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Abstract

Artificial reefs are used as tools for the restoration of degrading coral reefs by providing new settlement substrates. The initial
recruitment process consists of the formation of microbial biofilms shortly after deployment. The aim of the present study
is to compare biofilm composition and development on artificial substrates at two different coral-reef sites. These locations
differ in their environmental conditions, including their level of anthropogenic impact. Substrate and seawater samples were
collected four times during the first 6 months after deployment, using a new methodology termed ‘tab-by-tab’. DNA was
extracted, sequenced, and sorted for both prokaryotic (16s) and eukaryotic (18s) genes. No difference was found between the
planktonic communities in the water, yet significant differences were observed in the biofilm communities on the structures
at the two sites. Moreover, differences were recorded in coral recruitment rates, which are known to be affected by biofilm
composition. Our findings suggest a potential role of environmental conditions in the early biofilm stages (first few months),
which in turn may impact the succession and development of coral-reef communities and the success of artificial reefs as
restoration tools.
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Introduction

Coral reefs provide vital resources to nearly half a billion
people around the world (Cinner 2014), and have the high-
est economic value (per area unit) among all ecosystems
(Costanza et al. 2014). However, the important ecosystem
services provided by coral reefs are in decline, as they have
been degrading globally over the last few decades (Burke
et al. 2011; Hughes et al. 2017). At the current rate, experts
predict that 86% of the world’s coral reefs will be severely
and irreversibly damaged by 2040 (Heron et al. 2017).
Since conservation efforts alone have been found to be
insufficient in reversing the decline (Death et al. 2012;
Knowlton 2012), there is a growing need for active res-
toration (Rinkevich 2005; Abelson et al. 2016; Anthony
et al. 2017). One commonly used restoration method is the
' School of Zoology, Tel Aviv University, 69978 Tel Aviv, deployment of artificial reefs (Clark and Edwards 1999;
Israel Pickering et al. 1999). Although this method has received
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some criticism over the years (Bohnsack 1989; Pickering
and Whitmarsh 1997; Baine 2001; Abelson 2006), several
studies have demonstrated the positive effect of artificial
reefs that are used mainly for regulating diving and fishing
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pressures (Leeworthy et al. 2006; Polak and Shashar 2012).
Thus, these artificial reefs help to alleviate this situation by
allowing the degraded natural reefs to recover.

Deploying artificial reefs in degraded reef areas helps to
restore the natural reefs by submerging artificial structures
in proximity to them. These complex artificial structures
promote the recruitment of reef organisms (e.g., corals,
fish, sea-urchins) by adding shelter spaces and settlement
substrates. Consequently, this leads to the building of a
healthy reef that can provide a supply of both larvae (by
recruitment) and adult (by migration) reef organisms to the
degraded natural reef.

In many cases, reef degradation is the outcome of direct
anthropogenic stressors, such as over-fishing, pollution, and
recreational activities (Carilli et al. 2009). Thus, any res-
toration attempts will have limited success at best, if the
stressors that cause the degradation are not mitigated (Abel-
son et al. 2016). The effects of anthropogenic stressors on
recruitment are well known (Carilli et al. 2009), but at what
stage of this succession process these effects actually start,
remains unclear and requires further research.

The initial recruitment process to any substrate consists
of the formation of a biofilm composed of diverse micro-
organisms, which can already be found as early as 2 h fol-
lowing submersion of a new substrate (e.g., Janthinobac-
terium sp. and Stenotrophomonas sp.; Siboni et al. 2007,
Crook et al. 2016). These organisms, which are mostly
prokaryotes, adhere to each other and to the substrate to
form a matrix (Bauer et al. 2002). Previous studies have
revealed the influence of the biofilm (by means of physical
and chemical cues), on the recruitment of macro-organisms
in later successional stages of coral reefs (Wieczorek and
Todd 1998; Webster et al. 2004). Most published examples
describe crustose coralline algae (CCA) related biofilms and
have attempted to isolate the biofilm components in order to
determine which ones have an effect on recruitment (Negri
et al. 2001; Siboni et al. 2020). One known example for a
coral settlement chemical is the tetrabromopyrrole (TBP;
Sneed et al. 2014). Another example, for a visual cue, is the
red color (Mason et al. 2011). Additional cue types have
been revealed, such as acoustic cues (Pysanczyn et al. 2023)
and topographic cues (Whalan et al. 2015). Although the
impact of the biofilm community on the characterization of
the reefs is not yet fully understood, it is assumed to play
an important role in that process (Ainsworth et al. 2010). It
is, therefore, necessary to examine if and how the biofilm
community is affected by environmental conditions. This is
the aim of the current study.

Although many studies have examined biofilms on coral-
reef substrates, most of them have only dealt with prokary-
otic organisms. Unfortunately, the presence of eukaryotic
organisms in early biofilm formation has been largely
ignored, despite their potential role in the recruitment of
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macro-organisms in later stages. The current study explores
the early successional stages (during the first 6 months) that
occur on newly introduced artificial substrates deployed
in coral reefs. Specifically, we aim to determine whether
the initial biofilm is affected by environmental conditions
(including anthropogenic stress), particularly community
composition and successional dynamics of both prokaryotic
and eukaryotic organisms.

Materials and methods
Study sites

Two coral-reef sites along the shores of Eilat, Israel, were
chosen for this study: the Dekel beach (N-29°32.387',
E-34°56.784"; Fig. 1) and the IUI (N-29°30.141',
E-34°55.040'; Fig. 1). The Dekel beach is a common tour-
ist beach with a restaurant and a dive center. In addition to
the many swimmers and divers that enter the water, the site
is also located between the port and the naval base, which
makes it a disturbed site (under heavy anthropogenic pres-
sure). The site has a sandy bottom with a few large knoll
reefs and a few old artificial structures. The IUI is a site off
the shore of the Interuniversity Institute for Marine Science.
It has limited access for swimmers and divers, is located just
south of the protected underwater reserve, and is, therefore,
considered to be a conserved site (under low anthropogenic
pressure). The site has a bottom covered in small rocks with
a relatively large continuous patch of reef and a few artificial
structures.

The levels of nitrogen forms that can be considered as
pollutants (ammonia and nitrate) were measured during
the year of the experiment by the national monitoring pro-
gram (NMP 2019), and the findings support the claim that
the Dekel site is more anthropogenically affected than the
IUI site. Since the two sites are not regularly surveyed by
the NMP, the two closest monitored sites were chosen: the
Japanese gardens in the nature reserve near the IUI and the
naval base near the Dekel site, both of which are less than
500 m from the experimental sites (Fig. 1). The NMP takes
water samples once a month. Our data covered the whole
year of the experiment, including three months before and
three months after (September 2017-September 2018), and
were averaged to determine the mean levels of ammonia and
nitrate at both sites.

Experimental design

Most marine biofilm studies use different versions of settle-
ment tiles (e.g., Siboni et al. 2007; Erwin et al. 2008; Sawall
et al. 2012; Sneed et al. 2014). In the present study, we use
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Fig. 1 Satellite photo of the
Gulf of Aqaba, produced by
Google Earth. The IUI and
the Dekel are marked in red.
Mean ammonia and nitrate
levels are in green. The
STDEVs are: Dekel—Ammo-
nia: 35.2 nmol/L, Nitrate:
72.1 nmol/L. IUI—Ammo-
nia: 23.3 nmol/L, Nitrate:
65.9 nmol/L (n=3 for all
measurements)

Underwater, h!.‘!tule Reserve

Underwater vas vatory

a novel method, which we termed ‘tab-by-tab’, and which
has many advantages, as specified below.

At each of the two examined sites, a 20 cm, L-shaped
HDPE pipe (110 mm dia.) was submerged and tied between
a module and a buoy, suspended in the water, at a depth of
5 m (Fig. 2), approximately 3 m from the seabed, in Decem-
ber 2017. The module is a larger structure, comprising three
vertically connected, HDPE pipes (110 mm dia.), 50 cm in
length (Fig. 2). The purpose of the module is to attract both
sessile and motile, reef-related macro-organisms (like fish,
corals, etc.). The L-shaped pipes used for the experiment
were cut around the edges prior to their submersion into
equally sized tabs, still connected to the pipe at one end
(Fig. 2). Each tab constituted a sampling unit, and at each
sampling round, four tabs were sampled to serve as repeti-
tions for statistical purposes. The tabs were of a size that
could fit into the tubes of the DNA extraction kit. During
sampling, the tabs were cut out with a knife while held with
tweezers, and were then transferred directly into a sterile
tube. Following collection, the samples were kept frozen
at — 80 °C until the DNA extraction.

Working underwater while scuba-diving has some
challenges, mainly, time limit and the inability to operate
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electrical tools. The ‘tab-by-tab’ method offers a quick and
simple way to collect substrate samples, while also minimiz-
ing the physical damage to the biofilm by minimizing vibra-
tion, particle fluidization, and physical handling.

In addition to the tabs, water samples from the water col-
umn in vicinity of the structures were also taken. During
each sampling round, two repetitions were collected using
two 0.5, , sterilized plastic bottles. The bottles were then kept
frozen in — 80 °C until they were processed whereupon they
were thawed and filtered through 0.2 pm, sterilized filters.
The filters were then used for DNA extraction. Following
the DNA extraction, all samples were sent for sequencing
of both eukaryotic (18S unit) and prokaryotic (16S unit)
organisms.

Samples were taken four times: 24 h (December 2017),
1 month (January 2018), 4 months (April 2018), and
6 months (June 2018) following deployment. At each sam-
pling time, four replicates of substrate samples and two of
seawater samples were taken from each site. Some replicates
were omitted due to a low number of reads. But all the sam-
ples consisted of at least two replicates.

Eight months after the experiment started (August 2018),
the larger modules were surveyed for newly recruited corals
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Fig. 2 Pictures of the larger
module (a), the pipe design
(b), and how it was secured and
floated underwater (c¢)

(up to 1 cm in dia.) at both sites, using a blue flashlight
during night dives which enabled observation of the coral’s
fluorescence trait. Twelve months after the experiment had
started (December 2018), the modules were surveyed again,
this time for veteran recruits (larger than 1 cm in dia.) at
both sites.

16S and 18S rRNA gene sequencing and analysis

Total genomic DNA was extracted from the samples using
the MoBio PowerSoil DNA isolation kit (MoBio Labora-
tories. Inc., Carlsbad, CA, USA) following the protocol
supplied by the manufacturer. An empty sample was tested
with gel electrophoresis as a control to eliminate the option
of lab-related environmental contaminations. The extracted
DNA was submitted to the DNA Services Facility (DNAS),
at the Research Resources Center, the University of Illinois
at Chicago (UIC), for bacteria and eukaryote small subunit
(16S and 18S, respectively) ribosomal RNA (rRNA) gene
sequencing using the Illumina MiniSeq platform. Prior
to sequencing, two steps of PCR amplification were per-
formed. During the first PCR, fragments of the V4 region
of the bacterial 16S rRNA and V9 region of the eukaryotic
18S rRNA gene were amplified using universal primers,
used by the earth microbiome project (515F/806R for 16S
and Euk1391F/EukBR for 18S; for sequences see section
S6 in the supplemental material), attached with 5’ linker
sequences, CS1, and CS2 (known as common sequence
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1 and 2). An additional PCR reaction was performed for
library preparation (Green et al. 2015).

Raw reads were merged using the software package
PEAR v0.9.10 (Zhang et al. 2014). Low-quality sequences
and chimeras were removed by the software package
Mothur v1.36.1 (Schloss et al. 2009). The quality-controlled
sequences were processed with the Quantitative Insights into
Microbial Ecology (QIIME v1.9.1) package (Caporaso et al.
2010). Briefly, sequence data were clustered into operational
taxonomic units (OTU) at 97% similarity using UCLUST.
Representative sequences from each OTU were extracted
and aligned using PyNAST with a percentage identity
threshold of 90% to the Silva database.

Alpha and beta diversity, including the observed species
index, the community richness (Chaol index), Whole tree
PD index, Shannon’s diversity index, and dominance index
were calculated for all samples (Table S1 in supplemental
material) using Quantitative Insights into Microbial Ecology
(QIIME v1.9.1) package (Caporaso et al. 2010).

The phylogenetic data were used to assess the differences
in relative abundance and diversity indices between the two
sites.

Linear discriminant analysis effect size (LEfSe) analysis
was performed for 16S samples to find biomarkers between
the two sites, using the Galaxy web platform (Afgan et al.
2018) via the website: https://huttenhower.sph.harvard.edu/
galaxy/. Samples were filtered for organisms above a relative
abundance level of 0.1%, LDA was set to 4, and all alpha
values were set to 0.05.
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Statistical analysis

All statistical analyses were performed with R 3.0.3 (R
Development Core Team R 2017) and « was set to 0.05. Per-
mutation MANOVA and ANOSIM tests were performed for
microbial communities testing, Permutation ANOVA tests
were performed for coral recruitment testing, and paired
t-tests were performed for diversity indices testing. All
error-bars in the graphs represent standard errors. P values
of permanova and ANOSIM tests are provided in Table S2
in supplemental material.

All statistical calculations were performed on the OTU
level, yet the figures in the ‘results’ chapter show the phylum
level for easier visualization purposes. For higher resolution
(lower taxonomic level) of prokaryotes and eukaryotes, see
Fig. 5 and Fig. S3 in supplemental material, respectively.

Results
Ammonia and nitrate

Data collected by the national monitoring program [28]
revealed differences in ammonia and nitrate levels between
the two sites (Ammonia (nmol/L): Dekel-171.7, IUI-94.7,
Nitrate (nmol/L): Dekel-477.4, TUI-170.0; Fig. 1).

Microbial diversity

To study the microbial diversity, the 16S and 18S rRNA
gene were sequenced from 48 substrate and water samples
in total. Using a set of bioinformatic filters (as detailed in the
‘Methods’ chapter), we generated a sequence dataset con-
taining high-quality data (3,068,951 and 2,558,683 screened
reads were obtained from 48 samples for 16S and 18S sam-
ples, respectively). Rarefaction curves (Fig. S4 in supple-
mental material) reached saturation at around 20,000 and
6000 reads per sample for the 16S and 18S samples, respec-
tively, indicating that the sequencing depth was roughly
enough to cover the relatively large diversity (Table S1 in
supplemental material).

16S rRNA gene analysis

The microbial communities in the water column from the
Dekel beach site and the IUI site revealed no significant
differences between them, for all four sampling rounds
(Permanova test, see p-values in Table S2 in supplemental
material). In contrast, the substrates did reveal a significant
difference between the two sites, for all sampling rounds
(Permamova test, see p-values in Table S2 in supplemen-
tal material), except for the 24 h sample (Permanova test,
see p-value in Table S2 in supplemental material). The

differences between sampling rounds were also significant
for the two sites, on both the substrate, and in the water (Per-
mamova test, Puecub = 0-001, Pyerwar =0-017, Pii-eup=0.001,
Divi-wat = 0.015). Changes in community composition on
the substrates could be observed even at the phylum level
(Figs. 3 and 4) and on lower taxonomical levels (Fig. 5).
Twenty-four hours post deployment, the two most abundant
phyla at both sites were the Proteobacteria and the Bacteroi-
detes, which comprised more than 60% of the community.
While the abundance of Proteobacteria continued to increase
at both sites (to about 60% after 6 months), the abundance
of Bacteroidetes decreased after 1 month and thereafter
remained relatively stable. Planctomycetes showed a high
relative abundance after 24 h (7-11%), which dropped after
1 month (to 3-4%) and remained relatively stable until the
end of the experiment.

LEfSe results revealed a complex picture as every sam-
pling round revealed different potential biomarkers between
the substrates of the two sites (Fig. 6) when the LDA was
set to 4 (Fig. S5 in supplemental material). For example, on
the one-month sampling round, Cyanobacteria groups were
biomarkers for the Dekel site; while on the six-month sam-
pling round, they were biomarkers for the IUI site, and did
not appear as potential biomarkers on the 4-month sampling
round. The 24-h sampling round and the all the sampling
rounds of the water samples revealed no potential biomark-
ers even when the LDA was set to 2.

The observed OTU numbers and estimated species rich-
ness (by Chaol index) show higher numbers on the sub-
strate, compared to the water (paired z-test, p =0.0004 and
0.0007, respectively; Table S1 in supplemental material).
In addition, both the Shannon's diversity index and the
PD whole tree index give higher scores to the substrate, as
opposed to the Dominance index (paired ¢-test, p <0.0001,
0.0025, and <0.0001, respectively; Table S1 in supplemen-
tal material).

18S rRNA gene analysis

The eukaryotic taxa revealed no meaningful results of eco-
logical functions. Therefore, we focused on specific groups
of ecological interest. The full presentation of the relative
abundance measures can be found in the supplemental mate-
rial (Fig. S3).

All the scores of the examined indices were lower com-
pared to the prokaryotes (paired t-test, p <0.0001 for all)
except for the dominance which was higher in the eukary-
otes (paired ¢-test, p=0.0023; Table S1 in supplemental
material).

In addition, the OTU numbers and Chaol index scores
show opposite trends to those revealed in the prokary-
otes, as the eukaryotes had higher numbers in the water,
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Fig.3 Prokaryotic (16S) community by phyla, on the substrate of the pipes at the two sites, at the different sampling rounds

compared to the substrate (paired #-test, p < 0.0001 for
both; Table S1 in supplemental material).

The diversity indices showed an interesting result as
the phylogenetic index (Whole tree) had no significant
differences in scores between the water and substrate
samples (paired -test, p =0.472), while the species index
(Shannon’s) revealed higher scores in the water samples
(paired ¢-test, p=0.0176; Table S1 in s supplemental
material).

The Dominance levels on the substrate showed a
decrease with time. In the water samples, their levels
increased significantly at the 6-month sampling round,
and their scores were higher than those of the substrate
samples (paired t-test, p=0.0215; Table S1 in supple-
mental material).

The groups of interest that were chosen were the ones
best reflecting reef health: subclasses Hexacorallia, Octo-
corallia, and Corallinophycidae (corals and coralline
algae). The presented data are from the latest sampling
round (after 6 months) when the communities were more
stabilized. The IUI had higher average relative abundance
of stony corals (Hexacorallia; 0.04% vs. 0%), soft corals
(Octocorallia; 0.03% vs. 0%), and coralline algae (Coral-
linophycidae; 2.74% vs. 1.80%) compared to the Dekel.
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Coral recruitment

Newly settled and veteran coral recruits surveyed on the
modules during August 2018 and December 2018 showed
significant differences between the IUI site and the Dekel
sites (permutation ANOVA tests, p <0.0001 in both cases),
with roughly three times more coral recruits at the IUI
(Fig. 7).

Discussion

The present study demonstrates that microbial community
structure of biofilms on coral reefs may play an important
role in dictating the reef’s community structure of corals and
other sessile organisms. Different communities were formed
on the substrates despite similar microbial communities in
the water column of the two sites. This may indicate a poten-
tial role of different, site-specific, environmental conditions
in determining the biofilm composition, leading to different
paths of community development. In this way, site-specific,
environmental conditions could determine biofilm compo-
sition, and consequently, could possibly play a role in the
future development of the reef community.
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Fig.4 nMDS plots, plotting dissimilarity (Bray—Curtis) matrices of the replicates in both sites, in each of sampling times, for the prokaryotic

organisms

Prokaryotic community

Our findings revealed that the planktonic prokaryotic com-
munities at the two sites were similar throughout the sam-
pling period, and so were the substrates in the 24-h sampling
round of the study. We suggest that this can be explained
by similar development in the initial colonizing stages. In
contrast, a month after deployment, prokaryotic biofilm
communities began to display significant differences. We
speculate that this is the result of similar microbial commu-
nities in the water column at the different sites; subsequently,
the divergence in the development of the communities is
due to the different local environmental conditions. In other
words, since this is essentially the same water mass, similar
planktonic communities have dictated similar biofilm com-
munities at the initial succession stages. Then, the different
environmental conditions have dictated different biofilm
community compositions by favoring some species over
others.

Distinct biofilm communities are known to play a role in
inducing different coral-reef assemblages (Ainsworth et al.

2010). Previous studies have revealed differences between
biofilm communities at different sites which have been sub-
jected to varying levels of anthropogenic stress (Kriwy and
Uthicke 2011; Webster and Negri 2006; Kegler et al. 2017).
Furthermore, differences have been described between the
biofilm community and its surrounding bacterial commu-
nity in the water column (Sweet et al. 2011). The findings
of our study present similar results to those of Roik et al.
(2016) and Ziegler et al. (2016) performed in the Red Sea,
demonstrating the potential effect of anthropogenic stress on
creating different biofilm communities. Our study provides
further support to the notion that site-specific environmen-
tal conditions can determine the biofilm composition on
coral-reef substrates regardless of the microbial community
composition in the water column. Previous studies (e.g.,
Kriwy and Uthicke 2011) demonstrated how a change in
water quality, following environmental conditions may lead
to a change in the planktonic communities which, in turn,
affect the biofilm community. Our study results reveal that
the supply of key-species larvae to given reef sites may be
insufficient to explain the difference between communities,
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Fig.5 Heatmap of Prokaryotic (16S gene) relative abundance at the
different sites and sampling rounds, on a genus level (when possible),
after filtration of samples with under 1% relative abundance. The
names of the samples are mentioned at the bottom and describe the

as it is also heavily affected by the site-specific environ-
mental conditions. That is, the trajectories of coral-reef
communities are influenced by environmental conditions in
more than one way and they start from the earliest stages of
succession, during the biofilm formation. This conclusion
matches those of previous studies that revealed the bacterial
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sample. The first part of the name represents the site (Dekel/IUI), the
second part represents the source of the sample (Seawater/Substrate
of the structure), and the third part represents the sampling round
time (24 h/1 month/4 months/6 months)

changes in response to environmental conditions (e.g., Glasl
et al. 2019; Sawall et al. 2012; Witt et al. 2011, 2012), and
even points out the influence on succession trajectories (e.g.,
Remple et al. 2021).

LEfSe results revealed different potential biomarkers at
different sampling rounds which may point at changes in
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Fig.6 Cladograms presenting the potential biomarkers found by LefSe analysis 1 month (a), 4 months (b), and 6 months (c) after deployment.
The prefix indicates the taxonomic level (e.g., phylum, class, order, family, genus)

dynamics in developing microbial communities. Seasonal-
ity may be an additional factor that accounts for some of the
changes as shown before (e.g., Glasl et al. 2020). Seasonal
variables such as light penetration and nutrient levels may,
in general, create favorable conditions for cyanobacteria and
photosynthetic organisms during the winter months in the
Dekel site, and during the summer months in the IUI site.
Previous studies showed that the abundance of these pho-
tosynthetic organisms increases throughout the winter and
peaks at the beginning of spring (March), and then decreases
throughout the summer, until the next winter (Labiosa et al.
2003; Raitsos et al. 2013).

Other groups that revealed an interesting result were:
(1) the Planctomycetes, that was revealed as a phylum that
might play a role as early colonizers. (2) The SAR11 clade,

which is a known, highly abundant, planktonic order (Morris
et al. 2002) that appeared on the substrates. To the best of
our knowledge, this is the first record describing this clade
as part of a marine biofilm. (3) The hydrocarbon degraders
(Cellvibrionalles) and the nitrogen fixers (Rhizobiales) were
found as potential biomarkers for the IUI site and for the
Dekel site, respectively, during the spring sampling.

Eukaryotic community

While Shannon’s diversity index yielded higher scores for
the water samples, the PD whole tree did not. Therefore,
although species diversity was higher in the water, no dif-
ference was observed regarding phylogenetic diversity. One
explanation for this could be periodical events of temporal
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Fig.7 Coral recruits (left), and adult coral colonies (right), on the
modules, at the Dekel and the IUI sites, 2 and 6 months after the
experiment ended (respectively)

occurrence, such as gamete releasing or larvae hatching by
a group of phylogenetically related organisms (e.g., corals,
sponges, etc.). The dominance index levels on the substrate
decreased with time which may point to a stabilization pro-
cess of the community.

The IUI had higher abundance of stony corals, soft cor-
als and coralline algae, all of which are indicators of a
healthy, functioning reef (Littler and Littler 2007). While
this notion can be rather intuitive for corals, coralline algae
also play a major role in coral-reef ecology and its resilience,
as described by Littler and Littler (2013): “As an indicator
group they are functionally resilient and able to expedite
the recovery and restoration of coral-reef systems relatively
quickly since some thin forms of crustose coralline algae
accelerate colonization and chemically attract and facilitate
the survival of coral larvae.” The differences in abundance
of these groups could be derived from varying sets of envi-
ronmental conditions and if so, may reveal their impact on
the early stages of succession.

Differences between prokaryotes and eukaryotes

Examining the number of OTUs found in the different sam-
ples (Table S1 in supplemental material) reveals some inter-
esting points. All prokaryotic sequences showed an increase
in numbers between December and January, and then a
decline from January to June, signifying a peak in species
richness during winter. In the eukaryotes, the water samples
revealed a similar trend, while the substrate samples demon-
strated different trends. This may indicate that there were no
seasonal influences at the sites on the biofilm as compared
to plankton. For the prokaryotes, there were more OTUs on
the substrate at both sites, as opposed to the eukaryotes, for
which there were more OTUs in the water. This interesting
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observation indicates that, in prokaryotes, less common and
possibly seasonal or transient OTUs settled on the substrates,
while in eukaryotes, more common OTUs settled there. This
hypothesis is further supported by the richness and diversity
indices (Chaol and Shannon’s) and the dominance index
(Table S1 in supplemental material). Thus, higher diversity
and lower dominance levels can be found on the substrates
(compared to in the water) in prokaryotes, and the exact
opposite is true in eukaryotes (Table S1 in supplemental
material).

Differences between the sites

The Dekel and the IUI sites are approximately 4.7 km apart,
yet their reefs are exposed to very different environmental
conditions, including higher anthropogenic activities at the
Dekel site. Local anthropogenic stressors are well-known
as coral recruitment-inhibiting factors in coral reefs (e.g.,
Abelson et al. 2016; Richmond et al. 2018). The Dekel site is
located at a tourist beach, relatively close to the city of Eilat
as well as the port and the naval base, while the IUI site is
more remote and protected.

The current study revealed that both sites of Eilat reefs
featured the same, seasonally related microbial community
changes in the water, whereas different communities have
developed on the substrates. These findings are in accord-
ance with an earlier study, which describes a unique biofilm
which developed independently of the surrounding plank-
tonic community in other marine environments (Zhang
et al. 2019). Although our study did not show any direct
cause—effect associations to explain the differences between
sites, it is suggested that environmental conditions (includ-
ing anthropogenic stressors) may also affect the biofilm
community development. The community on the substrates
changed with time, probably representing the successional
dynamics, along with seasonal changes. From a broader per-
spective, this succession is followed by macro-organisms,
which eventually determine the reef’s characteristics. Trac-
ing back to early succession stages may help us to detect the
origins of coral-reef recruitment challenges.

Coral recruitment

As the main building organisms of the reef framework, cor-
als and their recruitment are crucial and reliable measures
for reef health and resilience (Yanovski and Abelson 2019).
Our study results suggest different recruitment patterns at
the two sites examined. We observed approximately three
times higher recruitment rates and nearly twice the rates of
adult corals on the structures at the IUI site, compared to
the Dekel site.

The relationships between biofilm communities and
coral recruitment may play an important role in coral-reef
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restoration efforts (Van Oppen et al. 2017). Previous stud-
ies showed connections between biofilm and macro-organ-
ism recruitment induced by physical and chemical cues
(Wieczorek and Todd 1998). However, the exact relation-
ships between the different biofilm communities and coral
recruitment in our study sites are not fully understood, and
remain to be determined.

Nevertheless, our results show that the abundance of
the microbial families Halieaceae, Flavobacteriaceae, and
Phormidiaceae, which were detected as biomarkers, are
significantly higher on the substrates of the IUI, during
the 4-month and 6-month sampling rounds. We suggest
these families as potential taxa that can induce coral lar-
val settlement. The first two were shown to be positively
correlated with healthy coral abundance: the Halieaceae
is a known coastal water family (Spring et al. 2015) that
was revealed before as abundant in healthy parts of a dis-
eased reef (Rosales et al. 2020). Some members of the
Flavobacteriaceae can be found in at least 23 different
coral taxa and were found to create antimicrobial com-
pounds that inhibit the effects of known pathogenic species
(Delgadillo-Ordofiez et al. 2022). The case for the Phor-
midiaceae is less clear as it is a cyanobacterial family, and
it has no mentions in the literature in the context of corals
and coral settlement.

Understanding these connections may contribute to the
design of sound restoration plans. For example, adding a
pre-submersion, conditioning stage for artificial reefs may
help to attract a “preferred biofilm community” to create
favorable conditions for the recruitment of reef organisms.
Such a process may also facilitate the selection of ideal loca-
tions for artificial reefs based on local biofilm types.

A deeper understanding of biofilm recruitment and suc-
cession in coral reefs is crucial for future restoration efforts.
The current study emphasizes the need to further study
the effects of environmental conditions and anthropogenic
stressors on coral reefs at the microbial level. This knowl-
edge would provide us with a better grasp of the stressors’
effects, and would help to formulate new directions for miti-
gation and restoration efforts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-024-04400-x.
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