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Abstract

Coral restoration is essential for recovering depleted populations and reef ecological func-
tions. However, its effect on enhancing fish assemblages remains understudied. This
study investigated the integration of 3D-printed and natural Staghorn coral (Acropora
cervicornis) out-planting to assess their role in enhancing benthic spatial complexity and
attracting fish communities. Conducted between 2021 and 2023 at Culebra Island, Puerto
Rico, we employed a before-after-control-impact (BACI) design to test four treatments:
natural A. cervicornis, 3D-printed corals, mixed stands of 3D-printed and natural corals,
and non-restored controls. Fish assemblages were monitored through stationary counts.
Results showed that integrating 3D-printed and natural corals enhanced fish assemblages
and their ecological functions. Significant temporal changes in fish community structure
and biodiversity metrics were observed, influenced by treatment and location. Herbi-
vore abundance and biomass increased over time, especially in live coral and 3D-printed
plots. Reefs with higher rugosity exhibited greater Scarid abundance and biomass post-
restoration. Piscivore abundance also rose significantly over time, notably at Tampico
site. Fishery-targeted species density and biomass increased, particularly in areas with
live and 3D-printed coral out-plants. Fish assemblages became more complex and diverse
post-restoration, especially at Tampico, which supported greater habitat complexity. Before
restoration, fish assemblages showed a disturbed status, with biomass k-dominance curves
above abundance curves. Post-out-planting, this trend reversed. Control sites showed no
significant changes. The study demonstrates that restoring fast-growing branching corals,
alongside 3D-printed structures, leads to rapid increases in abundance and biomass of
key fishery species, suggesting its potential role promoting faster ecosystem recovery and
enhanced coral demographic performance.

Keywords: biodiversity; coral 3D printing; coral restoration; fish community; fishery target
species; phylogenetic diversity; taxonomic distinctness; trophic functional groups

1. Introduction

Coral reefs have declined globally over the last four decades due to numerous
human-driven factors, such as sedimentation [1-3], turbidity [4], pollution [5-8], and
fishing [9,10]. Additionally, regional and global climate-related changes, including mass
coral bleaching [11], coral mortality [12], and ocean acidification [13], have increased coral
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loss. These impacts are further compounded by sea level rise (SLR) [14] and stronger
hurricanes [15-17]. Recent threats also include invasive and nuisance species [18-20], hy-
poxia [21,22], virulent coral diseases [23], and mass mortalities [24-26]. Together, these
factors threaten the persistence, sustainability, ecological functions, services, ecosystem
resilience, and socio-economic benefits of coral reefs. Furthermore, projections of future sea
surface warming trends suggest severely compromised coral reef futures and significantly
impaired coral restoration outcomes under business-as-usual scenarios as early as the
2030s [27].

Global coral reef degradation requires innovative conservation and restoration ap-
proaches. Over the past three decades, numerous global restoration efforts have been
implemented, ranging from community-based, small-scale projects [28,29] and various
in situ coral nursery designs [30-32], to the integrated use of artificial structures [33,34]
and diverse coral gardening techniques [35]. These efforts also include state-of-the-art
approaches such as novel land-based nurseries [36], micro-fragmentation [37,38], larval
rearing [39], cryopreservation [40,41], and gene banking techniques [42-44]. Additionally,
coral restoration has incorporated novel methods like improved gardening techniques [45],
ecological engineering [46—48], assisted migration [49,50], assisted evolution [51], assisted
microbiome [52,53], epigenetics [54,55], and chimerism [56]. The increasing threats from
climate change and SLR on small island developing states (SIDS) necessitate a combination
of emerging strategies to enhance resistance to extreme weather disturbances and rising sea
levels, including the restoration of green/gray infrastructure, which will require strategies
beyond coral restoration [47].

The incorporation of 3D-printing technology has emerged in recent decades as a
promising tool for coral reef restoration under some conditions, though its use is still limited.
The use of artificial reef substrates and structures in coral reef restoration and recovery
of coastal ecosystems in general has been documented since the early 1930s [57,58]. The
benefits of artificial structures for fish community enhancement and fisheries management
have been largely documented at least since the 1960s [59-67]. Recently, there has been
an increase in the use of 3D-printing technology and in the integration of ecofriendly
materials [68-70], various textures and shapes [71], sizes, and a wide range of physical
designs to promote coral reef biodiversity recovery, and 3D-printed corals offer several
benefits that address the ecological, structural, and functional needs of declining coral
reefs. Ecologically, they restore habitats by creating complex and detailed structures that
mimic natural coral morphology, providing habitats for a wide range of marine organisms,
including juvenile fish [72]. This approach can expedite the growth of live coral micro-
fragments, speed up reef transplantation, minimize nursery costs, and allow for flexibility,
customization of densities, spatial design, and depth, with a fast return time and enhanced
accuracy [73]. These structures provide enhanced shelter, breeding grounds, and feeding
areas for fish, invertebrates, and other reef-associated species, helping to restore and
maintain biodiversity [72,74,75]. Depending on the materials used, 3D-printed corals also
offer suitable surfaces for coral larvae to settle and grow, facilitating the propagation and
fusion of out-planted micro-fragments of slow-growing species. This promotes natural
coral recruitment, particularly in flattened reef areas with limited spatial relief [76-78]. The
micro-textures of 3D-printed structures can be designed to promote the attachment and
growth of coral polyps, enhancing growth [79]. However, success in recruitment largely
depends on the construction materials and surface roughness [80].

Additionally, 3D-printed corals offer structural benefits that can help rebuild dam-
aged reefs, enhancing their stability and resilience against physical disturbances such as
storms. Depending on the materials used, size, configuration, and spatial design, they can
absorb wave energy [81], dissipate wave force, and reduce the impact on coastlines, thus
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protecting marine and coastal ecosystems [82]. This stability helps prevent coastal erosion
and protect shorelines, infrastructure, and lives. Wave numerical modeling has shown
a significant reduction in marine flooding and wave height with the implementation of
artificial corals [83,84]. Additionally, 3D-printed corals enhance important reef functions.
Restored corals, and the use of 3D corals, attract reef fish [85-89], promote nutrient cycling
within marine ecosystems, and support the formation of nutrient hotspots [72,85]. By restor-
ing coral structures, essential ecological processes are maintained, leading to enhanced
fish recruitment and assemblages [90]. Three-dimensional printing technology provides
technological and practical benefits as well. It allows for precise customization of coral
shapes, sizes, and surface textures to match the specific needs of different coral species,
reef environments, or project objectives. This customization promotes enhanced primary
productivity [91] and can replicate natural coral forms and intricate details that traditional
restoration methods may find difficult to achieve in the short term [92].

The use of 3D-printed corals offers several technological and practical benefits, in-
cluding speed, efficiency, and scalability. Key advantages include accessibility in terms
of resource availability, cost, and the training required for construction, deployment, and
maintenance [90]. Depending on unit size, 3D printing can quickly produce coral structures,
allowing for rapid deployment in restoration projects compared to traditional methods of
coral transplantation or artificial reef construction. This scalability enables the restoration
of larger reef areas in a shorter time frame and, depending on the materials used, it is essen-
tial for durability, ease of deployment, and reproduction [90]. Further, 3D-printed corals
possess important ecological characteristics, including ecological realism, chemosensory
stimulation, and the ability to alter the surrounding physico-chemical environment [90].
Environmentally, they may offer benefits by using sustainable and biodegradable materials
compatible with marine environments, thus reducing the ecological footprint of restoration
activities. By using synthetic materials, 3D printing reduces the need to harvest live corals
or natural substrates from healthy reefs, minimizing the impact on existing ecosystems.
Moreover, 3D-printed corals facilitate controlled experiments, monitoring, and adaptation.
They provide a consistent platform for scientific research, allowing scientists to study
coral growth, behavior, and interactions, as well as fish and invertebrate attraction, in a
standardized manner. This approach makes monitoring and data collection easier, help-
ing researchers adapt and optimize restoration strategies based on real-time observations.
Recently, the creation of “bionic corals” capable of harboring high densities of endosymbi-
otic microalgae has shown promise in promoting enhanced net photosynthesis, primary
productivity, CO; sequestration, and dissolved oxygen production [93-95].

There is a growing development of 3D-printed artificial reef units for various objec-
tives [96]. Coral restoration has been shown to enhance fish assemblages by increasing
coral density, colony size, and benthic spatial heterogeneity, which provide shelter and
feeding grounds to numerous species [85]. Over time, feedback mechanisms following
coral restoration promote enhanced coral growth due to the formation of nutrient hotspots
created by fish aggregation in restored areas [97,98]. Based on this principle, the field exper-
iment conducted in this study aimed to test the role of 3D-printed Staghorn coral, Acropora
cervicornis (Lamarck, 1816), intermingled with natural A. cervicornis out-planted colonies
to temporarily enhance fish attraction. This approach promotes faster nutrient hotspot
formation to accelerate coral growth from the beginning of coral out-planting. Integrating
3D-printed corals with natural corals offers a novel synergistic approach that leverages the
strengths of both artificial and natural elements, enhancing coral demographic performance
by rapidly improving fish—coral interactions.

This method has numerous benefits, including enhancing benthic structural com-
plexity and stability; 3D-printed corals provide immediate structural complexity in areas
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recently restored with natural corals, offering rapid habitat enhancement for marine or-
ganisms while natural corals grow. The robust framework of 3D-printed corals serves as
a solid foundation for natural coral fragments and larvae to settle and grow, enhancing
the overall stability of the reef. This may also promote the attraction and recruitment of
fish larvae. The combination of 3D-printed and natural corals accelerates net reef recovery.
3D-printed corals can be produced and deployed quickly, providing immediate benefits
to reef ecosystems, whereas natural coral growth alone is a slower process. The presence
of 3D-printed structures supports the growth and expansion of natural corals by provid-
ing suitable substrates, reducing competition for space, and attracting fish to enhance
nutrient hotspots.

This study aimed to understand the before-and-after impacts of a coral restoration
experiment on reef fish assemblages. Conducted on Culebra Island, Puerto Rico, it tested
the null hypothesis that there would be no significant difference in the response of fish as-
semblages across four different coral out-planting intervention levels: natural A. cervicornis
out-plants, 3D-printed A. cervicornis out-plants, mixed natural and 3D-printed out-plants,
and controls (no intervention). This study provides timely information on the short-term
(one year) impacts of hybrid coral restoration interventions.

2. Materials and Methods
2.1. Study Locations

This study was conducted on the southwestern coast of the island municipality of
Culebra, Puerto Rico (Figure 1). It is located approximately 27 km off eastern Puerto Rico,
in the northeastern Caribbean Sea, and spans approximately 11 x 7 km. Experimental plots
were located within two general locations exposed to similar environmental conditions,
depth distribution, exposure to surface currents, and occasional runoff and pollution pulses:
Punta Tampico (TAM), which included Bahia Sardinas, Punta Tampico, and Playa Datiles
(centroid: 18.297882° N, —65.302582° W), and Punta de Maguey (MAG), including Punta
de Maguey, Playa Cascajo, and Cayo Ahogado (centroid; 18.292634° N, —65.297451° W).
Both regions are dominated by a mixture of patch reefs and colonized pavements separated
by a mixture of sand, rubble, and seagrass bottoms. The maximum diameter of each of
the two locations was roughly 1 km. Experimental study sites were separated somewhere
between 200 and 300 m from each other.

2.2. Experimental Design

A total of 12 replicate sampling sites were randomly selected within representative
coral reef habitats at each location (N = 24) (Figure 2). Experimental treatments were
randomly assigned to triplicate sites per treatment as follows: (a) natural colonies of
A. cervicornis; (b) 3D-printed colonies of A. cervicornis; (c) mixed stands of natural and
3D-printed colonies of A. cervicornis; and (d) control plots (no intervention) (Figure 3).
Four replicate 10 x 10 m (100 m?) plots were established adjacent (10 m apart) to each
other per site on each location. Out-planting was conducted at a density of one colony
per m? (100 colonies per 100 m? plot). In the mixed out-planting treatment, 50% were
natural and 50% 3D-printed colonies. The 3D-printed corals were made of polylactic acid
(PLA) filaments and were 20 cm high, with a main branch and four additional branches,
matching the average size of natural corals six months post-out-planting. PLA is known
to degrade over time in marine environments influenced by factors such as temperature,
salinity, and microbial activity [99,100]. Natural A. cervicornis colonies were raised in in
situ coral nurseries adjacent to the out-planting sites. Out-planting was conducted using
masonry nails and plastic ties. Natural out-plants ranged in size from ~15 to ~25 cm.
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Figure 1. Study sites in Culebra Island, Puerto Rico: (A) General location of Puerto Rico and Culebra;
(B) detailed view of Culebra and the location of study sites; (C) detailed view of coral out-planting
and control plots at Punta Tampico (T) and at Punta Maguey (M) Culebra; T = TAM, M = MAG;
Co = coral out-plants; 3D = 3D-printed out-plants; Mx = mixed out-plants; Ct = controls.
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Figure 2. Conceptual experimental design and long-term outcomes of the project.

Figure 3. Detailed views of different experimental restoration treatments: (a) Natural Acropora
cervicornis out-plants; (b) 3D-printed A. cervicornis out-plants; (c) mixed natural and 3D-printed
out-plants; (d) control (no-intervention) plot.
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2.3. Fish Community Sampling

The impact of the experimental coral restoration intervention on fish community
structure was quantified using a slight modification of standard stationary visual fish
counts [101]. Briefly, fish assemblages were quantitatively characterized before and after
an experimental coral reef ecological restoration intervention within two locations and
the four experimental treatments in triplicates per location, within four replicate 100 m?
plots per treatment before coral out-planting and one year after out-planting (2 locations,
4 treatments per location, 3 randomly replicated sites per treatment, 4 replicate plots per
treatment; N = 96 plots per sampling effort). Sampling was conducted three times before
and three times after the ecological restoration experimental intervention using 10 min
counts within each plot. All fish were identified to the lowest taxon possible, counted,
and size determined by a single diver (EAHD). The method provides quantitative data
on frequency of occurrence, fish length, abundance, and community composition at the
species, genera, and family level, but also at the trophic functional group level and at the
fisheries target species level.

Size distributions were determined for individual species based on length data. Fish
length data were obtained during fish counts using a cm-calibrated stick as a scale bar. An
index of biomass was obtained from length data for each species by multiplying abundance
estimates by weight based on empirically derived, species-specific length-weight relation-
ships [102]. Weight-length relationships were calculated by fitting a regression line to the
equation: log w = log a + b log L, which is equivalent to the equation: W = aL?, where W is
weight in grams, L is length converted to millimeters, and 2 and b are constants [102]. Mean
length data can be used directly to compare average stock sizes between habitats, reefs, and
through time. Minimum lengths may be useful indicators of recruitment size for sampled
habitats, while maximum lengths may be useful indicators of fishing pressure [101].

2.4. Spatio-Temporal Variation in Fish Community Structure

Spatio-temporal variation in fish community structure was quantified between 2022
and 2023 following a before-after-control-impact (BACI) design and a three-way permu-
tational analysis of variance (PERMANOVA) [103], with time (before, one year after),
treatment (natural A. cervicornis, 3D-printed A. cewrvicornis, mixed out-plants, control
plots), and location (TAM, MAG) as main variables, following 9999 permutations of /-
transformed data and on Bray Curtis resemblance [104]. Data were first analyzed for
fish community parameters: (a) species richness, (b) total abundance, (c) total biomass;
(d) species diversity index (H'n), and (e) evenness (J'n). Spatio-temporal variation in trophic
functional group abundance and biomass was tested as above for the following guilds:
(a) total carnivores, (b) generalist invertivores, (c) piscivores, (d) planktivores, (e) omnivores;
(f) total herbivores, (g) non-denuder herbivores, (h) browser herbivores, and (i) scraper
herbivores. Spatio-temporal variation in trophic functional group biomass were also tested
as above. Fish species trophic functional classification was based on historical databases
obtained from Puerto Rico [105]. Fish community structure spatio-temporal dynamics
were tested as above using trophic group +/-transformed abundance and biomass data.
Principal coordinates ordination (PCO) was used to project spatio-temporal variation in
fish community trajectory based in \/-transformed abundance data and on Bray—Curtis re-
semblance [104] following 9999 permutations [106]. This allowed identifying which trophic
groups explained observed patterns of variation. Also, variation in abundance data from
experimental plots was projected using a dominance curve [106]. Abundance-biomass
comparison (ABC) plots based on trophic functional group abundance and biomass were
used to test for disturbance effects [106].



Diversity 2025, 17, 445

8 of 50

Spatio-temporal variation in fishery target species abundance, percent abundance,
biomass, and percent biomass were similarly analyzed for those species that are often
targeted by artisanal fishing. Fish species-level data was also used to determine spatio-
temporal variation in fish community structure as above. This allowed identifying which
species may best explain observed spatio-temporal variation among treatments and be-
tween locations. Similarity percentages (SIMPER) analysis was used on fish species-level
\/-transformed abundance data to identify indicator species of spatio-temporal variation
in fish assemblages [106]. All multivariate testing was conducted in PRIMER v.7.0.23 +
PERMANOVA v1 (PRIMER-e, Quest Research, Ltd., Auckland, New Zealand).

An analysis of the fishes” hierarchical preference by treatment was also conducted
based on the abundance of 12 indicator species to determine their spatio-temporal vari-
ation following [92]. The abundance ratios were calculated comparing all treatments
before and after the restoration intervention and comparing controls and impacted plots
(experimental treatments).

2.5. Spatio-Temporal Variation in Fish Biodiversity and Phylogenetic Dynamics
2.5.1. Taxonomic Diversity (Delta, A)

The A is the average ‘taxonomic distance apart’ of every pair of individuals in a
sample or the expected taxonomic path length between any two individuals chosen at
random [106]. The A is a natural extension of the Simpson diversity index where 0 = same
species, 20 = different species in the same genus, 40 = different genera but same family, etc.
The higher the A value, the higher the taxonomic complexity is.

2.5.2. Taxonomic Distinctness (Delta*, A*)

The A* is calculated by dividing the A by the Simpson diversity index to remove the
dominating effect of the species abundance distribution [107]. The A* measures the expected
taxonomic distance apart from any two individuals chosen at random from a sample,
provided those two individuals are not from the same species. The taxonomic/phylogenetic
distinctness of a community summarizes features of the overall hierarchical structure of an
assemblage (the spread, unevenness etc. of the classification tree). The larger the spread
and unevenness, the higher the biodiversity.

2.5.3. Average Taxonomic Distinctness—AvTD (Delta®, A*)

The A* is the average taxonomic distance apart from all its pairs of species [107]. A* is
a very intuitive definition of biodiversity, as average taxonomic breadth of a sample, which
is totally independent of sampling effort.

2.5.4. Total Taxonomic Distinctness—TTD (sDelta*, sA™)

The sA* is analogous to phylogenetic diversity (PD), which is the cumulative branch
length of the full taxonomic tree. sA* is a useful measure of total taxonomic breadth of
an assemblage, as a modification of S which allows for the species inter-relatedness, so
that it would be possible, for example, for an assemblage of 20 closely related species to be
deemed less ‘rich” than one of 10 distantly related species [106].

2.5.5. Variation in Taxonomic Distinctness—VarTD (Lambda*, A*)

The A™ is the variance of the taxonomic distances between each pair of species i and
j, about their mean distance A* [106]. It has the potential to distinguish differences in
taxonomic structure resulting, for example, in assemblages with some genera becoming
highly species-rich while a range of other higher taxa are represented by only one (or very
few) species. In that case, average TD may be unchanged but A* will be greatly increased.
A has alack of dependence of its mean value on sampling effort.
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2.5.6. Average Phylogenetic Diversity—AvPD ()

The @ is the analogue of A*, both being ways of measuring the average taxonomic
breadth of an assemblage (a species list), for a given number of species [106]. ®* will give
the same value (on average) whatever that number of species; A* will not. ®* is the result
of PD/S.

2.5.7. Total Phylogenetic Diversity—Faith’s PD (s®™)

The s®* is a measure based on known branch lengths: PD is simply the cumulative
branch length of the full tree [108,109]. PD itself is a total rather than average property; as
new species are added to the list, it always increases [106]. This makes PD highly dependent
on S and thus sampling effort. A better equivalent to A™ would be ®*.

All calculations of TD indices were conducted using multivariate routine DIVERSE and
using +/-transformed fish abundance data [106]. The construction of TD indices departure
from a master list of species within defined taxonomic boundaries and encompassing
the appropriate area, from which the species found at one location can be thought of
as drawn, creating a framework within which TD measures can be tested for departure
from ‘expectation’. Joint AvID (A*) and VarTD (A™) analyses were performed using
multivariate routine TAXDTEST. TD spatio-temporal variation was tested following a BACI
design and using a three-way PERMANOVA [103], with time, treatment, and location as
main variables, and using 9999 permutations. A™ and A" results were projected using
funnel plots.

2.6. Benthic Structural Complexity (Rugosity Index)

The structural complexity of surveyed reef substrates, which is known to have an
important influence on fish community structure [110], was evaluated following a six-point
scale based on [111]: 0, no vertical relief; 1, low and sparse relief; 2, low but widespread
relief; 3, moderately complex; 4, very complex with numerous caves and fissures, and 5,
exceptionally complex with high coral cover and numerous caves and overhangs. Visual
estimates were made on each replicate plot and averaged for each sampling site. Logo-
transformed and normalized data were tested following a two-way PERMANOVA with
treatment and location as main factors [103]. Multivariate correlation (RELATE) was
used following 9999 permutations to correlate the calculated rugosity index with fish
variables [106].

3. Results
3.1. Spatio-Temporal Variation in Fish Community Parameters

The integration of 3D-printed corals and natural A. cervicornis out-planting contributed
to enhancing fish assemblages and their ecological functions. Demographic performance of
natural out-plants was quantified on a separate study. However, coral survival remained
superior to 80% through this study, while 3D-printed coral stability remained higher than
90% through the study. There was a significant temporal increase in species richness
(p < 0.0001) (Figure 4a, Table 1). Species richness showed variation among all restoration
treatment interventions, with higher values on coral, 3D-printed, and mixed interven-
tions (p = 0.0094), and showed significantly higher values at MAG (p < 0.0001). It also
showed a marginally significant time x treatment interaction (p = 0.0526) and a significant
treatment X location interaction (p = 0.0002). There was a significant temporal increase in
species richness within each experimental treatment, except for controls (Figure 4a, Table S1).



Diversity 2025, 17, 445

10 of 50

50+

40|

w304

20

104

*
—

(@)

oS *
L o [ |

*
—

v

*

]

—llH

—J

Log10 Total abundance

—il

—llH

HIH
i

100004

1000 4§

100 4

%Q%-ﬁ%ﬁ%ﬁ%

ﬂmexTreeﬂme:x Lo'c_ahon ST 0T ST TimexTrealme:tx Ln:atinn:' "REEE
jz:(c)*;;;;;* . L/ O T S e
— E%%ﬂ ii_ EiEj — 08 .ii iﬁi E%Eﬂ E%Eﬂ
2.5
20 j? ? él 05 : ﬁ El
- 59 - g 0.4 ‘
1.0
05 0.2
) Time x Treatr‘r‘en?xLoc;tinnG T m W E o7 " T\mexTreatmer:x Lo:atmna -8 2 8 2
Figure 4. Box-plot diagram of BACI spatio-temporal variation in fish community parameters:
(a) species richness; (b) total abundance; (c) species diversity index (H'n); (d) evenness (J'n).
0 = before; 1 = after. M = Maguey (darker tones); T = Tampico (lighter tones). Blue = coral;
gray = 3D-printed; brown = mixed; green = control plots (no intervention). Asterisks illustrate
significant temporal differences (p < 0.0500).
Table 1. Summary of a BACI three-way crossed PERMANOVA test of the spatio-temporal variation
in fish community parameters in restored and control plots.
Source ! df S Total Abundance H, J'n
Time 1 36.90 * 15.81 62.61* 49.34 %
<0.0001 <0.0001 <0.0001 <0.0001
Treatment 3 3.84 0.87 1.69 1.77
0.0094 0.4707 0.1624 0.1466
Location 1 24.38 32.30 * 6.1 11.69
<0.0001 <0.0001 0.0109 0.0008
Time x Treatment 3 2.56 0.4 1.62 1.04
0.0526 0.8063 0.1792 0.3736
Time x Location 1 0.88 8.49 13.8 14.23
0.3549 0.0029 0.0002 0.0002
Treat. x Location 3 6.62 3.55 3.21 3.32
0.0002 0.0094 0.0179 0.0196
Time x Treat. x Loc. 3 1.11 0.9 1.58 1.24
0.3508 0.4411 0.1936 0.2956
Residual 176

! Based on 9999 permutations; Data = Pseudo-F statistic, p value. * Dominant component of variation.

Total fish abundance declined after the interventions (p < 0.0001) (Figure 4b, Table 1),
largely due to the widespread sea surface warming-related decline in Coryphopterus per-
sonatus, the most abundant species before interventions. Decline was consistent among
treatments (p = 0.4707) but was significantly higher at TAM (p < 0.0001), where C. personatus
used to be more abundant. It also showed significant time x location (p = 0.0029) and treat-



Diversity 2025, 17, 445 11 of 50

ment X location interactions (p = 0.0094). There was a significant temporal decline in total
abundance within each experimental treatment, except for controls (Figure 4b, Table S1).

Species diversity index (H'n) showed significant temporal increase (p < 0.0001)
(Figure 4c, Table 1) and significantly higher values at TAM (p = 0.0109). It also showed a
significant time x location interaction (p = 0.0002) and a significant treatment x location
interaction (p = 0.0179). There was a significant temporal increase in H';, within each
experimental treatment, including controls (Figure 4c, Table S1).

Species evenness (J'n) showed significant temporal increase (p < 0.0001), following
the climate-related decline in dominant C. personatus populations (Figure 4d, Table 1).
There were significantly higher values at TAM (p = 0.0008). It also showed a significant
time X location interaction (p = 0.0002) and a significant treatment x location interaction
(p = 0.0196). There was a significant temporal increase in ]’y within each experimental
treatment, including controls (Figure 4d, Table S1).

3.2. Spatio-Temporal Variation in Trophic Functional Group Abundance

There was a general significant temporal increase in total herbivore abundance
(p < 0.0001), with significantly higher abundance in out-planted live coral and 3D plots
(p = 0.0036) (Figure 5a, Table 2). Total herbivore abundance was also significantly higher at
TAM (p < 0.0001). No significant interactions were documented. There was a significant
temporal increase in total herbivore abundance within each experimental treatment, ex-
cept for controls (Figure 3a, Table S2). No significant temporal or treatment effects were
observed in non-denuder herbivores (Pomacentridae) (Figure 5b, Table 2). However, non-
denuder herbivore abundance was significantly higher at TAM (p < 0.0001). No significant
interactions were documented either. No significant temporal variation was documented
within individual treatments, nor within controls (Figure 5b, Table S2).
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Figure 5. Box-plot diagram of BACI spatio-temporal variation in herbivore fish functional
group abundance: (a) total herbivores; (b) non-denuders; (c) browsers; (d) scrapers. 0 = before;
1 = after. M = Maguey (darker tones); T = Tampico (lighter tones). Blue = coral; gray = 3D-printed;
brown = mixed; green = control plots (no intervention). Asterisks illustrate significant temporal
differences (p < 0.0500).
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Table 2. Summary of a BACI three-way crossed PERMANOVA test of the spatio-temporal variation
in herbivore fish functional group abundance in restored and control plots.

Source ! df Herb 2 NDN Br Sc
Time 1 20.91 0.68 2441 % 10.27
<0.0001 0.4197 <0.0001 0.0009
Treatment 3 4.36 1.87 1.28 1.84
0.0036 0.122 0.2606 0.1163
Location 1 24.05 * 41.28 * 20.27 39.51 *
<0.0001 <0.0001 <0.0001 <0.0001
Time x Treatment 3 1.58 0.37 1.24 0.92
0.1845 0.8121 0.2772 0.441
Time X Location 1 2.48 0.79 9.84 0.99
0.1044 0.3862 0.0004 0.333
Treat. x Location 3 0.36 1.29 1.32 0.76
0.8274 0.277 0.2422 0.5473
Time x Treat. x Loc. 3 1.16 0.67 1.25 1.02
0.3221 0.5815 0.275 0.3950
Residual 176

1 Based on 9999 permutations; Data = Pseudo-F statistic, p value. 2 Herb = Total herbivores; NDN = Non-denuders;
Br = Browsers; Sc = Scrapers. * Dominant component of variation.

There was a significant temporal increase in browser herbivore (Acanthuridae) abun-
dance (p < 0.0001), with significantly higher abundance at MAG (p < 0.0001) (Figure 5c,
Table 2). There was no significant variation among treatments. There was also a signifi-
cant time X location interaction (p = 0.0004). There was a significant temporal increase
in browser herbivore abundance within each experimental treatment, except for controls
(Figure 5c, Table S2). A significant temporal increase in scraper herbivore (Scaridae)
abundance (p = 0.0009) was also observed, with significantly higher abundance at TAM
(p < 0.0001) (Figure 5d, Table 2). There was no significant variation among treatments either.
No significant interactions were documented. There was a significant temporal increase in
scraper herbivore abundance within 3D-printed and mixed experimental treatments, but
not within the coral treatment or the controls (Figure 5d, Table S2).

Total carnivore abundance showed no significant variation in time, treatment,
and location (Figure 6a, Table 3). There was a significant time x location interaction
(p = 0.0287). No significant temporal variation was observed in total carnivore abundance
within individual treatments, nor within controls (Figure 6a, Table S3). No significant
temporal, treatment or location effects were observed either in generalist invertivores
(Figure 6b, Table 3). However, there were significant time x location (p = 0.0212) and
treatment X location interactions (p = 0.0104). There was no significant temporal varia-
tion in generalist invertivore abundance within individual treatments, nor within controls
(Figure 6b, Table S3). Piscivores showed a significant (p = 0.0005) temporal increase in
abundance and significantly higher abundance at TAM (p = 0.0316) (Figure 6¢, Table 3).
There was a significant time x treatment X location interaction (p = 0.0067). There was a
significant temporal increase in piscivore abundance within the 3D-printed treatment, but
none within other treatments or controls (Figure 6¢, Table S3).

Planktivores were significantly (p = 0.0010) more abundant also at TAM (Figure 6d,
Table 3). There was no significant variation in time and among treatments. There was
also a significant treatment x location interaction (p = 0.0119). There was a significant
temporal increase in planktivore abundance within the coral treatment, but none within
other treatments or controls (Figure 6d, Table S3). A significant temporal decline in
omnivore abundance (p < 0.0001) was observed following the climate-related decline
in C. personatus populations (Figure 6e, Table 3). Despite that decline, omnivores were
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significantly more abundant at the live out-planted corals and at the 3D-printed coral
plots (p = 0.0085), and at TAM (p < 0.0001). There were also significant time x location
(p = 0.0004) and treatment x location interactions (p = 0.0017). A significant temporal
decline in omnivore abundance was found within all experimental treatments, except for
controls (Figure 6e, Table S3).
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Figure 6. Box-plot diagram of spatio-temporal variation in carnivore fish functional groups abun-
dance: (a) Total carnivores; (b) generalist invertivores; (c) piscivores; (d) planktivores; (e) omni-
vores. 0 = before; 1 = after. M = Maguey (darker tones); T = Tampico (lighter tones). Blue = coral;
Gray = 3D-printed; brown = mixed; green = control plots (no intervention). Asterisks illustrate
significant temporal differences (p < 0.0500).

3.3. Spatio-Temporal Variation in Trophic Functional Group Biomass

There was a significant temporal increase in total fish biomass (p = 0.0025), but no
difference among treatments and locations (Figure 7a, Table 4). However, there was a
significant treatment x location interaction (p = 0.0002). There was also a significant
temporal increase in total fish biomass within the coral treatment, but none within other
treatments or controls (Figure 7a, Table S4). There was a significant temporal increase in
total herbivore biomass (p = 0.0003) but no difference among treatments (Figure 7b, Table 4).
Total herbivore biomass was also significantly higher at TAM (p = 0.0102). There was a
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significant time X location interaction (p = 0.0208). A significant temporal increase in total
herbivore biomass was documented within the coral and 3D treatments, but none within
other treatments or controls (Figure 7b, Table S4). No significant temporal or treatment
effects were observed in non-denuder herbivore (Pomacentridae) biomass (Figure 7c,
Table 4). However, non-denuder herbivore biomass was significantly higher at TAM
(p <0.0001). There was also a significant treatment x location interaction (p = 0.0029). No
significant temporal variation in non-denuder herbivore biomass was found within any of
the treatments or controls (Figure 7c, Table S4).

Table 3. Summary of a BACI three-way crossed PERMANOVA test of the spatio-temporal variation
in carnivore fish functional group abundance in restored and control plots.

Source ! df Carn 2 Gen Pisc Plank Omn
Time 1 0.99 3.69 10.3 2.39 18.47
0.3241 0.0522 0.0005 0.1041 <0.0001
Treatment 3 2.4 1.55 0.66 0.98 2.92
0.0553 0.1889 0.6313 0.4137 0.0085
Location 1 2.23 2.48 3.88 10.29 * 38.79 *
0.1261 0.1116 0.0316 0.001 <0.0001
Time x Treatment 3 0.83 0.52 0.78 1.05 0.64
0.4963 0.6964 0.551 0.3677 0.7036
Time x Location 1 443 * 4.96 0.03 0.05 11.28
0.0287 0.0212 0.9737 0.9562 0.0004
Treat. x Location 3 2.44 3.70% 2.02 3.21 4.09
0.0515 0.0104 0.0848 0.0119 0.0017
Time x Treat. X Loc. 3 0.56 0.18 3.53 % 0.89 0.94
0.6789 0.9455 0.0067 0.4681 0.4579
Residual 176
1 Based on 9999 permutations; Data = Pseudo-F statistic, p value. 2 Carn = total carnivores; Gen = generalist
invertivores; Pisc = piscivores; Plank = planktivores; Omn = omnivores. * Dominant component of variation.
Table 4. Summary of BACI three-way crossed PERMANOVA test of the spatio-temporal variation in
herbivore fish functional group biomass in restored and control plots.
Source ! df Total Biomass 2 Herb NDN Br Sc
Time 1 9.12 11.48 % 2.26 18.46 * 5.9
0.0025 0.0003 0.1208 <0.0001 0.0059
Treatment 3 0.23 2.07 1.97 1.37 1.48
0.9374 0.0815 0.1005 0.2038 0.1865
Location 1 241 5.78 67.88 * 4.71 9.01*
0.108 0.0102 <0.0001 0.0066 0.0008
Time x Treatment 3 1.07 1.56 0.35 1.05 1.72
0.3621 0.1751 0.8615 0.3871 0.1242
Time x Location 1 0.46 4.57 2.21 0.8 3.65
0.5421 0.0208 0.124 0.4637 0.0315
Treat. x Location 3 6.86 * 0.48 4.32 0.59 0.95
0.0002 0.7629 0.0029 0.787 0.4346
Time x Treat. X Loc. 3 0.88 0.95 0.5 1.68 0.54
0.4609 0.4333 0.7376 0.1061 0.7671
Residual 176

1 Based on 9999 permutations; Data = pseudo-F statistic, p value. 2 Herb = total herbivores; NDN = non-denuders;

Br = browsers; Sc = scrapers. * Dominant component of variation.
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Figure 7. Box-plot diagram of spatio-temporal variation in herbivore fish functional groups biomass:
(a) total biomass; (b) total herbivores; (c¢) non-denuders; (d) browsers; (e) scrapers. 0 = before;
1 = after. M = Maguey (darker tones); T = Tampico (lighter tones). Blue = coral; gray = 3D-printed;
brown = mixed; green = control plots (no intervention). Asterisks illustrate significant temporal

differences (p < 0.0500).

Browser herbivore (Acanthuridae) biomass showed a significant temporal increase
(p < 0.0001), but no treatment effects were documented (Figure 7d, Table 4). There was a
significantly higher biomass at MAG (p = 0.0066). There were no significant interaction
effects. There was a significant temporal increase in browser biomass within all experimen-
tal treatments, except for controls (Figure 7d, Table 54). A significant temporal increase in
scraper herbivore (Scaridae) biomass (p = 0.0009) was documented (p = 0.0059), but there
were no significant treatment effects (Figure 7d, Table 4).

There was significantly higher scraper biomass at TAM (p = 0.0008), and a significant
time x location effect (p = 0.0315). A significant temporal increase in scraper biomass
was observed within coral and 3D treatments, but none for other treatments or controls

(Figure 7e, Table S4).
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There was a significant temporal increase in total carnivore biomass (p = 0.0173) and
a significantly higher biomass at TAM (p = 0.0355) (Figure 8a, Table 5). There were no
significant treatment effects. A significant treatment X location interaction (p < 0.0001) was
observed. A significant temporal increase in total carnivore biomass was observed within
coral treatment, but none for other treatments or controls (Figure 8a, Table S5). Generalist
invertivore biomass significantly increased through time (p = 0.0258), particularly across
TAM (p = 0.0035) (Figure 8b, Table 5). There were no significant treatment effects. There
was significant time x location (p = 0.0014), and treatment x location interaction effects
(p = 0.0017). No significant temporal variation in generalist invertivore biomass was
observed within any experimental treatment, nor controls (Figure 6b, Table S5). Pis-
civore biomass showed a significant (p = 0.0007) temporal increase and significantly
higher biomass at TAM (p = 0.0086) (Figure 8c, Table 5). There was a significant
time X treatment X location interaction effect (p = 0.0102). A significant temporal increase
in piscivore biomass was observed within coral and 3D treatments, but none for other
treatments or controls (Figure 8c, Table S5).

Table 5. Summary of a BACI three-way crossed PERMANOVA test of the spatio-temporal variation
in carnivore fish functional group biomass in restored and control plots.

Source ! df Carn 2 Gen Pisc Plank Omn
Time 1 4.98 4.47 10.31 0.37 1.71
0.0173 0.0258 0.0007 0.7182 0.1693
Treatment 3 0.42 0.14 0.28 14 3.8
0.8019 0.9833 0.9345 0.2044 0.0019
Location 1 4.06 74 5.81 19.95 * 34.86 *
0.0355 0.0035 0.0086 <0.0001 <0.0001
Time x Treatment 3 0.72 0.3 1.09 0.67 0.36
0.5706 0.8926 0.3512 0.6742 0.9161
Time x Location 1 1.49 5.43 0.1 1.27 5.23
0.2205 0.0014 0.9244 0.2711 0.0078
Treat. x Location 3 772% 497 * 2.04 3.83 2.28
<0.0001 0.0017 0.0737 0.001 0.0391
Time x Treat. x Loc. 3 1.69 0.72 3.40* 1.32 0.31
0.1466 0.569 0.0102 0.231 0.9478
Residual 176

1 Based on 9999 permutations; data = Pseudo-F statistic, p value. 2 Carn = total carnivores; Gen = generalist
invertivores; Pisc = piscivores; Plank = planktivores; Omn = omnivores. * Dominant component of variation.

Planktivore biomass was significantly higher at TAM (p < 0.0001) (Figure 8d, Table 5).
There was no significant biomass variation in time and among treatments. There was a
significant treatment x location interaction (p = 0.0010). No significant temporal variation
in planktivore biomass was observed within any experimental treatment, nor controls
(Figure 8d, Table S5). Omnivore biomass showed a significant increase within live coral
out-plants and within 3D-printed out-plant plots (p = 0.0019), with also significantly higher
biomass at TAM (p < 0.0001) (Figure 8e, Table 5). There was also significant time x location
(p =0.0078) and treatment x location interaction effects (p = 0.0391). No significant temporal
variation in omnivore biomass was observed within any experimental treatment, nor
controls (Figure 8e, Table S5).
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Figure 8. Box-plot diagram of spatio-temporal variation in carnivore fish functional groups biomass:
(a) total carnivores; (b) generalist invertivores; (c) Logio piscivores; (d) planktivores; (e) omni-
vores. 0 = before; 1 = after. M = Maguey (darker tones); T = Tampico (lighter tones). Blue = coral;
gray = 3D-printed; brown = mixed; green = control plots (no intervention). Asterisks illustrate
significant temporal differences (p < 0.0500).

3.4. Spatio-Temporal Variation in Fishery Target Species Parameters

Fishery target species density showed a significant temporal increase (p = 0.0010) that
was marginally significant at locations with live coral out-plants and with 3D-printed coral
out-plants (p = 0.0618) (Figure 9a, Table 6). Fishery target species density was significantly
higher at TAM (p < 0.0001). There was a significant treatment x location interaction
effect (p < 0.0001). A significant temporal increase in fishery target species density was
observed within coral and mixed treatments, with a marginal increase in the 3D treatment
but none for controls (Figure 9a, Table S6). Fishery target species percent abundance
showed a significant temporal increase (p < 0.0001) that was also significant at locations
with live coral out-plants and with 3D-printed coral out-plants (p = 0.0031) (Figure 9b,
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Table 6). No significant difference between locations was observed. There was a significant
time x location (p = 0.0012) and treatment x location interaction effect (p = 0.0266). A
significant temporal increase in fishery target species percent abundance was observed
within all experimental treatments, except for controls (Figure 9b, Table S6).
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Figure 9. Box-plot diagram of spatio-temporal variation in fishery target species parameters: (a) Abun-
dance; (b) percent abundance; (c) biomass; (d) percent biomass. 0 = before; 1 = after. M = Maguey (darker
tones); T = Tampico (lighter tones). Blue = coral; gray = 3D-printed; brown = mixed; green = control plots
(no intervention). Asterisks illustrate significant temporal differences (p < 0.0500).

Table 6. Summary of a BACI three-way crossed PERMANOVA test of the spatio-temporal variation
in fishery target species parameters in restored and control plots.

Source ! df Abund % Abund Biomass % Biomass
Time 1 9.1 35.53 5.95 2.01
0.001 <0.0001 0.0058 0.1261
Treatment 3 2.13 3.81 0.43 1.15
0.0618 0.0031 0.8763 0.3151
Location 1 16.24 0.27 4.66 5.86 *
<0.0001 0.8113 0.0159 0.0053
Time x Treatment 3 1.08 1.62 0.73 0.37
0.35 0.1411 0.6172 0.9229
Time X Location 1 2.17 8.19 * 0.95 0.58
0.1104 0.0012 0.3695 0.5479
Treat. x Location 3 517 * 2.56 492 * 0.86
<0.0001 0.0266 0.0003 0.4986
Time x Treat. x Loc. 3 0.45 04 0.83 0.26
0.8493 0.8951 0.5223 0.9835
Residual 176

! Based on 9999 permutations; Data = pseudo-F statistic, p value. * Dominant component of variation.
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Fishery target species biomass showed a significant temporal increase (p = 0.0058),
but no significant treatment effects (Figure 9¢, Table 6). Fishery target species biomass
was significantly higher at TAM. There was a significant treatment X location interaction
effect (p = 0.0003). A significant temporal increase in fishery target species biomass was
observed within the coral treatment, but none for other treatments or controls (Figure 9c,
Table S6). No significant temporal or treatment effects were observed in percentage fishery
target species biomass (Figure 9d, Table 6). However, TAM supported a significantly higher
(p = 0.0053) percent fishery target species biomass. No interaction effects were documented.
No significant temporal variation in percent fishery target species biomass was observed
within any experimental treatment, nor controls (Figure 9d, Table S6).

3.5. Spatio-Temporal Variation in Fish Functional Group Community Structure

Fish community structure (based on fish functional group abundance) showed a
significant temporal change (p < 0.0001), with marginally significant treatment effects
(p = 0.0546) (Table 7). Observed variation in fish community structure was significantly
different between locations (p < 0.0001). There was significant time X location (p < 0.0001)
and treatment x location interaction effects (p = 0.0004). A significant change in fish
community structure based on abundance data was documented within all treatment
groups, except for controls (Table S7).

Table 7. Summary of a BACI three-way crossed PERMANOVA test of the spatio-temporal variation
in fish community structure in restored and control plots based on fish functional groups.

Source ! df Abundance Biomass
Time 1 11.57 591
<0.0001 0.0003
Treatment 3 1.73 0.84
0.0546 0.6303
Location 1 3244 * 13.90 *
<0.0001 <0.0001
Time X Treatment 3 0.55 0.82
0.8905 0.6485
Time x Location 1 10.05 2.76
<0.0001 0.0193
Treat. X Location 3 3.44 3.56
0.0004 0.0003
Time x Treat. x Loc. 3 1.2 1.29
0.2684 0.2004
Residual 176

1 Based on 9999 permutations; data = pseudo-F statistic, p value. * Dominant component of variation.

Fish community structure (based on fish functional group biomass) also showed a
significant temporal change (p = 0.0003), but no significant treatment effects (Table 7).
Observed variation in fish community structure by biomass was significantly different
between locations (p < 0.0001). There were significant time x location (p = 0.0193) and
treatment X location interaction effects (p = 0.0003). A significant change in fish community
structure based on biomass data was documented within coral and 3D-printed treatment
groups, but none for the mixed treatment or controls (Table S7).

Principal coordinate ordination analysis (PCO) based on fish abundance showed
significant spatio-temporal variation and three distinctive clustering patterns (Figure 10).
There was a small cluster on the left composed of live coral, 3D-printed, and mixed (live
coral + 3D-printed) out-planting plots before restoration interventions. This cluster was
largely explained by omnivore, non-denuder herbivore, scraper herbivore, and planktivore
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abundance. A second cluster was composed of control plots before restoration and of
3D-printed and mixed plots after restoration. It was mostly explained by piscivore, browser,
and generalist invertivore abundance. The final cluster was constituted by a combination
of all restored locations, with before and after sampling efforts. This was mostly composed
of locations at MAG that showed less variation in fish abundance after restoration inter-
ventions than at TAM. This PCO solution explains 86% of the observed spatio-temporal
variation and clearly shows that restoration interventions resulted in a significant variation
in fish assemblages after restoration interventions, but also shows spatial variations at
the level of locations, suggesting that those locations with greater habitat complexity at
TAM showed a stronger response than locations with flatter, more homogenous benthic
community structures at MAG.
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Figure 10. Principal coordinates ordination (PCO) analysis of the spatio-temporal variation in fish
community structure based on fish functional group/-transformed abundance. NDN = non-denuders;
Br = browsers; Sc = scrapers; Gen = generalist invertivores; Pisc = piscivores; Plank = plankti-
vores; Omn = omnivores. M = Maguey (darker tones); T = Tampico (lighter tones). Blue = coral;
gray = 3D-printed; brown = mixed; green = control plots (no intervention). Trajectories move from time
0 (before intervention) to time 1 (after intervention). This model explains 86% of the observed variation.

A dominance plot of the spatio-temporal variation in fish functional group abundance
on restoration and control plots clearly shows that fish assemblage became increasingly
complex and diverse following the restoration interventions (Figure 11). This effect was
particularly more significant within live coral out-plantings and within 3D-printed out-
plantings, followed by mixed out-plantings, in comparison to observed spatio-temporal
variation in control plots.

Abundance-biomass comparison (ABC) plots based on fish functional group abun-
dance and biomass show a consistent change in the disturbed status of fish assemblages
before restoration interventions of fish abundance k-dominance curve falling above the
biomass curve through its length across all different restoration interventions, namely live
coral out-planting, 3D-printed out-planting, and mixed live coral + 3D-printed out-planting
plots (Figure 12). In comparison, fish assemblages after all out-planting showed a reversed
trend of the fish biomass k-dominance curve falling above the abundance curve. There was
no significant change in the case of control locations, where both curves were similarly
lined up before and after interventions.
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Figure 11. Dominance plot of the spatio-temporal variation in fish functional groups on restoration
and control plots based on /-transformed abundance. Time zero (before intervention) = darker
tones; Time 1 (after intervention) = lighter tones. Blue = coral; gray = 3D-printed; brown = mixed;
green = control plots (no intervention).
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Figure 12. Abundance-biomass comparison (ABC) plots of the spatio-temporal variation in fish
functional groups on restoration and control plots based on /-transformed abundance (blue) and
biomass (red). 0 = Time 0 (before intervention); 1 = Time 1 (after intervention). Coral = living coral;
3D = 3D-printed; Mixed = coral + 3D-printed; Control = non-restored plots (no intervention).

3.6. Spatio-Temporal Variation in Fish Species Distribution

There was a highly significant temporal difference in fish community structure when
data were analyzed at the species-level abundance (Pseudo-F = 17.66; p < 0.0001), with
a significant treatment effect (Pseudo-F = 1.88; p = 0.0031). Temporal variation was sig-
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nificant (p < 0.0001) within all experimental interventions, but not within control plots
(p = 0.0802). There was a significant difference in fish community structure based on
fish species distribution between corals and 3D-printed corals (p = 0.0071) and between
3D-printed and control plots (p = 0.0071), and marginal between 3D-printed and mixed
corals (p = 0.0580). Other combinations of treatments were non-significant. There was
a significant location effect (Pseudo-F = 31.00; p < 0.0001). There was no significant
time X treatment interaction (Pseudo-F = 1.23; p = 0.1516). There were significant
time x location (Pseudo-F = 4.99; p < 0.0001) and treatment x location interactions (Pseudo-
F =4.20; p <0.0001). Time x treatment x location interaction was not significant (Pseudo-
F=1.07; p = 0.3223).

A PCO analysis showed significant spatio-temporal variation in fish assemblages
(Figure 13). Community trajectories evidenced first a significant before-after change in
fish community composition, but also a significant split in trajectories between both study
locations, which were explained by different species composition. On the left, a cluster
was composed of coral, 3D-printed, and mixed corals at TAM before interventions. These
were mostly explained by the abundance of C. personatus, Priacanthus arenatus, and Hy-
poplectrus indigo. The trajectories of this group of experimental treatments after intervention
formed a separate cluster mostly explained by Bathygobius soporator, juveniles of Sparisoma
chrysopterum, Acanthurus tractus, and Scarus iseri. Also, Stegastes planifrons, H. puella, and
Chromis cyanea explained most of the observed spatio-temporal variation. Bubble plots of
showing the spatio-temporal variation of the sixteen most abundant species through this
study are illustrated in the Supplementary Results (Figures 51-516).
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Figure 13. Principal coordinates ordination (PCO) analysis of the spatio-temporal variation in
fish community structure based on /-transformed abundance of fish species. Vectorial analysis
based on 90% correlation level. Clustering patterns based on SIMPROF test. Achi = A. chirurgus;
Atra = A. tractus; Bsop = bathygobius soporator; Ccya = Chromis cyanea; Cper = Coryphopterus personatus;
Hbiv = Halichoeres bivittatus; Hind = Hypoplectrus indigo; Hpue = H. puella; Pare = Priacanthus arenatus;
Sise = Scarus iseri; Schr = Sparisoma chrysopterum; Spla = Stegastes planifrons; Svar = S. variabilis;
Sxan = S. xanthurus; Tbif = Thalassoma bifasciatum. Trajectories are from time zero (before intervention)
to time 1 (after intervention). Blue = coral; gray = 3D-printed; brown = mixed; green = control plots
(no intervention). M = Maguey (darker tones); T = Tampico (lighter tones). Vector analysis based on a
minimum correlation level of 0.80. This solution explains 72.8% of the observed variation.

On the right of Figure 13, there was also a cluster formed by coral, 3D-printed, and
mixed corals at MAG before interventions. These were mostly explained by Thalassoma
bifasciatum and juveniles of A. chirurgus. Trajectories of this group of experimental treat-
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ments after intervention formed a separate cluster mostly explained by S. xanthurus, S.
variabilis, and by juveniles of Halichoeres bivittatus and A. tractus. Control plots before and
after interventions at TAM formed an individual cluster with limited temporal variation.
Similarly, control plots at MAG formed a separate cluster with limited temporal varia-
tion. Control plots were mostly explained by S. xanthurus, S. variabilis, and by juveniles
of A. chirugus and H. bivittatus. This solution explained 66.3% of the observed spatio-
temporal variation.

Spatio-temporal variation in fish species composition showed remarkable differences.
Similarity percentages (SIMPER) analysis showed that net species richness increased from
23.4 before interventions to 28.2 species per count after interventions. It also revealed
an increase from 23.5 before interventions to 29.0 species per count within the coral out-
planting plots after interventions, and from 23.9 before interventions to 31.0 species per
count within the 3D-printed coral out-planting plots after interventions. There was also
an increase from 23.3 before interventions to 28.3 species per count within the mixed
out-planting plots after interventions, and a non-significant increase from 23.0 before
interventions to 24.3 species per count within the control plots after interventions. There
was also a temporal increase from 22.2 before interventions to 26.0 species per count within
MAG after interventions, and an increase from 24.6 before interventions to 30.4 species per
count within TAM after interventions.

SIMPER analysis also showed that T. bifasciatum, S. iseri, C. personatus, A. coeruleus,
and A. tractus were the five most abundant fish species before interventions, explaining
57% of the observed abundance (Table S8). Meanwhile, T. bifasciatum, S. iseri, A. tractus,
A. coeruleus, and B. soporator were the five most abundant fish species after interventions,
explaining 48% of the observed abundance (Table S9). Before—after variation in fish species
abundance was mostly explained by declining C. personatus and T. bifasciatum and by
increased H. flavolineatum, S. iseri, and A. tractus, which explained 30% of the observed
variation (Table 510). Fish assemblages also showed significant temporal variation between
the two study locations. Before-after variation within MAG was mostly explained by
declining T. bifasciatum, C. personatus, and H. flavolineatum, and by increased Abudefduf
saxtilis and Caranx ruber, explaining 24% of the observed variation (Table S11). Before-after
variation within TAM was mostly explained by declining C. personatus and T. bifasciatum,
and by increased A. tractus, H. flavolineatum, and Chromis multilineata, explaining 35% of the
observed variation (Table S12).

SIMPER analysis showed that T. bifasciatum, S. iseri, C. personatus, A. coeruleus, and
Sparisoma aurofrenatum, were the most abundant species within the coral treatment, ex-
plaining 58% of the observed abundance before restoration (Table S13). In the case of the
3D-printed treatment, T. bifasciatum, C. personatus, S. iseri, A. tractus, and A. coeruleus were
the most abundant, explaining 57% of the observed abundance before restoration (Table
514). Thalassoma bifasciatum, C. personatus, S. iseri, A. coeruleus, and A. tractus were the
most abundant within the mixed treatment, explaining 59% of the observed abundance
before restoration (Table 515). Meanwhile, T. bifasciatum, S. iseri, A. coeruleus, A. tractus,
and S. viride were the most abundant within control plots, explaining 55% of the observed
abundance before restoration (Table 516).

A higher abundance of C. personatus within 3D-printed plots, in comparison to coral
plots explained the observed difference between both treatments before restoration (21%)
(Table S17). A higher abundance of C. personatus within coral plots, in comparison to mixed
plots explained the observed difference between both treatments (20%) before restoration
(Table S18). A higher abundance of C. personatus within coral plots in comparison to control
plots explained the observed difference between both treatments (17%) before restoration
(Table S19). A higher abundance of C. personatus within 3D-printed plots in comparison
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to mixed plots explained the observed difference between both treatments (19%) before
restoration (Table 520). A higher abundance of C. personatus within 3D-printed plots in
comparison to control plots explained the observed difference between both treatments
(17%) before restoration (Table S21). A higher abundance of C. personatus within mixed plots
in comparison to control plots explained the observed difference between both treatments
(15%) before restoration (Table S22).

SIMPER analysis showed that T. bifasciatum, S. iseri, A. tractus, A. coeruleus, and C.
personatus were the most abundant species within the coral treatment, explaining 50%
of the observed abundance after restoration (Table 523). Also, T. bifasciatum, S. iseri, C.
personatus, A. tractus, and A. coeruleus were the most abundant within the 3D-printed treat-
ment, explaining 49% of the observed abundance after restoration (Table S524). Thalassoma
bifasciatum, S. iseri, C. personatus, A. tractus, and A. coeruleus were the most abundant within
the mixed treatment, explaining 50% of the observed abundance after restoration (Table
525). Meanwhile, T. bifasciatum, S. iseri, A. tractus, A. coeruleus, and S. aurofrenatum were
the most abundant within control plots, explaining 53% of the observed abundance after
restoration (Table 526).

A higher abundance of C. personatus within 3D-printed plots in comparison to coral
plots explained the observed difference between both treatments after restoration (14%)
(Table S27). A higher abundance of C. personatus within coral in comparison to mixed
plots explained the observed difference between both treatments (13%) after restoration
(Table S28). A higher abundance of C. personatus within coral plots in comparison to control
plots explained the observed difference between both treatments (11%) after restoration
(Table S29). A higher abundance of C. personatus within 3D-printed plots in comparison
to mixed plots explained the observed difference between both treatments (13%) after
restoration (Table 530). A higher abundance of C. personatus within 3D-printed plots in
comparison to control plots explained the observed difference between both treatments
(12%) after restoration (Table S31). A higher abundance of C. personatus within mixed plots
in comparison to control plots explained the observed difference between both treatments
(11%) after restoration (Table S32).

SIMPER analysis also revealed temporal variation in species composition within in-
dividual experimental treatments. Temporal variation within the coral treatment was
mostly explained by declining C. personatus and T. bifasciatum and by increased A. tractus, S.
planifrons, and H. flavolineatum, explaining the observed difference (29%) after restoration
(Table S33). Temporal variation within the 3D-printed treatment was mostly explained
by declining C. personatus and T. bifasciatum and by increased A. coeruleus, S. iseri, and A.
tractus, explaining the observed difference (31%) after restoration (Table S34). Temporal
variation within the mixed treatment was mostly explained by declining C. personatus
and T. bifasciatum and by increased S. iseri, H. bivittatus, and A. tractus, explaining the
observed difference (32%) after restoration (Table S35). Temporal variation within con-
trols was mostly explained by declining C. personatus, T. bifasciatum, and H. flavolineatum
and by increased A. saxatilis and C. ruber, explaining the observed difference (29%) after
restoration (Table S36).

3.7. Spatio-Temporal Variation in the Hierarchical Preference of Fish Distribution by Treatment

An analysis of the fishes” hierarchical preference by treatment was conducted based
on the abundance of 12 indicator species to determine their spatio-temporal variation
(Table S37). The abundance ratios were calculated comparing all treatments before and after
the restoration intervention. The analysis showed that important fishery target species such
as Epinephelus adsencionis, Lutjanus apodus, Ocyurus chrysurus, and Haemulon flavolineatum
showed a significant increase in abundance after intervention, particularly within the



Diversity 2025, 17, 445

25 of 50

coral and 3D-printed treatments. Non-denuder herbivore Stegastes adustus, planktivore
Abudefduf saxatilis, and scraper herbivores S. chrysopterum, S. aurofrenatum, Scarus vetula,
and S. taeniopterus showed several orders of magnitude increased juvenile abundances
following restoration. The number of juveniles of browser herbivores, A. coeruleus and A.
tractus, also increased following restoration. All combined average fish abundance ratios
are shown in Figure 14, and evidence suggests that all experimental treatments showed
increased fish abundance ratios following restoration: coral (2.70), 3D-printed (2.53), mixed
(2.30), and even controls (1.14). Also, overall fish abundance ratios were higher within
coral and 3D-printed treatments after restoration, in comparison to the mixed treatment
and controls.

Coral-0

Mixed-0

2.56 1.89

2.70 2.53

Figure 14. Hierarchal chart of fishes” preference based on the abundance of fishes of 12 indicator
species * that preferred each experimental treatment before (0) and after (1) restoration interventions.
The direction of the arrows indicates the most dominant to the less dominant treatments. The width
of the arrows is proportional to the percentage of dominance, and the numbers next to each arrow
are the ratio of more dominant to the less dominant treatment. * = Indicator species included in
the analysis: Epinephelus adsencionis, Lutjanus apodus, Ocyurus chrysurus, Haemulon flavolineatum,
Stegastes adustus, Abudefduf saxatilis, Sparisoma chrysopterum, Sparisoma aurofrenatum, Scarus vetula,
Scarus taeniopterus, Acanthurus coeruleus, Acanthurus tractus.

3.8. Spatio-Temporal Variation in Fish Biodiversity and Phylogenetic Dynamics

Fish biodiversity was significantly enhanced after the experimental restoration inter-
ventions. Taxonomic diversity (Delta, A) increased from 66 to 68 in the coral treatment,
from 66 to 70 in 3D-printed plots, from 65 to 68 in mixed plots, and from 66 to 67 in
controls, suggesting enhanced taxonomic complexity (Table 8). Delta showed a signif-
icant temporal variation (p < 0.0001) and significant time x location (p = 0.0088) and
time x treatment x location interactions (p = 0.0270) (Table 9).
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Table 8. Spatio-temporal variation in annual mean fish biodiversity measures (taxonomic distinctness
and phylogenetic diversity) in control and restored plots.

Variables 1 Cor-0 Cor-1 3D-0 3D-1 Mix-0 Mix-1 Ctr-0 Ctr-1
(];ae;(t]a)/iz) 65.81 4 1.95 68.44 + 0.70 65.67 £+ 1.52 69.5 + 0.57 64.72 +1.32 67.56 + 1.10 65.96 + 0.96 67.17 +1.03
(Del;l;]?, ) 7244 £0.77 71.32 £ 0.62 72.6 £0.73 72.53 £0.46 72.07 £1.03 71.04 £ 0.68 71.49 £0.83 71.18 £ 0.77
(DeﬁZI})A+) 72.76 £ 0.53 72.44 £ 0.55 7217 £0.48 73.16 £ 0.46 71.96 £ 0.79 72.23 £0.67 71.89 £0.63 71.83 £ 0.54
(sDclE?sA*) 1710.27 4 112.90 2107.47 + 176.53 1731.05 £ 170.54 2274.41 + 208.04 1682.37 4 172.76 2045.61 + 153.89 1654.81 & 103.43 1748.23 4 143.40
(Lam\l/)jg*? A% 280.75 4 23.33 259.37 + 17.95 277.03 £17.91 243.73 4 15.94 292.06 + 33.10 264.27 4 22.82 297.38 + 22.06 289.43 4 20.13
1(%;;11])) 47.25 4+ 1.55 45.57 + 1.12 47.38 £0.97 45.69 + 1.14 47.33 £+ 1.61 45.56 4 0.98 45.85 £ 1.24 45.52 £ 0.90
Fa(i;];;ig’D 1103.33 4 61.11 1316.67 + 96.90 1130 + 103.23 1410 + 114.92 1095 + 103.85 1288.33 + 95.61 1053.33 + 66.72 1105 =+ 88.23

1 Mean = 95% confidence intervals. (a) Taxonomic diversity (Delta, A); (b) taxonomic distinctness—TD (Delta*,
A%); (c) average taxonomic distinctness—AvTD (Delta*, A*); (d) total taxonomic distinctness—TTD (sDelta*, sA*);
(e) variation in taxonomic distinctness—VarTD (Lambda*, A*); (f) average phylogenetic diversity—AvPD (®*);
(g) total phylogenetic diversity—Faith’s PD (s®*).

Table 9. Summary of a two-way crossed PERMANOVA test of the spatio-temporal variation in
Logp-transformed fish biodiversity measures in restored and control plots.

Source ! df A2 A* A* sA* A*

Time 1 38.17 * 6.81 1.18 4327 * 8.82
<0.0001 0.0105 0.2780 <0.0001 0.0034

Treatment 3 211 5.05 3.78 5.15 3.46
0.0982 0.0027 0.0136 0.0021 0.0161
Location 1 0.07 29.74 * 18.78 * 26.32 24.45 *
0.7936 <0.0001 <0.0001 <0.0001 <0.0001

Time x Treatment 3 1.63 1.16 1.95 3.05 0.58
0.1855 0.3152 0.1246 0.0285 0.6234

Time x Location 1 2.89 10.89 0.0006 1.28 0.14
0.0945 0.0012 0.9798 0.2546 0.7090

Treat. x Location 3 3.85 5.41 1.41 6.05 1.91
0.0088 0.0019 0.2417 0.0007 0.1284

Time x Treat. X Loc. 3 3.18 0.65 2.66 1.61 0.63
0.0270 0.5773 0.0517 0.1913 0.5939

Residual 176

1 Based on 9999 permutations; data = pseudo-F statistic, p value. 2 A = taxonomic diversity (Delta); A* = taxonomic
distinctness (Delta*); A* = average taxonomic distinctness—AvTD (Delta*); sA* = total taxonomic distinctness—
TTD (sDelta*); A* = variation in taxonomic distinctness—VarTD (Lambda*). * Dominant component of variation.

Taxonomic distinctness (Delta*, A*) showed a slight but significant decline through
time across all treatments (Table 8). It was significantly higher before restoration inter-
ventions (p = 0.0105) (Table 9). There were also significant differences among treatments
(p = 0.0027) and between locations (p < 0.0001). There were also significant time x location
(p =0.0012) and treatment X location interactions (p = 0.0019).

Average taxonomic distinctness—AvTD (Delta*, A*) showed significant variation
among treatments (p = 0.0136) and between locations (p < 0.0001) (Table 9). No significant
interactions were documented.

Total taxonomic distinctness—TTD (sDelta®, sA*) increased from 1710 to 2107 in
the coral treatment, from 1731 to 2274 in 3D-printed plots, from 1682 to 2046 in mixed
plots, and from 1655 to 1748 in controls (Table 8). sDelta® showed a significant temporal
increase (p < 0.0001), and significant variation among treatments (p = 0.0021) and be-
tween locations (p < 0.0001) (Table 9). There was also a significant treatment x location
interaction (p = 0.0007).

Variation in taxonomic distinctness—VarTD (Lambda®*, A*) declined from 281 to 259
in the coral treatment, from 277 to 244 in 3D-printed plots, from 292 to 264 in mixed plots,
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and from 297 to 289 in controls (Table 8). Lambda™* showed a significant temporal decline
(p = 0.0034) and significant variation among treatments (p = 0.0161) and between locations
(p < 0.0001) (Table 9). There were no significant interactions.

Average phylogenetic diversity—AvPD (®*) showed a slight but significant (p = 0.0023)
decline through time across all treatments (Tables 8 and 10). No significant interaction
effects were observed.

Table 10. Summary of a two-way crossed PERMANOVA test of the spatio-temporal variation in
Logio-transformed fish phylogenetic diversity measures in restored and control plots.

Source ! df ®*2 sd+
Time 1 9.38 * 34.08 *
0.0023 <0.0001
Treatment 3 0.78 6.11
0.5037 0.0003
Location 1 3.08 19.55
0.0812 0.0002
Time x Treatment 3 0.62 2.28
0.6018 0.0850
Time x Location 1 0.38 0.77
0.5382 0.3827
Treat. X Location 3 0.85 5.9
0.4779 0.0004
Time x Treat. X Loc. 3 0.22 1.75
0.8836 0.1655
Residual 176

1 Based on 9999 permutations; Data = pseudo-F statistic, p value. > ®* = average phylogenetic diversity—AvPD;
s®* = total phylogenetic diversity—Faith’s PD. * Dominant component of variation.

Total phylogenetic diversity—Faith’s PD (s®™) increased from 1103 to 1317 in the
coral treatment, from 1130 to 1410 in 3D-printed plots, from 1095 to 1288 in mixed plots,
and from 1053 to 1105 in controls (Table 8). s®* showed a significant temporal increase
(p < 0.0001) (Table 10). There was also significant variation among treatments (p = 0.0003)
and between locations (p = 0.0002), and a significant treatment x location effect (p = 0.0004).

Superimposing the real A* values for the before—after variation in fish assemblages
across all treatments, several features are apparent. There was no significant before-after
variation in A™ values, but there was significant variation among all treatments (Figure 15).
Coral and 3D-printed treatments showed consistently slightly lower average distinctness
and A" values slightly closer to that of the species master list. There was also a slight decline
in A* values within mixed plots but with higher dispersion of values after restoration. There
was no variation in A* values within control plots. Figure 16 for simulated variation in A*
shows also several findings. There was a significant before—after variation in A* values
and a significant variation among all treatments. Dispersion was also higher in A* values
from the mixed treatment and controls.

3.9. Spatio-Temporal Correlations Between Fish Community Structure Reef Rugosity Index

Figure 17 shows the spatial variation of the reef rugosity index scale. There was no
significant difference in benthic habitat complexity among treatments (d.f. = 3; Pseudo-
F = 0.53; p = 0.5283), but the rugosity index scale was significantly higher at TAM (d.f. = 1;
Pseudo-F = 10.22; p = 0.0047). No significant treatment x location interaction was observed
(d.f. = 3; Pseudo-F = 1.60; p = 0.2179).
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Figure 15. Funnel plot for simulated average taxonomic distinctness—AvTD (A*) before and after
coral restoration intervention: (A) coral; (B) 3D; (C) mixed; (D) control. The horizontal line indicates
the mean A* of the master species list, which is not a function of S. The boundary lines indicate the
limits within which 95% of simulated A* values lie. Points are the true temporal variation in AvTD
(y-axis) for the before and after samples. 0 = before restoration; 1 = after restoration interventions.
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Figure 16. Funnel plot for simulated variation in taxonomic distinctness—VarTD (Lambda*, A*)
before and after coral restoration intervention: (A) coral; (B) 3D; (C) mixed; (D) control. The
horizontal line indicates the mean A* of the master species list, which is not a function of S. The
boundary lines indicate the limits within which 95% of simulated A* values lie. Points are the true
temporal variation in VarTD (y-axis) for the before and after samples. 0 = before restoration; 1 = after

restoration interventions.
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Figure 17. Mean rugosity index scale calculated for all treatment X location combinations. Blue = Coral;
Gray = 3D-printed; Brown = Mixed; Green = Control plots (no intervention). M = Maguey; T = Tampico.

A significant positive multivariate correlation was observed between reef rugosity
and species richness (Rho = 0.803; p = 0.0010), total fish abundance (Rho = 0.804; p = 0.0018),
total herbivore abundance (Rho = 0.555; p = 0.0123), non-denuder herbivore abundance
(Rho = 0.838; p = 0.0040), scraper herbivore abundance (Rho = 0.643; p = 0.0067), omnivore
abundance (Rho = 0.756; p = 0.0017), and non-denuder herbivore biomass (Rho = 0.655;
p =0.0050) (Table S38). No other individual fish abundance or biomass parameter correlated
with reef rugosity. There was a significant correlation between reef rugosity and fish
functional group community structure based on abundance data (Rho = 0.777; p = 0.0016),
but there was none with fish functional group community structure based on biomass data
(Rho = 0.060; p = 0.3624). There was also a significant correlation between reef rugosity and
fish functional group community structure based on individual species abundance data
(Rho = 0.712; p = 0.0011). There were also significant correlations between reef rugosity and
A* (Rho = 0.810; p = 0.0008), A* (Rho = 0.620; p = 0.0047), sA* (Rho = 0.824; p = 0.0014), A*
(Rho = 0.757; p = 0.0028), and s®* (Rho = 0.724; p = 0.0045) (Table S39).

4. Discussion

This study investigated the short-term impacts of various coral restoration interven-
tions on reef fish assemblages in Culebra Island, Puerto Rico. The interventions included
natural A. cervicornis out-plants, 3D-printed A. cervicornis structures, mixed natural and
3D-printed out-plants, and control sites with no intervention. The findings provide valu-
able insights into how different restoration strategies influence fish communities and
their ecological functions. Important factors such as enhanced benthic spatial complex-
ity, enhanced fish recruitment and attraction of different fish functional groups, particu-
larly, herbivore guilds, were the most conspicuous results of the restoration intervention.

Natural out-plants and mixed interventions showed the most significant effects of fish
assemblage enhancement.

4.1. Effects of Coral and 3D-Printed Coral on Fish Assemblages: The Role of Structural Complexity

The integration of 3D-printed corals in coral restoration efforts offers significant bene-
fits for ecological restoration, structural stability, and the functional enhancement of coral
reefs. This innovative approach enables rapid and customizable restoration, promoting
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biodiversity, enhancing ecosystem services at the intervention spatial scale, and provid-
ing sustainable and ethical solutions to address coral reef decline due to human impacts
and climate change. The results indicated that both natural and 3D-printed A. cervicornis
structures positively influenced fish species’ richness, abundance, biomass, and diversity,
compared to control sites. Notably, sites with mixed natural and 3D-printed out-plants
exhibited the highest metrics in most parameters, suggesting a possible synergistic effect
between natural and artificial corals. This aligns with previous research demonstrating
that artificial structures can effectively mimic natural coral habitats, providing refuge and
foraging opportunities for various fish species [32,112,113]. For instance, a previous study
in Culebra Island found that 3D-printed corals mimicking A. cervicornis attracted similar
fish assemblages as natural corals, highlighting their potential as complementary tools in
reef restoration efforts [86]. Elsewhere, fish abundance and diversity increased significantly
in areas with 3D-printed structures compared to control sites, stressing the potential of
3D printing in reef restoration efforts [112]. An experimental study manipulated habitat
complexity using artificial structures, including 3D-printed modules, to assess their impact
on fish diversity, demonstrating that increased structural complexity positively influences
fish community composition [113]. Also, the effectiveness of artificial reefs, including 3D-
printed structures, in sediment-impacted areas suggests that these structures can enhance
coral recruitment and support diverse fish assemblages even under significantly degraded
environmental conditions [114].

Furthermore, certain fish species appear to show preferences for specific colors and
shapes of the 3D-printed models, suggesting that these structures can substitute for live
corals in providing habitat for certain reef fish [92]. Another study found that blue-green
damselfish (Chromis viridis) did not exhibit altered behavior when exposed to 3D-printed
coral models compared to natural coral skeletons, and that larval stages of mustard hill
coral (Porites astreoides) settled on 3D-printed substrates at rates comparable to natural
substrates, indicating that 3D-printed materials are not inherently harmful to these reef
organisms [88]. The use of artificial structures like 3D-printed corals have also had overall
positive impacts in fostering increased abundance and biomass and fish assemblages, with
important socio-economic implications for local fishing communities [115].

The integration of 3D-printed corals and natural A. cervicornis out-planting in this
study contributed to enhancing fish assemblage biodiversity and their ecological functions
one year after interventions. This resulted in increased fish species richness, H'y and ]’
within natural A. cervicornis, 3D-printed, and mixed treatments, particularly within TAM,
the location with the highest benthic spatial relief. Total fish abundance declined after
the interventions, largely due to the impact of abnormally high sea surface temperature
(SST) and the widespread mass coral bleaching event during 2023 in C. personatus, the
most abundant species before interventions. Decline was consistent among treatments
but was significantly higher at TAM, which was associated with higher benthic spatial
heterogeneity and higher C. personatus populations. However, total fish biomass showed a
significant increase, particularly within the natural coral restoration plots and at studied
reefs at TAM. This location exhibited the highest mean rugosity index. Several studies
collectively underscore the critical role of benthic spatial relief and structural complexity in
enhancing fish abundance, biomass, and diversity on coral reefs.

Structural complexity, or rugosity, is a critical factor influencing fish community
composition. The 3D-printed structures in this study were designed to mimic the branching
morphology of A. cervicornis, enhancing habitat complexity at the intervention plot scales.
The positive response of fish assemblages to these structures underscores the importance
of physical habitat features in reef restoration. Complex structures provide niches for
various species, reduce predation pressure, and increase resource availability, thereby
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supporting higher biodiversity and taxonomic complexity. This finding is supported by
previous research demonstrating that increased habitat complexity by corals is associated
with greater fish abundance and diversity on reefs [116]. A combination of biotic factors
and multi-scale abiotic factors, such as structural complexity, significantly influence habitat
quality, which in turn affects the distribution and abundance of coral reef fishes [117].
Habitat biodiversity, closely linked to structural complexity, is also a crucial determinant of
fish community structure, influencing species richness and abundance [118].

Benthic rugosity, or the structural complexity of the seafloor is a crucial factor influ-
encing the diversity and abundance of coral reef fish assemblages. High rugosity provides
a variety of microhabitats, shelters, and foraging opportunities, which support a wide
range of fish species and life stages. Complex structures offer habitat provision, numer-
ous niches, and protection from strong currents and wave action, allowing coexistence
of diverse species by reducing competition and promoting predator avoidance. Crevices
and overhangs serve as refuges for smaller fish, enhancing survival rates. Varied surfaces
support diverse algae and invertebrate communities, providing abundant food resources.
Certain fish species also rely on specific structural features for spawning. Structural com-
plexity is a strong predictor of fish species richness and abundance on coral reefs [119]
and biomass [120], significantly influencing fish community structure [121-124], benthic
and fish diversity patterns [125-129], and behavior and distribution [130]. It plays a vital
role in promoting reef fish sheltering dynamics [131], particularly on reefs with a higher
percentage of branching and tabulate live coral cover [132,133]. Artificial reefs with high
structural complexity share similar characteristics as higher rugosity reefs [118].

More structurally complex reefs provide a greater variety of habitats, which in turn
support higher fish diversity and biomass [119], including up to 20-30% higher abundance,
~20% higher species richness, and nearly twice the biomass compared to other habitats [134].
They also support higher juvenile densities [135,136] and higher survival of juveniles [137].
Complex reef architecture supports higher abundances of small-bodied fishes and longer
food chains, becoming a key determinant of fish community composition and trophic
interactions [138], therefore enhancing overall coastal productivity. However, significant
coral reef habitat degradation can lead to declining fish assemblages [139]. A long-term
region-wide decline in the structural complexity of Caribbean coral reefs correlated with
habitat loss and a “flattening” effect with reductions in fish diversity and biomass [140-142].
Another study explored how the loss of structural complexity can lead to declines in reef
fish abundance and diversity, emphasizing the importance of maintaining reef architecture
for fisheries sustainability [143]. However, a study observed that reefs in the Seychelles with
greater structural complexity showed higher rates of fish species richness and abundance
during recovery periods following bleaching events, highlighting the resilience provided
by complex habitats [144]. Structural complexity is a key factor influencing the recovery
potential of coral reef fish communities, with more complex reefs supporting higher biomass
and diversity [145]. These findings underscore the importance of structural complexity
in enhancing fish community metrics and in fostering enhanced natural recovery ability
following disturbance and promoting high ecosystem resilience.

4.2. Trophic Functional Group Responses: The Importance of Restoring Herbivores and Piscivores

Analysis of trophic functional groups revealed that herbivores and omnivores were
more abundant in restored sites, particularly in mixed out-planting areas. There was an
increased abundance and biomass of browsers (Acanthuridae) and scrapers (Scaridae). Non-
denuders (Pomacentridae) showed no temporal increase, but scrapers and non-denuders
were more abundant at TAM, which sustained reefs with higher structural complexity,
while browsers were more abundant at MAG, with reefs with lower structural complexity.
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Total herbivore biomass, particularly scrapers, significantly increased within the coral and
3D treatments. These results are consistent with previous restoration studies that showed
increased herbivore abundance or biomass following coral restoration interventions and a
consequent enhancing of structural complexity [146]. In addition, fish recurrently impacted
by mass coral bleaching and mortality, such as the study sites in this project, have shown
significant regime shifts in fish assemblages enhancing dominance by herbivore guilds and
affecting fish catches [147].

Two potential mechanisms involving positive and negative feedbacks might control
reef resilience recovery: coral restoration and enhanced benthic spatial relief lead to en-
hanced herbivore attraction and enhanced herbivore guilds lead to important algal control,
opening substrates for coral larval settlement and for asexual fragments reattachment,
promoting natural recovery. Enhancing structural complexity through restoration can
attract herbivorous fishes, thereby increase herbivory rates and benefiting coral out-plants
by reducing algal competition [148]. Restoration efforts focusing on herbivore management
can enhance coral recovery by controlling algal growth [149]. Long-term Elkhorn coral
(A. palmata) restoration in Puerto Rico resulted in significantly augmented benthic spatial
heterogeneity and diverse herbivore guilds enhancement in a shallow, high-energy reef [85].
Different herbivorous fish species have varying effects on algal communities and coral
growth, suggesting that restoration efforts should aim to support a diverse herbivore popu-
lation to optimize coral reef recovery [149]. Different herbivorous fish guilds influence algal
succession, emphasizing the importance of diverse herbivore assemblages in maintaining
coral-dominated reef states, which is crucial for restoration success [150].

Herbivorous fish play a fundamental role in controlling algal growth, thereby facil-
itating long-term coral recruitment and growth. The increase in herbivore populations
suggests that restoration efforts may enhance essential ecological processes, promoting
reef resilience. This observation is consistent with findings from a study in the Dominican
Republic, where restored areas showed increased fish biomass, particularly of the herbiv-
orous parrotfish S. iseri, underscoring the functional importance of A. cervicornis in reef
ecosystems [151]. Scarus iseri was also a paramount species within restored areas in this
study. Increased herbivory resulting from effective restoration can reduce harmful seaweed
proliferation, thereby aiding coral health and resilience [152]. An experimental reduction in
herbivory hampered coral recovery, highlighting the necessity of protecting herbivores in
restoration strategies [153]. On the other hand, marine reserves, by protecting herbivorous
fish populations, facilitate coral recovery through increased grazing pressure, underscoring
the importance of herbivore management in restoration efforts [154]. The protection of
herbivorous fishes leads to trophic cascades that benefit coral communities, suggesting that
restoration projects should consider herbivore conservation to promote reef health [155].
Furthermore, maintaining herbivorous fish populations above certain thresholds is vital
for preventing phase shifts to algal-dominated reefs [156]. The importance of herbivory in
preventing phase shifts to algal-dominated states on coral reefs suggests that restoration
efforts should include strategies to enhance herbivory to bolster reef resilience against
climate change [157]. This emphasizes the importance of implementing 3D-printed coral
structures in combination with natural out-plants to accelerate herbivore fish attractiveness.

Piscivores also showed a significant increase in abundance and biomass, particularly
in natural and in mixed out-planting areas. ABC analysis evidenced a consistent change
in the disturbed status of fish assemblages before restoration interventions with the fish
abundance k-dominance curve falling above the biomass curve through its length across
all different restoration interventions. This is consistent with previous studies suggesting
strong fishing impacts [158-160]. Ecological restoration can be used as an alternative to
help reverse fishing impacts and promote fish assemblage recovery.
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Temporal variation in fish community structure was also significant within all experi-
mental interventions, but not within control plots. These findings clearly point out the rapid
enhancement of fish assemblages of different functional groups. Coral restoration efforts
can enhance habitat complexity, potentially leading to increased abundance and biomass of
piscivorous fishes and improved recruitment rates [32]. A previous study explored how
chemical cues from restored coral habitats influence the settlement and recruitment of fish
larvae, including those of piscivorous species [161]. Findings suggest that successful coral
restoration can enhance larval attraction and subsequent recruitment, further contributing
to fish assemblage recovery.

4.3. Fishery Target Species Recovery: Coral Restoration as a Fishery Management Tool

The study noted a significant increase in the abundance of fishery target species, such
as snappers (Lutjanidae), grunts (Haemulidae), groupers (Serranidae), and parrotfishes
(Scaridae) in restored sites. The presence of structurally complex habitats, provided by both
natural and artificial corals, likely offers shelter and hunting grounds for these commer-
cially important species, supporting their recovery and sustainability. A study evaluated
the effectiveness of coral transplantation onto artificial structures in restoring fish commu-
nities [114]. Results indicated that fish abundance and diversity increased significantly in
areas with restored habitats, including species targeted by fisheries. There is also evidence
that supports the use of complex structures in increasing the abundance of fishery-targeted
species in degraded reef areas [112]. This enhancement has both ecological and economic
implications, as these species are vital for local fisheries and contribute to the overall health
of reef ecosystems and to locally support food security.

4.4. Implications of Mass Coral Bleaching During 2023

Marine heatwaves (MHWs) in the tropical Atlantic have increased in frequency and
intensity [27,162,163], leading to widespread coral bleaching and potential long-term im-
pacts on reef-associated fish populations [164,165]. Culebra Island has been significantly
impacted by mass bleaching events in 1987, 1998, 2005, 2010, 2019, 2021, 2023, and 2024.
The 2005, 2023, and 2024 events caused significant mortality in numerous coral species.
The 2023 event partially affected the final sampling efforts in this study, becoming a poten-
tially compounded factor that might have influenced the after out-planting results. Coral
bleaching can result in the decline of some vulnerable, coral-dependent fish species. It is
argued that declining small-sized coral-dependent omnivores, such as the masked goby
(C. personatus), was related to the abnormally elevated SST (up to 33 °C). This might have
had a temporal negative effect on fish abundance in this species. Observed coral mortality
during the 2023 bleaching event (data not part of this study) might have contributed to
the observed decline. Fish species richness and abundance are positively correlated with
percent coral cover and structural complexity, emphasizing the importance of healthy coral
reefs for maintaining fish communities. However, coral bleaching often leads to signif-
icant declines in the abundance of coral-dependent fish species, particularly those with
specialized habitat requirements [164]. Coryphopterus personatus and other small-bodied,
reef-associated fish species in the Caribbean are particularly vulnerable to the impacts
of MHWs, coral bleaching, and mortality [164]. These climate-induced events lead to
significant declines in coral cover and structural complexity, which are essential for the
survival of such species. Bleaching-related coral mortality results in the degradation of reef
structures, leading to the loss of shelter and breeding grounds for small, site-attached fish
like C. personatus. The loss of structural complexity results in reduced fish diversity and
abundance, with small-bodied species being the most affected [165]. The decline in coral
health often leads to food web disruption, affecting the abundance of invertebrates and
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other food sources, impacting the diet of these fish. Simplified reef structures also offer
fewer hiding spots, making small fish more susceptible to predators.

Increased temperatures and recurrent mass bleaching events disrupt the reproductive
success of corals, leading to long-term declines in percent coral cover and associated reef
fish populations [166]. In turn, mass bleaching events often result in reduced fish abundance
and diversity, particularly among species that rely heavily on live coral habitats [164-166].
Structural complexity of coral reefs is diminished by bleaching events and declining coral
recruitment [167,168] and can be a critical determinant of fish size distributions, leading
to declines in larger-bodied fish species [169]. A previous study documented delayed
effects of the 1998 mass coral bleaching event in the Indian Ocean on reef fish communities
that affected fish diversity and abundance, particularly among coral-dependent species,
several years post-bleaching [170]. Following the 2016 mass bleaching event on the Great
Barrier Reef, there were significant changes in fish community composition, with declines in
species richness and shifts towards more herbivorous species as coral cover decreased [171].
Mass bleaching events lead to a homogenization of reef fish communities, characterized by
reduced diversity and the dominance of generalist species, less dependent on live coral [172].
Another study indicated that while some recovery is possible, repeated disturbances and
elevated temperatures hinder the resilience of reef fish assemblages [173]. Significant
warming is projected to occur over the next decades across the Wider Caribbean and
Eastern Tropical Pacific regions over the next few decades, with significant adverse impacts
on coral reef conservation and restoration outcomes [27]. Potential future impacts of climate
change-induced coral bleaching on reef fish communities predict declines in abundance
and diversity, especially among species with high dependence on live coral habitats [174].
Bleaching impacts during this study apparently had a significant impact on some small-
bodied, coral-dependent taxa, which we were probably not able to address due to the
original sampling design. However, despite the significant warming trends during 2023,
restoration interventions in this study had a net positive impact on the overall community
structure, probably buffering some of the coral bleaching and mortality effects observed at
the end of the study.

4.5. Implications for Future Restoration Strategies of Severely Degraded Coral Reef Ecosystems

While some studies have reported limited short-term impacts of coral restoration on
fish communities, particularly in isolated or less disturbed reefs, the present study observed
notable positive effects at the experimental plot scales within a one-year period on severely
disturbed reefs. This discrepancy may be attributed to differences in habitat environmental
conditions, structural complexity, restoration methodologies, and the initial state of the
fish communities. Coral reefs in Culebra Island have a long history of environmental
disturbances by military maneuver, anchoring and bombing activities [175-177]. This
resulted in the mechanical demolition of numerous reef structures, including some of
our studied reefs. They have also been severely impacted by extreme rainfall events [29],
recent hurricanes [178], invasive species [179], land-based source pollution [2,180-182];
sewage [8], eutrophication [183], and fishing [184]. They have also been affected by eight
mass coral bleaching events between 1987 and 2024, which has resulted in significant coral
loss [26], indirectly impacting fish assemblages. Synergistic interactions among these factors
were largely possible, but these were not addressed in this study, particularly, interactions
among temperature effects, pollution pulses, and fishing. Sewage and eutrophication
have been documented to impact Culebra [8,183], often in combination with fishing [184].
These issues contribute to coral decline through various mechanisms, including nutrient
enrichment, pathogen introduction, and habitat degradation. Excessive nutrients from
sewage promote the proliferation of macroalgae, which can outcompete corals for space
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and light, leading to shifts in reef community structure [185-187]. Elevated nutrient
levels can enhance the virulence of coral pathogens, increasing the incidence of coral
diseases [188]. Algal blooms resulting from nutrient-loaded and sediment-laden runoff
and coastal eutrophication decrease water clarity, limiting the photosynthetic capacity
of coral endosymbionts. Nutrient enrichment can also disrupt the balance of microbial
communities associated with corals, potentially leading to increased susceptibility to
disease. It is possible that local eutrophication gradient impacts might have contributed to
affect fish distribution in this study, but this was not directly quantified.

Fish assemblage recovery from disturbance was documented in this study evidenc-
ing enhanced abundance and biomass on numerous species and on different functional
groups, but particularly on some of the herbivore guilds. It was also documented through
abundance-biomass comparison (ABC) analysis. The ABC method is a valuable tool
for assessing the disturbance levels in fish assemblages by comparing species cumula-
tive abundance and biomass. In a stable community, the biomass curve typically lies
above the abundance curve, indicating dominance by larger, slower-growing species. Con-
versely, in disturbed communities, the abundance curve surpasses the biomass curve,
reflecting a shift towards smaller, opportunistic species. The data observed in this study
suggest that restoration interventions not only resulted in an overall enhancement of fish
community biodiversity, taxonomic complexity and functional diversity, but also in the
abundance and biomass of juvenile stages of numerous species and in the attraction of
large-bodied ‘climax’ species. Studies have indicated that in heavily fished areas, the abun-
dance curves were positioned above the biomass curves, signifying a disturbed community
structure [158-160]. Studies conducted in Daya Bay, revealed that when the biomass curve
was above the abundance curve, the community was stable and dominated by large-sized,
“climax” species, but when the biomass curve felt below the abundance curve, it indicated
a severely disturbed community dominated by small-sized species [159]. This supports
the original hypothesis of this study that the role of coral reef habitat restoration should
promote the recovery of depleted fish assemblages and enhance the natural role of fish in
promoting enhanced coral growth and net long-term resilience.

The impacts of coral restoration on recovering depleted fish assemblages were also
documented though changes in overall biodiversity. Average taxonomic distinctness
(A*) and its variation (A*) are valuable metrics for assessing biodiversity and taxonomic
complexity changes in reef fish communities, particularly in the context of coral restoration
efforts. A* measures the mean taxonomic distance between all pairs of species within a
community, reflecting the breadth of taxonomic complexity. In the context of this study, the
observed variation in A* after restoration efforts suggests enhanced species richness and
a broader range of taxonomic groups present, indicating a positive impact on taxonomic
complexity and potentially in functional diversity and redundancy. A* quantifies the
variability in taxonomic distances among species pairs, providing insight into the evenness
of taxonomic representation. High A* values indicate uneven taxonomic representation
before the restoration intervention, possibly due to dominance by a few taxonomic groups,
while low A+ values suggest a more even distribution after restoration.

While direct studies linking coral reef restoration to changes in A* and A* in fish
communities are limited. Existing research provides insights into how restoration efforts
can influence these indices. Studies have shown that coral reef degradation, due to factors
like bleaching and habitat loss, can lead to declines in both A* and A*. For instance,
research on Meiji Reef in the South China Sea observed reductions in these indices over time,
suggesting a loss of taxonomic diversity and evenness in fish communities [189]. However,
a pioneering study conducted in Puerto Rico showed that long-term restoration of Acropora
palmata led to enhanced fish abundance, biomass and biodiversity indices, including A*
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and A* [85]. A study conducted in St. Croix, USVI, reported increases in fish abundance
and species richness shortly after A. cervicornis restoration activities [190]. While this
study did not directly measure A* and A*, the observed enhancements in species richness
and community composition suggest potential improvements in taxonomic distinctness
metrics. Although direct empirical evidence linking coral restoration to changes in A* and
A™ is scarce, existing studies indicate that restoration efforts can positively influence fish
community structure and diversity. Further research is needed to quantify these effects and
to establish robust links between restoration practices and taxonomic distinctness indices
across different biogeographic provinces and across different spatial scales.

The use of mixed natural out-planted corals and artificial structures in this study
was novel and aimed to accelerate fish attraction and recruitment to promote higher fish
densities. In turn, this was expected to promote the formation of nutrient hot spots as
suggested in previous restoration studies [85]. This should in turn lead to enhanced
demographic performance in out-planted corals. There are examples of previous studies
showing successful fish recruitment and community enhancement on 3D-printed coral
artificial units at the Gulf of Aqaba, which reached a steady state within one year [72].
Small-bodied fish species with high habitat specificity showed preferences for selected
3D-printed coral colors and morphologies, suggesting that 3D-printed corals can serve as
functional substitutes for live corals in providing habitat for reef fish [92]. A study at Bahia
Tamarindo Reef in Culebra, Puerto Rico, evaluated the effectiveness of 3D-printed corals
in attracting reef fish [86]. The findings indicated that the number of fish associated with
artificial and natural corals did not differ significantly. However, fish abundance was higher
in corals with greater structural complexity, regardless of whether they were natural or 3D-
printed. This underscores the importance of structural complexity in reef habitats and that
3D-printed units can mimic depleted natural corals. In laboratory experiments, the behavior
of coral-associated damselfish (Chromis viridis) was assessed in the presence of 3D-printed
coral models [88]. The study found no significant differences in fish behavior between
natural and 3D-printed corals, suggesting that the artificial structures did not negatively
impact the fish. This supports the potential use of 3D-printed corals in reef restoration
without adverse effects on resident fish species. These studies collectively suggest that
3D-printed coral structures can play a valuable role in reef restoration efforts by providing
suitable habitats for reef fish, thereby supporting the recovery and maintenance of fish
assemblages in degraded reef ecosystems. This technology can be useful in reef futures
largely depleted by projected climate change impacts.

4.6. The Future of Integrated Natural and 3D-Printed Corals

The novel integration of 3D-printed and natural corals promotes increased biodiversity,
fish taxonomic complexity and ecosystem functionality. This combined strategy creates a
variety of microhabitats that support a wider range of marine species, enhancing biodiver-
sity. Spatial configurations can be designed to form a combination of shelters and natural
corridors for juvenile fish and individuals of different size stages. Integrated 3D-printed
models enhance essential shelter and breeding grounds for various fish species provided
by natural corals, promoting enhanced habitat complexity and increased biodiversity. The
ability to customize the design of 3D-printed corals allows for the accommodation of spe-
cific habitat preferences of different fish species, potentially aiding in targeted conservation
efforts. In areas where natural coral recovery is slow or unfeasible, 3D-printed structures
can serve as interim habitats, supporting fish populations and maintaining ecological
functions until natural corals can reestablish via ecological restoration.

Natural corals contribute to essential ecosystem functions such as calcium carbonate
production, nutrient cycling, and primary productivity. Meanwhile, 3D-printed corals
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enhance habitat complexity and stability, increasing fish attraction, nutrient hotspot forma-
tion, bolstering coral demographic performance, and potentially providing substrate for
coral larval settlement and growth. This integration also improves ecosystem resilience to
environmental stressors. Depending on the materials used, reef zone deployment, unit size,
and spatial configuration, the combined structural complexity of 3D-printed and natural
corals can more effectively dissipate wave energy in the long term, protecting shorelines
and reducing erosion. Furthermore, natural corals with enhanced resilience to thermal
stress and ocean acidification can be integrated with 3D-printed corals to create more
resilient reef systems. This innovative approach leverages the strengths of both artificial
and natural elements to foster a more robust and diverse marine environment.

This combined approach can also enhance coral propagation and recruitment. De-
pending on the materials used, 3D-printed corals provide additional surfaces for coral
larvae to settle, increasing the chances of successful recruitment and growth of natural
corals. Depending on the materials used, microbial biofilms can develop on 3D-printed
coral surfaces to promote coral larval settlement on these structures [191]. There is also
an emergent technology of producing “bionic 3D-printed corals” capable of capable of
harboring high densities of endosymbiotic microalgae [93]. Additionally, 3D-printed corals
also provide habitat for transplanting clippings of natural corals, contributing to creating
“natural coral nursery plots” that serve as potential sources of clippings for future restora-
tion efforts through coral gardening strategies. Fragments of resilient coral species can
be directly attached to open reef substrates or to 3D-printed structures, promoting the
growth and spread of these species within the reef. There is evidence that fragments of
Acropora palmata out-planted to natural reef substrates in Puerto Rico resulted in significant
reattachment, colony survival and growth rates, and enhanced fish attraction [85]. These
colonies also functioned as natural nursery plots providing thousands of natural fragments
for further restoration activities for 15 years. Natural nursery plots can become a vital
strategy to acclimatize corals to changing climate and environmental conditions, as well as
to restore degraded urban reefs (Figure 18). Obviously, the success of natural nursery plots
will depend on reef trophic conditions, algal and sediment dynamics, reef geomorphology,
etc. But this is an important strategy to add to the coral restoration practice toolbox.

Integrated approaches also offer significant conservation and management benefits.
They reduce the need to harvest natural corals from healthy reefs, mitigating the impact
on existing ecosystems. This method allows for targeted restoration efforts in specific
areas that have suffered significant degradation, optimizing resource use and effectiveness
and enabling community-based integration. It also provides opportunities for controlled
experimentation and research, facilitating monitoring and data collection, and supporting
adaptive management.

The integration of 3D-printed and natural out-planted corals promotes vital community-
based socio-economic benefits. Enhanced reef structures attract divers and snorkelers,
boosting eco-tourism and supporting local economies. Additionally, this approach offers
valuable educational opportunities for local communities and visitors, raising aware-
ness about coral conservation. Combining 3D-printed corals with natural corals in reef
restoration provides a comprehensive strategy that combines the immediate and temporal
benefits of artificial structures with the long-term ecological functions of natural corals.
This approach enhances habitat complexity, accelerates reef recovery through increased
biodiversity, and promotes the formation of nutrient hotspots. It improves natural coral
demographic performance and the resilience of coral reef ecosystems. By leveraging
the strengths of both 3D-printed and natural corals, more effective and sustainable reef
restoration efforts can be achieved, supporting both marine life and human communities.
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Coral clippings of
different genetic
identity

Out-planting
. to new reef sites

Figure 18. Conceptual design of natural coral nursery plots through time after 1, 3, 5, and 10 years of
creation. Using appropriate genetic characterization, tagging, and mapping techniques, these nursery
plots can continuously provide coral clippings of different genetic identities to promote restoration at
new out-planting sites. They can also support acclimatization of corals to changing environments
and climate variations, mitigate environmental impacts, restore urban coastlines, etc.

The use of 3D-printed corals offers several benefits for enhancing fish assemblages,
which are crucial for maintaining the ecological balance and health of coral reef ecosystems:

1.  Habitat creation and complexity—3D-printed corals can be designed to mimic the
intricate structures of natural coral reefs, providing nooks, crannies, and overhangs
that serve as hiding spots, breeding grounds, and feeding areas for fish. Different fish
species have varying habitat preferences. Also, 3D-printed corals can be constructed
of different materials and customized to create diverse microhabitats and spatial
configurations, supporting a wider range of fish species and life stages.

2. Refuge and protection—The complex structures of 3D-printed corals offer refuge
and biological corridors for smaller fish and juvenile stages of larger fish, helping
them avoid predators. Secure environments within 3D-printed corals also provide
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safe breeding spaces for fish to lay eggs and rear their young, contributing to higher
survival rates.

3.  Enhanced feeding opportunities—The surfaces of 3D-printed corals can support the
growth of algae and sessile invertebrates, which are important food sources for many
reef fish species. The intricate designs can also help trap plankton and detritus,
providing additional feeding opportunities for filter-feeding fish.

4.  Increased biodiversity and fish abundance—By providing a variety of habitats and
resources, 3D-printed corals can attract a more diverse assemblage of fish species,
increasing overall biodiversity, taxonomic complexity and functional diversity. En-
hanced habitats can support larger populations of fish by providing the necessary
resources for survival and reproduction.

5. Support for fish communities—Healthy fish assemblages contribute to the stability
and resilience of coral reef ecosystems. Diverse fish communities play various roles,
such as grazing on algae, which prevents algal overgrowth and supports coral health.
Certain fish species play key roles in maintaining the balance of reef ecosystems.
Also, some fish species are vital to support geo-ecological functions, such as sediment
transport dynamics; 3D-printed corals help support these key species by providing
suitable habitats and resources.

6.  Facilitation of ecological interactions—Enhanced structures can facilitate symbiotic re-
lationships between fish and other marine organisms, such as cleaner fish that remove
parasites from larger fish. By attracting different trophic levels, 3D-printed corals help
sustain complex food webs, supporting ecosystem functioning and productivity.

7. Conservation and restoration benefits—In areas where natural coral reefs have been
damaged or destroyed (such as in this study), 3D-printed corals can help partially
re-establish fish habitats and support the recovery of fish populations. In addition to
restoring degraded areas, 3D-printed corals can be used to supplement existing reefs,
enhancing their habitat complexity and fish-carrying capacity.

8. Research and monitoring opportunities—3D-printed corals provide standardized and
replicable structures for scientific research, allowing for controlled studies on fish
behavior, population dynamics, and ecological interactions. The use of 3D-printed
corals facilitates easier monitoring of fish assemblages, enabling researchers to track
changes over time and adapt restoration strategies accordingly.

5. Conclusions

This study has profound implications for future restoration strategies under pro-
jected climate changes. The findings suggest that integrating 3D-printed structures with
natural coral out-plants can rapidly enhance fish assemblages (i.e., abundance, biomass,
biodiversity) and their ecological functions (i.e., herbivory) in degraded reef areas by a
possible combination of enhancing benthic complexity at the plot scale and by promoting
the formation of nutrient hot spots on fish aggregations. Fish community enhancement
resulting from the integrated out-planting of natural and 3D-printed A. cervicornis can lead
to numerous benefits for corals such as nutrient subsidies and recycling, sediment removal,
enhanced oxygenation, and protection against predators and parasites [192]. Greater fish
densities support higher demographic performance of coral out-plants. These aspects
require further investigation. This hybrid approach offers a promising strategy for reef
restoration, particularly in regions where natural coral recruitment is limited, has collapsed
following bleaching-related mass coral mortalities, where reef bottoms are flattened due
to hurricane mechanical impacts, or where there is a need to rehabilitate herbivory. It
would also be useful for restoring shallow urban coral reefs using combined green/grey
infrastructure restoration approaches. Future efforts should consider the specific design
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and placement of larger artificial or hybrid structures to maximize habitat complexity
and ecological benefits. This would particularly enhance wave energy and runup at-
tenuation in the long-term, while bolstering fisheries recovery. Additionally, long-term
monitoring is essential to assess the persistence of these effects and to inform adaptive
management practices.

This study also evidenced a potential compounded effect of mass coral bleaching
and mortality in 2023. The increasing frequency and severity of mass coral bleaching
and mortality associated with prolonged MHWs pose a significant threat to C. personatus
and similar small-bodied, highly specialized Caribbean reef fish species. The loss of coral
cover and structural complexity disrupts essential habitat and food resources, leading to
declines in fish diversity and abundance, further disrupting fish ecological functions and
food web integrity. Conservation efforts focusing on mitigating climate change impacts
and protecting and restoring coral reef habitats are crucial for the sustainability of these
vulnerable fish populations.

By creating complex, diverse, and sustainable habitats, depending on the materials
used, 3D-printed corals offer significant benefits for enhancing fish assemblages. These
structures support fish populations through increased refuge, feeding opportunities, and
breeding grounds, leading to greater biodiversity and ecological resilience. By integrating
3D-printed corals into restoration and conservation efforts, we can promote a faster recovery
of ecological processes and help maintain and enhance the health and productivity of coral
reef ecosystems, benefiting both marine life and human communities that depend on
these vital resources. These insights contribute to the growing body of knowledge on
innovative restoration techniques and underscore the potential of hybrid approaches in
supporting restored reef resilience and biodiversity. Furthermore, this project has also
demonstrated again that participatory community-based conservation and restoration
efforts have produced significant outcomes, in consistency with the literature that suggests
that human stewardship is essential for driving conservation success, especially when
different stakeholders work together in restoring marine life [193]. Reversing the trajectory
of ecosystem loss towards repairing ocean health is feasible if appropriate strategies and
stakeholder participation are made possible.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d17070445/s1, Figure S1. Bubble plot of the spatio-temporal variation in the y/-transformed
abundance of Scarus iseri based on a PCO analysis of fish community structure; Figure S2. Bubble plot
of the spatio-temporal variation in the /-transformed abundance of Scarus taeniopterus based on a
PCO analysis of fish community structure; Figure S3. Bubble plot of the spatio-temporal variation in
the /-transformed abundance of Sparisoma chrysopterum based on a PCO analysis of fish community
structure; Figure S4. Bubble plot of the spatio-temporal variation in the /-transformed abundance
of Sparisoma viride based on a PCO analysis of fish community structure; Figure S5. Bubble plot
of the spatio-temporal variation in the \/-transformed abundance of Acanthurus tractus based on a
PCO analysis of fish community structure; Figure S6. Bubble plot of the spatio-temporal variation
in the /-transformed abundance of Stegastes partitus based on a PCO analysis of fish community
structure; Figure S7. Bubble plot of the spatio-temporal variation in the /-transformed abundance
of Epinephelus adsencionis based on a PCO analysis of fish community structure; Figure S8. Bubble
plot of the spatio-temporal variation in the \/-transformed abundance of Lutjanus apodus based
on a PCO analysis of fish community structure; Figure S9. Bubble plot of the spatio-temporal
variation in the y/-transformed abundance of Ocyurus chrysurus based on a PCO analysis of fish
community structure; Figure S10. Bubble plot of the spatio-temporal variation in the \/-transformed
abundance of Haemulon flavolineatum based on a PCO analysis of fish community structure; Figure
S11. Bubble plot of the spatio-temporal variation in the /-transformed abundance of Haemulon
parrai based on a PCO analysis of fish community structure; Figure S12. Bubble plot of the spatio-
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temporal variation in the /-transformed abundance of Chaetodon capistratus based on a PCO analysis
of fish community structure; Figure S13. Bubble plot of the spatio-temporal variation in the /-
transformed abundance of Halichoeres bivittatus based on a PCO analysis of fish community structure;
Figure S14. Bubble plot of the spatio-temporal variation in the /-transformed abundance of Bathy-
gobius soporator based on a PCO analysis of fish community structure; Figure S15. Bubble plot of
the spatio-temporal variation in the /-transformed abundance of Cophopterus personatus based on a
PCO analysis of fish community structure; Figure S16. Bubble plot of the spatio-temporal variation
in the y/-transformed abundance of Elacatynus genie based on a PCO analysis of fish community
structure; Table S1. Summary of before—after pairwise two-way crossed PERMANOVA test of the
spatio-temporal variation in fish community parameters among treatments; Table S2. Summary
of before-after pairwise two-way crossed PERMANOVA test of the spatio-temporal variation in
herbivore fish abundance among treatments; Table S3. Summary of before-after pairwise two-way
crossed PERMANOVA test of the spatio-temporal variation in carnivore fish abundance among
treatments; Table S4. Summary of before-after pairwise two-way crossed PERMANOVA test of
the spatio-temporal variation in herbivore fish biomass among treatments; Table S5. Summary of
before-after pairwise two-way crossed PERMANOVA test of the spatio-temporal variation in carni-
vore fish biomass among treatments; Table S6. Summary of before-after pairwise two-way crossed
PERMANOVA test of the spatio-temporal variation in fishery target species abundance and biomass
among treatments; Table S7. Summary of before-after pairwise two-way crossed PERMANOVA test
of the spatio-temporal variation in fish community structure based in abundance and biomass among
treatments; Table S8. SIMPER analysis of the dominant fish species before restoration interventions
(Group 0); Table S9. SIMPER analysis of the dominant fish species after restoration interventions
(Group 1); Table S10. SIMPER analysis of indicator fish species of the variation in community
structure before (Group 0) and after (Group 1) the restoration interventions; Table S11. SIMPER
analysis of indicator fish species of the variation in community structure before (Group 0) and after
(Group 1) the restoration interventions within location MAG; Table S12. SIMPER analysis of in-
dicator fish species of the variation in community structure before (Group 0) and after (Group 1)
the restoration interventions within location TAM; Table S13. SIMPER analysis of the dominant
fish species before restoration interventions within the Coral treatment group; Table S14. SIMPER
analysis of the dominant fish species before restoration interventions within the 3D treatment group;
Table S15. SIMPER analysis of the dominant fish species before restoration interventions within the
Mixed treatment group; Table S16. SIMPER analysis of the dominant fish species before restoration
interventions within the Control treatment group; Table S17. SIMPER analysis of indicator fish
species of the variation in community structure before restoration interventions between groups
Coral and 3D; Table S18. SIMPER analysis of indicator fish species of the variation in community
structure before restoration interventions between groups Coral and Mixed; Table S19. SIMPER
analysis of indicator fish species of the variation in community structure before restoration inter-
ventions between groups Coral and Control; Table 520. SIMPER analysis of indicator fish species
of the variation in community structure before restoration interventions between groups 3D and
Mixed; Table S21. SIMPER analysis of indicator fish species of the variation in community structure
before restoration interventions between groups 3D and Control; Table 522. SIMPER analysis of
indicator fish species of the variation in community structure after restoration interventions between
groups Mixed and Control; Table 523. SIMPER analysis of the dominant fish species after restoration
interventions within the Coral treatment group; Table S24. SIMPER analysis of the dominant fish
species after restoration interventions within the 3D treatment group; Table S25. SIMPER analy-
sis of the dominant fish species after restoration interventions within the Mixed treatment group;
Table S26. SIMPER analysis of the dominant fish species after restoration interventions within the
Control treatment group; Table S27. SIMPER analysis of indicator fish species of the variation in
community structure after restoration interventions between groups Coral and 3D; Table S28. SIMPER
analysis of indicator fish species of the variation in community structure after restoration interven-
tions between groups Coral and Mixed; Table S29. SIMPER analysis of indicator fish species of the
variation in community structure after restoration interventions between groups Coral and Control;
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