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Abstract

The Con Dao archipelago hosts the oldest MPA in Vietnam and is recognized as a regional
marine biodiversity hotspot. Here, we applied environmental DNA (eDNA) metabarcoding
to assess coastal fish diversity across four major habitat types: coral reefs, seagrass beds,
mangroves, and a harbour in the Con Dao archipelago. Using MiFish-U 12S primers at
eight stations, we detected 282 operational taxonomic units, corresponding to 144 fish taxa.
Fish assemblages exhibited strong habitat structuring: community composition differed
markedly among habitats, with minimal overlap. Only three species were shared across all
habitats. Multivariate analyses confirmed that habitat type, rather than spatial distance
among sites, was the primary driver of community differentiation. Mangrove and seagrass
supported distinct assemblages that were underrepresented in existing species checklists
and MPA management frameworks. Notably, eDNA detected cryptic and non-commercial
species overlooked by conventional survey methods. These results substantially expand
the known fish diversity of the Con Dao Archipelago and highlight the need to incorporate
habitat heterogeneity, particularly non-reef ecosystems, into MPA design and monitoring.
Although eDNA metabarcoding is subject to amplification biases and limited taxonomic
resolution in reference databases, it offers a powerful complement to traditional surveys
for characterizing under-sampled habitats.

Keywords: coastal habitats; eDNA; fishes; Indo-Pacific; marine protected area

1. Introduction
Marine biodiversity is declining worldwide at an unprecedented rate, largely driven

by overfishing, habitat degradation, coastal development, and climate change [1,2]. In
response, marine protected areas (MPAs) have been increasingly implemented as a key
conservation strategy to mitigate biodiversity loss, enhance ecosystem resilience, and
facilitate the recovery of exploited fish populations by increasing abundance, restoring
size structure, and enhancing reproductive potential [3,4]. Well-designed and effectively
managed MPAs have demonstrated clear benefits in terms of increased species richness,
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biomass, and trophic complexity, particularly when they encompass a diversity of habitats
and ensure ecological connectivity among them [5,6].

Located in southern Vietnam, the Con Dao Archipelago (CDA) hosts the oldest marine
protected area in the country, established in 1984. This MPA was primarily designed to
protect threatened and emblematic megafauna, including dugong (Dugong dugong), finless
porpoise (Neophocaena phocaenoides), and green turtle (Chelonia mydas). As seagrass beds
constitute critical feeding habitats for dugongs, conservation efforts within the MPA have
focused largely on a limited number of seagrass patches. This habitat also functions as
important nursery grounds for numerous marine fishes, including reef-associated species
targeted by local fisheries, and supports exceptionally high fish densities [7–9]. How-
ever, despite their ecological and fisheries importance, fish populations are not regulated
and monitored within the MPA’s management framework, and fishing activities are still
permitted across most habitats [10]. In this context, robust knowledge of marine fish
diversity inhabiting the CDA is essential for management purposes, but it remains sur-
prisingly limited. In the past, the checklists based primarily on underwater visual census
and fishery-dependent observations have been published, reporting 273 species belong-
ing to 100 genera and 39 families from coral reef habitats [11,12]. Given that more than
1500 marine fish species have been documented along the Vietnamese coastline [13–17],
the existing inventories for CDA are almost certainly incomplete. Moreover, although
several commercially important families such as Serranidae, Lutjanidae, Nemipteridae,
Haemulidae, Scaridae, and Siganidae are reported, their recorded species richness in Con
Dao appears disproportionately low compared with their known diversity at the national
scale [18,19].

Traditionally, knowledge of local fish diversity in Vietnam has relied heavily on mor-
phological identification of adult fish landed by fishermen. While this approach provides
valuable information on exploited stocks, it underrepresents cryptic, rare, nocturnal, or
non-commercial species and is biased toward habitats accessible to fishing gears. Recently,
fish biodiversity inventories worldwide have been expanded through the collection and
DNA barcoding of post-larval and juvenile fishes, particularly reef-associated taxa [20–23].
Investigations based on early life stages not only improve biodiversity assessments but
also provide insights into the ecological functions of habitats, such as their role as nurseries.
Fish larvae are often planktonic and abundant, making some species easier to collect at this
stage [24]. In the CDA, Pham et al. [25–27] provided the first DNA-based assessment of
fish diversity using light traps combined with DNA barcoding of larval and post-larval
fishes, revealing 163 taxa, including numerous new records for the archipelago and Viet-
nam. While these studies significantly advanced knowledge of local fish diversity and
recruitment dynamics, they were inherently focused on early life stages and seasonal
patterns and did not capture the full spectrum of adult and habitat-specific assemblages.
Moreover, like traditional capture methods, these DNA-based approaches remain lim-
ited to organisms physically captured by sampling gear. More recently, environmental
DNA (eDNA) metabarcoding has emerged as a transformative, non-invasive method for
biodiversity assessment, enabling the detection of fish communities directly from water
samples [28–32]. In marine ecosystems, eDNA surveys have shown strong potential for
revealing habitat-associated fish assemblages, detecting rare or elusive species, and rapidly
generating comprehensive biodiversity inventories with limited sampling effort [33,34].
Unlike traditional capture-based methods, eDNA is less constrained by gear selectivity
and observer bias, making it particularly suitable for assessing fish diversity across het-
erogeneous coastal habitats. However, eDNA snapshots primarily reflect species presence
over short temporal scales and provide limited information on recruitment processes and

https://doi.org/10.3390/d18050255

https://doi.org/10.3390/d18050255


Diversity 2026, 18, 255 3 of 18

seasonal dynamics. Integrating eDNA metabarcoding with light-trap surveys therefore
offers a powerful and complementary framework to bridge this knowledge gap.

Building upon previous traditional and DNA-based surveys, this study aimed to
explore and expand the known marine fish diversity of the CDA by applying eDNA
metabarcoding across multiple coastal habitats and directly comparing its outcomes with
the results from the estimation of biodiversity using light-traps at the same location [26].
Specifically, we aim to: (i) assess fish species richness and community composition detected
by eDNA across coral reefs, seagrass beds, mangroves, and harbour areas within the CDA;
and (ii) identify previously undocumented components of fish diversity that were not
captured by earlier traditional or larval-based surveys. By highlighting the complemen-
tarity between eDNA metabarcoding and larval sampling, this study provides critical
insights for improving biodiversity inventories and emphasizes the need to incorporate
habitat diversity and connectivity into future MPA design and management in tropical
coastal systems.

2. Materials and Methods
2.1. Study Area and Sampling Design

Sampling was conducted in Con Son Bay, CDA, Vietnam, across three major coastal
habitat types and one habitat impacted by human activities. Eight sampling sites
were selected, including three seagrass beds (SG1: 8◦41′22.11′′ N, 106◦37′48.31′′ E; SG2:
8◦41′34.64′′ N, 106◦38′27.47′′ E; SG3: 8◦41′44.33′′ N, 106◦38′32.89′′ E), two coral reef sites
(CR1: 8◦39′58.3′′ N, 106◦40′57.6′′ E; CR2: 8◦40′09.2′′ N, 106◦39′51.0′′ E), two mangrove sites
(M1: 8◦40′12.0′′ N, 106◦40′53.2′′ E; M2: 8◦38′49.3′′ N, 106◦33′13.2′′ E) and one harbour site
(H1: 8◦40′38.8′′ N, 106◦36′26.5′′ E). These sites were chosen to represent the main coastal
habitats occurring within the Con Dao Marine Protected Area (Figure 1). The sampling
was carried out on 14–15 November 2017. At each site, two replicates of water samples
were collected, resulting in a total of 16 samples.

Figure 1. Locations of the eight eDNA-sampling sites among various habitats in the Con Dao
Archipelago: seagrass bed (SG1, SG2, SG3: green points), coral reef (CR1, CR2: blue points), mangrove
(M1, M2: red points) and harbour (H1: black point).
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2.2. Water Collection and Filtration

Water samples were collected and filtered in situ using Sterivex™ filter (Merck KgaA,
Darmstadt, Germany) units (0.22 µm pore size) connected to a Vampire sampler pump
(BurkleTM, Bad Bellingen, Germany). At each sampling site, a standardized five-step
decontamination and sampling protocol was applied:

1. The pump and tubing were decontaminated with diluted bleach for 20 s and rinsed
with ambient seawater for 30 s.

2. The sampling bucket was similarly decontaminated with diluted bleach for 20 s and
rinsed thoroughly with ambient seawater.

3. Environmental water was collected at approximately 2 m depth and poured into the
sampling bucket. Approximately 5 L of water was filtered per sample. Depending on
water turbidity, two to five Sterivex filters were required to process each sample.

4. After filtration, residual water was removed by pumping air through the Sterivex filters.
5. Each filter was filled with RNAlater® (QIAGEN, Hilden, Germany), sealed with sterile

caps, labelled, and stored−20 ◦C until analysis.

2.3. DNA Extraction, Amplification and Sequencing

The DNA experiments were conducted in Masaki Miya’s laboratory. Environmental
DNA was extracted from the filter cartridges utilizing a DNeasy Blood and Tissue kit
(Qiagen, Hilden, Germany) following the methods established and visualized by Miya
et al. [35] with minor modifications. Following centrifugation, the collection tube was
discarded, and an aspirator (QIAvac 24 Plus, Qiagen, Hilden, Germany) was employed
to eliminate the residual liquid from the cartridge. The filter cartridge underwent lysis
facilitated by proteinase K. Before the lysis, PBS (220 µL), proteinase K (20 µL), and buffer
AL (200 µL) were mixed and gently pipetted the mixed solution into the cartridge from
an inlet port of the filter cartridge. The DNA extract (ca. 900 µL) was collected using
the DNeasy Blood and Tissue kit with a final elution volume of 200 µL. DNA extraction
was completed in one round. One more premix for the extraction blank (EB) was used to
monitor contamination. All DNA extracts were frozen at −20 ◦C until library preparation.
Extracted DNA was further purified using the PowerClean Pro DNA Clean-Up Kit (MO
BIO Laboratories, Carlsbad, CA, USA; currently QIAGEN, Hilden, Germany) to remove
PCR inhibitors. DNA extracts were pooled when required.

For each sample, purified DNA was amplified in 12 replicate PCR reactions targeting a
hypervariable region of the mitochondrial 12S rRNA gene using the MiFish primers, which
are specific to fishes [28]. Each PCR run included both negative controls and a positive
control consisting of a mock community of known composition. PCR products were
purified, verified by gel electrophoresis, and quantified using a Qubit™ High Sensitivity
DNA kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s
instructions. Indexed PCR products were sequenced across Illumina MiSeq platforms using
a MiSeq V2 kit (Illumina, Inc., San Diego, CA, USA) at 12 pM with a 10% PhiX spike-in.

2.4. Bioinformatics and Taxonomic Assignment

Raw sequence data were processed using a customized in-house bioinformatics
pipeline including quality filtering, operational taxonomic unit (OTU) clustering, and
taxonomic assignment. eDNA metabarcoding was performed using the MiFish as-
say [28]. Taxonomic assignments for each OTU were determined based on a consensus of
three approaches:
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(i) Sequence similarity searches against a curated CDA fish reference database [12,25–27];
(ii) Sequence similarity searches against the NCBI nucleotide (nt) database (GenBank); and
(iii) PROTAX, a probabilistic taxonomic assignment method providing classifications

at species, genus, family, and order levels [36].
Species- and genus-level assignments were automatically accepted when supported

by unambiguous reference matches at ≥98.5% and ≥95% sequence similarity, respectively.
When equally good matches to multiple species were obtained, Global Biodiversity In-
formation Facility (GBIF) occurrence records were consulted to identify taxa most likely
to occur in the Indo-Pacific region, allowing several ambiguous OTUs to be resolved to
species level.

OTU tables were filtered to remove low-abundance detections (<0.02% of reads or
<10 reads per sample, whichever threshold was higher). Common contaminant sequences,
including human DNA and DNA from domestic animals or known feed fishes, were
removed. OTUs that could not be confidently assigned to the species level were retained at
the genus, family, or order level.

2.5. Data Analysis

All statistical analyses used R version 4.4.3 [37]. The data analyses were carried out
using a table compiling the number of reads for all the taxa observed at the eight sampling
sites. Sampling adequacy was evaluated using an accumulation curve, constructed by
plotting the number of new taxa observed against the number of sampled sites. For each
taxon, the number of reads was calculated globally and for each of the four habitats as a
proxy of their abundance. The alpha diversity indices (richness, Shannon diversity and
Pielou evenness) were computed for each of the four habitats using the “vegan” R package.
A Venn diagram was constructed to present the number of taxa shared by the four habitats
using the VennDiagram R package v. 1.8.2 [38]. A correspondence analysis (CA) was
performed on the contingency table of read counts per site and taxon using the dudi.coa
function from the ade4 package v. 1.7-24 [39]). The sites and the taxa were subsequently
subjected to hierarchical clustering based on Euclidean distance computed from their
coordinates along the first two CA axes, applying the complete linkage aggregation method
via the hclust function from the stats package v. 4.6.0 [37].

3. Results
3.1. Overall eDNA Fish Diversity

Following rigorous filtering and quality control, a total of 458,879 reads were obtained
for the 12S rRNA gene. Of these, 435,854 reads (95%) successfully matched with archived
reference sequences based on a species-level similarity threshold of ≥98.5%. Environmental
DNA metabarcoding revealed a total of 282 operational taxonomic units (OTUs) across
the eight sampling sites in Con Son Bay, corresponding to 246 taxa confidently identified
at ≥98.5% sequence similarity and 36 taxa with lower confidence (<98.5%) (Table S1). Af-
ter consolidation of replicate detections and ambiguous matches, the dataset comprised
144 distinct fish taxa used for downstream community analyses. The global species accu-
mulation curve did not reach an asymptote (Figure 2), indicating that the sampling effort
(n = 8) captured only a part of the local fish diversity.
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Figure 2. Species accumulation curve based (±SD, dotted lines) on all environmental DNA sampling
sites in the Con Dao Archipelago.

3.2. Taxonomic Composition and Dominant Species

The ten most abundant species accounted for a substantial proportion (59.8%) of total
reads, the most abundant being the largescale mullet Planiliza macrolepis (10.9%), the oblong
slipmouth Photolateralis stercorarius (7.8%) and the dory snapper Lutjanus fulviflamma (7.1%)
(Figure 3). Patterns of relative abundance varied among habitats (Figure 4). Seagrass
habitats were dominated by small pelagic and benthopelagic taxa, e.g., the oblong slip-
mouth Photolateralis stercorarius (19.4%), the round herrings Spratelloides spp. (25.7%) and
the pink ear emperor Lethrinus cf. lentjan (11.6%), whereas coral reefs exhibited a more
even distribution among reef-associated species, e.g., the barred rabbitfish Siganus doliatus
(20.6%), the whitefin damsel Pomacentrus albicaudatus (15.7%), the redbelly yellowtail fusilier
Caesio cuning (8.2%) and the rivulated parrotfish Scarus rivulatus (7.4%). Mangrove habitats
were characterized by a smaller set of dominant taxa, e.g., the largescale mullet Planiliza
macrolepis (39.5%), the dory snapper Lutjanus fulviflamma (25.6%) and the barred rabbitfish
Siganus doliatus (6%), while the harbour station displayed a mixture of taxa associated
with both natural and anthropogenically influenced habitats, the most abundant being the
mottled spinefoot Siganus fuscescens (21.1%).

Figure 3. Taxa with the highest relative abundance of DNA reads in the Con Dao Archipelago: overall
abundance in number of reads for the main species, and percentage of the total number of reads
within the whole sample.
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Figure 4. Frequently detected taxa in each of the four habitats of the Con Dao Archipelago: abundance
in number of reads and percentage of the number of reads for the main species.

3.3. Diversity Indices

Species richness ranged from 25 species in one of the coral reef sites to 50 species
in the harbour site and varied markedly among habitats. Richness in the two coral reef
sites was very heterogeneous (35 ± 14.14), while mangrove and seagrass habitats showed
comparatively smaller, but stable richness, 32 ± 0.00 and 32 ± 2.65, respectively (Table 1).
The Shannon diversity index was the highest in the harbour (H′ = 3.04) and the lowest
in mangrove sites (H′ = 1.85 ± 0.03), which also exhibited the lowest evenness (Pielou’s
J′ = 0.535 ± 0.007). Seagrass and coral reef sites displayed intermediate Shannon diversity,
H’ = 2.43 ± 0.39 and 2.67 ± 0.06, respectively, and relatively high Pielou’s evenness indices,
J’ = 0.70 ± 0.11 and 0.77 ± 0.10, respectively.

Table 1. The abundance (number of reads), richness (number of taxa), Shannon diversity index, and
Pielou’s evenness index for the eight sites sampled in the Con Dao Archipelago.

Site Habitat Nb Reads Richness Shannon H′ Pielou’s J′

SG1 Seagrass bed 51,783 34 2.70 0.76
SG2 Seagrass bed 57,748 33 1.98 0.57
SG3 Seagrass bed 55,947 29 2.60 0.77
CR1 Coral reef 58,796 45 2.63 0.69
CR2 Coral reef 57,757 25 2.71 0.84
M1 Mangrove 59,371 32 1.87 0.54
M2 Mangrove 59,329 32 1.83 0.53
H1 Harbour 58,148 50 3.04 0.78
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3.4. Shared and Exclusive Species Among Habitats

Venn diagram analysis revealed limited overlap in species composition among habitats
(Figure 5). Only three species were detected across the four habitats: colourful dottybacks
Labracinus sp., blue-barred parrotfish Scarus ghobban, and delicate round herring Spratelloides
delicatulus. Most habitats were characterized by a high proportion of unique taxa. For
example, among the 59 species detected in coral reef habitats, 19 species (approximately
33%) were exclusive to this habitat. Similarly, between 33% and 50% of the species detected
in other habitats were habitat-specific, indicating strong habitat specialization and limited
species overlap.

Figure 5. Venn diagram with the numbers of common fish species within and between the four
sampled habitats.

3.5. Multivariate Analyses of Fish Assemblages

Correspondence analysis (CA) of the site × taxon matrix (144 taxa across eight sites)
revealed pronounced differentiation of fish assemblages among habitats (Figure 6). The
first two axes, representing 25% and 18.3% of the total information, respectively, clearly
separated coral reef, mangrove, and seagrass assemblages. Harbour samples were posi-
tioned closer to seagrass sites, indicating greater similarity of species composition between
these two habitats. Spatial distance between sites did not explain community similarity.
Notably, the two mangrove sites (despite being the most geographically distant) exhibited
highly similar fish assemblages, whereas geographically closer sites belonging to different
habitats (coral reefs and seagrass beds) were more dissimilar. Clustering of taxa based
on their coordinates along the first two CA axes identified three major species groups:
Group 1, associated primarily with seagrass beds and the harbour; Group 2, characteristic
of mangrove habitats; and Group 3, strongly associated with coral reefs. Although these
groups were indicative of habitat affinity, taxa belonging to each group were occasion-
ally detected in other habitats (e.g., the three common species, dottybacks Labracinus sp.,
blue-barred parrotfish Scarus ghobban, and delicate round herring Spratelloides delicatulus),
reflecting ecological connectivity and species mobility. This classification confirms strong
habitat-driven structuring of fish communities and reinforces the ecological relevance of
the detected assemblages.
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(a) 

(b) 

Figure 6. Correspondence Analysis (CA) of the site-taxa table of the number of reads: (a) Projection
of the species with combined relative contributions above 0.5 on the first two axes of the CA. These
two axes represented 25% and 18.3% of the total variance, respectively. Fish illustrations correspond
to species with names in bold, which are those ranked among the 10 most abundant per habitat
based on copy number records (see Figure 4); (b) Projection on the same axes of the eight sites,
grouped following the three clusters resulting from their Hierarchical Clustering: Group 1 = Seagrass
bed + Harbour; Group 2 = Mangrove; Group 3 = Coral reef. These groups are reported on A to
highlight corresponding species.
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4. Discussion
4.1. Challenges and Limitations of Fish Species Identification Using eDNA Metabarcoding

Environmental DNA metabarcoding is now widely recognized as a powerful, non-
invasive tool for assessing marine fish diversity, particularly in species-rich tropical systems
where traditional sampling is limited [28,40]. Nevertheless, as with other DNA-based
approaches, species identification using eDNA remains constrained by several well-known
methodological limitations [41,42]. A key limitation concerns the completeness and ac-
curacy of reference databases [43]. Although the MiFish 12S marker provides robust
taxonomic resolution for most teleosts [28,44,45], reliable species-level assignment depends
upon the availability of reference sequences for local taxa [46]. In this study, however, 85%
of OTUs were assigned to species level (>98.5%), which is relatively high compared to other
marine eDNA surveys, particularly in tropical regions [30,34]. The remaining 15% likely
reflects incomplete reference coverage rather than methodological failure, consistent with
previous studies in Vietnam and the Indo-Pacific region [18,19,26].

A second limitation relates to insufficient genetic divergence among closely related
or recently diverged species. Species complexes have been documented in several di-
verse reef fish families, including Pomacentridae, Siganidae, Mullidae, Apogonidae, and
Gobiidae [47–49], and short eDNA metabarcoding fragments may, in some cases, lack
sufficient resolution to discriminate such taxa. Marker-level comparisons show that dis-
criminatory power varies across primer sets and families: for instance, BIN (Barcode Index
Number) discrimination errors were detected in 14 to 19 out of 48 families, depending
on the metabarcode considered, with primer set Teleo1 performing least consistently and
MiFish and Ac12S showing the lowest error rates [50]. Similarly, interspecific divergence
values for some eDNA markers fall below those recovered by COI-based BINs for certain
taxonomic groups, indicating that species boundaries established with COI may not al-
ways be recoverable with shorter metabarcoding fragments [45]. More generally, no single
metabarcode is universally optimal, and marker choice critically influences taxonomic reso-
lution. Finally, eDNA datasets may include low levels of artefacts due to contamination, tag
jumping, or PCR errors [42,51,52]. These issues were minimized here through conservative
filtering, although such approaches may exclude identification of rare taxa. Overall, these
limitations are inherent to current eDNA workflows but do not undermine the robustness
of community-level patterns when interpreted cautiously.

4.2. Fish Diversity in the Con Dao Archipelago: New Insights from eDNA

Despite these limitations and a relatively limited sampling effort, the present eDNA
survey substantially expands current knowledge of fish diversity in the Con Dao Marine
Protected Area. A total of 144 species were detected from only eight sites and four habitat
types, with 16 samples. Comparison with previous inventories reveals a striking comple-
mentarity among methods. Traditional surveys [12] reported 273 species, while light-trap
sampling [26] recovered 163 taxa with 120 identified at species/genus level (Table S1).
However, only 13 species were shared among all three approaches, demonstrating remark-
ably limited overlap of results among methods. The number of species detected so far with
the three approaches is 436 (Table S1).

More than half of the eDNA dataset (77 species) consisted of taxa exclusively detected
by this method. Furthermore, eDNA recovered 45 families, exceeding both traditional
surveys (38 families) and light-trap sampling (33 families), with 11 families uniquely
detected by eDNA and absent from all previous inventories (Table S1). This substantial
increase in taxonomic breadth highlights the ability of eDNA to detect phylogenetically
diverse lineages that may be underrepresented in gear-dependent surveys, including
cryptobenthic, nocturnal, pelagic transient, or behaviourally elusive species that are rarely
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captured in nets or attracted to light traps. The extremely low overlap among the three
approaches suggests that existing checklists remain far from exhaustive. Given the high
habitat heterogeneity of Con Dao and its biogeographic proximity to the highly diverse
Coral Triangle, the detection of 77 previously unrecorded species through a spatially
limited eDNA survey strongly suggests that fish diversity in the archipelago has been
substantially underestimated.

Despite these strengths, the diversity revealed by eDNA in the present study should
be interpreted with caution in light of the limited sampling design. In contrast to previous
surveys conducted over extended periods and across multiple sampling events [12,26], the
eDNA dataset was obtained during a single sampling campaign with only a few replicates
per site (eight sites in total). Such a design does not capture the temporal variability
of fish assemblages, particularly in tropical coastal systems where species composition
can fluctuate substantially over short time scales due to tidal cycles, diel movements,
spawning events, and seasonal recruitment pulses. Consequently, while eDNA proved
highly effective in detecting a broad spectrum of taxa, the total diversity reported here is
likely still an underestimate of the true fish diversity present in the Con Dao Archipelago.
Some rare, low-abundance, or transient species may have been missed due to stochasticity
in eDNA distribution and detection, especially given the limited number of replicates. In
this context, the comparison with previous inventories based on repeated sampling efforts
further highlights that differences in sampling intensity and temporal coverage, in addition
to methodological biases, contribute to discrepancies among species lists. Future studies
integrating increased replication, seasonal sampling, and multi-year monitoring would
therefore be essential to fully resolve fish diversity patterns and improve the robustness of
eDNA-based biodiversity assessments in this region.

4.3. Habitat Structuring of Fish Assemblages

Multivariate analyses consistently demonstrated that fish communities differed more
among habitats than among geographically close sites (Figures 1 and 6), with coral reefs,
mangroves, seagrass beds, and the harbour hosting distinct assemblages. Only three
species were shared across all habitats (colourful dottybacks Labracinus sp., blue-barred
parrotfish Scarus ghobban, delicate round herring Spratelloides delicatulus). The low number of
common species between habitats is consistent with the strong habitat partitioning detected
in our analyses, and the three ubiquitous species likely achieve their broad occurrence
through fundamentally different ecological strategies. The blue-barred parrotfish, Scarus
ghobban, is a well-documented mobile link species that undergoes ontogenetic habitat
shifts, with juveniles occupying seagrass beds and adults migrating to coral reefs [53]. This
species also exhibits marked dietary flexibility, shifting from micro-invertivory on small
crustaceans during early post-settlement to herbivory on algae and epiphytes as individuals
grow [54], enabling it to exploit trophic resources across structurally distinct habitats. The
delicate round herring, Spratelloides delicatulus, a small pelagic planktivore, forms schools in
nearshore waters above various benthic habitats throughout its life cycle, including seagrass
beds, coral reefs, and harbour areas [25,55]. Its ubiquity likely reflects a decoupling from
benthic habitat structure: as a water-column species, its distribution is driven more by
planktonic food availability and hydrographic conditions than by substrate type. Finally,
the colourful dottyback, Labracinus sp. (Pseudochromidae), is a small cryptic predator
typically associated with crevices and cavities [56]. Its presence across all habitats may be
explained by a dependence on three-dimensional microhabitat structure (holes, overhangs,
interstices) rather than on any particular macro-habitat type, a requirement that can be met
by coral frameworks, mangrove root systems, artificial harbour structures, and seagrass-
associated rubble alike. Together, these three species illustrate that habitat generalism in
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tropical reef-associated fishes can arise from connectivity mediated by ontogenetic habitat
specialization, a pelagic lifestyle decoupled from benthic substrates, or microhabitat-driven
rather than macro-habitat-driven distributions. These patterns are consistent with the
broader finding that habitat niche breadth is a key predictor of species persistence across
heterogeneous and disturbed seascapes [57].

Such habitat-driven partitioning is consistent with ecological theory predicting that
environmental filtering and structural complexity shape coastal fish assemblages [5,58].
Tropical coastal mosaics typically function as interconnected but ecologically differentiated
habitat networks, in which each habitat contributes unique components to regional (gamma)
diversity. The high beta diversity observed in CDA therefore reflects habitat specialization
and spatial turnover rather than simple sampling artefacts.

Mangrove habitats supported taxonomically distinct assemblages despite being under-
represented in existing MPA zoning in CDA and in biodiversity monitoring programmes.
Across the Indo-Pacific region, mangroves are known to host fish communities distinct
from adjacent reefs and seagrass beds, and often are dominated by juveniles and estuarine-
associated taxa [59,60]. In some regions, they contribute disproportionately to reef fish
biomass and recruitment, functioning as critical nurseries that export recruits to adjacent
reefs [59]. The detection of numerous mangrove-associated taxa in the present study
reinforces the ecological importance of these habitats within the Con Dao seascape.

Seagrass beds exhibited high species richness and shared multiple taxa with the
harbour, suggesting ecological connectivity and potential nursery functions. Seagrass
habitats are widely recognized as key nursery grounds for reef and coastal fishes, offering
shelter and abundant food resources that enhance juvenile survival [8,9]. Their connectivity
with coral reefs through ontogenetic habitat shifts has been demonstrated in multiple
tropical systems [5,58]. The partial overlap between seagrass and harbour assemblages
detected here suggests that anthropogenically modified habitats may partially replicate the
ecological functions of adjacent natural environments, possibly through the provision of
hard substrates, shelter, and proximity to seagrass-derived food sources, rather than simply
hosting a depauperate subset of coastal taxa. The high diversity in the harbour site can
probably be related to the presence of different food sources, more than in habitats further
from the nearby city.

Coral reefs, as expected, harboured assemblages dominated by reef-associated fish
families, yet the limited overlap with mangrove and seagrass communities underscores
the ecological complementarity among habitats. This pattern mirrors findings from Coral
Triangle systems, where habitat heterogeneity is a primary driver of fish diversity and
endemism [61,62].

Taken together, these habitat-level patterns reveal an apparent paradox that warrants
explicit consideration: the strong inter-habitat differentiation detected in our multivariate
analyses coexists with well-documented ontogenetic connectivity linking mangroves, sea-
grass beds, and coral reefs in tropical coastal systems. This is not, however, a contradiction.
eDNA sampling captures a temporal snapshot of DNA presence at each site rather than
the cumulative trajectory of individual movements. Juveniles resident in mangroves or
seagrass beds and adults established on coral reefs contribute environmental DNA to
their respective habitats at the time of sampling, such that ontogenetic migrants appear
as habitat-specific at each life stage rather than as habitat generalists. The strong beta
diversity observed across Con Dao habitats is therefore consistent with a system in which
functional connectivity operates at the individual level across ontogeny, while fish commu-
nity composition remains ecologically structured at the habitat level. eDNA metabarcoding
is well-suited to reveal this duality through its spatially resolved snapshot of community
composition, but cannot track individual movements or assign detections to specific life
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stages. Confirming the inferred connectivity pathways would require complementary
approaches, such as otolith microchemistry or mark-recapture studies.

4.4. Complementarity Between eDNA and Light-Trap-Based Surveys in the CDA

Comparison of fish diversity identified using light trap (LT) sampling [26] and eDNA
metabarcoding (present study) in the same area revealed a very limited overlap between
the two approaches (Table S1). Only 30 species were shared between the two datasets. This
low overlap is particularly striking given that the total number of species detected by each
method was similar, with 120 species identified using LT and 144 species detected using
eDNA. Despite comparable species richness, the taxonomic breadth differed substantially
between the two approaches. Notably, a higher number of families was recovered by
eDNA compared to LT sampling. Several families detected by eDNA were entirely absent
from the LT species checklist. This discrepancy likely reflects methodological selectivity, as
numerous fish species are known not to be attracted to light or to actively avoid illuminated
microhabitats. This pattern has been previously documented for families such as Mugilidae,
which were detected exclusively by eDNA. In addition, the absence of Carangidae in the
LT dataset suggests that species of this family may avoid light-based sampling devices.
Overall, the finding emphasizes the greater capacity of eDNA metabarcoding to access a
broader spectrum of fish diversity compared to LT sampling under the sampling design
applied in this study. The comparison highlights fundamental differences in the ecolog-
ical components of fish assemblages captured by each method. The low proportion of
shared species suggests that the two methods capture partially overlapping biological
signals. Although this result clearly demonstrates that eDNA detects a broader taxonomic
breadth under the sampling design used here, it does not imply that LT sampling lacks
ecological value. Instead, the low overlap between the two approaches highlights their
strong complementarity. eDNA metabarcoding captures DNA traces released into the
environment by organisms regardless of behaviour, life stage, or activity period [32,63].
It allows rapid and standardized biodiversity assessments across large spatial scales and
heterogeneous environments [40,64]. The higher number of families detected by eDNA
further supports its ability to provide a more taxonomically comprehensive snapshot of fish
communities. This pattern mirrors the results of previous comparative studies showing that
eDNA consistently recovers broader taxonomic diversity than gear-dependent approaches,
especially in structurally complex tropical ecosystems [40,65].

Differences in spatial coverage likely amplified the contrast between methods. LT
sampling in Pham et al. [26] could not be deployed in mangrove habitat due to tidal
constraints, whereas eDNA sampling integrated signals across multiple habitats, including
mangroves, which are known to harbour distinct fish assemblages [59,60]. In addition,
LT surveys target a specific life-stage window (mostly larvae and juveniles), while eDNA
integrates signals from multiple life stages; this difference alone can reduce overlap even
when both methods are accurate. Excluding mangrove-associated diversity and limiting
temporal coverage inevitably constrained the diversity captured by LT surveys.

Despite its broad taxonomic coverage, eDNA metabarcoding also failed to detect
several families recorded by light-trap sampling, including Bregmacerotidae, Clupeidae,
Chirocentridae, Gobiesocidae, Plesiopidae, Synodontidae, and Trichiuridae. These differ-
ences are likely attributable to the limited sampling effort of the present eDNA survey,
which relied on only 16 samples collected during a single sampling event. In contrast, LT
surveys integrate temporal variability and are particularly effective at capturing episodic
larval abundance peaks [25–27]. Previous studies have shown that eDNA detection proba-
bility increases significantly with replication, sampling across various times and depths,
especially for rare or transient taxa [66–68].
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4.5. Implications for Biodiversity Assessment and MPA Management

The strong habitat specificity observed in fish assemblages suggests that protecting
only selected reefs or seagrass patches, as is currently the case in the CDA, can be in-
sufficient to conserve the full spectrum of coastal fish diversity. Mangroves, seagrass
beds, transitional habitats, and even modified environments such as harbours appear to
contribute distinct components to overall biodiversity and should be considered in MPA
zoning and monitoring strategies. However, this conclusion should be interpreted with
caution, as the present eDNA dataset is based on limited spatial replication and a single
temporal snapshot, which may influence estimates of habitat specificity and community
differentiation. The detection of 11 families absent from all previous inventories reinforces
the conclusion that current biodiversity baselines are incomplete and likely underestimate
the conservation value of non-reef habitats.

The Con Dao MPA was originally designed with a strong focus on charismatic
megafauna such as dugongs and sea turtles, and monitoring efforts have historically concen-
trated on some patches at coral reefs and seagrass beds. Our results demonstrate, however,
that non-reef habitats, particularly mangroves, contribute unique and non-redundant com-
ponents to overall fish biodiversity. Although this result only reflects the situation at a
specific point in time based on a single temporal sampling, excluding these habitats from
biodiversity assessments would lead to systematic underestimation of regional diversity
and potentially misinformed conservation prioritization.

Beyond inventory improvements, the ability of eDNA to rapidly generate high-
resolution biodiversity data makes it a particularly suitable tool for adaptive management,
especially in MPAs where logistical constraints limit the feasibility of extensive underwater
surveys. While eDNA cannot replace traditional methods (it provides no information on
abundance, population structure, or individual condition), its integration with light trap-
ping, visual censuses, and fisheries monitoring offers a powerful framework for long-term
biodiversity assessment and early detection of community shifts. Integrating habitat-wide
eDNA monitoring into long-term MPA management could provide a more ecosystem-based
framework aligned with modern biodiversity conservation principles [4,69].

5. Conclusions
eDNA metabarcoding substantially enhanced our understanding of fish diversity

in the Con Dao Archipelago by revealing habitat-specific assemblages and previously
undocumented components of coastal fish biodiversity. Although challenges related to
reference databases, taxonomic resolution, and species complexes persist, these limitations
are shared with other molecular and morphological approaches and do not diminish the
demonstrated value of eDNA for broad-scale biodiversity assessment. Several priorities
emerge for future work: first, the expansion and curation of regional reference libraries,
particularly for speciose and taxonomically challenging families; second, combining eDNA
with specimen-based barcoding, light-trap surveys, and traditional ecological monitor-
ing will be essential to bridge the gap between molecular detections and verified species
occurrences; finally, repeated eDNA sampling across seasons would clarify whether the
habitat-specific patterns observed here are temporally stable or reflect seasonal turnover in
assemblage composition. Such integrative approaches are particularly critical in biodiver-
sity hotspots like Con Dao, where effective MPA management depends on a comprehensive
understanding of fish diversity across all coastal habitats. The management of the CDA
MPA should also be revised, taking into account the protection of more habitats, or, even
better, a continuum of habitats, without separation.
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