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ABSTRACT

Macroinvertebrate-based ecological health assessment (EHA) complements physicochemical monitoring in tropical deltas by

integrating cumulative ecological responses to interacting stressors. The Mekong Delta is characterized by monsoonal discharge,
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tidal mixing, fine-sediment dominance, salinity gradients, and a heavily modified ~ 100,000 km canal network that pose signif-
icant bioassessment challenges unaddressed by generic, temperate-river frameworks. This review synthesizes approximately 83
peer-reviewed and grey-literature sources (1991-2026) to evaluate the application of macroinvertebrate-based EHA, contrasting
evidence from main rivers and artificial canal systems. We identify a fundamental ecological dichotomy: main river assemblages
exhibit strong monsoon—tide seasonal turnover, whereas canal networks reflect chronic degradation marked by biotic homoge-
nization and a dominance of pollution-tolerant taxa. However, regional frameworks are constrained by critical systemic biases:
a geographic blind spot (<30% of studies focus on canals), an 80% dry-season bias neglecting the Flood Pulse Concept, and
operational deficits from family-level identification, fragmented keys, and a lack of standardized quality control (QC). Conse-
quently, uncalibrated temperate indices fail to account for tropical dynamics, masking canal degradation and episodic geochem-
ical thresholds such as acid sulfate soils liberating toxic aluminum ions (AI**) at pH < 4.5, which traditional metrics (BMWP-
VIET) and national standards (QCVN 08-MT:2023) fail to capture. Conversely, locally calibrated multimetric indices (MMIs)
demonstrate high diagnostic specificity the confounding effects of chronic siltation and organic enrichment. To bridge the sci-
ence—policy gap, future frameworks must adopt a strategic roadmap prioritizing typology-based monitoring that explicitly sep-
arates rivers from canals, alongside functional trait-based analyses to decouple natural estuarine variability from anthropogenic
stress. Finally, high-throughput DNA metabarcoding must be integrated into automated GIS platforms within the Mekong River

Commission (MRC) and national networks for unified, transboundary water resource management.

1. INTRODUCTION

The ecological health of river—canal systems is central to environmental sustainability, water security, and hu-
man well-being in low-lying deltas. Globally, river deltas are highly productive yet exceptionally vulnerable
landscapes that support dense populations, intensive agriculture and aquaculture, and complex socio-ecological
interactions (Syvitski et al., 2009; Best, 2019; Hua et al., 2024). Increasingly, deltas are shaped by coupled
human-river dynamics that accelerate subsidence, drive sediment deficits, degrade habitats, and simplify eco-
logical structure. Ecological health assessment (EHA) provides a critical framework for evaluating ecosystem
condition and informing adaptive water and land management under compounding pressures from hydrological
modification, water contamination, urbanization, and climate change (Norris & Thoms, 1999; Yu et al., 2013;
Anthony et al., 2015). However, translating EHA into effective management remains challenging in highly

engineered tropical deltas.

Similar patterns of channel modification, sediment alteration, and water quality degradation characterize
the Mekong Delta. This is particularly evident in extensive artificial canal networks, which have been heavily
engineered to support intensive agricultural and urban development (Kondolf et al., 2014; Nguyen & Le, 2014;
Doan et al., 2025). These deltaic river—canal systems function as integrated networks that regulate flow,
transport sediment, cycle nutrients, and maintain habitat connectivity. However, they remain highly sensitive to
disturbances, including flow regulation, salinity intrusion, pollution, and land-use change (Nguyen et al., 2011;
Best, 2019; Eslami et al., 2021; Cruz et al., 2026). Recent assessments report frequent exceedances of water
quality standards in smaller canals linked to wastewater inputs, aquaculture effluents, and agrochemical use,

whereas main rivers generally maintain better conditions, albeit with increasing signs of decline (Tran et al.,
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2016; Wehrheim et al., 2023; Mekong River Commission [MRC], 2024). This contrast underscores the need

for assessment frameworks that distinguish clearly between river and canal systems.

To evaluate these conditions, EHA approaches increasingly integrate physicochemical monitoring with
macroinvertebrate-based biological indicators. While physicochemical indicators often miss sudden pollution
events, benthic macroinvertebrates integrate cumulative ecological responses to multiple stressors over time
(Rosenberg & Resh, 1993; Hering et al., 2006; Friberg et al., 2011; Buss et al., 2015). Due to their limited
mobility and diverse functional roles, shifts in their community composition and traits (e.g., feeding guilds)
effectively reflect impacts from water quality, habitat structure, and hydrological regimes (Statzner et al., 2001;
Bonada et al., 2006; Bendary et al., 2023; Chen et al., 2025). However, EHA implementation in the Mekong
Delta is constrained by a key ecological dichotomy: river assemblages are driven by monsoonal-tidal dynamics,
whereas canal systems show chronic degradation, biotic homogenization, and dominance of pollution-tolerant
taxa (Chessman et al., 2007; Pham, 2014). This dichotomy complicates the transferability of standard bioas-

sessment approaches.

Beyond these ecological differences, the application of EHA in the Mekong is hindered by technical and
regulatory hurdles (Bonada et al. 2006; Birk et al 2012; Pham et al 2014). Most current frameworks are cali-
brated for temperate upland rivers and fail to account for the semi-lentic flow and acid sulfate soils characteristic
of tropical canals (Morse et al 2007; Dudgeon 2010; Birk et al 2012; Dang et al 2018). Consequently, relying
on uncalibrated indices like the Biological Monitoring Working Party (BMWP) or Average Score Per Taxon
(ASPT) often results in misinterpretation of ecological status. In the Mekong Delta, the canal ecosystems, char-
acterized by semi-lentic flow, fine-sediment accumulation, recurrent maintenance dredging, acid sulfate soils,
and salinity intrusion, render traditional indices ineffective (Pham et al 2014; Mureithi et al 2025). Research
consistently shows that agricultural and urban canals undergo taxonomic shifts, becoming dominated by pollu-
tion-tolerant taxa like oligochaetes and chironomids (Ngo et al 2013a; Vo et al 2019a; Le et al 2023a). In con-
trast, main rivers and floodplain wetlands support higher richness and functional diversity where hydrological
connectivity is maintained (Pham, 2014; Ly et al 2025). Without indices incorporating local taxonomic traits
and addressing limitations such as dry-season sampling bias and reliance on higher-taxon identification, EHA
assessments remain inaccurate (Birk et al 2012; Pham et al 2014). This review examines multi-decadal trends
to align bioassessment tools with the ecological realities of river—canal systems for sustainable water manage-

ment (MRC, 2024; Doan et al 2025).

This review synthesizes macroinvertebrate-based EHA in the Mekong Delta, focusing on contrasts be-
tween main rivers and canal systems. Specifically, it aims to: (i) examine methodological approaches used in
macroinvertebrate-based EHA; (ii) identify key ecological patterns and stressors shaping communities in rivers
versus canals; and (iii) highlight challenges related to sampling design, index development, and interpretation

in heavily modified deltaic environments. The review supports the development of locally calibrated, typology-
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sensitive bioassessment frameworks for sustainable environmental management. To operationalize this objec-
tive, a tiered framework is proposed (Fig. 1) that distinguishes main river channels from artificial canal networks
and integrates system typology, hydrological regime, and dominant stressors to guide sampling design, taxo-

nomic resolution, and analytical approach.
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Fig. 1: Strategic decision-tree for selecting bioassessment protocols in tropical delta systems
2. METHODS
2.1. Study System and Regional Context

The Mekong Delta is a low-lying coastal system in southern Vietnam formed by the downstream reaches of the
Mekong River. It comprises a heterogeneous network of main river channels, regulated canals, seasonally in-
undated floodplains, and estuarine zones, generating spatial gradients in hydrology and water quality (Dang et
al 2018; Nguyen et al 2020). Main channels are characterized by high seasonal discharge variability, active
sediment transport, and tidal influence, whereas canal systems exhibit low flow velocities, fine sediment accu-
mulation, and frequent dredging (Allan, 2004). These conditions, combined with anthropogenic pressures from

agriculture, aquaculture, and urbanization, create variable physicochemical environments that structure aquatic
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communities and influence the performance of biomonitoring indicators (Smith et al., 1999; Dodds & Smith,

2016; Gugliotta et al., 2017).

The Mekong Delta’s aquatic network connects main river channels and artificial canals across socio-eco-
nomic gradients, highlighting the environmental gradients that distinguish riverine from canal ecosystems. In-
tensive rice production dominates the upper floodplain provinces of An Giang and Dong Thap (Kontgis et al.,
2015), while Tien Giang and Ben Tre support perennial horticulture (Le et al., 2017). The Ca Mau Peninsula is
characterized by brackish and saline aquaculture, reflecting salinity gradients driven by shrimp farming (Bosma
et al., 2014). Urban—industrial development is concentrated in Long An, a key corridor linked to Ho Chi Minh
City; in Can Tho and Kien Giang (Dang et al., 2018). The Tien and Hau rivers, along with an extensive canal
network, provide hydrological connectivity for irrigation, transport, and regional trade, while mediating the

distribution of pollutants and ecological stressors (Kuenzer & Renaud, 2012; Gugliotta, 2017).
2.2. Literature Search and Selection Strategy

This review’s methodological framework was guided by the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines (Page et al., 2021). Following systematic review principles, a com-
prehensive search was conducted across Web of Science, Scopus, and Google Scholar to identify peer-reviewed
and grey literature (1991-2026). This was complemented by regional journals and governmental reports (e.g.,
MRC) to capture locally relevant data. The specific Boolean logic employed was: (("macroinvertebrate” OR
"zoobenthos" OR "aquatic insect") AND ("ecological health"” OR "biomonitoring” OR "bioassessment” OR "in-
dex of biotic integrity" OR "DNA metabarcoding") AND ("Mekong Delta" OR "Vietnam") AND ("main river"
OR "canal”)). The search was designed to capture both conventional and emerging bioassessment approaches.
Foundational and recent methodological studies were prioritized (Rosenberg & Resh 1993; Bonada et al., 2006;
MRC, 2008; MRC, 2010; Birk et al., 2012; Buss et al., 2015), alongside regional datasets (e.g., MRC reports or

research in Vam Co River) and lowland river—canal case studies from southern Vietnam (Pham et al., 2026b).
2.3. Screening and Eligibility Criteria

Publications were screened using a stepwise process involving title and abstract screening, followed by full-text
assessment. To minimize selection bias and ensure the reproducibility of the screening process, two independent
reviewers performed the screening; any discrepancies regarding study inclusion were resolved through discus-
sion until consensus was reached. Inclusion criteria: (i) use of macroinvertebrates as EHA indicators; (ii) study
location within the Mekong Delta’s aquatic network; and (iii) provision of sufficient methodological or ecolog-
ical data. Exclusion criteria targeted laboratory-based toxicity studies, non-aquatic investigations, and reports
lacking methodological detail. During screening, study attributes, including system type (river vs. canal), sam-
pling seasonality (dry vs. wet season), taxonomic resolution, and metric selection were extracted to evaluate

methodological biases and cross-system comparability.
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2.4. Data Synthesis and Gap Analysis

Extracted data were synthesized qualitatively using a comparative framework that contrasts the hydrological
and anthropogenic regimes of rivers versus canals. Studies were evaluated for their ability to detect consistent
biological responses to dominant regional stressors, such as organic enrichment, pesticide runoff, and salinity
intrusion (Wehrheim et al., 2023; Le et al., 2023b; Pham et al., 2026a). A key component was a performance
audit of common indices, assessing the use and reliability of uncalibrated temperature metrics (e.g., BMWP,
ASPT) under Mekong Delta tropical conditions (Duong et al., 2011). This evaluation informs the optimization
of bioassessment frameworks. To identify critical research gaps, the literature corpus was analyzed for geo-
graphic bias, methodological constraints (e.g., single-season sampling, coarse taxonomic identification), and

the application of modern bioassessment tools.
2.5. Strengths and Limitations of the Review

This review’s primary strength is its comparative framework, which distinguishes between the ecological health
of main rivers and artificial canals, a distinction overlooked in deltaic studies. The integration of global and
regional sources enhances contextual relevance. Conversely, three limitations persist: (1) spatial bias, with re-
search clustered in accessible river reaches rather than remote canal networks; (2) taxonomic heterogeneity
(family vs. species level), which precludes a formal meta-analysis and necessitates a qualitative synthesis; and
(3) reliance on long-term datasets, hindering the decoupling of anthropogenic stressors from natural climatic

variability. These limitations inform priority areas for future methodological development.
3. RESULTS AND DISCUSSION
3.1. Literature Search Results and Methodological Biases

The final literature corpus comprised 83 publications, with a notable increase in research output after 2005. This
reflects a paradigm shift from instantaneous physicochemical monitoring toward integrative biological
approaches (MRC, 2010; Pham, 2014; MONRE, 2015), recognizing that biological assemblages, particularly
macroinvertebrates, act as "living recorders" of cumulative environmental stress (Karr, 1991; Buss et al., 2015).
However, this "record" contains a significant geographical blind spot. While 70% of studies focused on the
main distributary channels (Tien and Hau rivers), the ~100,000 km artificial canal network with the primary
conduit for agricultural runoff, is underrepresented (<30% of studies). This geographic bias suggests that
ecological degradation in canals, where anthropogenic pressures are acute, is underestimated in regional

reporting.

Methodologically, studies predominantly rely on quantitative grab sampling in soft sediments. Combined

with family-level identification, this limits scalability and timely application in management contexts (Table 1),
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which synthesizes approaches reported across the reviewed literature rather than repeating methodological

details.

Table 1. Key macroinvertebrate sampling approaches reported for river and canal systems in the Mekong Delta.

Samplin

Typical application

Key references

Littoral sweep /

kick
Hand-net

Petersen grab

Ekman grab

Multi-habitat

g method Target habitat Sample equipment
Shallow mar- D-frame net (450-500
gins pm)

Confined wa- Standard net (450-500

ters pm)

Benthic sub- Grab (0.025 m?)

strates

Fine sediments ~ Ekman grab (0.025
m?)

Mixed habitat Nets and grabs

Rapid bioassessment;

multi-habitat rivers

in ponds/canals

Aquatic insects in small

Quantitative riverine

sampling

Deeper, low-energy en-

vironments

Holistic assessment; het-

erogeneous sites

MRC, 2010; Ngo et al.,
2013a; Pham, 2014
Bonada et al., 2006;
Pham, 2014

MRC, 2010; Vo et al.,
2019; Pham et al.,
2026b

Ngo et al., 2013b; Ngo
& Ngo, 2014

Pham, 2014; Mamun et
al., 2022; Pham et al.,
2026b

Figure 2 presents the conceptual stressor—response framework for macroinvertebrate-based EHA in the

Mekong Delta. The model links primary regional stressors (Stage 1) to localized habitat alterations (Stage 2)

and cascading biological responses (Stage 3), including shifts in taxonomic composition, reduced diversity, and

functional reorganization, providing the basis for selecting diagnostic metrics and computing ecosystem health

scores (Stage 4). Sections 3.2-3.6 further explore how these stages operate within the Delta’s semi-lentic,

seasonal

ly pulsed systems.
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Fig. 2. Conceptual stressor-response framework for macroinvertebrate-based EHA in the Mekong Delta.
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3.2. Ecological Divergence: Rivers vs. Canals

Reported macroinvertebrate diversity in the Mekong Delta shows pronounced spatial and temporal variability
driven by habitat heterogeneity, hydrology, and methodological differences. The highest richness values were
reported by the MRC (2008), which documented 361 littoral and 177 benthic taxa, while Sor et al. (2017)
recorded 299 benthic taxa in the Lower Mekong Basin. Mollusks consistently dominate assemblages,
accounting for approximately 44-45% of taxa across habitats, including estuarine—coastal transitional waters
(Ngo et al., 2013b; Ngo & Ngo, 2014; Pham et al., 2019; Nguyen et al., 2020; Pham et al., 2026a). While
abundance and density vary widely across sites and seasons, reflecting strong hydrological control. Densities
range from 1-1,251 individuals m2 in littoral habitats and 202—7,340 individuals m 2 in benthic habitats (Duong
et al., 2008; Le et al., 2011; Ngo et al., 2013b; Ngo & Ngo, 2014). Benthic densities are lower in tributaries
influenced by acid sulfate soils, particularly during early rainy-season discharge from rice fields (Pham et al.,

2019; Pham et al., 2026a).

Analyses of diversity indices provide further quantitative evidence of ecological heterogeneity. Shannon—
Wiener diversity ranged from <0.5 at heavily disturbed sites to >3.0 in structurally complex habitats, while
dominance indices often indicated numerical dominance by tolerant taxa (MRC, 2008; MRC, 2009; Pham,
2014; Pham et al., 2019). Tolerance-based metrics such as ATSPT (23-63) and ATSPI (30-60) showed broad
ranges and sensitivity to disturbance gradients, supporting their utility when calibrated to regional conditions

(MRC 2008, MRC, 2009; Pham, 2014; Pham et al. 2026a).

Consequently, the delta’s biotic integrity defies a singular ecological profile. Main river channels function
as lotic, high-energy corridors where habitat complexity and lateral floodplain recruitment sustain taxonomic
richness (Junk et al., 1989). These corridors exhibit high alpha diversity but low evenness, often dominated by
Palaemonid decapods and Thiarid gastropods due to their tolerance of tidal fluctuations and natural turbidity.
Conversely, sensitive, oxygen-dependent taxa (e.g., Ephemeroptera, Odonata) remain restricted to shallow
littoral zones or floodplain-connected refugia where high flows maintain adequate dissolved oxygen and critical

microhabitats (Fig. 3).
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Fig. 3. Geographic distribution of key macroinvertebrate functional groups across the Mekong Delta

Conversely, artificial canals act as semi-lentic conduits harboring depauperate assemblages dominated
by Tubificid oligochaetes, Chironomid dipterans, and Corbicula spp. (Fig. 3). Driven by low flow velocities
and heavy organic enrichment, these modified channels undergo "functional homogenization," where special-
ized shredders are replaced by generalist collector-filterers adapted to high seston and hypoxic organic sludge
(Statzner et al., 2001; Menezes et al., 2010). This stable, tolerance-mediated state acts as a potent environmental
filter that conventional biotic indices often fail to detect (Sor et al., 2017; Le et al., 2023b). Finally, estuarine
and coastal ecotones transition to euryhaline and marine taxa (polychaetes, bivalves, and crustaceans) physio-

logically adapted to dynamic salinity gradients (Pham, 2014; Pham et al., 2026b).
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3.3. Stressor Dynamics

The ecological divergence detailed in Section 3.2 is underpinned by the Mekong Delta's stressor regimes. In
main river channels, high dilution capacities and seasonal flushing pulses partially buffer anthropogenic inputs.
Conversely, the canal network is characterized by stagnant flow and prolonged water residence times that ex-
acerbate nutrient loading from agricultural and domestic effluents. As shown in Fig. 2 (Stage 2), these pressures
operate synergistically; low flow velocities facilitate the development of anaerobic sediment microenviron-
ments, triggering the loading of phosphorus and initiating a feedback loop of oxygen depletion (Anthony et al.,
2015; Vo et al., 2024).

Sedimentation impacts vary by system as rivers undergo periodic resuspension, while canals experience
chronic fine-sediment accumulation. The Vam Co River serves as a case study for "context-dependent" re-
sponses. While organic enrichment correlates with increased macroinvertebrate density, the presence of acid
sulfate soils introduces a geochemical threshold. At pH < 4.5, the toxicity of liberated aluminum ions (A1*")
results in ecological collapse zones despite high biochemical oxygen demand (BOD) (Pham et al 2026b). Cur-
rent Vietnamese water quality standards (e.g., QCVN 08-MT:2023) and indices like BMWP-VIET fail to ac-
count for this acidity—toxicity synergy. Consequently, nutrient-reduction efforts yield no biological improve-
ment because the system remains chemically "locked" by acidity. In these modified deltaic settings, interacting
hydrological, sedimentary, and geochemical stressors produce non-linear biological responses that traditional

metrics cannot capture.
3.4. Performance and Pragmatism

The performance and applicability of existing macroinvertebrate-based indices and metrics are summarized in
Table 2, highlighting indicator types, taxonomic resolution, and limitations under Mekong Delta conditions.
Due to the costs of specialized expertise and a deficit of regional species keys, over 75% of existing studies rely
on family-level identification. While pragmatic, this "higher-taxon" approach frequently masks the nuanced
biological signals required to detect specific stressors, as diverse species with varying sensitivities are

aggregated into single, broad categorie (Buss et al., 2015).

Furthermore, Temperate-derived indices, such as the standard BMWP, perform inconsistently in canal
networks because they do not account for the low-flow and low-oxygen conditions inherent to tropical deltas.
Locally calibrated Multi-Metric Indices (MMIs) (e.g., Pham, 2014; Pham et al., 2026a) have demonstrated
sensitivity. Specifically, the integration of metrics such as "Relative Abundance of Oligochaeta" and "Scraper-
to-Filterer Ratios" has proven more robust in distinguishing between chronic siltation and organic enrichment
(Pham, 2014; Mamun et al., 2022). However, these MMIs still require broader validation across the Delta’s

complex salinity and acidity gradients to ensure regional reliability.
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Table 2. Summary of macroinvertebrate-based indices and metrics reported for EHA in the Mekong Delta.

Index / Metric  Indicator type Taxonomic Typical applica- Notes/ Limitations Key references
level tion
Taxonomic rich-  Structural Family / Ge- Overall condi- Sensitive to habitat MRC, 2008; MRC,
ness nus tion coverage 2019; Nguyen et al.,
2023;
Shannon—-Wiener Diversity Family / Ge- Community di- Low stressor speci- Magurran, 2004; Zilli
(H" nus / Spe- versity ficity etal., 2011; Pham,
cies 2014
BMWP-VIET / Tolerance- Family Ecological status  Limited canal cali- Ngo et al., 2013a;
ASPT based bration Ngo et al., 2013b;
Ngo & Ngo, 2014
% Oligochaeta Tolerance Higher Organic enrich- ~ Confounded by fine Pham, 2014; Vo et
proxy taxon ment sediments al., 2021
Chironomidae Tolerance Family Nutrient / Oxy- Ubiquitous; moderate Bonada et al., 2006;
abundance proxy gen stress tolerance Le etal., 2023a
Functional feed-  Functional Family Stressor diagno- ~ Requires regional Statzner et al., 2001;
ing sis trait data Bonada et al., 2020
Multimetric Integrated Family Holistic status Limited validation Birk et al., 2012;
(MMIs) across gradients Mamun et al., 2022

3.5. Systemic Challenges

Current bioassessments in the Mekong Delta are constrained by three systemic weaknesses. First, a dry season
bias exists, with approximately 80% of reviewed studies neglecting the Flood Pulse Concept (Junk et al., 1989);
omitting monsoonal restructuring of habitats, these assessments capture only partial annual dynamics. Second,
the region faces a reference condition void; in a delta strongly modified by dikes and canals, the search for
"pristine”" benchmarks is an exercise in futility (Stoddard et al., 2006; Birk et al., 2012). Future indices must
therefore transition toward gradient-based or multivariate models that evaluate ecological status along a
spectrum of human impact rather than against "natural" states (Davies & Jackson 2006; Chessman, 2006; Feio

et al., 2014).

Finally, persistent taxonomic bottlenecks and a reliance on family-level identification mask the presence
of cryptic species and rare taxa (Jones, 2008; Sweeney et al., 2011). This resolution deficit is severely
compounded by fragmented regional identification keys and a widespread lack of standardized quality control
(QC) protocols across historical datasets. Consequently, these operational deficiencies act as major systemic
bottlenecks that hinder coordinated, transboundary ecological health assessments, especially since these
sensitive indicators are the first to respond to climate-driven shifts in salinity and hydrological regimes (Macher

et al., 2016; Eriksen et al., 2025).
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3.6. Future Horizons

The trajectory of EHA in the Mekong Delta is shifting toward predictive, diagnostic frameworks. To bridge the
science—policy gap, we propose a strategic roadmap (Fig. 1): first, adopt typology-based monitoring that
differentiates major rivers from irrigation canals; second, integrate molecular tools such as DNA metabarcoding
to overcome taxonomic constraints and enable cost-effective large-scale monitoring; and third, align
bioindicator data with GIS platforms within Mekong River Commission and national systems to support

coordinated, transboundary water quality management.

Methodological challenges and recommended pathways for advancing macroinvertebrate-based EHA are
synthesized in Table 3, linking limitations such as taxonomic gaps, hydrological seasonality, and canal-specific
disturbances to solutions and their benefits for EHA. These molecular tools enable the detection of cryptic
biodiversity and community shifts before irreversible ecological collapse occurs (Nguyen et al., 2025; Eriksen
et al., 2025). Moving beyond taxonomic presence to functional roles allows separation of natural variability
from anthropogenic impacts. Trait-based approaches (e.g., respiration mode, dispersal strategy) provide
diagnostic insight into stressors such as hypoxia, pesticide exposure, and sedimentation (Statzner et al., 2001).
Embedding this typology-sensitive, molecularly informed roadmap (Fig. 1) and GIS-based spatiotemporal
analysis into MRC policy empowers managers to balance intensifying irrigation demands with the ecological

integrity of the delta's river—canal network.

Table 3. Methodological challenges and recommended pathways for advancing macroinvertebrate-based EHA in the Me-

kong Delta.
Evidence-based limitation = Recommended methodological pathway Primary benefit for EHA

Taxonomic expertise gap eDNA / Metabarcoding or using trait-based Rapid, large-scale screening or reducing
metrics dependence on species-level identification

Strong hydrological season-  Seasonal stratification and mixed-effects Separates natural variability from anthro-

ality pogenic stress

Canal-specific disturbances =~ Canal-adapted indices; habitat and sedi- Improves sensitivity and diagnostic power
ment metrics in artificial waterways

Fine sediment and organic Target tolerant benthic taxa and feeding Clarifies status in naturally turbid, low-

enrichment groups energy waters

Acid sulfate soils and acidi-  Integrate of sediment chemistry with bio- Detects episodic geochemical toxicity

fication indicators (AP, pH)

Policy fragmentation MRC/GIS integration Facilitates basin-scale trend analysis and

transboundary management

Resolving the complexities in macroinvertebrate-based assessments within the Mekong Delta necessitates
a strategic departure from temperate-derived indices. Instead, the focus must shift toward ecological frameworks

that calibrate for the region’s unique hydrological dynamics and multi-stressor landscape. By synthesizing delta-

12 of 19
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specific typologies with advanced diagnostic tools, specifically functional trait-based analysis and high-
throughput DNA metabarcoding (Baird & Hajibabaei, 2012; Taberlet et al., 2012; Elbrecht et al., 2017; Pawlowski et
al., 2018; Fueyo et al., 2024; Eriksen et al., 2025), researchers can effectively decouple natural estuarine variability
from human-induced degradation. Translating these high-resolution ecological baselines into evidence-based
policy instruments is imperative for the long-term conservation and transboundary management of the Me-

kong’s biological integrity.
4. CONCLUSIONS AND FUTURE DIRECTIONS

Macroinvertebrate-based EHA in the Mekong Delta is highly context-dependent, varying sharply between dy-
namic, tidally mixed main rivers and the ~ 100,000 km artificial canal network, which undergoes chronic stress
(pesticide runoff, siltation) and functional homogenization. Current frameworks are constrained by critical sys-
temic biases: a geographic blind spot (< 30% of studies focus on canals), an 80% dry-season bias neglecting the
Flood Pulse Concept, and operational deficits driven by family-level identification, fragmented keys, and a lack
of standardized QC protocols. Consequently, uncalibrated temperate indices fail to account for tropical deltaic
dynamics, masking degradation in canals and estuarine zones. Recent advances demonstrate that deltaic assem-
blages are strongly conditioned by hydrological extremes, salinity gradients, and episodic geochemical thresh-
olds such as acid sulfate soils releasing toxic aluminum ions (AI’") at pH < 4.5 which traditional indices
(BMWP-VIET) and national standards (QCVN 08-MT:2023) fail to capture. Conversely, locally calibrated
multimetric indices (MMIs) utilizing target metrics (e.g., relative abundance of Oligochacta, scraper-to-filterer

ratios) have proven robust in isolating chronic siltation from organic enrichment.

Future work must prioritize the proposed strategic roadmap to bridge the science—policy gap. This re-
quires topology-based monitoring that explicitly separates main rivers from artificial waterways, alongside the
systematic implementation of functional trait-based analysis (e.g., respiration modes and dispersal strategies) to
decouple natural estuarine variability from anthropogenic degradation. Finally, high-throughput DNA metabar-
coding must be systematically scaled to bypass taxonomic constraints and embedded into automated GIS plat-

forms within the MRC and national frameworks to achieve unified, transboundary water resource management.
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