostly of the tissue and mucus as the bare
skeleton was left intact after homogenization. Subsequently, 10 µl of Pro-
teinase Kwas added to each well, thoroughlymixed, and incubated at room
temperature. After 30min, 500 µl of DNA/RNA lysis buffer and 30 µl of
Zymo MagBinding beads were added into each well. The sample and
reagent plates were loaded onto the Kingfisher instrument for DNA
extraction. Finally, DNA was eluted in water provided by the kit and was
sealed and stored at−80 °C for downstream processing.

The extractedDNAwasPCRamplifiedwith 16S rRNAgeneVariable 4
primers45. Each sample was processed in a 50 µl reaction and included 2x
PlatinumHot Start PCRMasterMix (20 µl; Thermo Fisher Scientific,MA),
PCR-grade water (26 µl), 10 µM reverse primer (10 µl), 10 µM forward
barcoded primer (10 µl), and 2 µl of sample DNA. Negative controls sub-
stituted sample DNA with 2 µl of PCR-grade water. DNA amplification
occurred with the following thermocycler parameters: 94 °C for 3min (1x),
94 °C for 45 s (35x), 50 °C for 60 s (35x), 72 °C for 90 s (35x), and 72 °C for
10min (1x). All PCR products were then visualized on a 1.2% agarose gel
using a reference 100 bp ladder. PCR products were cleaned using 60 µl of
AMPure XP beads (Beckman Coulter, CA) following the manufacturer’s
directions.Cleaned sampleswere quantifiedusing theHighSensitivityDNA
Assay Kit (Thermo Fisher Scientific, MA) with the Qubit V3. Following
quantification, all sampleswerenormalized to 4 nMusingPCR-gradewater.
A 5 µl aliquot of each normalized sample was pooled based on their bar-
codes. Duplicate barcodes were processed in separate pools of two. The two
tubes were then transported on ice to the Hussman Institute for Human
Genomics, Miller School of Medicine, University of Miami, for sequencing
on two MiSeq runs using a PE-300v3 kit (Illumina, CA).

Bioinformatics analysis
To process the microbiome sequence data bioinformatic analysis was
conducted. Both Miseq runs were demultiplexed at the University of Mia-
mi’s core facility. To process sequence data, R (v4.0.3) and RStudio
(v1.4.1106) were used. First, PCR primers were removed from forward and
reverse reads using Cutadapt v3.446. Subsequently, the R package DADA2
v1.18.0 was used to generate, quality profiles, and based on these profiles
(dada2::plotQualityProfile), the data were trimmed and filtered (dada2::-
filterAndTrim; truncLen=c(210,140), minLen=100, and trimLeft=10)47.
Error models were generated for forward and reverse reads individually
(dada2::learnErrors) and then visually inspected (dada2::plotErrors). All
reads were dereplicated (dada2::derepFastq) and Amplicon Sequence Var-
iants (ASVs) were inferred with respective error models (dada2::dada).
Forward and reverse ASVs were merged (dada2::mergePairs) and a count
table was generated for each run (dada2::makeSequenceTable). Chimeras
were removed (dada2::removeBimeraDenovo) and taxonomy was then
assigned (dada2::IdTaxa) to ASVs using the SILVA SSU r138 2019
database48. Identical sequences with contrasting taxonomies were aligned to
theNCBI non-redundant database, and the taxonomic designationwith the
lower taxonomic assignmentwas selected. Finally, the count, taxonomy, and
ASV sequence tables from both MiSeq runs were combined.

Since unclassified ASVs may be important in the coral microbiome,
sequenceswithout taxonomic assignmentswere further analyzed.ASVs that
did not have a taxonomy assignment at the genus level were aligned to the
non-redundant nucleotide (nt) database (v6) using NCBI Blast+ v2.12.0
with task=megablast,max_target_seqs=5,max_hsps=5, andword_size=549.
Sequenceswith taxonomichitswere run through theprogramTaxonomizer
v0.8.050, which provides full taxonomies on an SQLite database (tax-
onomizr::prepareDatabase). Full taxonomy for results was then obtained
(taxonomizr::getTaxonomy). The taxonomy file generated in DADA2 was
then updated with new taxonomy assignments. A phylogenetic tree was
constructed for all ASVs identified from DADA2 using the r package
phangorn v2.7.151. A neighbor-joining tree was generated (phangorn::-
treeNJ) before model parameters were optimized (phangorn::optim.pml).
The generated tree was then visualized in FigTree v1.4.4. Tree inspection
then allowed putative annotation of unknownASVs to differing taxonomic
levels depending on surrounding annotated ASVs.
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All ASVs with taxonomical identification to mitochondrial, chlor-
oplast, or Eukaryotes were also removed. The generated phylogenetic tree
also identified unclassified ASVs surrounded by mitochondrial and chlor-
oplast ASVs and thesewere removed fromdownstream analysis.Minimum
read depth recommendations when sequencing the variable 4 16S rRNA
amplicon range from 200052 to 10,000–15,00053 reads per sample. For our
dataset, we utilized 15,000 reads per sample.

Statistical analysis for bioinformatic data
All statistical analyses below were conducted using R v4.3.2. To explore
differences in alpha diversity that may correlate with survivorship rates
across genotypes, months, coral reefs, and their interactions, we used the
Shannon diversity index to quantify richness and evenness. To avoid
pseudoreplication individual fragments collected from the same clusters on
the same day were merged into a single sample using the function mer-
ge_samples2 with the R package phyloseq v 1.46.054. Alpha diversity was
assessed with phyloseq after filtering ASVs absent in any samples. The
phyloseq function rarefy_even_depth was employed with the parameters
replace set toFALSE, and aminimumsampling size of 15,000.Todetermine
the Shannon Index Diversity metric, the phyloseq function estimate_rich-
ness with rarefied data was used. Multiple normalization techniques were
explored (i.e., log2, log10, and square root), and because log10 passed the
Shapiro-Wilk normality test this was used to normalize the data. Linear
mixed models with lme4 v 1.1.35.155 were then applied to test significant
differences in Shannon diversity based on genet, coral reefs, and month(s).
The relationship between the transformed Shannon index and the fixed
effect genet was analyzed, accounting for random intercepts for combina-
tions of sample trip, and reef, with no intercept assigned for the fixed effects.
In the case of the reef variable, a similarmodelwas employed,with reef as the
fixed effect and genet as the random effect. For the month of sampling, the
random intercept was genet. The interaction between genet and reef was
also explored.The emmeans functionwas applied to eachmodel to compute
the estimated marginal means (EMM) for each fixed effect and pairwise
comparison. The pairwise comparisons were performed without an overall
intercept, and a post hoc comparison was performed with the Tukey HSD
test. To evaluate if alpha-diversity correlates with the habitat factors that can
impact coral survivorship, habitat variables, and Shannon diversity were
correlated using the R package pbkrtest v 0.5.256.

The coremicrobiomewas explored to evaluate if prevalent bacteria are
present within each genet and may correlate with genet survivorship, or
changewithhabitat factors. To characterize commonmicrobial taxa present
amonggenets, the coremicrobiome in all sampleswasfirst groupedby genet
and examined at the ASV level. Utilizing the core function of the micro-
biome v1.24.0R package57, ASVs present in at least 99% of cohorts were
considered core taxa, irrespective of their abundance. After core ASVs were
identified some core bacteria did not have assigned taxonomy, so the
phylogenetic tree generated was used to assess potential genetic similarities.
With phangorn 2.11.1 a phylogenetic tree was constructed to taxonomically
characterize core ASVs with unassigned taxonomy. The tree was subset by
randomly sub-setting one sibling and one first cousin from each core ASV.

Beta-diversity analysis was performed to understand the microbial
composition across genet, and coral reef. The raw count table underwent
filtering (not rarefied), including onlyASVswith a cumulative count of 10 in
at least 15% of the samples. The filtered count table was transformed using
the clr (centered log-ratio) option in the microbiome R package. The clr
transformation is amethod used to transform compositional data by taking
the logarithm of the ratio of each ASV to the geometric mean of all ASVs,
thus the transformed data lie in an unconstrained Euclidean space. The
resulting transformed matrix was then subjected to ordination using
Euclidean distance and visualized on Principal component (PC) analysis.
The correlation between genet, coral reef, and months against PCs was
determined with the program PCAtools v 2.14.0 with the function eigen-
corplot. To assess the dispersion of genet, coral reef, andmonths, the Vegan
package v 2.6.4 was employed58. The vegdist function was applied with the
Euclidean method to the transformedmatrix, generating a distance matrix.

The betadisper function was then utilized to evaluate multivariate homo-
geneity of group dispersions using the centroid method. For pairwise
comparisons, Tukey multiple comparisons of means were conducted using
the TukeyHSD function. To investigate differences in beta-diversity and
interactions among genets, coral reefs, and months, the adonis2 function
from the Vegan package and the distance matrix generated with vegdist,
were used by applying the Euclidean method with 999 permutations. For
pairwise comparisons, the package pairwise.adonis was used with Bonfer-
roni for multiple corrections59.

To determine if habitat conditions contributed to the coral genet, and
reef microbial composition a redundancy analysis (RDA) models were
constructed with clr-transformed data. First, the habitat data was evaluated
for covariance. If a pair correlated >75% one of the variables was removed.
First, a model with only the intercept term was used, and the secondmodel
included selected habitat variables (i.e., <75% correlation). To identify the
most informative variables influencing the microbial community compo-
sition, a stepwise model selection procedure was performed. The Vegan
function ordistep was applied, to the first model as the starting model, and
then a scopewith the full model, with amaximumof 200 permutations, and
a bidirectional stepwise selection approach. This stepwise selection aimed to
refine the model by iteratively adding or removing variables based on their
contribution to the overall model fit, providing insights into the significant
factors shaping the microbial community structure of the selected habitat
variables. The selected variables were evaluated for Variance of Inflation
Factorwith the function vif.cca. To examine the significance of each variable
added or removed during the stepwise model selection process a one-way
ANOVA was performed on the ordistep output. A correlation between
RDA ordination axes against genet, coral reef, andmonths, selected habitat
variables was conducted with the function envfit with 999 permutations.

To assess individual ASVs that are characteristic of the coral reef and
month of sampling, a random forest classification approach using the R
package randomForestSRC v 3.2.260 was used. This classification technique
was usedwith 400 trees, with aminimumof one terminal node per tree. The
trees were developed using the swor resampling method, and a resampling
size of 229 was utilized in the tree growth process, random splits were based
on the Gini index, and the importance of each ASV was computed using a
permutation test. ASVs with the highest importance values were correlated
to habitat variables selected by the oristep model with a Spearman corre-
lation and then plotted to show their relative abundances.

Results
There were significant differences in survivorship between gen-
ets and coral reefs
TheCoxproportional hazardsmodelfitted to assess the impact of genet and
reef, on the survival of coral fragments, showed that compared to the
reference genet CN2 genets CN4 and ML2 had a significantly lower like-
lihood of surviving based on hazard ratios (Fig. 2 and Supplementary
Table 2). For coral reefs, NDR (coef =−2.1 and pval < 0.001) and PR
(coef =−2.6 and pval < 0.001) had higher likelihoods of survivorship
compared toCF (Fig. 2 andSupplementaryTable 2). SupplementaryTable 3
shows survivorship split by all fragments in the survey (including those not
sampled for microbiome analysis), all fragments grouped by clusters, and
only the fragments surveyed for microbiome analysis. The data show the
same trends across subsets with genet survivorship varying by coral reef and
the reef CF having the lowest survivorship rates (38.8–64.5%), followed by
NDR (81.0–83.5%), and PR (87.1–89.0%).

Sea surface temperatures were similar across coral reefs but
not time
Habitat data was examined for environmental differences across coral reefs
and months that may correlate to outplant survivorship. The studied coral
reefs experienced no significant differences in averaged SST conditions
between reefs (SST; CF = 28.0±sd 0.39 °C, NDR = 28.2 ± 0.45 °C, and
PR = 28.0 ± 0.47 °C; Supplementary Fig. 1a and Supplementary Table 4).
However, NDR did experience the most temperature variation (Fig. 1a).
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Across all coral reefs, as expected, the June-July and September months
(29.7 ± 0.53 and 29.1 ± 0.56 °C, respectively) were warmer than the
February-March and November months (26.1 ± 0.28 and 27.4 ± 0.36 °C,
respectively).

Chlorophyll-a varied across coral reefs and time
Chl-a concentrationswere variable across reefs (Supplementary Fig. 1b, and
Supplementary Table 4), with significantly higher Chl-a concentration in
NDR (2.7 ± 1.1 mgm−3) compared to CF (Tukey’s HSD padj < 0.0001,
18 ± 0.29mgm−3) and PR (Tukey’s HSD, padj < 0.0001,
0.8 ± 0.43mgm−3). CF and PR were also statistically different from one
another (Tukey’s HSD padj < 0.0001). Chl-a also varied through time with
higher Chl-a concentrations in June-July (2.16 ± 1.05mgm−3) compared to
February-March (Tukey’s HSD padj < 0.0001, 1.30 ± 0.50mgm−3), Sep-
tember (Tukey’s HSD padj < 0.0001, 1.35 ± 0.85 mg m−3), and November
(Tukey’s HSD padj < 0.001, 1.74 ± 0.85mgm−3).

Current velocities varied in coral reefs and time
Mean monthly current velocities were variable over coral reefs. PR had
statistically stronger currents (7.8 ± 3.55 cm/s) compared to CF (Tukey’s
HSD padj < 0.0001, 6.9 ± 3.17 cm/s) andNDR (Tukey’sHSD padj < 0.0001,
6.2 ± 3.27 cm/s). Currents also differed between all months (Tukey’s
HSD padj < 0.0001), except for June-July vs. September comparisons which
were not statistically different. The highest current speeds were logged in
March (8.0 ± 4.00 cm/s) and the lowest was in June (5.8 ± 3.14 cm/s) across
all reefs.

North dry rocks was the shallowest reef
For the sampling depth of each coral colony cluster, CF had the deepest
surveyed clusters on average (19 ± 1.2 ft), followed by PR (17 ± 1.0 ft) and
NDR (12 ± 0.6 ft).

Nutrients were consistent across coral reefs but silicic acid and
nitrates varied over time
Nutrients were consistent across reefs (Supplementary Fig. 2a. and Sup-
plementary Table 5). However silicic acid and nitrates varied over time
(Supplementary Fig. 2b. and Supplementary Table 5). Silicic acid was
significantly higher in November compared to both June-July and Sep-
tember time points (Supplementary Fig. 2b. and Supplementary Table 5).
Nitrate was significantly different between months except between June-
July and September when nitrate was at the highest concentrations
compared to the other time points (Supplementary Fig. 2b. and Supple-
mentary Table 5).

Summary of Acopora palmata samples sequenced in this study
To understand changes in microbiome across months, coral reefs, habitat,
and its potential role in coral survivorship 378 samples were sequenced for
16S rRNA gene analysis. After quality assessments, 346 samples remained
(Supplementary Table 1 and Fig. 1c)with 11 samples removed nine of these
having <2500 reads/sample, and the remaining two having 14,547 and
14,800 reads. Following merging fragments from the same cluster collected
on the same day into a single representative, the total sample count was 124.
Removal of unwanted ASVs resulted in a total of 27,486 ASVs for the
analysis with a minimum number of reads in a sample = 16,876, a max-
imum= 411,671, and a median = 121,280.

Genets showed some differences in microbial community dis-
persion and alpha-diversity
To understand beta-diversity differences among genotypes prevalent ASVs
(n = 481) were evaluated. Significant differences in microbial dispersion
between genets were observed (TukeyHSD padj < 0.05), except between
CN4 vs. CN2 and ML2 vs. HS1 (Fig. 3a and Supplementary Fig. 3a), indi-
cating a variation in microbial community between some genets. Across all

Fig. 2 | The hazard ratio of Acropora palmata
fragments over one year in 2019. The risk of death
of Acropora palmata at three coral reefs (Carysfort
Reef [CF], NorthDryRocks [NDR], andPickles Reef
[PR]) in the upper Florida Keys (relative to CF), and
per genet across reefs (relative to genet CN2). The
vertical gray line at x = 1 represents the intercept of
the Cox proportional hazards model, indicating the
baseline hazard when all covariates are set to zero.
This serves as a reference point for interpreting the
hazard ratios associated with each treatment group.
The orange color denotes an increase in hazard ratio
relative to reference =1 and the blue a decrease to
reference =1. The shade flanking the points repre-
sents the 95% confidence interval.
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samples (i.e., pooled across reefs and months) PERMANOVA pairwise
comparisons revealed significant differences between genets ML2 and HS1
(padj = 0.02 R2 = 0.03) and HS1 and CN2 (padj = 0.002 R2 = 0.03; Fig. 3a).
Alpha diversity analysis showed that CN4 had the highest Shannon diver-
sity, and ML2 had the lowest (TukeyHSD padj = 0.003). In addition, ML2
was also significantly different from CN2 (TukeyHSD padj = 0.009), but all
other genet comparisons were not significant (Supplementary Fig. 3b).

Genets shared four core microbial members some with unas-
signed taxonomy
The core microbiome across all genets was characterized to identify if there
were unique core microbial members that may correlate with survivorship.
In total, fourASVswerepresent in at least 99%of all samples independent of
abundance (Supplementary Fig. 3c). The four core ASVs included: ASVs 5
(13.87 ± 16%), 6 (13.77 ± 19%), 7 (8.17 ± 8.9%), and 23 (1.22 ± 1.8%). ASVs
5, 6, and 7 were not only present in the majority of samples but were also
found at high relative abundances (Supplementary Fig. 4).When each genet
was evaluated independently these threeASVswere also found in eachgenet
at 99% prevalence, but ASV 23 was not prevalent in genets HS1 and ML2.

ASV7was characterizedup to the order level as SAR-324, andASV23 to the
family level as Cyanobiaceae. However, ASVs 5 and 6 had no similarities to
the database even at the domain level. Phylogenetic analysis of the core
microbiome did not help resolve ASV 6, but ASV 5 was found to be related
to Sphingomonadaceae (Supplementary Fig. 3c).

Coral reef microbial beta-diversity exhibited interactions with
genet, coral reef, and months
Alpha and beta diversity were examined to identify any temporal or geo-
graphic changes in coral-associated microbial communities. There were no
significant differences in Shannondiversity, and the three coral reefs alsodid
not have significantly dispersed microbial communities. Among months
microbial communities were significantly dispersed between cooler and
warmer months (February-March vs. June-July and September vs.
November; TukeyHSD padj <0.05). Beta-diversity varied in coral reefs and
time (PERMANOVA, pairwise adonis padj <0.05; Fig. 3b, c). Interaction
among genet, reef, and month, was statistically significant (p = 0.036; Sup-
plementary Table 6). Significant interactions were also observed between
month and reef (PERMANOVA pval = 0.001, andR2 = 0.08), and genet and

Fig. 3 | Microbiome beta-diversity. The data are plotted across (a) Principal
components (PC) 4 and 5 colored by genet (b) PC 2 and 3 colored by coral reefs, and
(c) PC6 and PC7 colored by months. Figures a-c were centered log-ratio (CLR)
transformed and plotted with a Euclidean distance, and ellipses represent 95%

confidence intervals.dRedundancy analysis (RDA)withCLR transformeddata. The
RDA was constrained by currents, depth, nitrate, nitrite, phosphate, silica, and sea
surface temperature (SST), colored by months, and shapes representing coral reefs.
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reef (PERMANOVA pval = 0.002, and R2 = 0.05). Independently, months
had the highest correlation to the distance matrix (R2 = 0.09), compared to
coral reefs (R2 = 0.06), and genet (R2 = 0.04). However, correlations to all
principal components (PC) showed that neither genet nor month was sig-
nificantly correlated; but PC2 was significantly correlated with reef
(Fig. 3a–c).

Habitat variables were important in community composition, but
temperature and nitrite showed the highest correlations to beta-
diversity
To identify if habitat variables may drive changes to the microbial com-
position an ordistep model was used. Chl-a and cluster depth exhibited a
correlation rate of 76%.Consequently,Chl-awas excluded from themodel
selection analysis to avoid auto-correlation effects. Of the remaining eight
variables, the highest positive correlation was between nitrite and SST
(R2 = 0.70), and the highest negative correlation was between current
velocity and nitrite/nitrate (R2 =−0.50). Coral survivorship also showed
positive correlations with depth (R2 = 0.50) and currents (R2 = 0.20) and
negative correlationswithnitrite (R2 =−0.20) andphosphate (R2 =−0.01;
Supplementary Fig. 5). All habitat data had explanatory power for the
microbiome counts data -- except survivorship (Fig. 3d). Selected vari-
ables had VIF scores below 15, indicating that they represent effects that
are independent of one another, and the selected model was significant
(ANOVA pval = 0.001, and F = 3.08). Both categorical and habitat vari-
ables were correlatedwith RDA1 andRDA2. Envfit resulted in statistically
significant categorical variables in coral reefs (R2 = 0.31, and pval = 0.001)
and month (R2 = 0.39, and pval = 0.001) but genet was not significant
(Supplementary Table 7). All habitat variables significantly correlated
with RDA1 and 2 except phosphate, with SST (R2 = 0.72), and nitrite
(R2 = 0.47) having the highest correlations (Supplementary Table 7).
Accordingly, the RDAplot clustered samples bymonth and reef (Fig. 3d).
Warmer months (or wet season; June-July and September) correlated to
SST, nitrate, and nitrite. While the cooler months (or dry season; Feb-
ruary-March, andNovember) correlatedwith silica and current velocities.
Regarding reef, cluster depth clustered with NDR the shallowest reef in
this study.

Alpha diversity increases with increased SST and nitrite in the
summer months
Alpha diversity was examined against the nine habitat variables collected in
this study to evaluate if coral alpha diversity correlates with habitat changes
(SupplementaryFigs. 1 and2).The linear regression showed that onlynitrite
(pval = 0.004 and R2 = 0.07) and SST (pval = 0.03 and R2 = 0.04) were
positively correlated with Shannon Diversity (Supplementary Fig. 6). With
slight increases in diversity during higher temperatures and nitrite values
that occurred in June, July, and September.

Specific bacteria associated with coral reefs and time
Random forest (RF) analysis identified microbiome taxa associated with
coral reefs andmonths.Using the importance values fromRFoutput the top
fivehighest values (anarbitrary cut-off)were selected for further analysis. RF
results for coral reefs demonstrated anAreaUnder theCurve (AUC) of 0.91
and a misclassification rate of 0.27. Overall ASV 109 (0.01; Rhodobacter-
aceae; Fig. 4a and Supplementary Data 2), showed the highest importance
value in the model. CF showed the highest classification error (0.81) when
the model was assessed per reef. In CF, the highest RF importance values
were for ASV288 (0.02; SAR324 clade (Marine group B)), which was also
found at higher relative abundances in CF (2.5e−04) compared to NDR
(8.4e−05) and PR (2.1e−04; Supplementary Fig. 7). Both NDR (0.04) and PR
(0.13) had lower model error rates with ASV 109 (0.04; Rhodobacterales)
having the highest importance value inNDR.However, relative abundances
ofASV109were relatively higher inCF (0.0012) compared toNDR(0.0010)
and PR (0.0002). In PR ASV 172 (0.03; Cellvibrionales; Supplementary
Fig. 7) had the highest importance value, but showed lower relative abun-
dances in PR (7.5e−05) compared to CF (5.1e−04) and NDR (4.8−04; Sup-
plementary Fig. 7). The top RF important bacteria across reefs were mostly
positively correlated with lower depths and high nitrite concentrations and
negatively correlated with current speeds (Fig. 4b).

In terms ofmonths, theAUC reached 0.99, accompanied by aminimal
misclassification rate of 0.008. Errors remained consistently low, ranging
from 0 to 0.03 across different months. ASVs with the highest importance
values during specific periods included: ASV 1038 (0.05; NS2b marine
group) in Feb-Mar, ASV 1966 (0.6; Parvibaculales; PS1 clade family) in Jun-

Fig. 4 | Important Amplicon Sequence Variants (ASVs) characteristics of sam-
pled coral reefs. aTopmost importantASVs selected by random forest analysis. The
x-axis represents the ASV importance across the entire model and the y-axis
represents the ASV importance value per coral reef. The symbols are shaped by coral

reefs and colored by the bacteria taxa. b Density plot, and heatmap of important
ASVs. The ASVs and habitat variables (selected by the RDA model) are hier-
archically clustered. The presence of a number value on the heat map denotes a
significant Spearman correlation between ASV and habitat variables.
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Jul, ASV 865 (0.17; Alteromonadales; Thalassotalea) in Sept, and ASV 151
(0.07; Pseudomonas) in Dec (Fig. 5a, Supplementary Fig. 7, and Supple-
mentary Data 3). Both nitrate and nitrite resulted in more positive corre-
lations with important ASVs, followed by temperature and currents
(Fig. 5b). However, nitrite also resulted in the most negative correlations
with important ASVs. ASV 5, a core bacterium, was found across most
samples at relatively high abundances – especially compared to all other
taxa, and positively correlated with silica and negatively with nitrate and
nitrite (Fig. 5b).

Discussion
Our objective was to better understand the mechanisms underlying out-
planted coral success observed in specific genets and coral reefs14. We
hypothesized that both habitat andmicrobial communities are important to
coral survivorship. To evaluate this, we sampled four Acropora palmata
genets (CN2, CN4, HS1, and ML2) outplanted across three different coral
reefs (Carysfort [CF],NorthDryRocks [NDR], andPicklesReef [PR]) in the
upper Florida Keys. Habitat and satellite remote sensing data were collected
for each coral reef to identify potential drivers of survivorship, and paired
with coral microbiome observations. This study found that while some A.
palmata genets display differences in their survivorship and microbial
indices, genet and microbiomes had little explanatory power over one
another. Instead, we found that coral reef site and habitat conditions cor-
related with coral survivorship rates and changes in the microbiome19,61.

Genet influenced outplant survivorship, but this was not reflected in
the microbiome. Our hazard model analysis revealed that coral genet
impacted outplant survivorship. Specifically, genet CN4 andML2 exhibited
a higher risk of dying compared to genet CN2. This contrasts a recent study
that investigatedA. palmata outplant success in genets CN2,ML2, andHS1
but found no genet effect on survivorship19. The discrepancy may be
attributed to the smaller sample size in that study (i.e., 50 outplants).
However, we tracked a larger number of coral fragments, providing
enhanced statistical power to discern these trends. Additionally, coral

survivorship results fromthis study contradictfindings fromaprevious tank
experiment that also assessed CN2, CN4, ML2, and HS1 survivorship rates
after disease exposure, showing no significant differences among
genets14,19,34. This suggests that these genetsmay exhibit similar responses to
individual perturbations (i.e., pathogens), but under the synergistic effects
experienced in a natural coral reef settingwithmultiple abiotic (i.e., nutrient
pollution, and elevated temperatures) and biotic conditions (i.e., predation,
and pathogens) genet may play a significant role in survivorship.

Similar to previous studies19,34, we did not find clear associations
between coral microbial communities and A. palmata genet survivorship.
This implies that for A. palmata, genet survivorship may have limited
correlation with the microbiome, and other genetic factors such as baseline
gene expression62, epigenetic conditioning63, or other members of the
holobiont not examined (i.e., symbiotic algae, fungi, and viruses) may be
more important in genet survivorship rates63. For example, while CN2 and
CN4 were not statistically different in alpha and beta diversity, risk analysis
demonstrated a statistically significant difference in survivorship between
these two genets. In other coral species such as Acropora cervicornis,
microbiome composition between genets has been correlated with
survivorship64 but our results indicate that the microbiome of A. palmata
may bemore homogenouswith little difference among genets. For instance,
three core ASVs, as well as the order Spirochaetales, were dominant and
prevalent across our genets. Specifically, the results of Spirochaetales are
consistent with other work inA. palmata19,28,65. The species-specific, instead
of genet-specific, nature of themicrobiome inA. palmata could explainwhy
there was no correlation between genet survivorship and the microbiome.
This could indicate that, for restoration, this variable may not be as
important as in other coral species.

Our results do suggest that coral reef sites correlate with outplant
success. A previous study that compared A. palmata survivorship rates
which overlapped with the genotypes from this study and also took place in
three other upper Florida Keys coral reefs found no differences in survi-
vorship between coral reefs11. Thismay be attributed to the lower number of

Fig. 5 | Important Amplicon SequenceVariants (ASVs) characteristics ofmonths
when samples were collected. a Top most important ASVs selected by random
forest analysis. The x-axis represents the ASV importance across the entire model
and the y-axis represents the ASV importance value per month. The symbols are

shaped by themonth and colored by the bacteria taxa.bDensity plot, and heatmap of
important ASVs. The ASVs and habitat variables (selected by the RDA model) are
hierarchically clustered. The presence of a number value on the heat map denotes a
significant Spearman correlation between ASV and habitat variables.
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fragments tracked or perhaps the reefs sampled may have had similar
environmental conditions which resulted in similar survivorship rates11. In
contrast, our results show that microbial communities exhibited correla-
tions with outplant locations, with depth and nitrite levels being the main
factors in microbiome abundances.

CF is a historically important reef often targeted in restoration projects,
but in our study, CF exhibited the lowest survivorship rates. This suggests
that restoration efforts should consider if other coral reef sites may provide
better long-term outcomes. CF was characterized as having slower currents
(compared to PR), the highest nitrate concentrations (although not sig-
nificantly different), the lowest SST variance, and the deepest sampled
outplants on average. Habitat variables such as current speed, depth, and
nutrient concentration may be important factors to consider before
selecting areas to outplant. For example, survivorship rates were positively
correlated with higher current speeds, and lower nitrate, indicating that the
slower current velocity andhigher nitratemayhave contributed to the lower
survivorship in CF. In contrast, PR, which had higher survivorship rates,
experienced faster currents and lower nitrate. A recent study on the same
genets suggested periodic upwelling activity can increaseA. palamta health,
hypothesizing a link to heterotrophic activity19. Here, we provide an addi-
tional hypothesis that increased current velocities may reduce nutrient
accumulation and thus increase survivorship in A. palmata, making cur-
rents an important consideration for restoration activities.

Survivorship rates were also positively correlated with shallower
depths.While PR and CF showed little depth difference, NDR outplants on
a spur experienced shallower depths. Depth, rather than current speed,may
have driven higher survivorship in NDR and aligns with predictions thatA.
palmata prefers shallower coral reef environments17. The correlation
between shallower depths and faster currents with higher survivorship
demonstrates how different habitats can independently contribute to the
success of outplanting. Shallower depthswere also positively correlatedwith
the top random forest microbiome taxa from all coral reefs indicating that
many important microbiome members thrive in shallower depths. In
agreeance, a meta-analysis of cnidarian microbiomes across the globe
showed that shallower depths increased microbial diversity and shaped
microbial composition66. Thus, coral reef depth may have impacts on the
coral holobiont and outplant survivorship.

In NDR and PR, Rhodobacterales ASV 109 was an important taxon in
the RF model. Despite its importance in the RF model for these coral reefs,
ASV 109 had a lower relative abundance in NDR and PR compared to CF,
where it exhibited a higher relative abundance. Rhodobacterales ASV 109
was also positively correlated with nitrite and negatively correlated with
currents. This group of bacteria is diverse67, and is associated with coral
larvae68, but is commonly found as a player in diseased coral69. In the water
column, Rhodobacterales have also been noted as potential indicators of
unhealthy coral reefs70,71. Our study provides further evidence that Rho-
dobacterales abundance is important and should be used for biomonitoring
of reef health and potentially be used as a marker for outplanting site
selection.

The time of collection significantly influenced A. palmata micro-
biomes. Despite the visually healthy appearance of the sampled corals,
putative pathogens were at higher relative abundances in the warmer
months (wet season). Beta diversity results showed distinct clustering
observed with SST, nitrite, and nitrate during warmer months, and that
alpha diversity increased with elevated SST and nitrate concentrations in
June-July and September, a pattern also observed in other coral species72. In
September, the most important ASV in the RF model belonged to Alter-
omonadales (Thalassotalea ASV 865), a genus often associated with ther-
mally stressed corals64,72,73. This ASV exhibited a positive correlation with
SST, a higher relative abundance in September compared to other months,
and a higher correlation with nitrate, and nitrite compared to other mea-
sured habitat variables. Our observations are supported by a meta-analysis
of coralmicrobiomes showing a slightly higher correlationofAltermondales
in corals within polluted waters compared to elevated temperatures72. In
combination, these studies illustrate how putative pathogenic bacteria can

be influenced by a combination of global and local stressors. Additionally,
this study provides evidence that visually healthy corals may still be
undergoing stress, or that putative pathogens may not always incite
pathogenesis.

Elevated nitrate and nitrite likely have negative consequences on the
microbiome by increasing the relative abundance of bacteria like Alter-
mondales, but also by decreasing core bacteria.We found ASV 5 (related to
Sphingomonadaceae) was prevalent and abundant across samples, sug-
gesting thatASV5 is likely ahost-adaptedcorebacteria that responds tohost
fitness74. As a coremember,ASV5may beproviding essential functions and
supporting coral resilience that could be impacted by high nutrient con-
centrations. For example,A. palmata thrives in low-nitrogen settings17, and
a reduction in core bacteria caused by elevated nitrogen levels might con-
tribute to its capacity for survival and colonization. However, genome
sequencing of this bacteria would provide better evidence of its functional
role. Our results suggest that outplanting of A. palmata should be mini-
mized during the wet season when nutrient concentrations are increased
and core bacteria are less likely to thrive.

Conclusion
This study contributes to understanding the roles of habitat and microbial
communities in the restoration success of A. palmata. We found that coral
genotype played a role in survivorship, but based on our results we hypo-
thesize that other genetic factors aside from bacteria are likely better cor-
related with survivorship such as the host epigenetics, or gene expression.
Coral reefs were also an important factor and fine scale differences in
environmental conditions between reef habitats correlated to differences in
survivorship. Specifically, factors such as current velocity, and shallower reef
depth correlatedwith higherA. palmata survivorship. Formicrobiome taxa,
Rhodobacterales had lower relative abundances in reefs exhibiting higher
survivorship and positively correlated with nitrite. Furthermore, we
observed that elevated levels of nitrate, nitrite, and temperature (particularly
during summer months) negatively affect A. palmata at the microbial level
by potentially contributing to the relative decline of core bacteria and
increase in putative pathogens like Alteromonadales. We propose that A.
palmata outplanting should prioritize shallower depthswith faster currents,
in low-nutrient environments, and site selection should not be based on
historical significance alone.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The raw sequence data is available onNCBI PRJNA1081901. Themetadata
files, counts tables, taxonomy table, and phylogenetic tree are available
https://github.com/srosales712/CoralPersistence.

Code availability
The R code used for the analysis is publicly available at https://github.com/
srosales712/CoralPersistence.
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