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Abstract

Coral propagation and out-planting are becoming commonly adopted as part of reef stewardship strategies aimed at improving
reef resilience through enhanced natural recovery and rehabilitation. The coral microbiome has a crucial role in the success
of the coral holobiont and can be impacted shortly after out-planting. However, long-term characterisation of the out-plant
microbiome in relation to out-plant survival, and how these properties vary across reef sites, is unexplored. Therefore, at
three reef sites on Opal Reef, Great Barrier Reef (Mojo, Sandbox and Rayban, 16°12"18"S 145°53'54"E), we examined
bacterial communities associated with out-planted Acropora millepora coral and monitored coral survival over 12 months
(February 2021-22). Bacterial communities of out-planted corals exhibited significant changes from donor colonies 7 days
to 1.5 months after out-planting. Further, bacterial community composition differed for sites Sandbox and Rayban with low
overall survival (0-43%) versus Mojo with higher overall survival (47-75%). After initial dissimilarity in bacterial communi-
ties of out-plants across sites at 1.5 months, and despite changes within sites over time, out-plants exhibited similar microbial
communities across sites at 7 days and 6, 9 and 12 months. We hypothesise these trends reflect how bacterial communities
are shaped by rapid changes in local environmental characteristics (e.g. from source to out-planting site), where out-plant
bacterial communities ‘conform’ to out-planting site conditions. After initial changes, out-plant bacterial communities may
then be under the influence of global environmental conditions—such as annual trends in temperature across seasons. Such
outcomes indicate the importance of site selection in shaping initial coral bacterial communities and subsequent out-plant
success. Importantly, continued differences in out-plant survival trajectory but similar bacterial communities across sites
after 1.5 months indicate that other factors—apart from bacterial community changes—Ilikely govern out-plant success in
the longer term. Our research highlights the need to resolve drivers of small-scale site differences alongside higher resolution
spatiotemporal monitoring of environmental conditions to distinguish key drivers of (i) microbial change during out-planting
and (ii) out-plant survival to subsequently inform out-plant site selection to optimise future restoration efforts.
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Introduction

Increasingly frequent and intense anthropogenic distur-
bances threaten the persistence of tropical coral reefs and
hence the wealth of ecological, economic, social and herit-
5 Paige Strudwick age values they provide (Hughes et al. 2017; Eakin et al.

paige.strudwick @uts.edu.au 2019; Eddy et al. 2021; Sully et al. 2022). Future survival
of coral reef ecosystems is primarily reliant on mitigation of
climate change to reduce global stress from ocean warming,
acidification and deoxygenation (Kleypas et al. 2021; Shaver
et al. 2022). However, parallel application of strategic, active
management approaches will be pivotal for sustaining resil-
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future climate conditions (Duarte et al. 2020; Kleypas et al.
2021; Shaver et al. 2022). Increasing application of active
management approaches has accelerated over the last two
decades in almost all tropical coral-reef-associated regions,
whereby coral propagation and out-planting techniques have
been utilised to rapidly increase coral biomass and cover at
degraded or high-value reef sites (Bostrom-Einarsson et al.
2020; Hein et al. 2021), including on the Great Barrier Reef
(Howlett et al. 2022; McLeod et al. 2022).

The ultimate success of coral propagation and out-plant-
ing rests on the capacity to rapidly up-scale and optimise
approaches (Bostrom-Einarsson et al. 2020; McAfee et al.
2021; Suggett and van Oppen 2022). Whilst the readiness of
successful implementation of different active management
approaches is variable (Suggett and van Oppen 2022), in-
water coral propagation and out-planting have become one
of the most promising methods for local and targeted recov-
ery or rehabilitation (Williams et al. 2019; Hein et al. 2020;
Suggett et al. 2019). Even so, the long-term survival of cor-
als during the propagation and out-planting process is highly
variable, ranging from <5% to>90% (Bostrom-Einarsson
et al. 2020; Ware et al. 2020; Suggett et al. 2019, 2020).
Many factors can contribute to success in coral out-planting,
such as out-planting technique (method of attachment), coral
species, fragment size, reef area (back-reef, fore-reef vs reef
crest) and geographical subregion (Bayraktarov et al. 2016;
van Woesik et al. 2021; Bostrom-FEinarsson et al. 2018; Sug-
gett et al. 2019), but these are often site- and context-spe-
cific. Consequently, investigating how environmental factors
and biological factors of the holobiont interact to influence
out-plant survival is critical to long-term success of active
management approaches that are increasingly necessary to
ensure the long-term viability of reef ecosystems (Hein et al.
2020).

Coral microbiomes are an essential component of the
coral holobiont (Bourne et al. 2016; Peixoto et al. 2017,
Voolstra et al. 2021). However, only recently has the coral
microbiome been considered as an important element in the
success of active management approaches (van Oppen and
Blackall 2019; Moriarty et al. 2020; Peixoto et al. 2021;
Voolstra et al. 2021; Strudwick et al. 2022). For example,
coral species can display community restructuring or stabil-
ity during long-term (6 months) nursery propagation and
subsequent early out-planting (1 day—1 month) (Strudwick
et al. 2022). However, the longer-term dynamics of the bac-
terial communities associated with out-planted coral after
relocation to the reef environment—and hence the role of
bacterial communities influencing the success of newly
out-planted coral—remains unexplored. Addressing such
gaps may be critical where coral diseases have potential to
impact survival during propagation and out-planting efforts
(Moriarty et al. 2020). In fact, how microbes impact the
survival of coral may be particularly important at degraded
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reef sites that are often targeted for out-planting, where there
is potential for copiotrophic microorganisms, many of which
are known coral pathogens, to be present in higher abun-
dances (Dinsdale et al. 2008; Kelly et al. 2014; Haas et al.
2016; Silveira et al. 2017).

Opal Reef, on the northern Great Barrier Reef (GBR),
has been a site of intensive propagation and out-planting
activity since the 2018 initiation of the Coral Nurture Pro-
gram, a research-led reef stewardship approach (Howlett
et al. 2022). Relatively high survivorship (typically > 80%)
has been recorded for Acropora spp.; however, survivorship
remains highly variable across sites ranging from 79.8 to
100% (Suggett et al. 2020; Howlett et al. 2022). Considering
that environmental conditions are known to drive bacterial
community shifts (Kelly et al. 2014; McDevitt-Irwin et al.
2017; Maher et al. 2019; Camp et al. 2020), we hypothesised
that (i) out-planted fragments will undergo changes in the
bacterial community composition after out-planting, and
that (ii) these changes will differ between reef sites. Fur-
thermore, given that associated bacterial communities are
essential for coral host health (Bourne et al. 2016; Peixoto
et al. 2017; Voolstra et al. 2021), we hypothesise that (iii)
shifts in coral-associated bacterial communities are likely to
reflect differences in survivorship. To test these hypotheses
and inform future out-planting efforts, over 12 months, we
examined temporal dynamics of coral-associated bacterial
communities and survivorship of Acropora millepora frag-
ments out-planted across three sites on Opal Reef (northern
GBR) characterised by different defining features and envi-
ronmental conditions.

Materials and methods
Sampling location and experimental design

To examine differences in coral-associated bacterial com-
munities amongst coral fragments out-planted at each reef
site with contrasting characteristics, we performed a trans-
plantation experiment using the coral species A. millepora.
This species is routinely grown in coral nurseries and used
for out-planting on the GBR (e.g. Howlett et al. 2022) and
exhibits microbiome variability over time and space during
propagation in coral nurseries at Opal Reef (Strudwick et al.
2022). Experiments were conducted at three sites across
Opal Reef (16°12'18"S 145°53'54"E), which is a 24.7 km?
reef situated on the northern GBR (detailed in Suggett et al.
2019; Howlett et al. 2021) (Fig. 1.). Each site had contrasting
characteristics: (i) “Mojo”, subject to strong tidal currents
due to its close proximity to a deep-water channel leading to
the coral sea at the north of Opal Reef; (ii) “Rayban”, is not
subject to strong currents due to its central location at Opal
Reef within a sheltered sandy lagoon area (see Suggett et al.
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Fig. 1 a Satellite image of Opal Reef, Northern Great Barrier Reef, Australia, b Opal Reef with relative locations of the three reef sites where
fragments were out-planted during the study. Satellite image sourced from GoogleEarth and allencoralatlas.org respectively

2019; Howlett et al. 2021), and (iii) “Sand Box”, is adjacent
to a channel on the southern edge of Opal reef and conse-
quently has elements of both sites with some sheltered sandy
lagoons and mild currents (Edmondson personal obs.).

In February 2021, coral fragments (~5-10 cm) were
harvested from five established A. millepora nursery colo-
nies at Rayban for out-planting across five separate “plots”
within each of the three sites (Fig. 2a. and Fig. S2.). Five
nursery colonies (~40 cm diameter) were selected from two
adjacent established (2 years) nursery frames. From each
donor colony, ~ 60 fragments (standardised to sizes between
5 and 10 cm) were harvested. Two fragments (<5 cm) were
randomly selected after the donor colony was fragmented
and were retained to capture any potential heterogeneity in
bacterial communities across the colony (Marchioro et al.
2020; Damjanovic et al. 2020)—in a sterile zip-lock bag,
returned to the operations vessel and preserved in RNAlater
for microbiome characterisation (defined as “Tp”—time of
fragmentation). The other 58 fragments were held in wire
trays on the nurseries at Rayban for 24-48 h—to enable
identification of any fragments that exhibited mortality
from fragmentation and also because of sporadic access
to the three sites prior to out-planting; specifically, corals
out-planted at Rayban were held for 24 h, whilst those out-
planted at Sandbox and Mojo were held for 48 h prior to
out-planting.

At each reef site, 11-23 fragments from each donor
were out-planted within five separate plots (Fig. 2a, b. and

Table S1.). Out-planting plots were approximately 4-5 m
apart and within an area of >2 m? (Fig. S2) and marked with
cattle tags to identify the donor colony they were planted
from. Each plot satisfied four pre-requisites: (i) bare consoli-
dated structurally sound substrate (i.e. not rubble or sand),
(ii) absence of algal turfs, (iii) located outside of damself-
ish territories, (iv) presence of other coral growing within a
1-2 m radius. Coralclip® (a stainless-steel spring-clip that
is fastened using a hammer and masonry nail) was used to
fasten each fragment to the substrate (as per Suggett et al.
2020). At the time of initial out-planting (24 h: T, ; and
48 h: T, ,), two fragments (<5 cm) from each donor colony
were retained and preserved in the same manner as for Ty
(above) for microbiome characterisation (Fig. 2a.). This was
to ensure adequate representation of the fragments at time
of out-planting, and to assess whether the bacterial com-
munities changed from time of fragmenting (7%) to time of
out-planting (T_; and T _,). Once all fragments were out-
planted, photographs were taken of the entire plot and the
out-plants were counted. Fragment survivorship and coral-
associated bacterial communities of out-planted fragments
were then tracked over 12 months.

Coral sample preservation and DNA extraction
Following Ty, Tq., and T, ,, one out-plant was sampled

from each plot and site (5 plots X 3 sites =15 fragments
total) at seven days (754), 1.5 months (T 5 ..), six months
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Nursery Source Colonies

Out-planting plots within reef site

Sampling
b

At each timepoint survivorship was documented and one fragment from

Sampling Timeline
C

each plot was sampled for microbiome characterisation. : T

Fig.2 a Experimental set-up: illustrating the process of fragmen-
tation (7%) for one donor colony from the nursery through to out-
planting (T, at 24 h and T, at 48 h) at one plot within the three
reef sites. This was repeated for the remaining four donor colonies.
b Sampling: illustrating the process of one sampling time point, at
each reef site the five out-plant plots were sampled five times*over

(T¢,y), nine months (7y,,) and 12 months (T,,,) (Fig. 4b,
c). At each time point, fragments (<5 cm) were subsam-
pled from coral out-plants using wire clippers. After sam-
pling, all fragments were returned to the operations vessel
(Wavelength IV) in sterile zip-lock bags within 30—50 min,
placed into sterile 15 mL falcon tubes and preserved by total
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a 12-month period. ¢ Timeline: illustrating the points at which sam-
pling occurred, at Ty only the donor colonies from the nursery
frames were sampled and at subsequent sampling points only out-
plants were sampled 754 ;, ,,. *Unless there was total mortality at the
plot prior to completion of the experiment

submersion in RNAlater. All samples were subsequently
held at ambient temperature for 6 days during transporta-
tion from the study site to the laboratory for processing (as
per Strudwick et al. 2022). One donor colony sample was
compromised during transit and consequently one replicate
for donor colony five at T proceeded to subsequent DNA
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extraction and sequencing. Once in the laboratory, RNAlater
was thoroughly removed from 15 mL falcon tubes using an
adjustable pipette with sterile tips, after which samples were
preserved at — 80 “C for 1-11 months and DNA extractions
were all conducted at the same time. Prior to DNA extrac-
tion, coral tissue was removed from the coral skeleton, using
an air brushing technique. Coral fragments were thawed on
ice in their respective 15 mL falcon tubes, removed from
the falcon tube using sterile forceps, rinsed with autoclaved
phosphate-buffered saline (PBS) (3X, pH 7.4) to remove
RNAlater residue, placed in sterile zip-lock bags and air
brushed with sterile pipette tips into 4 mL of autoclaved
PBS (3X, pH 7.4). The tissue slurry was divided across two
2 mL micro centrifuge tubes and centrifuged at 8000 rpm
for 5 min. The supernatant was removed, and the pellet was
stored at — 80 °C for 4-6 weeks until DNA extraction.

DNA was extracted from approximately 100 pL of the
pellet using a DNeasy Blood and Tissue kit (Qiagen) fol-
lowing the manufacturer’s protocol (July 2020 version)
with a total elution volume of 40 uL. Extractions were
conducted in randomised batches of 23 with one kit nega-
tive sample included. Extracted DNA was quality checked
and the concentration was quantified using a NanoDrop
spectrophotometer.

Environmental logging

Upon initiation of the experiment, temperature, light attenua-
tion and flow at each reef site were measured using HOBO™
loggers for a 14-day period to identify potential site-specific
differences in key environmental factors that can influence
coral growth and survivorship. Due to site access, sensors
could only be deployed for a 14-day period. Whilst this is
a relatively short timeframe, it allowed a spring-neap cycle
to be captured to identify relative differences across the
sites. Light attenuation was measured by securing two tem-
perature/light data loggers (HOBO Pendant® UA-002-64),
positioned 1 m apart onto a PVC pipe with metal brackets
and vertically suspended the structure in the water column.
Each logger was secured in a horizontal orientation so that
the light sensors were parallel to the surface and did not
shade one another (Fig. S1a-b.). Light sensors were routinely
cleaned (approximately every three days) to prevent biofoul-
ing. Light and temperature data were recorded hourly and
temperature readings were taken from only the bottom data
logger on the PVC pipe set-up. All temperature/light data
loggers were inter-calibrated with data from a 4 h period of
logging at 10-min intervals in the same position and condi-
tions. Average temperature and light intensity of the three
loggers were calculated at each 10-min interval. Relative
error was calculated for individual loggers at every 10-min
interval during the calibration period. Light and temperature
readings recorded at each site during the 14-day monitoring

period were then adjusted by their logger’s average relative
error calculated during the calibration. Light attenuation was
calculated using the following equation (Kirk 1994):

k= Ln(la) — Ln(l},)

[, is the PAR recorded by the deepest logger and 1, is the
PAR recorded by the shallower logger (separated by a 1 m
interval), and k is the attenuation coefficient (m™").

Flow was recorded using a G data logger (HOBO
Pendant® UA-004—64) that was assembled into a tilting cur-
rent metre (based on Crookshanks 2008, see Supplemen-
tary Appendix 1 for detailed description): The tilting cur-
rent metres were cross-calibrated and flow readings ranged
from low (0) to high (1), as calibration to a known flow
rate (m/s™') was not possible (Fig. S1f.). To inter-calibrate
tilting current metres, for a 24 h period, all tilting current
metres were secured to an in situ nursery frame within
30 cm of each other (Fig. S1c) with G data loggers record-
ing at 20-min intervals. Average flow was calculated at each
20-min interval. Relative error was calculated for individual
tilting current metres at every 20-min interval during the
calibration period. Recordings from each site during the
14-day monitoring period were then adjusted by their log-
ger’s average relative error calculated during the calibration
(calibrated flow, temperature and light attenuation data pro-
vided as Supplementary Data S1).

Environmental sampling and DNA extraction

Water and substrate samples were collected to characterise
environmental bacterial communities prior to introduction
of coral material and were only collected at time of initial
out-planting, as such it was not possible to characterise any
potential variability in substrate and water communities over
time. Water samples for microbiome characterisation were
collected from the surface at each reef site using 10 L pre-
sterilised plastic containers and filtered in triplicate through
47 mm, 0.22 pm pore-size membrane filters (Millipore,
DURAPORE PVDF 0.22 um WH PL) using a peristaltic
pump (100 rpm), within 10 min of sample collection. Before
each sample was filtered, 250 mL 10% bleach was run
through the pump, followed by 500 mL MilliQ water, and
then 3 L of sample. Filters were stored in cryovials, snap-
frozen and stored in a dewar for transport back to the labora-
tory where they were stored at — 80 °C. DNA was extracted
from the membrane filters using the PowerWater DNA isola-
tion Kit (QIAGEN) as per the manufacturer’s protocol (June
2016 version). DNA extractions were performed alongside
three kit blanks, which were subsequently included in all
sequencing analysis to exclude kit contaminants.

Substrate samples for microbiome characterisation were
also collected using a hammer and chisel to leverage a
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2 cmx 2 cm X2 mm piece of substrate off each plot into a
sterile zip-lock bag. Following sampling, all substrate sam-
ples were preserved, stored and transported to the laboratory
in the same manner as coral samples. Once in the laboratory,
samples were preserved at 4 °C for 11 months until RNAI-
ater was thoroughly removed from 15 mL falcon tubes using
an adjustable pipette with sterile tips, after which DNA was
extracted. DNA was extracted from approximately 100 pg of
the substrate sample using a DNeasy Blood and Tissue kit
(Qiagen) following the manufacturer’s protocol (July 2020
version) with a total elution volume of 40 pL. Extractions
were performed alongside one kit negative sample and the
kit negative sample was included in subsequent sequencing
analysis to exclude kit contaminants. All extracted DNAs
were quality-checked, and the concentration was quantified
using a NanoDrop spectrophotometer.

Overall, 126 samples were collected for bacterial com-
munity analysis: (i) out-plants: three sites X three-five plots
(some plots experienced total mortality) X five time points
(n=64), (ii) donor colonies: two fragments x five donor
colonies X Ty plus two fragments x five donor colonies X
two out-planting times T, (n=30), (iii) environmental: three
sites X three replicate water samples (n=9) and three sites X
five plots X one substrate sample (n=15) plus eight x DNA
extraction blank samples.

Quantification of coral out-plant survival

Coral survival was recorded at each sampling time point
(T3¢ Ty 5 ms Toms Toms T1om) and through additional oppor-
tunistic observations at 35, 40, 167, 344 and 346 days after
out-planting. Survival was defined as the number of frag-
ments still alive in the out-plant plot at each time interval
as a percentage of the number out-planted. Corals in the
out-plant plot observed with <5% live tissue were counted
as “dead”, whilst fragments either missing or dislodged from
the Coralclip® were defined as “detached”. Corals sampled
for preservation at time of survival counts were included in
“live” counts. Both dead and detached coral fragments were
considered as “lost” and excluded from survival counts.

16S rRNA amplicon sequencing

Extracted DNA was stored at — 80 °C for two weeks prior to
16S rRNA amplicon sequencing, which was used to charac-
terise the composition and diversity of coral, sediment, water
and kit negative bacterial communities. The hypervariable
V3 and V4 regions of the bacterial 16S rRNA gene were
amplified using the primers 341F (5°~-CCTAYGGGRBG-
CASCAG-3’) and 805R (5°-GACTACHVGGGTATC-TAA
TCC-3") (Klindworth et al. 2013), prior to sequencing on the
[lumina MiSeq platform (Ramaciotti Centre for Genomics
(Sydney, NSW, Australia)). Raw data files in FASTQ format
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were deposited in NCBI Sequence Read Archive (SRA)
under Bioproject number PRINA929655.

Bioinformatics

Raw demultiplexed sequencing data were analysed with
Quantitative Insights into Microbial Ecology (QIIME 2, ver-
sion 2020.6) platform (Callahan et al. 2016). The DADA2
plugin was used to denoise the data (Callahan et al. 2016)
and taxonomy was assigned using the classify-sklearn clas-
sifier (Pedregosa et al. 2011) against the SILVA v138 data-
base. In total, 9,156,785 reads were generated (after denois-
ing) from 126 samples. Amplicon sequence variants (ASVs)
corresponding to chloroplast or mitochondria were filtered
from the data set. 18 ASVs that comprised 51% of sequences
in the DNA extraction negative controls and have been pre-
viously reported as contaminants of laboratory reagents
(Weyrich et al. 2019), were removed for subsequent analy-
ses using the filter command in R (version 4.2.2). Prior to
diversity analyses, four samples were removed from the data
set due to poor sequencing outputs leading to low read num-
bers after quality filtering and contaminant removal (<900
reads or <58 ASVs). As a result of filtering and complete
mortality at some plots, six time points had three biological
replicates and one time point had four biological replicates,
all other time points had five biological replicates. For beta
diversity analyses, the raw read ASV table was converted to
relative abundances, scaled to 20,000 (McKnight et al. 2019)
and square root-transformed.

Statistical analysis

Differences in bacterial community structure and dispersion
(beta diversity patterns) of out-planted corals between reef
sites at each time point (reef site =fixed effect), between
donor colonies at time of fragmenting (7j) and out-planted
corals over the 12-month time period within a site and over
time—from 7 days to 1.5 months (774-7 5,,,), 1.5 months to
6 months (7 5 ,-T¢.), 6 months to 9 months (T, -Ty,,,) and
9 months to 12 months (7y,,-T,,,)—Wwere analysed using
the Bray—Curtis dissimilarity distance metric. Differences
in bacterial community structure of water and substrate
between reef sites were also analysed using the Bray—Curtis
dissimilarity metric. Permutation tests for homogeneity in
multivariate dispersion (PERMDISP) of coral-associated
bacterial community were calculated using the betadisper
function of the ‘vegan’ R package. Patterns in bacterial com-
munity structure were visualised using non-metric multidi-
mensional scaling (nMDS) plots. Differences in community
structure were tested for significance with pairwise permu-
tational multivariate analysis of variance (PERMANOVA;
perm=999) of Bray—Curtis dissimilarities using the pair-
wise.adonis function of vegan and differences in community
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dispersion were tested for significance—with site as a sin-
gle factor and with pairwise comparisons between sites at
each timepoint—using the permutest.betadisper function of
vegan (perm=999), p values were adjusted by applying a
Benjamini and Hochberg (a.k.a. False Discovery Rate) cor-
rection, all p,q; values <0.05 were considered significant.
When significant differences in the bacterial community
structure were identified, similarity percentage analysis
(SIMPER) was used in PAST 4.03 to identify and calculate
the percentage contribution of each ASV to dissimilarity
between groups, ASVs contributing > 1.5% dissimilarity
were reported. The core_members function of the ‘micro-
biome’ R package was used to identify core bacterial com-
munity members (present in>80% samples with relative
abundance > 0.1%) for out-planted fragments over time and
at time of fragmenting (7).

Kaplan—Meier survival curves were estimated for out-
plant survival at each site. To test for differences in sur-
vival between sites, we conducted a pairwise log-rank test,
p values were adjusted by applying Bonferroni adjustment.
To assess differences between sites in flow, attenuation and
temperature during the 14-day monitoring period, each vari-
able was analysed separately and sites were compared via a
Kruskal-Wallis tests to assess significance, when significant
(» <0.05), Dunn’s post hoc test was applied with subsequent
Bonferroni adjustment, all p,4; values <0.05 were considered
significant. To qualitatively describe overall similarity of
sites (from the recorded parameters), a dissimilarity matrix
of the mean temperature, light attenuation and flow was used
(Table S2.).

Results

Site-specific environmental characteristics
and microbial communities

Flow rates, light attenuation and temperature differed
between the three reef sites during the 14-day monitoring
period (Kruskal-Wallis test, p <0.001, Supplementary Data
S2). All sites exhibited different variance for flow, light
attenuation and temperature (Dunn’s post hoc, Padj< 0.001,
Supplementary Data S2). The largest range in light atten-
uation was at Mojo (1.54 m™!), followed by Rayban and
Sandbox (1.52 m~! and 1.11 m™! respectively, Fig. S3b.),
and the highest mean light attenuation was at Mojo, fol-
lowed by Rayban and Sandbox (0.415, 0.317 and 0.200 m™!
respectively, Fig. S3b.). The largest range in flow was also
observed at Mojo (1.20), followed by Sandbox and Ray-
ban (1.13 and 0.58 respectively, Fig. S3a.), and similarly,
the highest mean flow was observed for Mojo, followed by
Sandbox and Rayban (0.455, 0.335 and 0.240 respectively,
Fig. S3a.). The largest range in temperature was observed at

Rayban (2.91 “C) followed by Mojo and Sandbox (2.41 C
and 1.91 °C respectively, Fig. S3c.). The highest mean tem-
perature was observed at Sandbox (31.61 +0.42 °C) followed
by Rayban (30.36 +0.54 °C) and Mojo (29.80+0.44 °C) (Fig.
S3c.). In summary, Mojo was characterised by the highest
mean flow, the lowest water clarity (the highest mean light
attenuation), the lowest mean temperature, and the largest
range in temperature and flow. Sandbox had intermediate
mean flow and the highest temperature, but the highest water
clarity (lowest light attenuation) and the smallest range in
light attenuation and temperature. Rayban had intermedi-
ate mean temperature, the lowest mean flow, intermediate
water clarity and the highest range in temperature. Over-
all, Rayban and Mojo were more similar than Rayban and
Sandbox based on a qualitative comparison of the recorded
parameters (Table S2).

Bacterial community composition differed between water
and substrate within every site (PERMANOVAg, . curis
Pagj <0.05, Figs. S4-5 and Supplementary Data Sheet S3.),
reflecting predominantly different environmental bacterial
communities. However, water samples were generally the
same between sites (PERMANOVAg .« cyriis, Pagj> 0-05.
Supplementary Data S3.), whereas substrate samples
associated with Sandbox differed with those from Ray-
ban (PERMANOVAg, . cyis, F'=1.403, p,g;=0.021, Figs.
S4-5., and Supplementary Data S3). These differences in
substrate bacterial communities between Rayban and Sand-
box occurred in parallel with differences between the two
sites in measured mean flow, temperature and light attenua-
tion. However, there were no further differences in substrate
bacterial communities between sites despite flow, tempera-
ture and light attenuation also differing between Rayban and
Mojo, and Sandbox and Mojo.

Coral-associated bacterial communities changed
after out-planting across three reef sites

Bacterial community composition associated with the donor
colonies at time of fragmenting (7j;) was first compared to
that at initial out-planting (T_; and T(,_,) to account for any
possible responses induced by the different periods of time
with which fragmented material was held prior to out-plant-
ing (To_;: 24 h Rayban vs Ty ,: 48 h Sandbox, Mojo). No
changes were observed from Ty vs T, for any site (both T
and T ,) (PERMANOVAg . curiss Pagj < 0.-05, Supplemen-
tary Data S6.), and hence subsequent comparisons between
donor colonies and out-planted fragments were conducted
against samples from time of fragmenting (7}) to ensure
consistency between sites. After out-planting, bacterial
communities associated with the corals at all sites became
significantly different to those at time of fragmenting (7p),
this occurred 1.5 months after out-planting at Mojo and
Rayban (PERMANOVAg,.« curiss F=2.250, p,q;=0.009,
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df=1; F=2.571, Padj= 0.002, df=1 respectively), but after
only 7 days at Sandbox (PERMANOVAg,,« cyriss F'=2.501,
padj=0.017, df=1, Fig. 3a—c, Fig. 4 and Fig. S6a—c). As
such, shifts in bacterial community composition were more
rapid at Sandbox compared to both Rayban and Mojo.

One ‘core’ ASV was present at time of fragmenting (7p)
and classified as a member of the Endozoicomonas genus
(mean RA =50.3%). Following significant changes in the
bacterial community of out-plants at 7 days and 1.5 months
after out-planting (Sandbox and Mojo/Rayban respectively),
the core ASV from the Endozoicomonas genus (identified at
Tg) was only retained as a core ASV at Sandbox and Rayban
and was completely lost from three of five replicates at Mojo
and no longer classified as a core member in out-plants. In
fact, whilst still classified as a core ASV, the Endozoico-
monas ASV declined in relative abundance from time of
fragmenting (7 mean RA =50.3%) after 7 days at Sandbox
(T;4 mean RA =22.6%) and 1.5 months at Rayban (7, 5,
mean RA =8.4%) (Fig. S7).

Temporal dynamics of out-plant-associated
bacterial communities varied across sites

At Mojo, there were significant changes in the bacte-
rial community structure from 7 days (754) to 1.5 months
(T, 5 ,») post-out-planting after which the bacterial commu-
nities remained stable until a change in the out-plant bac-
terial community structure from 9 to 12 months (Tg, 15 )
(PERMANOVAg,,\ curiiss Pagj=0.031, F=1.497, df=1,
and Pad =0.037, F=1.432, df=1 respectively). Differ-
ences in bacterial communities of out-planted fragments at
Mojo from 7 days to 1.5 months (744-T 5 ,) were primarily

explained by (> 1.5% dissimilarity contribution) decreased
relative abundance (RA) the (Ty) core Endozoicomonas
ASYV, increased abundance of 5 ASVs from the Lactobacil-
lus fermentum, Ruegeria, Pseudovibrio and Erthryobacter
genera and loss of an ASV from the Tenacibaculum genus
(SIMPER, Supplementary Data S6.). Differences in bacte-
rial communities of out-planted fragments at Mojo from 9
to 12 months (Ty,,-T),,,) Were explained by increased RA
of the (Ty) core Endozoicomonas ASV (Fig. S7) and four
ASVs from the Endozoicomonas, Ruegeria, Psychrobac-
ter and Synechococcus_CC9902 genera and increased RA
of an ASV from the Hungateiclostridiaceae family (SIM-
PER, Supplementary Data S6). Bacterial communities of
out-planted fragments also exhibited restructuring over
time at Rayban. At Rayban, the coral-associated bacterial
community structure of out-plants changed from 7 days
(T59) to 1.5 months (7 5,,), and from 1.5 months (7 5 ,,) to
6 months (7,,) after out-planting (PERMANOVAg,,\ i
Pagi=0.032, F=1.610, df=1, and p,4;=0.048, F=1.247,
df=1 respectively). There were no further changes in coral
out-plant bacterial community structure after 6 months
(PERMANOVAg,.« curis Pagj > 0-05). Similar to Mojo, dif-
ferences in bacterial communities of out-planted fragments
at Rayban from 7 days to 1.5 months (74-7; 5,) were also
primarily explained by decreased relative abundance (RA) of
the (Tg) core Endozoicomonas ASV and one other ASV from
the Endozoicomonas genus (SIMPER, Supplementary Data
S6.). Differences in bacterial communities of out-planted
fragments from 1.5 months to 6 months (7 5 ,,-T§,,) at Ray-
ban were explained by further decreases in RA of the two
Endozoicomonas ASVs (Fig. S7) and increases in RA of
ASVs from the Limnothrix, and Thrichodesmium_IMS101
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Fig.3 Bacterial community structure and relative dispersion of the
microbial communities at time of fragmenting (7p) and out-planted
fragments at a Rayban, b Sandbox and ¢ Mojo over time. Plots are
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based on non-metric multidimensional scaling (n-MDS) of Bray—
Curtis distances of bacterial community structure. Source data are
provided as a Source data file
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genera (SIMPER, Supplementary Data S6.). After the initial
change in bacterial community structure from time of frag-
menting (T%) to 7 days after out-planting (754) at Sandbox,
there were no further changes in the bacterial communities
of out-planted coral fragments (PERMANOVAg,. cris»
Pagj> 0.05, Fig. S6. and Supplementary Data S6.). There
were no changes in the dispersion of coral-associated bacte-
rial communities for out-plants over the 12 months at any
site (PERMUTEST, p,4; > 0.05, Fig. S8 and Supplementary
Data S7).

Out-plant survival and associated bacterial
communities varied across sites

Mean survival of out-plants at the final time point of sam-
pling (12 months after out-planting) was higher at Mojo
(mean 58.96% + 1.72, n=15) than Rayban and Sandbox
(31.75% +6.25, n=4 and 32.66% +7.31, n=3). Through-
out the experiment, mean survival remained 3.85-32.59%
higher at Mojo compared to both other sites. Kaplan—-Meier

< I

123 45
Donor Colony

represent genera with an average relative abundance of <0.1% in all
samples, full legend provided as supplemental data (Supplementary
Data S4)

survival curves were significantly different between Mojo
and Rayban (Pairwise log-rank, p,4; <0.001) and Mojo and
Sandbox (Pairwise log-rank test, Pagj < 0.0001, Fig. 5a.).
Bacterial community composition of out-planted corals
only significantly differed for Mojo vs Rayban and Mojo
vs Sandbox at 1.5 months (7 5 ,,) (PERMANOVAg,,« ¢y,
F=1.346, p,q;=0.048, df=1; F=1.232, p,4;=0.048,
df=1 respectively) at all other time points, and there were
no differences across sites in the structure of the coral-
associated bacterial communities (PERMANOVAg,,\ cyris
Pagi > 0.05, Fig. 5b and Supplementary Data S6). Differ-
ences in bacterial communities of out-planted fragments
between sites were primarily explained by higher RA at
Sandbox and Rayban compared to Mojo of two ASVs from
the genus Endozoicomonas (one of which was from the
‘core’ microbiome characterised at T%), as well as a lower
relative abundance at Sandbox and Rayban of ASVs from
the Lactobacillus, Ruegeria, Erythrobacter and Pseu-
dovibrio genera compared to Mojo (SIMPER, and Sup-
plementary Data. S6). The out-plant-associated bacterial
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Fig.5 a Kaplan—Meier survival curve for out-plants at Mojo, Sand-
box and Rayban, b bacterial community structure and relative disper-
sion of the microbial communities of out-planted fragments at Mojo,
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showing growth of a singular tracked fragment over time. Plots are

communities were more heterogenous at Mojo compared
to out-plants at Rayban at 1.5 months and 6 months (PER-
MUTEST, p,q;<0.05, Fig. S8. and Supplementary Data
S7) and compared to out-plants at Sandbox at 6 months
and 9 months (PERMUTEST, padj<0.05, Fig. S8. and
Supplementary Data S7.).
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based on non-metric multidimensional scaling (n-MDS) of Bray-
Curtis distances of bacterial community structure. Source data are
provided as Supplementary Data S5. 'Indicates a significant differ-
ence in microbial community structure between Mojo and Rayban,
and Mojo and Sandbox (PERMANOVAg,. cyriss Pagj < 0-05)

Discussion

Active reef management approaches that include the
translocation of corals within reef systems to enhance
natural recovery are expanding on the Great Barrier Reef
(McLeod et al. 2022; Howlett et al. 2022) and worldwide
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(Bostrom-Einarsson et al. 2020). However, some evidence
indicates that coral-associated bacterial communities are
impacted by transplantation (Casey et al. 2015; Ziegler et al.
2019; Haydon et al. 2021), as well as nursery-based propa-
gation and out-planting (Strudwick et al. 2022), and it has
been proposed that these changes are driven by exposure to
novel environmental conditions between propagation sites
(Strudwick et al. 2022). Even so, to date, there has been
little quantification and comparison of long-term out-plant
survival and associated bacterial community composition
across reef sites with contrasting environmental conditions
on the GBR. Most studies have only quantified survival of
out-planted Acroporid spp. (van Woesik et al. 2018, 2021,
Howlett et al. 2022) or monitored bacterial communities
of out-planted corals for short periods of time (1-30 days,
Strudwick et al. 2022). Here we show that on the northern
GBR reef environmental conditions, out-plant survival, and
coral-associated bacterial communities all exhibit inter-site
variability. Specifically, A. millepora fragments from known
donor colonies out-planted across three diverse reef sites
exhibited different survival trajectories and different rates
of change of associated bacterial communities to site-spe-
cific compositions. We discuss the variability and potential
interaction of environmental conditions, survival and coral-
associated bacterial communities, and hence the importance
of integrating these factors into future planning, initiation,
and monitoring of active reef management approaches to
optimise success.

Site differences in out-plant survival

Reef rehabilitation practitioners face the challenge of highly
variable survivorship of coral propagules with limited
understanding of which factors primarily influence survival
(e.g. Caribbean, Young et al. 2012; Lirman et al. 2014,
and Great Barrier Reef, Suggett et al. 2020; Howlett et al.
2022). Such a core gap in knowledge represents a funda-
mental road-block to successfully scaling propagation and
out-planting protocols (Ware et al. 2020; Hein et al. 2020;
Bostrom-Einarsson et al. 2020). Differences in the survival
of corals transplanted between environments during manage-
ment interventions potentially stem from factors including
site selection (e.g. prevailing environmental conditions and
corallivore presence) (Pausch et al. 2018; Ware et al. 2020),
coral-associated bacterial community composition (Moriarty
et al. 2020), as well as coral species, coral size and attach-
ment type (Yap 2004; Goergen et al. 2018; Munasik 2020).
In our current study, we standardised coral species and
attachment type, and fragment size to explore the potential
role of coral-associated bacterial communities and environ-
mental conditions between sites. At the start of the experi-
ment (Tp), we observed differences in flow, light attenuation
and temperature across the study sites. Overall coral survival

was generally higher at the site with historically the low-
est recent impact (“Mojo”, Edmondson pers. obs.; see also
Roper et al. 2022) that was initially characterised by higher
flow rates, light attenuation and lower temperatures. Such
factors have previously been described to promote resilience
of corals at other sites (low temperature, Mediterranean—
Rubio-Portillo et al. 2014; high flow, Palmyra Atoll—Rogers
et al. 2016; low temperature and increased light attenua-
tion/heterotrophy, Red Sea—Tremblay et al. 2016; increased
light attenuation/heterotrophy, Caribbean, Indian and Pacific
Ocean—Fox et al. 2018); however, it is unknown if initial
environmental differences between sites were consistent
throughout the experiment. Importantly, out-planting of
Acropora spp. at Rayban has previously yielded 70-100%
survival (mixed species assemblages after 3—7 months,
Suggett et al. 2020; A. gemnifera, A. intermedia, A. spathu-
lata after 11 months; Howlett et al. 2022) in contrast to the
0-35% survival after 12 months observed across plots within
the same site in our current study. Further, similar bacte-
rial community composition and low overall survival were
observed at sites Rayban and Sandbox (0-43%) despite dif-
ferent initial environmental conditions (flow, temperature,
and light attenuation), indicating the need for finer resolu-
tion spatiotemporal monitoring of environmental conditions
and associated bacterial communities within sites as well as
between sites with differential out-plant survival. Resolv-
ing the relationships between environmental conditions and
bacterial community change in out-planted corals, and iden-
tifying differentiating factors between sites with low versus
high out-plant survival will be instrumental in improving
the success of restoration approaches through informed site
selection.

Spatiotemporal dynamics of out-plant bacterial
communities

Environmental heterogeneity is a suggested driver of host-
microbiome composition (Dunphy et al. 2019) with nutrient
gradients (Kelly et al. 2014), temperature variability (Litt-
man et al. 2009; Santos et al. 2014; van Oppen and Black-
all 2019), fish communities, (McDevitt-Irwin et al. 2017),
pH and oxygen variability (Camp et al. 2020; Haydon et al.
2021)—all contributing and sometimes interacting syn-
ergistically towards reshaping coral-associated microbial
communities (Maher et al. 2019). In our current study, we
observed variability in the bacterial community composi-
tion of A. millepora after out-planting at three reef sites.
This is consistent with previous observations for this genus,
where transplanting corals between impacted sites and con-
trol sites (Ziegler et al. 2019), between mangrove and reef
areas (Haydon et al. 2021) and specifically at Opal Reef
previously during propagation and out-planting over 125 and
30 days (respectively) led to bacterial community changes
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(Mabher et al. 2019; Strudwick et al. 2022). Interestingly,
in our study, we observed bacterial community changes in
out-planted coral at different times across sites. Whilst it
remains unknown what specifically influences the rate of
bacterial community change in corals over time, in other
host—microbiome relationships, such as human—gut microbi-
ome, responses to extreme changes in extrinsic factors (e.g.
diet and exposure to foreign substances) can occur within
days, whereas responses to mild changes in extrinsic fac-
tors occur within weeks to months (Uhr et al. 2019; Schlo-
mann and Parthasarathy 2019). In the case of our study, the
rate of bacterial community changes was variable between
reef sites—7 days versus 1.5 months—suggesting the site
where changes occurred more rapidly likely had the most
different environmental conditions compared to the donor
site. Interestingly, in relation to the environmental variables
measured in this study, the site where bacterial communities
changed within 7 days was more dissimilar to the donor site
compared to the site where bacterial communities changed
within 1.5 months. It is important to note there are likely
variations in other environmental conditions (that we did
not measure), such as pH (Zhang et al. 2015), algal exudates
(Smith et al. 2006; Barott et al. 2012) and fish communities
(Ezzat et al. 2019), between the donor and out-plant sites
contributing to the site-specific rate of change and subse-
quent composition of coral-associated bacterial communi-
ties. It is integral to identify these contributing factors so res-
toration practitioners can estimate the likelihood of potential
impacts to coral biology when transplanting coral fragments
between sites with contrasting environmental conditions.

Potential links between microbial communities
and out-plant survival

Associated bacterial communities are well known to play
a role in resilience of the coral holobiont to environmen-
tal change (Reshef et al. 2006; Ainsworth and Gates 2016;
Bourne et al. 2016; Glasl et al. 2016)—and hence the impor-
tance of considering the microbiome in reef management
is integral (e.g. Voolstra et al. 2021). Certain bacteria have
the capacity to play relevant roles in the coral holobiont
functioning—and these may confer resilience, resistance or
susceptibility to specific biotic and abiotic stressors—how-
ever, the mechanisms remain unresolved (Ben-Haim et al.
2003; Alagely et al. 2011; Bourne et al. 2016; Santos et al.
2015; Peixoto et al. 2017; Welsh et al. 2017; Rosado et al.
2019). Some species of Acropora thrive across a range of
environmental conditions including those predicted to exist
under future climate change scenarios found in mangrove
lagoons (Camp et al. 2020) and can persist in these condi-
tions in part due to specific bacterial community composi-
tion and/or changes in relative abundance of bacterial taxa
in response to prevailing environmental conditions (Ziegler
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et al 2017, 2019). During our current study, distinct bac-
terial community restructuring was observed in out-plants
that was consistent with our previous study where out-plants
were monitored for only one month at Rayban (Strudwick
et al. 2022). However, we observed site-specific post-out-
planting microbiome changes accompanied by variable
survival across sites with contrasting site topography and
environmental conditions, suggesting the bacterial com-
munity changes observed were not necessarily a beneficial
response to the novel environmental conditions of the out-
planting site; rather, such changes potentially reflect loss
of microbial taxa providing essential functions or dysbiosis
(microbiome imbalance), thereby contributing to mortality
(Egan and Gardiner 2016). Interestingly, increased hetero-
geneity of bacterial communities—previously suggested to
indicate dysbiosis (Maher et al. 2019)—was paradoxically
recorded at the site with the highest survival, and no signs
of dysbiosis were recorded at the sites with the lowest sur-
vival. We therefore suggest, that observed initial differences
in out-plant bacterial communities across sites may reflect a
response to the novel local-scale environmental conditions
at the out-planting site, with subsequent similarities across
sites (in the bacterial communities) representing a succes-
sive period in which bacterial communities are primarily
shaped by larger-scale environmental conditions across
sites—such as global trends in temperature (Sharp et al.
2017; Cai et al. 2018)—and mortality is driven by other
factors not measured in this study (e.g. corallivore presence)
(Pausch et al. 2018).

Differences in bacterial community composition between
the sites were explained by higher relative abundance of
bacterial taxa (Ruegeria, Lactobacillus, Pseudovibrio and
Erythrobacter) at the site with the highest survival (Mojo);
these taxa have previously been linked to pathogen resistance
(Karthikeyan and Santosh 2008—Lactobacillus; Kitamura
et al. 2021; Miura et al. 2019; Rosado et al. 2019—Ruegeria;
Raina et al. 2016; Pseudovibrio; Pereira et al. 201 7—Eryth-
robacter). However, differences in bacterial taxa between
sites were also explained by higher relative abundance of
Endozoicomonas at the sites with lower survival (Sandbox
and Rayban). Such an outcome is perhaps counter-intuitive
where Endozoicomonas has also been linked to putatively
beneficial functions in coral (Neave et al. 2016; Tandon
et al. 2020) and are usually observed to decrease in abun-
dance during stress (van Oppen and Blackall 2019), and
hence contradictory to the higher mortality rates at these
sites. Changes in the bacterial community structure of out-
plants (at Mojo and Rayban) over time were also explained
by fluctuations in the relative abundance of the core ASV
from the Endozoicomonas genus and were consistent with
previous observations of increased abundance of Endozoi-
comonas in February on the GBR (Epstein et al. 2019). We
suggest similar changes in abundance of Endozoicomonas
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in out-plant bacterial communities across sites could indi-
cate out-plant bacterial communities are not only influenced
by local environmental conditions but also global trends in
temperature and/or other environmental conditions. Puta-
tively pathogenic bacteria were not recorded to proliferate
in coral-associated bacterial communities at sites with lower
out-plant survival. However, sampling dying coral where
pathogens were likely to be present was not possible, as
such we cannot confirm if a driver of out-plant mortality
was microbial disease. Considering bacteria underpin the
health and resilience of reef ecosystems (Reshef et al. 2006;
Rosenberg et al. 2007; Ainsworth and Gates 2016; Bourne
et al. 2016; van Oppen and Blackall 2019; van Oppen and
Blackall 2019) and that bacterial communities associated
with out-plants at sites of high mortality differed from out-
plants at sites with low mortality, our study reinforces the
importance of considering bacterial communities in the suite
of factors influencing survival of out-planted corals. Future
investigations into the role and source of specific bacterial
taxa associated with out-planted corals at sites with high
survival versus low survival will improve understanding of
site selection for increased success.

Importance of integrating microbiome in planning,
initiation and monitoring of future active reef
management

For the first time, we have shown long-term site-specific
changes in coral-associated bacterial communities of out-
planted fragments alongside difterences in out-plant survival
and environmental conditions within a reef. Our findings
suggest that contrasting environmental conditions between
sites of the same reef could have an important role in sur-
vival of out-planted corals and likely influence speed of
change and composition of coral-associated bacterial com-
munities. These findings emphasise that improved under-
standing of the mechanisms through which environmental
conditions impact coral-associated bacterial communities,
and how this in turn effects coral host health, is essential to
guide optimisation of restoration activities through improved
site selection; in particular, in terms of out-planting site rela-
tive to nursery propagation site. Although we did not observe
proliferation of putative pathogens at sites with lower coral
out-plant survival, it is critical to note that increased abun-
dance of microbes with the potential to incite pathogenesis
have been observed at degraded sites (Haas et al. 2016;
Silveira et al. 2017) and depending on the mechanisms of
bacterial community change or the inherent microbiome
variability of the host coral species, corals out-planted at
these sites could remain vulnerable to pathogenesis (Thurber
et al. 2009; Sato et al. 2016; Ziegler et al. 2019; Moriarty
et al. 2020). On the contrary, coral species that have variable
bacterial communities—such as Acropora spp.—may exhibit

higher survival through bacterial community ‘conforming’
to the out-planting environment, compared to coral species
that maintain stable bacterial communities potentially poorly
suited to novel environments (Ziegler et al. 2019). Recent
enthusiasm to use environmental DNA to improve reef
monitoring methods (West et al. 2020; Richards et al. 2022)
and probiotics during reef restoration (Peixoto et al. 2021)
will have limited scope without thorough understanding of
how microbial communities are influencing the health of
rehabilitated reef ecosystems and zow bacterial communities
are influenced by active management processes. Therefore,
it is critical to resolve the mechanisms of bacterial commu-
nity change in out-planted corals, including through experi-
ments involving systematic moderation of environmental
conditions, to (i) clarify their role in out-plant mortality, (ii)
identify whether findings hold across coral species and (iii)
how the responses observed in this study translate across
sites with varying degrees of degradation prior to expansion
of activities into more degraded areas. Our results indicate
that careful selection of appropriate out-planting sites has
the potential to improve success of interventions, but it will
only be possible to inform site selection by first thoroughly
investigating the role of microorganisms in the survival/mor-
tality of out-planted corals.
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tary material available at https://doi.org/10.1007/s00227-023-04235-y.
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