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Abstract

Coral reef degradation has accelerated the development of active restoration approaches,
including the use of mid-water coral nurseries (Floating Reef Devices; FRDs) designed to
enhance coral growth and survival. Although primarily used for coral propagation, the
broader ecological roles of FRDs remain poorly understood. We assess the biodiversity and
ecological structure of a long-term FRD deployed in the Gulf of Eilat over two decades as an
active coral nursery. We surveyed naturally recruited sessile organisms and associated fish
communities, quantifying taxonomic breadth and distinctness (A+), functional diversity,
and trophic structure. The FRD supported a diverse community spanning eight phyla
and 128 genera, with high taxonomic distinctness and wide functional trait representation
across multiple trophic levels. Despite lower genus richness compared to natural habitats,
coral and fish assemblages exhibited taxonomic and functional patterns that fell within the
range observed for the adjacent natural reef. Functional analyses showed that the FRD’s
coral assemblage occupied nearly the full regional trait space, while fish biomass was
dominated by planktivores and secondary consumers, indicating a differently structured
trophic organization. These findings demonstrate that long-term floating nursery systems
can develop into structurally complex, multi-trophic communities, providing ecological
and conservation values and ecosystem services beyond their original restoration role.
These findings provide an ecological foundation for future studies of floating restoration
systems and their associated ecological roles, while also informing their design, implemen-
tation, and evaluation as practical tools for enhancing ecosystem recovery and associated
ecological functions.

Keywords: biodiversity; coral nurseries; coral reef restoration; functional diversity; ecosystem
engineering; trophic relationships

1. Introduction

Coral reefs are highly biodiverse and functionally complex marine ecosystems sup-
porting a wide range of ecological processes and ecosystem services, yet they are declining
rapidly due to climate change, ocean acidification, overfishing, and local anthropogenic
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stressors [1,2]. Where natural recovery is insufficient, active reef restoration has become
an essential tool to recover the functionality of the habitat, with coral gardening emerging
as one of the most widely adopted approaches globally [3]. This two-step intervention
involves creating coral stocks through sexual or asexual propagation in mid-water floating
nurseries, followed by their transplantation onto degraded reef areas [4,5]. These nurseries,
typically floating or suspended structures, are designed to optimize coral growth and sur-
vival by enhancing water flow to better intercept particles by suspension-feeding organisms,
and reducing sedimentation, as impacts of coralivorous taxa [6-9]. When left to mature
rather than totally harvested, these structures are progressively populated by naturally
recruited sessile and mobile organisms in addition to the transplanted corals, evolving into
what we have termed Floating Reef Devices (FRDs), mid-water oases in oligotrophic open
water, sustained primarily by the photosynthetic activity of their symbiotic-mixotrophic
coral communities [10].

Despite this potential, the ecological roles of FRDs in supporting biodiversity and
ecosystem functioning remain poorly understood. Most studies have focused on coral
physiological performance (growth and survivorship) and transplantation success, while
the few ecological investigations have mainly described colonization patterns and benthic
succession [11,12]. Consequently, it is still unknown whether long-term FRDs develop into
ecologically integrated ecosystems rather than simply assemblages associated with coral
propagation structures. In particular, it remains unclear whether long-term nursery systems
attain the taxonomic, functional, and trophic complexity comparable to that of natural
reef communities. Building on this conceptual framework, we propose that mid-water
floating artificial structures, including coral nurseries and other aquaculture installations,
may, when associated with habitat-forming species and allowed to mature, evolve into
FRDs that provide ecological services beyond their intended purpose. Previous work has
qualitatively and conceptually proposed that such structures may evolve into floating
reef ecosystems over time, beyond their primary goal of producing coral biomass for
restoration [10,11]. Yet, this concept has not been rigorously tested using quantitative, multi-
dimensional biodiversity frameworks. Understanding whether and how these systems
support ecological complexity is critical for evaluating their role in conservation, restoration,
and emerging nature-based solutions. To evaluate this conceptual framework, we tested
the hypothesis that a mature FRD exhibits the characteristics of an ecologically integrated
ecosystem. Specifically, we predicted that its taxonomic, functional, and trophic structure
would resemble that of the adjacent natural reef community.

In this study, we use a long-term FRD deployed in the Gulf of Eilat as a case study
to assess the biodiversity, taxonomic structure, and functional structure. The studied
structure, originally a fish cage in an offshore aquaculture facility, was deployed in 2008 to
function as a mid-water coral nursery for restoration studies. Using taxonomic distinctness
metrics, functional trait analyses, and trophic characterization across large sessile and
mobile fauna, we evaluate whether the FRD supports a structured ecosystem rather than a
simple species aggregation. Furthermore, we compare the FRD community with that of
the adjacent natural reef to place its ecological properties within a regional context. If such
structures consistently support high taxonomic, functional, and trophic complexity, they
should be viewed not only as restoration tools but also as ecological systems in their own
right. Here we thus introduce the concept of a “biodiversity hub”, defined as a compact,
human-made structure that supports a wide range of ecological functions and services
through the development of high biodiversity and functional complexity. This provides a
conceptual framework for highlighting how engineered marine systems contribute not only
to restoration activities but also to broader conservation and ecosystem service objectives.
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2. Materials and Methods
2.1. Floating Reef Device Description

The FRD is located at the northern tip of the Gulf of Eilat (Red Sea; 29°32/24.02" N,
34°58'28.77 E, Figure 1a), north of the coral reef and the marine protected area, on a sandy
bottom. It consists of a circular floating platform constructed from two PVC tubes (25 cm
diameter each; hereafter referred to as the “frame”; Figure 1), with a total diameter of
10 m. A peripheral railing is attached to the frame at 32 evenly spaced connection points.
Approximately 25% of the platform area is covered with nylon mesh, while the remaining
area is spanned by tension ropes arranged radially in a spider-web-like configuration. Coral
colonies are grown on trays that are attached to the rope network. Since its deployment in
2008, the FRD has served as an experimental coral nursery, with coral colonies periodically
added and harvested for restoration and research purposes. Consequently, the number
of trays, as well as the size, abundance, and species composition of cultivated corals, has
varied over time depending on the objectives of individual experiments.

The system’s sinker is deployed at a seabed depth of ~21-22 m (depending on tides),
and the platform is maintained at a depth of ~11 m below the sea surface. The FRD is
anchored using a system composed of a ~1-ton concrete sinker, a 1-ton depth-adjusted metal
chain and an additional anchor located at some distance from the FRD. Sixteen vertical
nylon ropes connect the frame to the chain, while 8 additional ropes extend diagonally
from the frame towards the FRD center, converging ~6 m below the center of the platform
into a bundled connection attached to the concrete sinker. Buoyancy is provided by 125 air-
filled plastic jerrycans (25 L each), distributed both above and below the frame. Over
the years, the FRD underwent periodic maintenance, including replacement of buoyancy
elements and buoyancy adjustments, ensuring that the structure remained at its intended
operating depth.

2.2. Surveys of the FRD

Sessile organisms that naturally recruited to the FRD were surveyed between May and
July 2024 using SCUBA across the entire frame, railing, and concrete sinker (100% coverage
of these components). Along the rope network and netted bottom section, surveys were
conducted using an alternating pattern, with every second rope selected to ensure even
representation across all sides and depths of the structure, covering approximately half
of the total rope length. Complete coverage of the rope network was not feasible due to
time constraints and the structural complexity of the FRD’s three-dimensional structure.
Across all structural components, this protocol covered an estimated 80% of the FRD’s
total surveyable substrate. Surveys were carried out via visual census, with observations
recorded on underwater slates, and supplemented by underwater photography and video
(Canon X7 camera equipped with underwater housing). When species could not be reliably
identified in the field, recorded images were used for subsequent identification. Organisms
were identified to species level based on morphological traits when possible, and to genus
level when species-level identification was inconclusive. Colony size was measured directly
using a ruler attached to the writing slate or estimated from imagery when scale was known
(e.g., corals growing on ropes of known diameter). The minimum detectable colony size
was 1 cm. Only naturally recruited sessile animals were documented, while transplanted
or experimentally introduced organisms were excluded from the survey. Fish communities
were surveyed independently from the sessile community using methods appropriate for
mobile fauna and were therefore conducted during a separate field campaign. In addition,
logistical constraints prevented both surveys from being conducted concurrently. The fish
community associated with the FRD was surveyed in March 2024 by a single full visual
census conducted by three experienced SCUBA divers. To ensure standardized spatial
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coverage and minimize observer overlap, the FRD was divided into three non-overlapping
sectors of approximately equal area, with each diver assigned one sector prior to the
survey. The census followed a standardized two-step roving visual protocol. First, divers
began ~5 m outside the external frame of their assigned FRD section, at the surface, and
slowly descended toward the seabed while recording transient fish observed in the water
column surrounding the structure, before disturbance by divers. This initial descent lasted
approximately 2 min per section and was designed to record species moving around the
FRD before they were disturbed by divers. Divers then ascended to the floating level
of the FRD and systematically surveyed their assigned section, focusing on benthic and
coral-associated species occurring on, within, or immediately adjacent to the coral units
and artificial framework. Fish were identified at the species level when possible or to the
genus level otherwise. To reduce observer bias and avoid double counting, divers surveyed
only their assigned sector, followed identical search procedures, and reconciled uncertain
identifications immediately after the dive.

Additional taxa were recorded outside the standardized survey protocol to comple-
ment the FRD’s community inventory. Cryptic organisms associated with coral colonies
(e.g., taxa living within branches or on colony surfaces) were documented opportunistically
during surveys and recorded as present without abundance estimates. Large mobile fauna
that were foraging or resting in the FRD (e.g., rays, turtles, and transient predatory fishes)
were also recorded during repeated visits to the FRD prior to the formal survey period.
These records were integrated into the overall species list, while quantitative estimates (e.g.,
abundance and biomass) were restricted to taxa surveyed under standardized protocols.

2.3. Analyses

Each identified genus or species was assigned attributes across six categories. First,
taxonomic classification was recorded at five hierarchical levels (phylum, class, order,
family, and genus; Supplementary Table S1). Second, the trophic strategy was categorized
by primary mode of energy acquisition (e.g., filter feeder, herbivores, carnivores). Third,
trophic position was assigned according to placement within the food web to facilitate
visualization of food-web structure, from primary producers to tertiary consumers. Fourth,
a numeric trophic level was defined to provide a continuous estimate of each taxon’s
trophic position within the food web. Zooxanthellate corals were classified as mixotrophic
(trophic level 1.5), reflecting their dual role as both primary producers and consumers.
Fifth, functional role describes each organism’s relationship to habitat structure and is
independent of trophic position (e.g., benthic, engineer, reef associate, Transient). Sixth,
coral taxa were further characterized by functional traits, including colony morphology,
polyp size, coloniality, and reef-building capacity. Taxonomic data were retrieved from
WOoRMS (www.marinespecies.org); coral functional traits from the Coral Trait Database
(https:/ /www.coraltraits.org); and fish trophic data from FishBase (https://www.fishbase.
se, accessed on 12 July 2026; Supplementary Table S52).

All analyses were performed in R software (version: 2023.12.1) [13]. Taxonomic
richness was quantified across all five hierarchical levels for the full assemblages and
separately for sessile and mobile animals. Estimated species richness was calculated by
summing the estimated number of species within each documented genus. The total
number of genera (genus richness) was independently calculated as the total number
of genera recorded, reflecting the conservative nature of genus-level identification since
several taxa could not be reliably identified to species level from underwater observations.
Evolutionary breadth of the community was assessed using average taxonomic distinctness
(A+), calculated for the full assemblage and separately for sessile and mobile fauna [14,15].
Delta+ (A+) measures the mean taxonomic path length between all possible pairs of taxa,
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calculated across the taxonomic five-level hierarchy. Under this hierarchy, the theoretical
maximum value is 100, which corresponds to a community in which every pair of taxa
belongs to a different phylum. A+ calculations were performed using the taxondive()
function in the vegan package [16] based on a presence-only community matrix and a
taxonomic distance matrix generated with taxa2dist(). Genera lacking complete taxonomic
information were excluded from the Delta+ calculation.

Gulf of
Aqaba / Eilat

(b) Connectingropes —1
PVCtubes— -
S N
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Jerricans
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point—_ NV S| N = ~
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Figure 1. Study location and the Eilat’s Floating Reef Device. (a) Location of the study site in the
northern Gulf of Aqaba/Eilat, Red Sea. The red star indicates the location of the FRD. The green
shaded areas represent shallow coral reef habitat extending from approximately 1 to 50 m depth. The
inset shows the location of the study area within the northern Red Sea. (b) Schematic illustration of
the FRD deployed in the Gulf of Eilat. The system consists of a circular floating frame made of two
PVC tubes, supported by distributed buoyancy elements (jerrycans) and stabilized by vertical nylon
ropes. A peripheral railing and mesh-covered sections provide structural support and substrate for
coral cultivation. The structure is suspended in the mid-water column and anchored to the seabed
by a chain connected to a concrete sinker. The radial rope configuration creates a three-dimensional
framework used for coral growth and habitat formation. (c) A photo of the FRD from a distance (with
associated school of fish; photographed by and copyrights: Gil Koplovitz).
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To compare the FRD coral assemblage with the adjacent natural reef (3-8 km;
Figure 1a), we compared A+ and variation in taxonomic distinctness (A+) against data from
the National Monitoring Program (NMP) at the reef of Eilat in 2024 [17]. The NMP surveys
the reef annually over several weeks during the summer at three sites across a depth range
of 1-20 m, using 10-25 transects (10 m each) for each site-depth combination. Comparisons
were conducted for all corals combined, as well as separately for Hexacorallia, Octocorallia,
and fish. A shared taxonomic reference pool was constructed from the combined list of
genera recorded at either site. Both A+ and A+ were calculated from a taxonomic distance
matrix derived from this shared pool, to ensure that values are directly comparable between
sites [14,15,18]. A+ deviations from random expectation from each site were assessed using
a null model with 1000 random subsets for k genera from the shared pool across a range of
richness values, generating 95% simulation envelopes [18], against which both FRD and
NMP assemblages were compared.

Functional richness of the FRD naturally recruited community was quantified based
on the trait framework described above (Supplementary Table S2) using convex hull area
in trait space. Pairwise functional distances among genera were calculated using Gower’s
distance coefficient [19], which accommodates mixed variable types, implemented with
the gowdis() function in the FD package [20]. Mode of life (sessile/ mobile) was excluded
from the distance matrix because it represents a broad biological classification rather than
a functional trait and would artificially compress trait space, and thus retained only for
visualization. Principal coordinates analysis (PCoA) was then applied to the resulting
distance matrix using the pcoa() function in the ape package [21], and functional richness
was estimated as the convex hull area in the first two PCoA axes [22-24]. Convex hull areas
were computed separately for the full assemblage, for sessile fauna, and for mobile fauna
using the polyarea() function.

To compare functional diversity of the coral assemblage between the FRD and the NMP
reef, mean pairwise functional dissimilarity was quantified using Rao’s quadratic entropy
(RaoQ) [24,25], which integrates both taxon identity and trait differences, reflecting the
average functional distance among taxa within an assemblage. Because genus-level abun-
dance could not be normalized for direct comparison between the FRD and the surveyed
NMP, abundance data were excluded from this analysis. RaoQ was therefore calculated
from presence-only genus lists, with all genera weighted equally. Four coral-specific traits
were used: colony morphology (categorical), polyp size (ordinal), coloniality (categorical),
and reef-building status (binary; Supplementary Table S52). RaoQ was calculated for the
FRD coral assemblage, the NMP reef assemblage and the combined pool. Functional space
overlap was visualized using PCoA on the coral Gower distance matrix with convex hull
areas computed for each site and for the combined pool.

The size structure of the scleractinian coral community in the FRD was characterized
from colony diameter measurements grouped into five size classes (0-5 cm, 5-10 cm,
10-20 cm, 20-50 cm, and >50 cm). The analysis was restricted to Scleractinia to enable
comparison with NMP coral monitoring data [17]. Genus-level diversity was quantified
using the Shannon diversity index (H’) and the Simpson index (1-D), calculated from colony
counts per genus for the full census and separately per size class. Effective number of
genera (eH’) was calculated as an intuitive diversity metric [26]. Shannon diversity, Simpson
diversity, and effective genus richness were reported for the Scleractinia census, all Cnidaria
(including Hexacorallia, Octocorallia, and Millepora), and for the full sessile community.

Fish biomass was estimated using standard length-weight relationships. Due to data
limitations for some species, we binned the documented fish into 25 species. For each
species, total biomass was calculated as estimated individual weight (g) multiplied by
extrapolated abundance (individuals m~3 x module volume). Total biomass was summed
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by functional role and trophic strategy, and each category contribution was expressed as a
percentage of total fish community biomass.

3. Results
3.1. Richness
3.1.1. Total Richness in the Floating Reef Device (FRD)

The FRD community exhibited a broad taxonomic range of easily inspected macro-
organisms (Figures 1c and 2), comprising an estimated 164 species across 128 genera,
78 families, 44 orders, and 15 classes, representing 8 phyla (Supplementary Table S3).
The sessile assemblage included an estimated 94 species from 68 genera across 6 phyla,
including Cnidaria, Porifera, Bryozoa, Chrodata, Mollusca, and Annelida, while the mobile
community comprised an estimated 70 species from 60 genera across 4 phyla, including
Chordata, Echinodermata, Mollusca, and Arthropoda (Figures 2 and 3a).

3.1.2. Taxonomic Distinctness

Average taxonomic distinctness (A*) for the full assemblage of 128 genera was 86.7,
indicating that the community spans a wide evolutionary breadth relative to the theoretical
maximum of 100. When examined by mode of life, sessile fauna showed A* =75.2 and
mobile fauna A* = 73.8, both reflecting high taxonomic breadth within each mode of life
(Figure 3b).

Comparison of the FRD coral assemblage (all anthozoans and the hydrozoan genus
Millepora) with the adjacent natural shallow reef monitored by the NMP revealed that a
combined pool of 63 genera, out of which 52 genera were documented in the NMP and
42 in the FRD, represented 80.8% of the NMP genus richness. Of these, 31 genera were
shared between NMP and FRD, while 21 were documented only in the NMP and 12 only
in the FRD. Despite this difference in richness between sites, A* and A* values were of
similar magnitude (FRD: A* = 49.3, A* = 404; NMP reef: A* =54.5, A* = 491), with both
assemblages falling within the 95% null model envelope (Figure 4a). At the coral class
level, the FRD Hexacorallia had a A* of 65.6 compared with 62.9 for NMP (FRD: A* =154,
n = 37; NMP: A* =112, n = 40), with both falling within the 95% null model envelope. For
Octocorallia, A* values were 77.8 for the FRD and 77.0 for the NMP despite a difference in
genus richness (FRD: 4 genera; NMP: 11 genera), with both assemblages remaining within
the 95% null model envelope (Supplementary Figure S1). In the fish community (phylum
Chordata, subphylum Vertebrata), the FRD harbored 45 genera out of the 78 in the shared
pool, representing 66.2% of the NMP reef’s generic richness (68 genera). Despite this lower
richness, the FRD fish assemblage had average taxonomic distinctness A+ 79.3 compared
with 73.2 for the NMP (A* = 315; NMP: A* = 205, respectively), with the FRD value lying
within but near the upper limit of the null model simulation envelope (Figure 4b).

3.2. Functionality

The FRD community spanned a broad functional spectrum across all four trait di-
mensions (Supplementary Table S1). Trophic strategy and trophic position ranged from
mixotrophic primary producers and consumers (corals with zooxanthellae or the bivalve
Tridacna sp.) to obligate carnivores, spanning primary to quaternary predators (as barracu-
das; Sphyraena genie), covering a continuous numeric trophic level of 1.5 to 4.6 (Figure 2). In
total, seven trophic strategies and six functional roles were identified among 127 genera,
with the sessile component dominated by engineering species and mixotrophic primary
producers and consumers (n = 63) and the mobile component by reef associates (n = 39
genera) and secondary consumers (Supplementary Figure S2; Figure 5a).
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Figure 2. Representative organisms associated with the FRD. (a) Caranx sp. (Traveli) in the open space
below the FRD platform; (b) Aetobatus narinari (Eagle ray) travelling below the FRD; (c) Antennarius
commersoni (Frog fish; AC) and Dipsastraea lacuna (DL); (d) Eretmochelys imbricata (Hawksbill sea turtle;
Al) visiting the FRD for food and rest; (e) three common residing macro-invertebrates: Antipatharia sp.
(Black coral; AS), the sponges Callyspongia sp. (CS), Crella cyathophora (CC) and the colonial ascidian
Eusynstyela latericius (EL); (f) Ophinocoma sp. (Brittle star; OS) and an unidentified decapod crab (UD)
on the soft coral Dendronephthya sp.; (g) the reef building coral Stylopohra pistillata (ST), the encrusting
soft coral Rhytisma fulvim (RF), the reef accosiates Pseudanthias squamipinnis (PS) and Pterois miles
(PM); (h) naturally recruited Platygyra sp. (PLS) and Porites sp.

Functional trait space, derived from a PCoA based on Gower distance across 127 gen-
era, showed that the first two PCoA axes explained 60.7% and 15.7% of the total variance
(Figure 5b). The total convex hull area representing the full FRD functional space was 0.443.
The sessile fauna occupied 11.1% of the total space, while the mobile fauna occupied 39.4%,
indicating that mobile taxa contribute disproportionately to functional diversity compared
to sessile taxa despite representing lower genus richness (Figure 5). Within functional role
groups, dwelling taxa (n = 13 genera) and reef associates (n = 39 genera) occupied the
broadest functional area (convex hull areas = 0.086 and 0.073, respectively), while transient
and ecosystem engineer taxa were more functionally restricted.
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Figure 3. Taxonomic breadth and evolutionary distinctness of the FRD community. (a) Number of
genera per phylum for sessile (teal) and mobile (orange) fauna. (b) Average taxonomic distinctness
(A™") for the full assemblage and separately for sessile and mobile components (mode of life). The
dashed line marks the theoretical maximum (A* = 100), corresponding to a community in which
every pair of taxa belongs to different phyla.
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Figure 4. Average taxonomic distinctness (A*) of the coral (a) and fish (b) assemblages at the FRD
and the adjacent NMP of the natural reef, plotted against a 95% null model simulation envelope (grey
shading) generated from 1000 random draws from the respective shared taxonomic pools. The solid
line represents the mean expected A* for a random assemblage of k genera. Points falling within
the envelope are consistent with random assembly from the shared regional pool; points above the
envelope indicate higher-than-expected taxonomic breadth. Teal = FRD; orange = NMP reef.
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Figure 5. (a) Functional niche occupancy of the FRD community across trophic strategies and numeric
trophic levels. Each point represents a unique combination of trophic strategy, numeric trophic level,
and functional role. Point size scales with the number of genera. Shape indicates mode of life
(circles = sessile; triangles = mobile) and color indicates functional role. Vertical shading denotes
trophic position categories (primary, secondary, tertiary, quaternary). (b) Functional space of the FRD
community derived from PCoA of Gower distances calculated from three traits: numeric trophic
level, trophic strategy, and functional role. Each point represents a genus; shape indicates trophic
strategy and color indicates functional role. The grey polygon outlines the total functional space
occupied by all 127 genera. The orange polygon represents the sessile subset (11.1% of total functional
space) and the teal polygon represents the mobile subset (39.4% of total functional space). Mode of
life was not included in the distance matrix and is shown here post hoc via hull shading only. Axes
represent the first two PCoA axes, explaining 60.8% and 15.8% of total variance, respectively.
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Within coral assemblages, functional diversity was compared between the FRD and
NMP reef using Rao’s quadratic entropy (RaoQ), a metric of mean pairwise functional
dissimilarity based on growth morphology, polyp size, coloniality, and reef-building status.
The FRD exhibited a RaoQ of 0.301 (94% of the total region pool; n = 43), which was
5.6% lower than the NMP (RaoQ = 0.298; 92.8% from the total pool; n = 52), despite the
FRD containing only 80.8% of the genus richness observed at NMP. In terms of functional
space, the FRD coral assemblage occupies 99.7% of the total pool convex hull area (FRD
hull = 0.33; combined pool hull = 0.331), compared to 82.8% for the NMP (hull = 0.274;
Supplementary Figure S3). The coral PCoA analysis further indicated strong structuring of
coral morpho-functional types, with the first two axes explaining 68.4% and 15.5% of the
variance, respectively.

3.3. Sessile Species Distribution

The sessile assemblage comprised 1612 individuals from 65 genera, with Shannon diver-
sity H’ = 3.06 (21.4 effective genera; Simpson 1-D = 0.919; Supplementary Table S3). When
restricted to Cnidaria (47 genera, n = 941 colonies, including Hexacorallia, Octocorallia,
and the hydrozoan Millepora), Shannon diversity decreased to H = 2.67 (14.5 effective
genera; Simpson 1-D = 0.860). The scleractinian coral component comprised 548 colonies
from 37 genera, with colony diameters ranging from 1 to 60 cm. Size distribution was
right-skewed, dominated by small colonies: 58.6% of colonies were below 10 cm in diameter
(1-5 cm: 21.2%, n = 116; 5-10 cm: 37.4%, n = 205; Supplementary Figure 54 and Table S4).

Across size classes, Porites, Psammocora, and Stylophora consistently dominated colonies
below 20 cm. In the 20-50 cm class, Stylophora was the most abundant genus (32.6%),
while colonies exceeding 50 cm were rare (n = 4), belonging to Acropora, Montipora and
Turbinaria. Shannon diversity for the full scleractinian census was H’ = 2.76 (effective genus
richness = 15.9; Simpson 1-D = 0.901). Diversity remained broadly stable across smaller
size classes (H' = 2.45-2.61), declining in the 20-50 cm class (H’ = 2.31; 10.1 effective genera)
and dropping markedly at >50 cm (H’ = 1.39; 3 effective genera; Supplementary Table S3;
Supplementary Figure S4).

3.4. Fish Biomass

The surveyed fish community, as sampled in the FRD, was binned into 25 species, with
a total estimated biomass of 533.4 kg. Secondary consumers dominated the community
biomass, accounting for 472 kg (88.4% of total biomass; 17 species), followed by tertiary
consumers (42.6 kg; 8.0%; 3 species) and primary consumers (19.2 kg; 3.6%; 5 species). By
trophic strategy, planktivores contributed the majority of biomass (388 kg; 72.8%; 4 species),
followed by carnivores (95.3 kg; 17.9%; 13 species), omnivores (32.9 kg; 6.2%; 5 species), and
herbivores (16.8 kg; 3.2%; 3 species; Supplementary Table S5). The planktivore Caesio lunaris
dominated the assemblage, accounting for 381.4 kg (71.5% of the total fish biomass), driven
by high abundance (1816 individuals). The next most significant contributor species were
the tertiary consumer Cephalopholis miniata (35.4 kg; 6.6%) and the secondary consumer
Cheilodipterus lachneri (33.6 kg; 6.3%), with all remaining species each contributing less
than 4%.

4. Discussion
4.1. Ecological Complexity of the FRD

Previous studies have documented the transformation of mid-water coral nurseries
into structurally and biologically complex floating ecosystems, with progressive increases in
species richness and community complexity over time [10,11]. These studies suggested the
importance of the position in the water column not only related to particle interception due
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to hydrodynamics, but also as potential interceptors of larvae and propagules of different
species. The present study provides, to our knowledge, the first quantitative evaluation
of this trajectory using a multi-metric biodiversity framework. Within the context of this
case study, the FRD exhibited taxonomic and functional characteristics that fell within the
range observed for the adjacent natural reef at the community level. Our findings indicate
that Eilat’s FRD, originally deployed as a floating coral nursery for active reef restoration,
has, after almost two decades and multiple coral extraction sessions, evolved beyond its
original function into a structure that sustains high levels of ecological complexity. The
FRD assemblage spans a wide taxonomic and functional spectrum, encompassing eight
phyla and representing multiple trophic levels, from mixotrophic primary producers to
quaternary predators (including suspension feeders, grazers, predators, and corallivores),
all reflecting a heterogeneous community structure.

Further, the combination of high genus richness and elevated average taxonomic
distinctness indicates broad evolutionary lineages rather than dominance by closely related
taxa. This pattern may be associated with independent recruitment from diverse larval
sources rather than derivation from a single or limited donor pool [14,18]. This interpre-
tation is reinforced by the occupation of functional trait space, with the FRD spanning
seven trophic strategies, six functional roles, and a continuous trophic level range of 1.5
to 4.6, indicating that the assemblage encompasses a diverse set of ecological strategies.
This range includes habitat-forming mixotrophic corals that enhance structural complexity
and primary production, suspension feeders such as sponges and basket star (Astroboa
nuda), and higher trophic level taxa, including transient and reef-associated predators such
as frogfish, eagle rays, and tunas (Apolemichthys xanthotis, Aetobatus narinari and Caranx
sexfasciatus, respectively). These metrics capture complementary dimensions of ecologi-
cal organization. Taxonomic distinctness reflects evolutionary breadth, RaoQ quantifies
functional dissimilarity among coral taxa based on their functional traits, and trophic
structure describes energy flow pathways within the FRD system. Together, these suggest
that the FRD functions not merely as a species accumulator, but as a structured ecological
system organizing biodiversity across multiple dimensions [27,28]. Even if in the present
context the zooplankton was not counted, Borghese et al. (2025) [29] suggest that ecosystem
engineer-based ecosystems such as the present one accumulate all kinds of crustaceans,
larvae and propagules nearby. The broad extent of trait space, trophic range, and taxo-
nomic distinctness further suggests that the system simultaneously supports a wide range
of ecological roles, consistent with the occupation of a large proportion of available niche
space. Systems exhibiting this combination of high richness and broad functional and
evolutionary representation are typically associated with increased functional complemen-
tarity among species and an enhanced capacity to sustain multiple ecological processes
concurrently [14,30-32].

Despite its physical isolation from the natural reef and the marine protected area (MPA)
in Filat, the FRD community was compared with reefs monitored under the National
Monitoring Program (NMP). Across coral assemblages, the FRD achieved 90-104% of
NMP A+ values despite lower genus richness, and both assemblages fell within the null
model simulation envelope. For fishes, FRD A+ exceeded that of the NMP reef (79.3 vs.
73.2), indicating that the FRD fish assemblages span a broad evolutionary range per unit
richness despite lower overall species number. Collectively, these results demonstrate
that the FRD supports a taxonomically diverse community whose taxonomic breadth falls
within the range observed for the natural reefs. The coral functional analysis reinforces
this pattern. The FRD coral assemblage occupied 99.7% of the total regional pool convex
hull in functional trait space, compared to 82.8% for the NMP reef, while coral RaoQ at
the FRD reached 93.2% of the regional pool value. These results indicate that the FRD
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coral assemblage encompasses nearly the full range of morpho-functional coral strategies
present in the regional pool, despite its smaller genus richness.

It is important to note that the NMP comparison is based on monitoring survey data
rather than a fully matched census design, and differences in depth profiles and sampling
effort exist between the datasets. However, the use of average taxonomic distinctness (A+)
and variation in taxonomic distinctness (A+), both of which are designed to be robust
to sampling intensity, effort differences and survey design [14,15], makes the taxonomic
comparison defensible. While these metrics effectively capture taxonomic breadth and
evenness, they do not directly account for the total number of species present, which re-
mains sensitive to sampling completeness. Nevertheless, comparisons of absolute richness
should be interpreted cautiously given these methodological constraints. At the same time,
the NMP dataset represents the broadest available reference for the surrounding reef, en-
compassing multiple sites and a wider depth range than the FRD. Therefore, comparisons
should be interpreted as assessing whether the FRD’s taxonomic structure falls within the
range observed across the surrounding reef, rather than as a direct one-to-one comparison
between identically sampled assemblages.

Although several taxonomic and functional metrics placed the FRD within the range of
the surrounding reef, notable differences remained. The FRD supported fewer coral genera
(80.8% of the NMP) and fewer fish species (66.2% of the NMP), with the fish assemblage
numerically dominated by the planktivorous Caesio lunaris. These differences likely reflect,
at least in part, the FRD'’s relatively smaller spatial footprint, artificial origin, and distinct
habitat configuration. Thus, our results do not indicate full ecological equivalence with the
surrounding reef, but rather demonstrate that the FRD developed substantial taxonomic
and functional complexity despite these limitations.

The species inventory also includes taxa of conservation concern. The long-spined sea
urchin Diadema setosum, which suffered near-local extinction in the Gulf of Eilat following
a disease outbreak in 2022 [33], was recorded at the FRD. The vulnerable IUCN Red
List) seahorse Hippocampus kelloggi was documented in the FRD habitat. The endangered
hawksbill turtle Eretmochelys imbricata was observed at the FRD, likely foraging on the dense
soft coral community (Figure 2d). The spotted eagle ray Aetobatus narinari was recorded
as a transient visitor (Figure 2b). These species, spanning echinoderms, fish, reptiles, and
elasmobranchs, converge on a single mid-water FRD highlights its capacity to support a
taxonomically diverse assemblage of conservation interest. These observations collectively
suggest that the FRD provides refuge, foraging opportunities, and habitat complexity for
species that are rare or absent from the surrounding degraded reef environment.

4.2. From a Coral Nursery to a Floating Reef

The emergence of the ecological complexity on an FRD was not accidental. Rather,
we suggest that the interaction of physical, structural, and biological drivers may have
generated a positive feedback loop that initiated and sustained a facilitative cascade. This
cascade progressively expanded the range of ecological niches available and increased
the diversity of taxa able to exploit them. From a physical and structural perspective, the
mid-water position of the FRD confers several advantages over fixed benthic structures.
Floating mid-water structures are exposed to stronger ambient currents relative to those
near the seafloor, which can enhance water exchange [34,35], oxygenation and the removal
of metabolic waste products [36], increasing the flux of particulate food particles to filter
feeders and reducing debris accumulation [6]. Reduced sedimentation, together with
elevated flow and distance from the bottom, minimizes sediment accumulation on sessile
engineering species, allowing energy allocation toward growth rather than tissue repair,
thereby enhancing survivorship and overall fitness [37,38]. This positive energy budget
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shift may enable these species to invest excess resources into reproduction and lateral
expansion, potentially accelerating habitat complexity development beyond what would
be expected from growth alone.

Beyond hydrodynamics, the FRD encompasses the full water column and incorporates
a diverse array of substrate types, each offering distinct ecological conditions [11]. The
structure spans from the sandy seabed at 21-22 m depth, through a concrete sinker and
vertical ropes, to the PVC platform and rope mesh at ~11 m depth. This vertical and
material heterogeneity generates a wide range of microhabitat conditions, in terms of light,
flow, substrate texture, and proximity to the sediment, that collectively support a diver-
sity of ecological guilds simultaneously [39—44]. The FRD multilevel habitat architecture
integrates multiple reef zones, from soft-bottom to cryptic crevice to sunlit platform, into a
single vertical footprint, allowing species that would ordinarily be separated by depth or
substrate preference to coexist in close proximity, potentially facilitating novel ecological
interactions. This structural complexity likely enhances larval recruitment from the plank-
ton, as different taxa exhibit species-specific preferences for settlement and metamorphosis
across environmental gradients such as light, flow, and substrate type [45-48]. For example,
in the FRD, azooxanthellate corals that do not depend on light and are often found in the
mesophotic reef of Eilat, such as black corals (Antipatharia spp.) and sun corals (Tubastraea
sp., Cladopsammia sp.) [49], occupy the deeper, more shaded sections of the FRD structure,
where photosymbiotic corals that rely on light fail to thrive. Soft-sediment specialists in-
habit the sandy seabed below (as the cowtail stingray Pastinachus sephen and the sand goby
Istigobius decoratus), while reef-associated fish and invertebrates reside the coral canopies
on the platform and surrounding open waters (e.g., the emperor angelfish Pomacanthus
imperator and the sea goldie Pseudanthias squamipinnis). This vertical partitioning of the
available space is consistent with the well-established role of structural complexity as
a key driver of biodiversity in coral reef ecosystems [44,50]. Biologically, the long-term
practice of coral gardening likely acted as the initiating and enhancing mechanism. The
repeated introduction and cultivation of coral fragments on the FRD over approximately
two decades provided the biogenic substrate and the additional structural and ecological
complexity necessary for community development [51]. Under favorable mid-water condi-
tions, coral fragments rapidly developed into large colonies, forming complex canopies
across the platform within relatively short timeframes [6]. These coral structures modified
local hydrodynamic and light conditions, enhancing larval retention, while increasing the
capture of suspended particulate matter, thereby accelerating the recruitment of associated
fauna [52-56]. This includes the recruitment of planktonic larvae from a wide range of
taxa, including coral-associated fishes (e.g., Dascyllus spp., Pseudochromis spp., Acanthurus
spp.) and obligate coral-dwelling crabs and fishes (e.g., Trapezia spp, Gobiodon citrinusas,
Chormis virdis). These species’ presence may further enhance nutrient flux between the
water column and the benthic community by capturing plankton and further releasing dis-
solved nutrients and mucus to the water column [1,57-60]. Over time, the accumulation of
biogenic structure and niche diversity facilitated the recruitment of additional engineering
taxa [12,61]. This positive feedback loop, where early engineering species create microhabi-
tats that reduce predation and enhance larval settlement, which in turn supports further
structural development, is a well-documented mechanism driving ecological succession
on artificial structures [62]. Each of these groups likely contributed to and amplified the
facilitative cascade, expanding the community further [63,64].

An additional contributing factor is the geographic location of the FRD outside the
natural reef and the MPA. Positioned over a sandy bottom adjacent to seagrass beds,
the FRD lies beyond the core reef herbivore community. While herbivorous fish and
invertebrates are essential for controlling algal growth, high densities can exert significant
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top-down pressure on benthic communities, suppressing coral recruitment through grazing
on juvenile colonies [65,66]. In fact, the low herbivore biomass recorded in this study (3.6%
of total fish biomass) suggests reduced grazing pressure, which may have facilitated the
successful establishment and growth of sessile organisms on the FRD.

4.3. Potential Applications: FRD as a Biodiversity Hub

The present case study provides quantitative, multi-metric evidence supporting the
progression of water-floating coral nurseries into floating reef-like ecosystems. We postulate
that the interplay of physical, structural, and biological processes, both natural and human-
induced, can transform a floating restoration device into a community that is taxonomically
broad, functionally diverse, and trophically structured. Building on this rationale, we
further advance the concept by defining mature FRDs as “biodiversity hubs”- compact,
human-initiated yet self-sustaining structures that, by virtue of their ecological complexity,
support a wide range of conservation and ecological functions and ecosystem services
extending well beyond their original restoration role [10].

The notion of a mature FRD as a “biodiversity hub” arises from the interactions that
develop among habitat-forming organisms, associated fauna, and ecological processes
within the structure. As these interactions accumulate over time, the role of the FRD may
extend beyond coral cultivation itself, underlying a broad suite of ecosystem functions
and services (Table 1). Building on this rationale, we propose the biodiversity hub concept
as a framework for considering the broader ecological roles and potential applications
of mature FRDs. The following applications are based on the ecological characteristics
documented here and in previous studies, and should be viewed as future directions rather
than direct outcomes of the present case study. From a conservation standpoint, FRDs
can function as refuges, recruitment sources, and foraging grounds for species that are
rare or declining on nearby reefs, as well as for transient visitors. The close proximity
of mature sessile organisms may enhance fertilization success [67], while the structure
itself can serve as a passive larval source for surrounding habitats. Strategically positioned
FRDs could function as stepping stones, enhancing connectivity between fragmented reef
habitats [68-70]. From a restoration perspective, FRDs operate as production platforms for
sessile organisms destined for transplantation onto degraded reefs [4,6]. Where nursery-
farmed colonies are managed for genetic diversity, the FRD can additionally serve as
a source of sexually reproduced planulae for active reef seeding [68]. Beyond direct
restoration, FRDs provide valuable in situ experimental platforms for testing restoration
techniques, ecological engineering approaches, and assisted evolution methods under field
conditions [71,72]. In terms of blue carbon and climate perspective, the dense biomass of
calcifying organisms and the photosynthetic activity of zooxanthellate corals contribute to
carbon sequestration within the FRD structure [51]. This carbon storage capacity may be
enhanced over time as successive generations of calcifiers deposit skeletal material onto the
structure, potentially transforming the FRD from a net carbon source during construction
to a long-term carbon sink—an often-overlooked co-benefit of reef restoration that aligns
with nature-based climate solutions [51].

https:/ /doi.org/10.3390/ conservation6030094


https://doi.org/10.3390/conservation6030094

Conservation 2026, 6, 94

16 of 21

Table 1. The spectrum of conservation functions, restoration roles, and ecosystem services associated
with FRDs, conceptualized as biodiversity hubs. These functions are grouped into three main
ecological management functions: conservation, restoration and ecosystem services. The citations
presented draw on the present study (“current work”) and available literature.

Ecological Management Functions Function/Attribute Citations
Assisted biodiversity [10]
Taxonomic richness [11], Current work
Functional richness Current work
Conservation Trophic structure Current work
Genetic diversity [73]
Assisted reproduction [67,68]
Connectivity [69,70], Current work
. Growth of sessile organisms for transplantation [4,6]
Restoration E .
xperimental platform [72]
Tourism and education [71,74,75]
Carbon sequestration [51]
Biodiversity credits [76]
Pharmaceutical /bioactive compound potential [71,77]
Ecosystem services Ornamental trade [10]
Fisheries support [10], Current work
Integrated mariculture [78-80]

Alternative habitat-engineering species (e.g., algae,

gorgonians, sponges) [78,81-83]

This capacity could be further enhanced by incorporating other photosynthetic or-
ganisms that can be cultivated on FRD structures as part of nature-based solutions [84,85].
From an economic perspective, FRDs can support multiple revenue streams. These include
mariculture of ornamental species and organisms producing bioactive compounds with
pharmaceutical applications [71,77], as well as fisheries support by providing habitat and
recruitment grounds for commercially valuable fish species [10]. Furthermore, FRDs can
serve as an ecotourism and educational destination, offering divers a unique mid-water
environment that blends features of natural and artificial reefs [71,75,76]. In addition, net-
works of FRDs may support the development of biodiversity crediting frameworks, where
quantified ecological gain could contribute to financing the deployment, maintenance, and
long-term monitoring of such systems, either independently or in combination with other
revenue streams [76].

Importantly, although the present study examined a coral-based FRD in the Gulf of
Eilat, the biodiversity hub concept of floating devices is not limited to tropical coral reef
systems. Yet, this possibility remains hypothetical and requires empirical evaluation. The
mid-water floating platform is a modular and scalable structure, allowing adaptation with
different foundation and engineering species depending on regional conditions, ecological
context, and management goals. In regions unsuitable for coral growth, alternative habitat-
forming taxa such as sponges, bivalves, gorgonians and cold-water octocorals can act as
structural engineers. In such FRDs systems, the underlying principle of enhancing vertical
heterogeneity and biotic structure remains constant, even as the identity of the engineering
species shifts to match local biogeography.

Sponges, which are among the most efficient biological filter feeders, could be cul-
tivated on FRDs adjacent to fish farms or in eutrophic coastal zones to absorb dissolved
organic matter and excess nutrients, functioning as biological filtration systems [80,86,87]
with additional applications in biomedicine [81]. Similarly, macroalgae cultivation on
floating platforms offers a scalable approach for nutrient bioremediation, blue carbon
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production, and integrated multi-trophic aquaculture in coastal waters where nutrient
loading is a management concern [82-84]. As a long-term case study of a single FRD, the
present work provides insight into one potential pathway of ecological development under
the specific environmental conditions examined. Whether comparable trajectories emerge
in other regions, restoration designs, or systems involving different habitat-forming taxa
remains an open question that should be addressed through comparative studies. In all
cases, the initial establishment of the FRD with the appropriate foundation species could
initiate the facilitative cascade described above, progressively increasing community com-
plexity and expanding the range of ecosystem services it provides. Thus, the FRD should
be viewed not as a fixed design but as a flexible ecological engineering framework, capa-
ble of generating biodiversity, biomass, and ecosystem services tailored to conservation,
restoration, or production depending on a given context.

5. Conclusions

This long-term case study demonstrates that a floating coral nursery can evolve into
a structurally and ecologically complex community that extends well beyond its initial
restoration purpose, representing a case of a forethoughtful coral nursery [18]. Although the
FRD did not fully replicate the characteristics of the surrounding natural reef, it supported
broad taxonomic representation, high functional diversity, and a multi-trophic assemblage
that, according to several metrics, approached the range observed in the adjacent reef. These
findings provide ecological support for the proposed biodiversity hub concept, whereby
mature floating restoration structures may contribute ecosystem functions beyond coral
propagation alone. While the broader applications proposed here remain conceptual and
require validation across additional systems, restoration designs, and habitat-forming taxa,
forethoughtful coral nurseries represent a promising tool for advancing reef management.
Situated at the intersection of ecological, societal, and economic challenges, these inno-
vative approaches merit further scientific investigation and consideration within future
conservation strategies.
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