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Abstract

Climate change and anthropogenic stressors are accelerating coral reef degradation, prompt-
ing urgent restoration strategies. This study evaluates the performance of two coral nursery
types, floating mid-water nurseries (FNs) and bottom-attached table nurseries (INs), at
two contrasting reef environments in Mauritius: the degraded, high sedimentation site of
Flic-en-Flac (FEF) and the more pristine Pointe aux Feuilles (PAF). Coral fragments from
Millepora sp., Acropora muricata, Acropora selago, and Pocillopora damicornis were monitored
over three years for survivorship, growth, and linear extension rate (LER). Survivorship
exceeded 88% in all cases, with Millepora sp. in PAF-TN achieving the highest rate (99.8%)
and P. damicornis in FEF-FN the lowest (88%). Growth was greatest at PAF-TN, where
Millepora sp. reached a mean length of 27.25 cm and LER of 9.66 mm y~!. In contrast, the
same species in FEF-TN averaged only 3.64 cm in length and 3.44 mm y~! in LER. Envi-
ronmental conditions including higher turbidity, nitrate, and phosphate at FEF, and higher
phytoplankton density at PAF significantly influenced coral performance. We propose a
site-specific nursery selection framework, including FNs for high-sediment areas and TNs
for protected and biodiverse sites, to support more effective coral farming outcomes in
island restoration programs.

Keywords: coral reef; coral fragment; table nursery; mid-water nursery; physical-chemical
parameters

1. Introduction

Coral reefs, among the most productive and diverse marine ecosystems, support the
livelihood of coastal communities at the global level, with an estimated value of USD
2.7 trillion per year of ecosystem services [1,2]. However, the continuous degradation of
coral reefs [3] and the inefficacy of traditional management measures [4,5], have highlighted
the urgent need for alternative approaches, such as active reef restoration measures in
order to rehabilitate and restore coral reef ecosystems at the local, regional, and global
scales [6,7]. The projections for future coral reef calamity, primarily due to climate change
drivers like ocean warming and rising sea levels, are further intensified in the case of Small
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Island Developing States (SIDSs) [3]. In these cases, coral reefs provide important coastal
protection in response to rising seas [8,9] and are major economic sources for states [10].

The discipline of coral reef restoration integrates ecological engineering approaches,
tools, and strategies that are adapted to the needs of specific sites [11,12] and principally
includes the use of ecosystem engineering species [12]. The goals in employing ecological
engineering approaches are to establish or enhance a foundation ecosystem within which a
more diverse ecosystem with improved ecosystem services is established. Most of these
actions are performed under the conceptual umbrella of “marine silviculture”, commonly
referred to as “gardening of coral reefs”, one of the most effective approaches applied
globally [13-15]. The “gardening of coral reefs” approach uses a two-phase methodology
for reef restoration: (1) the aquaculture of stocks of coral colonies in underwater coral
nurseries until corals reach suitable size, and then, (2) the outplanting of farmed coral
colonies from underwater nurseries to targeted locations on damaged reefs [16]. One
of the novelties that “gardening of coral reefs” has offered is the use of various types
of mid-water coral nursery that enable a cheap and fast methodology of farming large
numbers of colonies from branching, massive, and encrusting coral species, with high
survivorship and growth rates and even improved reproductive efforts [17,18]. These
mid-water floating nurseries can also be lowered down during major storms and rough sea
events (as suggested; [19]). In contrast, coral colonies in shallow reef restoration sites are
nursed in a structure fixed to the bottom nursery bed [20]. Such shallow nurseries, usually
established within lagoonal waters, are cheaper and easier to operate without expensive
diving requirements, but they are prone to impacts of high sedimentation, seasonally
increased seawater temperatures, and rough sea conditions [20] if they are not maintained
on a regular basis. Both methods were applied in this study at two different locations and
their performance was assessed.

Most of the coastline of the Republic of Mauritius is encircled by coral reefs. The
average width of these reefs is 150-200 m, which results in an enclosed lagoon area of
~243 km?. The coastal zone consists of near shore wetlands and mangroves, lagoon coral,
fringing coral reef, and related marine life. As a Small Island Developing State (SIDS),
Mauritius depends largely on its coral reef resources for both tourism and its fisheries
industry. Tourism alone accounted for about 12% of Mauritius’ gross domestic product
(GDP) in 2019 before the COVID-19 era, which demonstrates the value of coral reefs as
an economic asset. Yet, over recent years, episodes of bleaching have been observed in
Mauritius, along with degradation due to a range of other pressures such as land-derived
pollution and flash floods. Although there is limited scientific data or detailed monitoring
to quantify the relative impacts of each of these pressures.

To sustain its coral reefs, various coral farming initiatives have been implemented in
Mauritius, with support from organizations including Mitsui O.S.K. Lines (MOL), [UCN
T4N programmes, GEF/SGP, the United Nations Development Programme (UNDP), and
various private sectors initiatives. For example, the EcoMode Society, an NGO, led coral
restoration efforts to mitigate the adverse effects of the MV Wakashio oil spill in 2020, in
a project funded by MOL. In collaboration with Huawei and the International Union for
Conservation of Nature (IUCN) through the Tech4Nature project, advanced underwater
monitoring systems have also been deployed to survey coral nurseries [21]. Coral farming
has also recently been prioritized by the Mauritian government, which has partnered with
the UNDP to fund restoration projects around the island.

With the health of coral reefs being important not only in Mauritius but also globally,
and considerable funding being used for this purpose, there is a critical need to compare
the cultivation success of floating mid-water nurseries with that of shallow nurseries
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attached to the bottom table, as each offer attractive but different ecological and practical
scalability benefits.

In this study, both nursery types were installed in two Mauritian locations. Specimens
of four branching coral species (Millepora sp., Acropora muricata, Acropora selago, Pocillopora
damicornis) were cultivated using both nursery types at both sites. The objective was to
examine species-specific, site-specific, and cultivation-specific differences to inform future
restoration designs. Given this critical need, this study aims to fill the knowledge gap
by evaluating and comparing the performance of both nursery types across different reef
environments in Mauritius.

To address these objectives, this study was conducted at two contrasting lagoonal reef
sites, where four branching coral species were cultivated using both floating mid-water
and bottom-attached table nurseries. Environmental conditions and coral performance
metrics including growth, survivorship, and biodiversity were monitored over a three-
year period. The findings were analyzed comparatively across nursery types and sites
to assess cultivation success and site-specific suitability. The results can inform practical
restoration strategies. This study concludes with recommendations for optimizing coral
farming approaches in island reef systems.

2. Materials and Methods
2.1. Study Sites

Coral cultivation was performed in two Mauritian locations that were substantially
different but represented the range of reef types and environmental exposure observed in
many SIDSs.

(a) Flic-en-Flac (FEF; 20°18.002" S, 57°21.642" E; Figure 1) is a section of coastline
approximately 7 km long located on the west coast of Mauritius. The shallow lagoon at Flic-
en-Flac (0.5 to 2.0 m in depth) and its shoreline are shielded by a fringing reef approximately
500 to 600 m offshore. This area features a 4.5-kilometer stretch of sandy beach, making it a
popular destination for both domestic and international tourists, with numerous resorts and
hotels. The southern section of the beach has been facing severe erosion [22].

B Mauritius

Flic-en-Flac ¢

.
Pointe aux Feuille

D Pointe aux Feuille (PAF)

Figure 1. (A) Regional map showing the location of Mauritius in the Indian Ocean relative to the
African continent. (B) Zoomed-in map of Mauritius indicating the two study sites: Flic-en-Flac (FEF)
on the west coast and Pointe aux Feuilles (PAF) on the east coast. (C,D) Detailed layout of the five
monitoring stations at each site, based on GPS coordinates collected during field surveys. All map
panels were generated using Google Earth Pro, and final figure assembly was completed in Microsoft
PowerPoint.
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(b) Pointe aux Feuilles (PAF: 20°20.361' S, 57°47.583' E; Figure 1) is situated on the
east coast of Mauritius and is populated by coastal communities primarily engaged in
fishing and seafood vending. An established fish farm has been operational here since 2002,
producing around 4500 tons of finfish annually. Covering an area of 20 km?, PAF is more
sheltered from high waves, strong currents, and intensive development compared with
Flic-en-Flac. This area boasts high marine biodiversity, attracting both tourists and locals.

Sites were selected based on contrasting environmental characteristics. PAF exhibits
high biodiversity, limited tourism, and nutrient enrichment from fish farming, while FEF is
under anthropogenic stress including tourism, erosion, and pollution. These differences
allowed comparative assessment of coral farming under varying environmental stressors.

2.2. Benthic Survey and Environmental Parameters

Before installing the coral nurseries, the hard substrate benthic cover (excluding sandy
patches) and substrate composition at each site were assessed using the line-intercept
transect (LIT) method [23]. The lagoons at FEF and PAF were each divided into five
stations [Figure 1C,D, Table 1] and surveyed. At each station, three 20 m transects were
laid randomly, in parallel, by snorkelers, using flexible reel fiberglass measuring tapes,
which enabled the tapes to follow the seabed relief. An observer swam along the transect
line measuring the benthic community and substrate coverage to the nearest centimeter,
recording live coral (genus level), dead coral, algae (genus level), rubble, and algal turf.

Table 1. GPS coordinates of the ten lagoonal monitoring stations surveyed at FEF and PAF. Five
stations were selected per site based on accessibility, habitat coverage, and proximity to nursery
locations. Coordinates were collected using handheld GPS units during field deployment.

Site Station Coordinates
S1 —20.275581° S; 57.3656333° E
) S2 —20.2780099° S; 57.3618442° E
ic(fgl;]‘;lac S3 —20.298619° S; 57.360422° E
S4 —20.3042957° S; 57.3628205° E
S5 —20.317180° S; 57.371214° E
S1 —20.338919° S; 57.792509° E
S2 —20.331829° S; 57.797158° E
Pointe aux Feuille (PAF) S3 —20.337773° S; 57.796454° E
S4 —20.341642° S; 57.798628° E
S5 —20.342360° S; 57.790703° E

In addition to the substrate composition, environmental parameters were recorded
quarterly at the sites in each nursery over the three-year study period. Water samples were
collected in triplicate per station and aggregated at the site level for analysis. Parameters
measured included temperature (°C), salinity (%), dissolved oxygen/DO (mg/L), total
suspended solids/TSS (mg/L), pH, nitrate (mg/L), phosphate (mg/L) and phytoplankton
density on a quarterly basis over the 3-year study.

2.3. Nursery Designs, Coral Placement, Installation and Monitoring

Two types of nurseries were established at both sites (Figure 2): twenty-seven type
1 nurseries, which were bottom-fixed table nurseries, and nine type 3 mid-water floating
nurseries. Each of the nurseries attached to the bottom table were 2 m in length X 2 m in
width and 50 cm in height, made of galvanized iron bars, and secured in place by both
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heavy concrete blocks and U-shaped metal bars. The water depth where the table nurseries
were placed was 1.5 m to 2 m, depending on the prevailing tide. The mid-water nurseries
were fixed at 17 m depth and suspended at an elevation of 10 m below the surface using
12 mm rope wrapped twice onto the bottom and the floating PVC pipes. They were built
with 50 mm PVC pipes that were connected to form a 3 m square shape (Figure 3). This
design allowed the structure to be lowered in case of cyclonic conditions.

A Flic-en-Flac (FEF) : ] B Pointe aux Feuille (PAF)

Mid-Water Nursery
o

Table Nursery @

Ta 'Ie Nursery

X
Mid-Water Nursery¥s |
B

Figure 2. (A) Location of mid-water and table nurseries at Flic-en-Flac, overlaid on the lagoon
topography. (B) Corresponding nursery placements at Pointe aux Feuilles. Locations were identified
via GPS and mapped in Google Earth Pro, with figures compiled using PowerPoint.

Figure 3. (A-C) Construction and underwater deployment of table nurseries made of galvanized iron
bars. (D-F) Placement of spider frames supporting coral fragments. (G,H) Deployment and buoying
of mid-water nurseries using PVC pipes and ropes. (I-K) Coral fragments attached to mid-water
nurseries with evidence of fish recruitment and tunicate colonization. Photographs were taken during
field operations between 2019 and 2021 and reflect real-time nursery management practices.
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Corals of opportunity (Millepora sp., Acropora muricata, Acropora selago, and Pocillopora
damicornis) were collected from each site, fragmented into 2-2.5 cm pieces, and then
placed back at the same site. A total of 4500 fragments of each coral species were placed
on the table nurseries using a 6 mm opened rope to secure the coral fragments, while
1500 fragments of each species were placed on the floating nurseries using plastic pins
(glued with cyanoacrylate) and also by directly fixing the corals to 0.5 mm square-shaped
plastic grids.

The sites were monitored for coral growth rates, survivorship, and biodiversity in the
nurseries twice per week during the first month. Thereafter, monitoring was conducted
three times per month using snorkeling and scuba diving techniques. For comparison, the
natural reef sites surrounding the nurseries were also monitored for diversity of corals and
fish. The study period spanned from 2019 to 2021, except during the COVID-19 lockdown
periods that lasted from 19 March 2020 till 31 May 2020 and March 2021 till 30 April
2021. To ensure maximum coral survivorship and create a stress-free environment for
growth, macroalgae and other corallivores were regularly removed (Figure 3I). During
these monitoring sessions, the fish species at each nursery were observed and recorded.
Fish species were categorized as omnivorous, benthivorous, carnivorous, herbivorous,
planktivorous, piscivorous, or coralivorous. Additionally, any damage to the nurseries
was recorded, along with its cause and the mitigation strategies applied. This information
provided valuable insights for improving nursery maintenance and informing future coral
restoration efforts. The damage was mostly to the floating type nurseries, where the ropes
had to be replaced more frequently (at least every 6 months) because of wear and tear. A
total of five times, we lowered the floating nursery due to high waves. No damage occurred
to the PVC pipes during the study period.

2.4. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics version 23.0. Nor-
mality of data was tested using the Shapiro-Wilk test. Since most environmental variables
were not normally distributed (p < 0.05), non-parametric tests such as the Kruskal-Wallis
test were used to evaluate differences among sites and nursery types. ANOVA and Tukey’s
HSD post-hoc tests were applied where assumptions of normality and homogeneity of
variance were met, particularly for comparison of coral abundance and growth. Statistical
significance was set at p < 0.05. The benthic community structure and coral substrate cover-
age at each station were calculated based on the mean percentage cover of each benthic
category within the three transects. Finally, the overall mean coral cover for Flic-en-Flac
(FEF) and Pointe aux Feuilles (PAF) was calculated by averaging the values from the five
stations at each site.

3. Results

3.1. Site Characteristics

3.1.1. Environmental Parameters

Water quality parameters are critical for the survival of corals and fish in an envi-
ronment. During the study period, the water quality parameters were found to not be
normally distributed (Shapiro-Wilk, p < 0.05). Analysis via Kruskal-Wallis testing showed
the presence of significant differences (p < 0.05) in all water quality parameters between the
different sampling sites, except for temperature (Table 2). Although statistical significance
(p < 0.05) was found for several water parameters, the overall ecological differences across
nursery types and sites were minor. These results, while statistically notable, may not
reflect strong biological variation.
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Table 2. Results of Kruskal-Wallis non-parametric tests comparing environmental parameters
(temperature, salinity, dissolved oxygen, total suspended solids, pH, nitrate, phosphate, and phyto-
plankton density) across the four nursery environments: FEF-TN, FEF-FN, PAF-TN, and PAF-FN.
Data were collected quarterly over a 3-year period (2019-2021).

Parameter df Kruskal-Wallis Chi-Square p Value
Temperature 3 4.107 ns
Salinity 3 26.845 *
DO 3 13.743 **
TSS 3 15.461 **
pH 3 28.483 **
Nitrate 3 40.952 o
Phosphate 3 38.921 *
Phytoplankton Density 3 44.787 **

The table nursery at PAF recorded the highest mean TSS (12.01 4+ 1.84 mg/L) and
phytoplankton density (70.67 x 105 £ 14.52 x 105) but also the lowest mean DO levels
(5.81 £ 0.71 mg/L), whereas the table nursery at FEF showed the highest mean temperature
(27.81 £ 2.40 °C), nitrate (3.28 £+ 0.51 mg/L), and phosphate values (0.08 £ 0.01 mg/L)
with lowest mean pH (7.87 £ 0.32). The mid-water nursery at PAF observed the highest
mean salinity (36.01 £ 0.21%) and pH values (8.10 &= 0.01) and the lowest temperature
(26.49 £ 2.37 °C), nitrate (1.19 £ 0.59 mg/L) and phosphate (0.04 = 0.01 mg/L) ranges.
Results are presented as site-level averages for each nursery type (TN and FN), derived
from multiple stations within each site. A summary of all values is shown in Table 3.

Table 3. Site-level summary of water quality parameters for table nurseries (TN) and floating nurseries
(EN) at Pointe aux Feuilles (PAF) and Flic-en-Flac (FEF), based on data from multiple stations per site.
Values are reported as mean =+ standard deviation, with minimum and maximum ranges from the
2019-2021 monitoring period.

PAF FEF
Parameters/Site
TN FN TN FN
T are (°C) 2724 +2.35 26.49 + 237 27.81 + 2.40 27.43 + 2.8
emperature 23.20-30.26 22.91-29.55 23.83-30.76 23.91-30.15
Salinity (%) 35.94 + 0.71 36.01 + 0.21 35.30 + 0.67 3521 + 0.33
y 35.44-36.20 35.56-36.33 34.67-36.56 34.67-36.10
Dissolved Oxygen/DO 5.81 + 0.71 6.16 + 0.54 6.42 + 0.52 6.86 + 0.72
(mg/L) 5.05-7.05 5.59-7.05 5.30-7.05 6.13-8.10
Total Suspended 12.01 + 1.84 11.13 + 2.37 10.37 4+ 1.01 9.87 + 1.10
Solid/TSS (mg/L) 10.00-14.44 4.56-14.44 8.90-12.50 8.60-12.50
- 7.93 + 0.03 8.10 + 0.01 7.87 +0.32 7.92 + 0.09
p 7.89-7.98 8.08-8.13 7.00-8.10 7.70-8.10
Nitrate (mg/L) 1.99 + 0.25 1.19 + 0.59 3.28 + 0.51 3.06 + 0.9
& 1.47-2.25 0.47-1.77 2.36-3.80 0.00-3.95
0.04 + 0.02 0.04 + 0.01 0.08 + 0.01 0.07 + 0.00
Phosphate (mg/L) 0.02-0.08 0.02-0.05 0.06 + 0.10 0.06-0.07
Phvtonlankton Densit 70.67 x 10° + 14.52 x 105  70.33 x 10° + 21.27 x 10° 6.52 x 10 +2.15 x 103 5.88 x 103 + 1.55 x 103
ytop y 35.8 x 10°-93.6 x 10° 4.69 x 10°-91.6 x 105 1.36 x 10°-8.9 x 103 347 x 103-7.8 x 103

3.1.2. Percentages of Coral, Algal, Rubble, and Sand Coverage

At both FEF and PAF sites, sand constituted the dominant benthic substrate, with
coverage reaching up to 95.3%. Coral cover was notably higher at PAF, ranging from 6.3%
to 32.7%, in contrast to FEF, where it varied between 0% and 10.2%. At PAF, coral cover also
exceeded the percentage of rubble and algal cover. Algal coverage was relatively similar at
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both sites, ranging from 2.2% to 12.4%. In contrast, rubble cover was more pronounced at
FEF, with values reaching up to 24.8%.

3.1.3. Coral Biodiversity

Local coral populations (at the family level) at PAF and FEF (Figure 4; Table 4) included
Acroporidae (1700 and 146 at PAF and FEEF, respectively), Poritidae (800 and 18 at PAF
and FEEF, respectively), Merulinidae (600 and 28 at PAF and FEF, respectively), Faviidae
(500 and 21 at PAF and FEF, respectively), and Pocilloporidae (450 and 30 at PAF and
FEF, respectively) as the most common corals. The combined coverage of corals at each
of the two sites was 5813. ANOVA revealed a significant difference in coral abundance
between the two sites within each locality, considering the variations across the five stations
(F=2.145, p = 0.001 < 0.05). Although diversity was assessed per station, comparisons
were made between sites using station means as replicates. Mean values are presented
separately for PAF and FEF to allow site-specific comparisons (Table 4).

Table 4. Number of coral individuals recorded per family at Pointe aux Feuilles (PAF) and Flic-
en-Flac (FEF), with corresponding mean values, standard deviations, total counts, and percentage
representation for each family. Data were collected during benthic surveys using the line-intercept
transect (LIT) method across five stations per site.

Family PAF FEF Mean IS)t :‘I/lii:;(?n Total Percentage
Acroporidae 1700 146 923 1098.8 1846 31.76%
Agariciidae 300 8 154 206.5 308 5.30%
Antipathidae 50 0 25 354 50 0.86%
Astrocoeniidae 50 6 28 31.1 56 0.96%
Coscinaraeidae 50 0 25 354 50 0.86%
Dendrophylliidae 50 2 26 339 52 0.89%
Euphylliidae 50 6 28 31.1 56 0.96%
Faviidae 500 21 260.5 338.7 521 8.96%
Fungiidae 350 18 184 234.8 368 6.33%
Helioporacea 50 0 25 354 50 0.86%
Leptastreidae 100 11 55.5 62.9 111 1.91%
Lobophylliidae 100 5 52.5 67.2 105 1.81%
Merulinidae 600 28 314 404.5 628 10.80%
Milleporidae 50 0 25 354 50 0.86%
Montastraeidae 50 6 28 31.1 56 0.96%
Plerogyridae 50 0 25 35.4 50 0.86%
Plesiastreidae 50 6 28 31.1 56 0.96%
Pocilloporidae 450 30 240 297.0 480 8.26%
Poritidae 800 18 409 553.0 818 14.07%
Psammocoridae 0 2 1 1.4 2 0.03%
?ecilei’;admia incertae g, 0 25 35.34 50 0.86%
Stylasteridae 50 0 25 35.4 50 0.86%

Total 5500 313 2906.5 3670.6 5813 100.00%
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Figure 4. Chart showing the mean percentage cover of live coral, algae, rubble, and sand at Pointe
aux Feuilles (PAF) and Flic-en-Flac (FEF). Data were collected using the line-intercept transect (LIT)
method, with three 20 m transects per station, across five stations per site. Percent cover values were
averaged across all transects and stations, and comparisons were made at the site level.

3.1.4. Fish Species and Feeding Habits

The number of fish species at both sites varied substantially between PAP and FEF
(Figure 5), along with the feeding habits of the prevalent species (Figure 6). At FEF, om-
nivorous (27.9%) fish were more common, followed by benthivorous (25%), carnivorous
(14.4%), herbivorous (12.5%), planktivorous (9.6%), piscivorous (7.7%), and lastly, coraliv-
orous (2.9%). However, at PAF, carnivorous fish represented nearly half of the popula-
tion (47.03%), followed by omnivorous (17.4%), planktivorous (10.5%), and benthivorous
(10.01%), and the remainder were herbivorous, piscivorous, or coralivorous.

Fish Order between Pointe aux Feuilles and Flic-en-flac

m Ovalentariaincertae
sedis

6000 W Acanthuriformes

m Myliobatiformes

W Tetraodontiformes

5000

| Gobiiformes

M Eupercaria incertae
sedis

4000 H Lophiiformes

m Kurtiformes

m Blenniiformes

3000 m Atheriniformes

M Syngnathiformes
™ Beloniformes

2000 -+
m Pleuronectiformes

Number of Individual per Order

o Anguilliformes

1000 Carangiformes
W Carcharhiniformes
i I m Perciformes
0 A 1] YT ,
Gonorynchiformes
PAF FEF

Centrarchiformes

Sampling Station

Figure 5. Number of individual fish observed per family at Pointe aux Feuilles (PAF) and Flic-en-Flac
(FEF) during the study period.
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Figure 6. Feeding group composition of fish species at (A) Pointe aux Feuilles and (B) Flic-en-Flac.
Fish were classified into trophic categories (e.g., herbivorous, planktivorous, carnivorous) based on
published ecological data and field observations across both sites.

3.1.5. Fish and Coral Diversity Indices

Considering diversity holistically (Table 5), the diversity differed substantially between
the two sites. PAF had almost double the number of species of corals (110) and fishes (218)
compared with FEF and a higher overall number of individual corals (5500) and fish (23,304).
The Shannon-Weiner diversity index also showed higher values for both at PAF compared
with FEF (4.7 and 4.63, respectively). However, Simpson’s diversity index showed values
closer to 1 for corals (0.9911) and fish (0.9859) at PAF, while values at FEF (0.9855 and 0.9657)
were also very close to 1. A value closer to 1 indicates high diversity and even distribution
of species. Both PAF and FEF exhibited high Simpson’s index values, indicating an even
distribution of species at both locations. While PAF had a greater number of species and
individuals, the similarity in Simpson’s index values suggests that species dominance
was not strongly skewed in either site, meaning no single species was overwhelmingly
dominant. Although PAF maintained slightly higher diversity and evenness than FEF, the
latter also demonstrated considerable biodiversity. Overall, despite differences in species
richness and abundance, both sites support a high and fairly balanced level of biodiversity.

Table 5. Diversity indices for corals and fish communities at Pointe aux Feuilles (PAF) and Flic-en-Flac
(FEF). Indices include species richness (S), total individuals (N), Margalef index (D), Pielou’s evenness
('), Shannon-Weiner diversity (H’), and Simpson’s diversity (A"). Data were compiled from field
surveys conducted at five stations per site between 2019 and 2021.

Sampling Station S N D J H Lamba’
Corals

PAF 110 5500 12.66 1 4.7 0.9911
FEF 59 313 10.09 0.9936 41 0.9855
Fishes

PAF 218 23,304 21.58 0.8599 4.6 0.9859
FEF 104 2056 13.5 0.8 3.8 0.9657

(S: Total species; N: Total individuals; D: Margalef index; J”: Pielou’s evenness index; H': Shannon-Weiner index
(diversity); Lamba’: Simpson’s diversity index).

3.2. Coral Fragments Survival

After three years, >98% inclusive survival was recorded for the coral fragments of
the four branching species at the PAF site, compared with ~88% at the FEF site (Table 6).
The detachment rates during this period were higher at FEF, ranging between 4.9% to
13% (highest for Millepora sp. in the mid-water nursery; 13%), while detachment rates at
PAF ranged between 0.2% to 1.7% (highest for Acropora muricata and Acropora selago in the
mid-water nursery; 1.7%). Species detachment rates were consistently higher for Millepora
sp. at both sites. Millepora sp. generally had higher survival rates (above 90%) and A.
muricata had a higher percentage of detachment (above 0.4%). Detachment rates for all
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species at PAF remained relatively stable but increased towards the end as the corals grew
larger. In contrast, at FEF, the detachment of coral fragments was observed earlier during
the study period. No significant differences were observed in the survival and detachment
rates between the coral species at the two sites.

Table 6. Survival and detachment rates of each coral species across the two nursery types (table and
floating) at both sites. Coral fragments were monitored monthly over three years (2019-2021). Sur-
vival (%) and detachment (%) were calculated from initial fragment numbers, with values presented
per site and nursery type.

Initial no. of Detachment

Site-Nursery Type Fragments Detached Dead (%) Survival (%)
Millepora sp. PAF-T 4500 15 10 0.33 99.8
PAF-F 1500 20 15 1.3 99
FEF-T 4500 280 250 6.2 94.4
FEF-F 1500 200 150 13 90
Acropora PAF-T 4500 20 15 0.4 99.7
muricata
PAF-F 1500 25 18 1.7 98.8
FEF-T 4500 320 300 7.1 93
FEF-F 1500 190 120 12.7 92
Acropora selago ~ PAF-T 4500 23 15 0.5 99.7
PAF-F 1500 25 20 1.7 98.7
FEF-T 4500 300 320 6.7 92.9
FEF-F 1500 120 100 8 93
Pocillopora PAF-T 4500 10 10 0.2 99.8
damicornis
PAF-F 1500 10 15 0.7 99
FEF-T 4500 220 200 49 95.6
FEF-F 1500 160 180 10.7 88

3.3. Coral Growth

The growth rates of coral in all nursery types are summarized in Figure 7. At PAF,
all four coral species demonstrated significantly greater increases in length, width, and
surface area in both nurseries compared with the measurements recorded at FEF over the
study period. For instance, at PAF, Millepora sp. had the highest mean values for its length
(27.25 4+ 25.78 cm), width (25.16 4 24.82 cm), and surface area (280.26 + 248.52 cm?) in
the table nursery, whereas at FEF, the same species recorded much lower mean values
for length (3.64 = 1.63 cm) and width (3.32 £ 1.78 ¢cm) in the table nursery. Regarding
surface area, Millepora sp. exhibited the lowest mean value (26.68 + 13.19 cm?) in the
mid-water nursery at FEF. The highest recorded values for Millepora sp. were 68.01 cm
(length), 61.23 cm (width), and 675.12 cm? (area).

At PAF, Millepora sp. exhibited greater growth in area in the table nursery
(280.26 =+ 248.52 cm?) compared with the mid-water nursery (115.65 £ 101.30 cm?). Con-
versely, at FEF, Millepora sp. exhibited better growth in length and width in the mid-
water nursery (5.22 &= 4.63 cm and 3.75 £ 3.35 cm, respectively) than in the table nursery
(3.64 = 1.63 cm and 3.32 £ 1.78 cm, respectively).

Within the individual sites, Acropora muricata at PAF showed better growth in the table
nursery (376.14 & 364.33 cm?), while at FEF, the species attained a larger area in the mid-
water nursery (59.45 & 30.11 cm?) compared with the table nursery (26.26 £ 16.91 cm?).
This trend was consistent for other species as well. At PAF, Acropora selago achieved the
highest mean values for length (24.71 &+ 18.73 cm), width (26.64 £ 21.93 cm), and area
(415.93 + 381.18 cm?) in the table nursery, while the lowest mean values were observed at
FEF in the table nursery.
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A Growth rate of coral species over time between sampling stations (Floating Nursery) B Growth rate of coral species overtime between sampling stations (Table
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Figure 7. Growth of the 4 coral species (Millepora sp., Acropora muricata, Acropora selago, and Pocillopora
damicornis) at both nursery types (floating mid-water nurseries and bottom-attached table nurseries)
from 2019 to 2021. (A) Mean length and width in floating nurseries; (B) mean length and width
in table nurseries; (C) surface area in floating nurseries; (D) surface area in table nurseries. Coral
growth was measured quarterly using calipers and photographic image analysis. Values represent
mean =+ standard deviation from three replicate nursery frames per species per site.

For Pocillopora damicornis, the best growth was observed at the table nursery of PAF
with a length of 24.60 £ 15.75 cm, width of 24.11 4 23.37 cm, and area 241.46 + 160.20 cm?.

Opverall, the table nursery at PAF recorded the highest mean and maximum values for
the length, width, and area of all species. Among the coral species, Millepora sp. exhibited
the greatest mean length (27.25 £ 25.78 cm), while Acropora selago had the greatest mean
width (26.64 + 21.93 cm).

3.4. Linear Extension Rate

The mean linear extension rate (LER) of each coral species across different sites and
nursery types differed (Table 7). Among all observations, Millepora sp. at PAF in the
table nursery exhibited the highest mean LER (9.66 + 3.01 mm y~!), whereas Acropora
muricata in the mid-water nursery at FEF had the lowest mean LER (1.84 & 1.00 mm y ).
Site-wise comparisons revealed that PAF consistently had the highest mean LER values for
all studied species (Figure 8). For example, Pocillopora damicornis achieved a mean LER of
9.17 4 2.29 mm y ! in table nurseries at PAF, compared with 2.86 4- 1.07 mm y~! at FEF.
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Table 7. Mean linear extension rates (LER, mm y~!) for each coral species across nursery types and
study sites. Coral length measurements were taken quarterly over the 3-year period and used to

calculate LER.

Species/Site Nursery Type E\r:sa;_lil);tensmn Rate

Acropora muricata

PAF TN 6.41 +2.05
FN 3.08 £1.32

FEF TN 249 +1.27
EN 1.84 +1.00

Millepora sp.

PAF TN 9.66 & 3.01
EN 5.61 +2.87

FEF TN 3.44 £1.08
FN 3.96 +£2.41

Acropora selago

PAF TN 8.99 £2.03
FN 4.71 +1.47

FEF TN 2.70 +1.03
FN 1.89 +0.88

Pocillopora damicornis

PAF TN 9.17 +2.29
FN 4.77 +1.42

FEF TN 2.86 = 1.07
EN 2.94 4143
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Figure 8. Mean LER (LER, mm yfl) of coral species grown in (A,B) Flic-en-Flac and (C,D) Pointe
aux Feuilles, comparing floating and table nursery types. LER was calculated from coral length
differences over time, measured quarterly. Data are presented as mean & SD per species.
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Statistical analysis (analysis of variance) indicated significant differences in mean
LER among species, sites, and nursery types (p < 0.05). However, these differences were
statistically significant only for data collected during 2020 and 2021 (p = 0.00). Further
analysis using the Tukey HSD test identified specific differences between sites and nursery
types. In all cases, significant differences were observed, with p-values less than 0.05,
highlighting the influence of both site and nursery types on the linear extension rate of
coral growth.

4. Discussion

Mauritius, a small developing island nation, is heavily dependent on its coral reefs,
which play a critical role in supporting marine biodiversity by providing habitats for
species such as crustaceans and fish. These reefs also underpin key economic sectors,
including fisheries and tourism, by sustaining fish stocks and protecting beaches and
marine attractions [24]. However, over the years, anthropogenic pressures, including
infrastructure development and urbanization, have led to significant coral cover loss on
Mauritian reefs [25]. Consequently, coral restoration has become a pressing priority for
Mauritius, driving increased research into coral farming techniques [24,26]. Selecting an
appropriate restoration method tailored to Mauritius” unique marine environment is crucial
to ensuring successful restoration efforts.

This study compared the growth performance of four coral species between a healthy
lagoon (Pointe aux Feuilles) and a lagoon heavily impacted by severe soil erosion and
tourism pressure (Flic-en-Flac). Additionally, it evaluated the efficacy of two nursery types,
table and mid-water, at both sites to identify the most suitable method for rearing coral
fragments. Results indicated that Flic-en-Flac’s lagoon exhibited relatively low coral cover
(<10%) and a high proportion of dead corals. Coral cover was higher at PAF compared
with FEF, whereas algal cover was comparatively lower at PAF. This pattern may indicate
effective algal regulation by herbivorous fish at PAF, potentially mitigating coral mortal-
ity [27]. Similarly, Smith et al. (2022) [28] demonstrated enhanced coral growth following
the manual removal of macroalgae, further indicating the importance of algal control in
promoting coral health. The genus Acropora had the highest percentage of dead corals
(17.4%), whereas Porites showed significantly lower mortality (0.03%). These findings align
with previous studies highlighting that some coral taxa are more resilient to environmental
stress than others [29]. Fast-growing, branching taxa such as Acropora spp. are generally
more vulnerable to bleaching events compared with slow-growing, massive taxa like Porites
spp. [30].

Survivorship is a key indicator of success in coral farming. Across both sites and
nursery types, the survival rates of all four coral species remained consistently high (88—
99.8%) throughout the study period. Similar outcomes have been reported in other regions;
for instance, in the Caribbean, Acropora cervicornis exhibited survival rates of 85-96% after
12 months in an in-situ nursery setting [31]. In the Red Sea, coral survivors reached 85—
95% (species specific) after one year in a mid-water floating nursery. At the Great Barrier
Reef, survival rates for Acropora spp. exceeded 80%, although they were slightly lower
than those observed in the present study. In China, Liu et al. (2024) [32] reported coral
survivorship that ranged up to 86-90% after 400 days, depending on the species of interest.
In the Maldives, corals survivorship was above 90% for all species, with 89% for Acropora
spp. [33]. In Singapore, following 380 days of coral farming, Acropora spp. had the highest
survivorship at 31-83%, much lower than in the current study. Variations in survival rates
may result from species-specific or site-specific factors [34]. Among the species studied,
Acropora muricata exhibited the highest detachment rates, consistent with findings from
previous studies, highlighting that branching coral species are more prone to detachment



J. Mar. Sci. Eng. 2025, 13,1268

15 of 20

due to adhesive failures. Despite the high survivorship rates, lower survivorship was
generally recorded at Flic-en-Flac (FEF) compared with Pointe aux Feuilles (PAF), coupled
with higher detachment rates at FEF. This could be attributed to increased sedimentation at
FEF, probably due to nearby infrastructure, as well as more frequent human interaction
given its popularity as a tourist site.

While the present study monitored key parameters such as total suspended solids
(TSS), nitrate, and phosphate, which are indicative of sedimentation and nutrient en-
richment, a more direct quantification of anthropogenic stressors including continuous
sedimentation rate monitoring, land-based nutrient source mapping, and water turbidity
sensors would further confirm the causal links between human activities and coral nursery
performance. Future studies should consider deploying in situ sensors and collaborating
with environmental authorities to integrate long-term datasets for improved interpretation
of anthropogenic impact, particularly at high-pressure sites such as FEF.

Coral growth is a critical metric for evaluating the success of coral farming [35]. Larger
corals are less susceptible to mortality risks once they reach a certain size [36]. Species-
wise, Millepora sp. recorded the highest mean length, while Acropora selago achieved the
greatest width and coral cover. These differences are likely to have been due to variations
in the morphological and physiological characteristics of each species. Conversely, Kotb
(2016) [37] found no statistical differences in growth rates among the species he used,
including those used in this study (Acropora spp., Millepora spp., and P. damicornis). Notably,
similar to our results, P. damicornis exhibited higher growth rates than Acropora spp. in
Kotb’s study. This implies that planning with consideration to the coral species to be used
and selection of site is essential before coral farming.

Selecting an appropriate location for a coral nursery is crucial to ensure optimal growth
of coral fragments. This study compared two regions, the highly human-impacted lagoonal
area of Flic-en-Flac (FEF), and the more pristine but nutrient enriched area of Pointe aux
Feuilles (PAF), located near a fish farm and less influenced by tourism. According to Tukey’s
test, coral growth was significantly different between the two regions, with lower growth
observed at FEF compared with PAF. This disparity may be attributed to sedimentation
from infrastructure and increased turbidity at FEF. However, this finding contrasts with
the results of Villanueva et al. (2006) [38], who reported that coral growth, specifically that
of P. damicornis, could be adversely affected by fish farm effluent. Additionally, the higher
phytoplankton density observed at PAF may have supported growth of coral fragments at
that site.

The three-year monitoring period encompassed multiple seasonal cycles, allowing
observations of fluctuations in temperature, salinity, and nutrient availability across mon-
soonal and dry seasons. While our quarterly sampling schedule captured broad seasonal
trends, more granular insights into specific bleaching season impacts would benefit from
monthly or continuous environmental monitoring. Temperature peaks observed in summer
at both sites coincided with lower dissolved oxygen and elevated nutrient levels, potentially
influencing coral performance metrics.

Data gaps caused by COVID-19 lockdowns (March-May 2020, March-April 2021)
resulted in reduced temporal resolution for some parameters. Although these gaps are
unlikely to have altered the overall trends identified, they may have masked short-term
responses to acute stress events such as heatwaves. Future studies may benefit from
applying imputation techniques or leveraging satellite data and autonomous loggers to
bridge such gaps.

Differences in fish diversity between the sites may also have played a role. Herbivorous
fish, such as parrotfish, are essential for maintaining healthy corals by grazing algae, which
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helps keep the reef and nursery settings clean [39,40]. However, accidental grazing by these
fish can result in coral fragment detachment [17,41].

This study assessed the effectiveness of two nursery types for coral farming, consid-
ering site-specific conditions. At PAF, coral growth rates were higher in table nurseries
compared with mid-water nurseries. Conversely, at FEF, mid-water nurseries yielded
higher coral growth than table nurseries, further emphasizing the importance of environ-
mental factors and nursery design [42,43]. The literature further reveals that mid-water
nurseries, which swing in open blue waters and are moved by the water currents, can
reduce the accumulation of sediment on coral fragments, leading to enhanced growth. This
mobility helps prevent sediment from settling on corals, a common issue in stationary
table nurseries, especially in areas with high sedimentation [16,17]. Studies also revealed
that inserting bottom-attached nurseries at least 30 cm from the substrate increased re-
silience against impacts caused by macroalgae, turf algae, and sedimentation rates [32],
with similar implications for recruited herbivores and corallivores. In this study, FEF was
host to a higher presence of coralivores and herbivores, which may have disproportion-
ately impacted the table nurseries, leading to better growth in the mid-water nurseries.
Additionally, the high sedimentation at FEF is likely to have affected table nurseries more
severely as sediments accumulated on stationary structures, whereas mid-water nurseries
were less impacted.

This study primarily focused on ecological and environmental metrics (e.g., sur-
vivorship, growth, water quality parameters) to evaluate nursery performance. However,
integrating molecular and physiological assessments such as profiling Symbiodiniaceae com-
munities, measuring oxidative stress markers, or analyzing gene expression could yield
critical mechanistic insights into coral stress tolerance and acclimatization capacity. These
approaches were beyond the scope of the present study due to logistical and budgetary
constraints but represent a valuable direction for future research. Such data could fur-
ther clarify the physiological underpinnings behind species- or site-specific performance
differences observed in coral nurseries.

Environmental parameters significantly influence coral growth rates [43—45]. In this
study, total suspended solids (TSS) were lower around the mid-water nurseries at both
sites (PAF and FEF). While coral growth was greater at PAF, this site had lower dissolved
oxygen (DO) levels and higher TSS values compared to FEF. The healthier coral ecosystem
and associated biodiversity at PAF may have contributed to accumulation of organic matter,
including waste generation, thereby increasing TSS. The decomposition of such organic
matter, along with the activity of faecal bacteria and other organisms, consumes oxygen,
resulting in lower DO levels at PAF [46]. In contrast, the continuous water flow around mid-
water nurseries enhances oxygen circulation, leading to higher DO levels near coral tissues.
This efficient oxygen supply supports coral fragment growth, as observed at FEF, where
mid-water nurseries performed better in terms of growth compared with table nurseries.

High survivorship rates were obtained for all species at both sites and on both nursery
types; however, table nurseries at PAF emerged as a more favorable option for optimum
coral growth. In contrast, the high levels of infrastructure development and sedimentation
at FEF hindered growth, particularly in table nurseries. Therefore, while both sites are
viable for coral farming, selecting nursery types and locations must account for local
environmental conditions to maximize success.

Based on the observed differences in performance, we propose a site-specific nursery
design framework. In high-sedimentation, high-tourism zones such as FEF, mid-water float-
ing nurseries are more suitable due to reduced sedimentation on coral fragments and lower
detachment rates. Conversely, in more sheltered environments like PAF, table nurseries
promote better coral growth and are easier to maintain. Selection should therefore consider
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site-level environmental stressors, hydrodynamics, and the intensity of human activity.
Future restoration efforts should incorporate preliminary site assessments (e.g., TSS levels,
DO, fish community structure) when deciding on nursery types. Moreover, incorporating
cost-effectiveness metrics such as material durability, maintenance frequency, and ease of
outplanting will help refine nursery design choices and optimize resource allocation.

5. Conclusions

This study demonstrates the potential of coral farming as a viable method for coral
restoration in Mauritius, highlighting the importance of site-specific nursery types and
species selection. The high survivorship rates observed across all coral species at both
Pointe aux Feuilles (PAF) and Flic-en-Flac (FEF) emphasize the resilience of corals within
artificial nursery settings, despite contrasting environmental conditions. PAF, with its
healthier ecosystem and higher phytoplankton density, proved to be more conducive to
coral growth, particularly in table nurseries. Conversely, the high sedimentation and
human pressures at FEF impacted growth, making mid-water nurseries more effective in
this region.

The findings underscore the critical role of local environmental factors such as water
quality, sedimentation, and fish diversity on the success of coral farming efforts. Fu-
ture coral restoration projects in Mauritius and similar regions should prioritize careful
site selection, incorporating both environmental and infrastructural considerations to en-
sure optimal growth conditions for coral species. Additionally, future research should
explore the long-term success of coral farming in these environments, including post-
restoration monitoring to assess the persistence of restoration outcomes and the recovery
of surrounding ecosystems.

Further studies should investigate the interaction between coral growth and various
environmental stressors, such as sedimentation, nutrient availability, and climate change
impacts, to refine restoration methodologies. Additionally, exploring the use of inno-
vative nursery structures, such as integrated multi-trophic aquaculture systems, could
enhance coral farming success by providing additional ecosystem services while promoting
conservation of biodiversity.

In conclusion, while both floating nurseries and table nurseries are efficient methods
for coral farming, their efficiency may vary depending on the site selected. Continued
research and adaptation of restoration strategies to local conditions will be essential to
ensuring the long-term sustainability of coral reefs in Mauritius and beyond.

This study suggests a practical decision-making framework for coral nursery place-
ment based on local environmental factors. Mid-water nurseries are recommended for
dynamic, high-sediment environments like FEF, while table nurseries are better suited for
calm, nutrient-rich, and biodiverse areas like PAF. Incorporating cost-benefit analyses and
environmental diagnostics in site-selection protocols will be critical to scaling-up effective
coral restoration in island nations.
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