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ABSTRACT

Environmental DNA (eDNA) technology has revolutionized molecular biodiversity assessment and health diagnostics
in aquaculture systems, offering non-invasive, cost-effective monitoring approaches. This study examines the
application of eDNA metabarcoding techniques for comprehensive species detection, pathogen surveillance, and
ecosystem health evaluation in aquaculture environments. The methodology employed eDNA sampling from multiple
aquaculture sites using standardized protocols, followed by high-throughput sequencing and bioinformatic analysis.
We hypothesized that eDNA approaches would demonstrate superior detection efficiency compared to traditional
monitoring methods. Results revealed detection rates of 89-97% for fish species, with identification of 42-76 taxa per
sampling site. Pathogen detection achieved sensitivity rates of 95-98% for bacterial and fungal pathogens, enabling
early disease outbreak prediction. Statistical analysis showed significant correlations between eDNA concentrations
and organism biomass. The discussion highlights eDNA's potential for real-time biosecurity monitoring, rare species
detection, and water quality assessment. This study concludes that eDNA metabarcoding represents a paradigm shift
in aquaculture management, providing rapid, accurate biodiversity data essential for sustainable production and
ecosystem conservation.
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1. INTRODUCTION present in aquatic ecosystems. This approach has

The global aquaculture industry faces unprecedented
challenges in maintaining biodiversity while ensuring
sustainable production and disease management.
Traditional monitoring methods, including direct
capture, visual surveys, and microscopic examination,
are often labor-intensive, invasive, and limited in
detecting cryptic or rare species (Deiner et al., 2017).
These conventional approaches frequently
underestimate species richness and fail to provide
early warning systems for pathogen outbreaks,
resulting in significant economic losses estimated at
over USD 6 billion annually worldwide (Bass et al.,
2023). Environmental DNA (eDNA) has emerged as a
transformative molecular tool that addresses these
limitations by detecting genetic material shed by
organisms into their surrounding environment through
metabolic processes, reproduction, and decomposition
(Thomsen & Willerslev, 2015). The technique enables
non-invasive sampling of water or sediment, followed
by DNA extraction and sequencing to identify species

demonstrated remarkable sensitivity in detecting
aquatic biodiversity, including elusive species that
traditional methods might miss (Valentini et al., 2016).
In aquaculture contexts, eDNA applications extend
beyond biodiversity assessment to include pathogen
surveillance, water quality monitoring, and ecosystem
health evaluation. Recent advances in high-throughput
sequencing and bioinformatic tools have enhanced the
resolution and accuracy of eDNA metabarcoding,
enabling simultaneous detection of multiple species
across different taxonomic groups (Taberlet et al.,
2012). The integration of eDNA methodologies into
aquaculture management systems promises to
revolutionize biosecurity protocols, conservation
efforts, and production optimization strategies (Gold
et al., 2022).

2. LITERATURE REVIEW
The application of eDNA in aquatic ecosystems has
evolved rapidly over the past decade. Ficetola et al.
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(2008) demonstrated pioneering work in eDNA
detection for amphibian monitoring, establishing
foundational protocols that would later be adapted for
aquaculture applications. Subsequent studies by
Thomsen et al. (2012) showed positive correlations
between eDNA concentrations and fish biomass in
mesocosm experiments, validating the quantitative
potential of this approach. The development of
universal primer sets, particularly the MiFish primers
for fish detection, significantly expanded the
taxonomic coverage of eDNA metabarcoding studies
(Miya et al, 2015). In aquaculture-specific
applications, eDNA has proven particularly valuable
for pathogen detection and disease surveillance.
Gomes et al. (2017) demonstrated that eDNA-based
quantitative PCR could predict parasite outbreaks in
fish farms by monitoring Chilodonella hexasticha
concentrations in water samples before clinical
symptoms appeared. This early detection capability
represents a paradigm shift from reactive to proactive
disease management. Similarly, Sieber et al.
conducted large-scale eDNA monitoring of multiple
aquatic pathogens across 280 sites, detecting
widespread distribution of fish, amphibian, and
crustacean pathogens simultaneously, highlighting the
technique's efficiency for comprehensive pathogen
surveillance. Recent methodological advances have
addressed challenges specific to marine and estuarine
environments, including DNA degradation, primer
bias, and database incompleteness (Bessey et al.,
2020). Studies comparing eDNA metabarcoding with
traditional capture methods have consistently shown
that eDNA detects equal or greater numbers of species,
with detection probabilities exceeding 0.90 for many
taxa (Valentini et al., 2016). The technique has also
proven effective in detecting rare and endangered
species, exotic invasives, and cryptic biodiversity that
conventional surveys frequently overlook (Djurhuus et
al., 2020).

3. OBJECTIVES
The primary objectives of this research are:

1. To evaluate the efficiency of eDNA
metabarcoding for biodiversity assessment in
aquaculture systems compared to traditional
monitoring approaches, measuring species
detection rates and taxonomic coverage.

2. To assess the capability of eDNA methods
for early pathogen detection and disease

outbreak  prediction  in  aquaculture
environments through quantitative analysis
of pathogen DNA concentrations.

3. To examine the correlation between eDNA
concentrations and organism abundance to
establish eDNA as a quantitative tool for
biomass  estimation and  population
monitoring in aquaculture settings.

4. METHODOLOGY

This study employed a comprehensive eDNA
sampling and analysis approach across multiple
aquaculture sites. Water samples were collected from
fish ponds, aquaculture reservoirs, and marine culture
facilities during both summer and winter seasons to
capture temporal biodiversity variations. At each
sampling location, surface and bottom water samples
were obtained using sterile sampling equipment to
avoid cross-contamination. Sample volumes ranged
from one to two liters per site, with filtration
conducted within 24 hours of collection using 0.45-
micrometer membrane filters and vacuum filtration
systems to capture cellular and extracellular DNA
fragments. DNA extraction was performed using
commercial extraction kits following standardized
protocols optimized for aquatic samples. The extracted
eDNA was subjected to polymerase chain reaction
amplification using universal primer sets targeting
mitochondrial genes, specifically the 12S ribosomal
RNA gene for fish species and 18S ribosomal RNA
gene for benthic organisms. For pathogen detection,
species-specific primers and quantitative PCR assays
were employed to identify and quantify bacterial,
fungal, and parasitic pathogens relevant to aquaculture
health management. High-throughput sequencing was
conducted using Illumina MiSeq and lon Torrent
platforms, generating millions of sequence reads per
sample. Bioinformatic analysis involved quality
filtering, primer trimming, and clustering of sequences
into operational taxonomic units at 97-99% similarity
thresholds. Taxonomic assignment was performed by
comparing  sequences against comprehensive
reference databases including GenBank, BOLD, and
specialized aquaculture pathogen databases. Statistical
analyses included alpha diversity indices, beta
diversity comparisons, and correlation analyses
between eDNA concentrations and organism
abundance data obtained from concurrent traditional
surveys.

5. RESULTS
Table 1: Species Detection Efficiency Comparison between eDNA and Traditional Methods

Method Total Species | Fish Benthic Detection Rate | Sampling  Effort
Detected Species Taxa (%) (hours)

eDNA Metabarcoding | 76 59 188 94.1 12

Traditional Capture 31 31 45 63.6 96




| Combined Methods | 81 | 66

| 195

| 100.0 | 108 |

Table 1 demonstrates the superior detection efficiency of eDNA metabarcoding compared to traditional capture-based

methods across multiple aquaculture sites. eDNA
detected 76 total species including 59 fish species and
188 benthic taxa, achieving a 94.1% detection rate
relative to the combined dataset, while requiring only
12 hours of sampling effort. Traditional capture

field work. The combined approach vyielded 81
species, indicating that eDNA successfully identified
55 additional native species not captured through
traditional methods. This data clearly establishes
eDNA as a more time-efficient and comprehensive

methods detected only 31 species (all fish) with a biodiversity —assessment tool for aquaculture
63.6% detection rate despite requiring 96 hours of monitoring programs.
Table 2: Pathogen Detection and Quantification in Aquaculture Systems
Pathogen Species | Detection Prevalence | eDNA Concentration | Clinical Detection
Method (%) Range (copies/L) Outbreak Sensitivity
Prediction (%)
Aphanomyces gPCR 68.5 102-2,840 14 days advance | 96.3
astaci
Saprolegnia gPCR 72.1 245-4,320 7-10 days | 95.8
parasitica advance
Flavobacterium gPCR 45.2 58-1,650 5-7 days | 97.2
columnare advance
Chilodonella gPCR 38.7 180-3,200 10-12 days | 98.1
hexasticha advance

Table 2 presents pathogen detection results demonstrating eDNA's exceptional capability for early disease surveillance

in aquaculture environments. Four major aquaculture
pathogens were monitored across sampling sites, with
prevalence rates ranging from 38.7% to 72.1%.
Saprolegnia parasitica, a fungal pathogen causing
significant fish mortality, showed the highest
prevalence at 72.1% with eDNA concentrations
between 245-4,320 copies per liter. Critically, eEDNA
quantification enabled prediction of clinical disease

outbreaks 5-14 days in advance of visible symptoms,
providing aquaculture managers sufficient time for
preventive interventions. Detection sensitivities
exceeded 95% for all pathogens, with Chilodonella
hexasticha achieving 98.1% sensitivity. These
findings validate eDNA as a powerful early warning
system for aquaculture disease management.

Table 3: Seasonal and Spatial Biodiversity Variations in Aquaculture Sites

Season Sampling Fish Species | Alpha  Diversity | Beta Diversity | Dominant  Species
Sites Richness (Shannon Index) (Bray-Curtis) Abundance (%)

Winter 12 45 2.84+£0.32 0.58 19.3

2022

Summer 12 43 2.76 £0.28 0.62 21.7

2023

Combined | 12 76 3.12+0.35 0.45 15.8
Table 3 reveals seasonal and spatial biodiversity patterns detected through eDNA metabarcoding across 12 aquaculture
sampling sites. Winter sampling identified 45 fish sites and seasons, reflecting environmental
species with a Shannon diversity index of 2.84, while heterogeneity and species migration patterns.

summer sampling detected 43 species with slightly
lower diversity at 2.76. The combined dataset revealed
76 total species, with only 13 species detected in both
seasons, indicating substantial seasonal community
turnover. Beta diversity analysis showed moderate
dissimilarity (Bray-Curtis values 0.45-0.62) between

Dominant species abundance was highest in summer
at 21.7%, suggesting seasonal concentration of
particular  species. These temporal dynamics
demonstrate eDNA's capability to capture fine-scale
biodiversity changes essential for adaptive aquaculture
management.

Table 4: Correlation Between eDNA Concentration and Organism Biomass

Species Group | Sample Correlation P- R2 Biomass eDNA Range

Size (n) Coefficient (r) value | Value | Range (kg) (copies/L)
Cyprinidae 48 0.87 <0.001 | 0.76 2.5-145.3 340-8,920
Perciformes 36 0.82 <0.001 | 0.67 1.8-98.6 280-6,450
Benthic 52 0.74 <0.001 | 0.55 0.3-32.4 95-2,150
Invertebrates




All Taxa | 136 0.79
Combined

<0.001 | 0.62

0.3-145.3 95-8,920

Table 4 demonstrates significant positive correlations between eDNA concentrations and organism biomass across

multiple taxonomic groups in aquaculture systems.
Cyprinidae fish showed the strongest correlation (r =
0.87, p < 0.001) with 76% of biomass variation
explained by eDNA concentration, followed by
Perciformes (r = 0.82) and benthic invertebrates (r =
0.74). All correlations were highly significant
statistically, validating eDNA as a quantitative proxy

for abundance estimation. The biomass range varied
from 0.3 kg to 145.3 kg across sampling units, with
corresponding eDNA concentrations ranging from 95
to 8,920 copies per liter. These findings support the
use of eDNA not merely for presence-absence
detection but also for semi-quantitative biomass
assessment in aquaculture stock monitoring.

Table 5: Cost-Benefit Analysis of eDNA vs Traditional Monitoring

Parameter eDNA Traditional Cost  Reduction | Efficiency
Metabarcoding Surveys (%) Gain

Per Sample Cost (USD) | 85-120 450-680 78.2 5.6x

Processing Time (days) 3-5 14-21 71.4 4.2x

Species Identified per | 76 31 +145.2 2.5%

Effort

Required Expertise Level | Moderate High N/A Reduced

Non-invasive Sampling Yes No N/A Significant

Table 5 provides a comprehensive cost-benefit analysis comparing eDNA metabarcoding with traditional monitoring

approaches for aquaculture biodiversity assessment.
Per-sample costs for eDNA range from USD 85-120,
representing a 78.2% reduction compared to
traditional surveys costing USD 450-680 per sample
when factoring labor, equipment, and expertise
requirements. Processing time decreased from 14-21
days for traditional methods to just 3-5 days for eDNA
analysis, achieving 71.4% time reduction. Critically,

6. DISCUSSION
The results of this study demonstrate that eDNA
metabarcoding represents a transformative approach
for biodiversity assessment and health diagnostics in
aquaculture systems. The superior detection efficiency
observed (94.1% vs 63.6% for traditional methods)
aligns with recent findings by Gold et al. (2022) and
Valentini et al. (2016), who reported similar detection
advantages across diverse aquatic ecosystems. The
ability of eDNA to identify 55 additional species
beyond traditional capture methods reflects its
sensitivity to rare, cryptic, and elusive taxa that
conventional surveys typically miss (Djurhuus et al.,
2020). The pathogen detection capabilities
demonstrated in Table 2 address a critical gap in
aquaculture disease management. The 5-14 day
advance warning before clinical outbreak onset
provides aquaculture managers with actionable
timeframes for implementing biosecurity measures,
treatment protocols, or harvest decisions. This
predictive capacity was particularly evident for
Chilodonella hexasticha, where eDNA quantification
enabled outbreak prediction 10-12 days in advance
with 98.1% sensitivity (Bass et al., 2023). Such early
warning systems could prevent the catastrophic

eDNA identified 76 species per sampling effort
compared to 31 for traditional methods, representing
145.2% more species detected. The non-invasive
nature of eDNA sampling eliminates stress on cultured
organisms and reduces required expertise levels.
These economic and logistical advantages position
eDNA as the preferred method for routine aquaculture
monitoring programs.

mortality events that plague aquaculture operations
worldwide, potentially saving millions of dollars
annually in production losses.

The seasonal biodiversity variations revealed in Table
3 underscore the dynamic nature of aquaculture
ecosystems and the importance of temporal
monitoring programs. The limited overlap of 13
species between seasons (out of 76 total) indicates
substantial community turnover driven by temperature
fluctuations, breeding cycles, and migratory patterns.
These findings corroborate research by Ramirez-
Amaro et al. (2022) demonstrating that eDNA
effectively captures temporal biodiversity dynamics
essential for adaptive management strategies. The
moderate beta diversity values (0.45-0.62) suggest
environmental heterogeneity among sampling sites,
likely reflecting differences in water quality, habitat
structure, and management practices. The strong
correlations between eDNA concentration and
organism biomass (r = 0.74-0.87) established in Table
4 validate eDNA as a semi-quantitative tool for stock
assessment and abundance monitoring. These findings
align with experimental work by Takahara et al.
(2012) and Thomsen et al. (2012), who documented
similar  concentration-biomass  relationships  in



controlled mesocosm studies. The R2 values (0.55-
0.76) indicate that eDNA explains a substantial
proportion of biomass variation, though other factors
including DNA shedding rates, degradation kinetics,
and environmental conditions also contribute to eDNA
dynamics (Barnes & Turner, 2016).

The cost-benefit analysis presented in Table 5 reveals
compelling economic advantages for eDNA adoption
in aquaculture monitoring programs. The 78.2% cost
reduction and 71.4% time savings, combined with
145.2% increase in species detection, demonstrate
clear operational efficiencies. These advantages
become particularly significant for large-scale
monitoring programs or resource-limited aquaculture
operations in developing regions (Taberlet et al.,
2012). The reduced expertise requirements and non-
invasive sampling protocols further enhance eDNA's
accessibility and applicability across diverse
aquaculture contexts. However, several limitations
warrant consideration. Reference database
incompleteness  remains a  challenge,  with
approximately 40% of morphologically described
species lacking genetic reference sequences in some
taxonomic groups (Miya et al., 2015). DNA
degradation rates vary with environmental conditions,
affecting detection windows and requiring careful
interpretation of negative results (Thomsen &
Willerslev, 2015). Additionally, eDNA cannot
distinguish between live and dead organisms or
precisely determine species life stages, necessitating
complementary approaches for comprehensive
assessments (Deiner et al., 2017).

7. CONCLUSION
This research establishes environmental DNA
metabarcoding as a powerful, efficient, and cost-
effective tool for molecular biodiversity assessment
and health diagnostics in aquaculture systems. The
technique demonstrated superior species detection
capabilities, identifying 94.1% of taxa with
significantly reduced sampling effort compared to
traditional methods. Pathogen surveillance
applications revealed exceptional early warning
potential, enabling outbreak prediction 5-14 days in
advance with sensitivity exceeding 95%, positioning
eDNA as an invaluable biosecurity tool for
aquaculture disease management. The significant
correlations between eDNA concentrations and
organism biomass validate its utility for quantitative
stock assessment and population monitoring.
Comprehensive cost-benefit analysis showed 78.2%
cost reduction and 71.4% time savings while detecting
145.2% more species, demonstrating clear operational
advantages. Future research should focus on
expanding reference databases, refining quantification
protocols, and integrating eDNA monitoring into

standard aquaculture management frameworks. As
aquaculture continues to expand globally, eDNA
technology offers a sustainable, non-invasive
approach to balance production demands with
biodiversity conservation and ecosystem health
maintenance.
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