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Global biodiversity is declining rapidly as anthropogenic climate change interacts with
habitat loss, disease emergence and overexploitation to reshape species distributions
and population viability. Conventional survey methods, including live trapping, visual
census and invasive tissue sampling, are frequently slow, costly and disturbing to the
organisms under study, so they cannot keep pace with the scale at which ecosystems
are now changing. Environmental DNA (eDNA) metabarcoding, supported by
conservation genomics and modern bioinformatic pipelines, offers a non-invasive
alternative capable of detecting entire assemblages of organisms from water, soil, air,
sediment and even surface swabs. This review synthesises recent methodological and
empirical literature to examine how bioinformatics-driven eDNA metabarcoding and
population genomic tools are being integrated for wildlife biodiversity monitoring
under a changing climate. It traces the workflow from sample collection through
amplicon and shotgun sequencing to taxonomic classification, highlighting the
computational tools, reference databases and quality control steps that determine the
reliability of biodiversity inferences. It then considers how population genomic
approaches complement eDNA surveys by estimating effective population size,
inbreeding, adaptive potential and demographic history in threatened species. Case
studies spanning critically endangered birds, marine reptiles, river ecosystems,
airborne biomonitoring and disease surveillance in migratory waterfowl illustrate the
practical reach of these tools. The review closes by discussing persistent limitations,
including reference database incompleteness, taxonomic classifier disagreement,
degradation of DNA under variable environmental conditions, and the computational
capacity gap faced by many biodiversity-rich but resource-limited regions, before
outlining priorities for standardisation and capacity building relevant to zoological
research in Pakistan and other developing regions.

Introduction

Climate change is one the most widespread causes of ecological change on earth with measurable changes in species
distribution, phenology and interspecific interactions in terrestrial, freshwater and marine biomes [1]. A recent meta-analytical
synthesis of marine fish and invertebrates demonstrates that ocean warming and acidification produce significant deviations
in calcification, survival, metabolism, reproduction and behaviour even at moderate intensities, and that these deviational
effects are roughly twice as common as directional changes reported in earlier literature [2]. At the same time, population-level
assessments across thousands of vertebrate species indicate a pattern of biological annihilation, with widespread range
contraction and local population loss occurring even among taxa not yet formally classified as threatened [3]. This is further
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complicated by interacting stressors as the environmental changes of temperature and precipitation are also changing the
transmission dynamics of wildlife pathogens and the distribution of their hosts and vectors [4].

Monitoring tools that are sensitive enough to detect subtle changes in populations, scalable enough to monitor large and remote
landscapes, and gentle enough to minimize additional stressors to already vulnerable populations are needed to address these
overlapping pressures [5]. Traditional methods of biodiversity assessment, like electrofishing, mist netting, live trapping,
invasive blood or tissue sampling, and extended visual or acoustic surveys, typically meet only one or two of these three criteria;
they are often taxonomically limited, labour intensive and can have adverse impacts on the species under investigation [5].
Environmental DNA, defined as genetic material shed by organisms into water, soil, air, sediment or other environmental
substrates through skin cells, mucus, faeces, urine, gametes or decomposing tissue, has emerged as a practical solution to this
monitoring gap because it allows entire biological communities to be characterised from a single environmental sample without
ever encountering the source organism [6]. Coupled with high-throughput sequencing, eDNA metabarcoding can
simultaneously screen for dozens or hundreds of taxa spanning microbes, invertebrates, fish, amphibians, reptiles, birds and
mammals within one assay, a capability that has driven its rapid adoption across biodiversity science over the past decade [7].

The reliability of any eDNA survey, however, depends heavily on the bioinformatic decisions made after sequencing, including
the choice of taxonomic classifier, the completeness of the reference database, and the thresholds applied to filter sequencing
artefacts from genuine biological signal, since these choices can alter detection outcomes as much as the underlying ecology
does [7]. In parallel, conservation genomics has matured from a specialised academic pursuit into a practical management tool,
providing wildlife agencies with genome-wide estimates of inbreeding, effective population size, adaptive capacity and
demographic history that were previously unattainable for most non-model species [8]. Because both eDNA metabarcoding and
conservation genomics rely on the same underlying sequencing and bioinformatic infrastructure, the two fields are increasingly
converging into a single non-invasive genomic toolkit capable of monitoring species presence, population health and genetic
diversity from the same sample stream [9]. This convergence is particularly consequential for critically endangered species
with small, geographically restricted populations, where every additional handling event carries a disproportionate risk and
where genomic information on inbreeding and adaptive potential is most urgently needed [10].

Existing reviews have generally treated eDNA metabarcoding methodology, conservation genomics and climate change biology
as separate literatures, each with its own dedicated syntheses, so that a researcher wishing to understand how bioinformatic
pipeline choices propagate through to population-level genomic inference under a changing climate must currently consult
several disconnected bodies of work rather than a single integrated account [8]. The present review addresses this gap by
deliberately tracing a single continuous pipeline, from raw sequence read to conservation-relevant genomic inference, while
foregrounding the climate change context in which that pipeline is increasingly being deployed [7]. It gives explicit attention
throughout to the practical accessibility of these tools for zoology researchers working in biodiversity-rich but resource-
constrained settings such as South Asia, where laboratories may lack the sequencing infrastructure of larger institutions [8].
The review begins with the molecular and ecological principles of eDNA metabarcoding, proceeds through the bioinformatic
pipelines that convert raw sequence reads into taxonomic assignments, examines the population genomic toolkit used for non-
invasive conservation assessment, surveys emerging technologies such as long-read nanopore sequencing, shotgun
metagenomics, airborne eDNA and autonomous sampling platforms, and concludes with a discussion of persistent limitations
and priorities for future research and capacity building [11].

The scope of this review is deliberately centred on wildlife biodiversity monitoring, and it therefore does not attempt a
comprehensive treatment of agricultural or plant eDNA applications, forensic uses of environmental genetic material, or
detailed mathematical methods used in population genetic models because these topics are outside the scope of this review.

Principles of Environmental DNA (eDNA) and Metabarcoding

Environmental DNA exists in two broad physical forms within a sample, intracellular DNA still enclosed within shed cells and
extracellular DNA that has been released following cell lysis, and the two forms differ in their persistence, transport and
degradation behaviour within air, water, soil and sediment matrices [6]. Once released, eDNA is subject to physical, chemical
and biological degradation processes that are strongly influenced by temperature, ultraviolet exposure, pH, microbial activity
and substrate type, so that detection windows can range from hours in warm turbulent water to centuries or millennia within
cold, anoxic sediments [5]. This variation in eDNA persistence is important for climate change research because warmer water
and changes in water flow may speed up eDNA degradation in many freshwater and marine environments. This could reduce
the ability to detect species at a time when biodiversity changes are happening rapidly [7]. Controlled mesocosm experiments
support this concern, showing that higher water temperatures increase the removal of small eDNA particles from flowing
streams. This occurs through faster microbial breakdown and changes in how eDNA is physically trapped in the environment.
As a result, species may become harder to detect as stream temperatures increase with climate change [12].
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Because that removal effect varies with particle size and flow regime, seasonal and geographic differences in water temperature
can introduce a climate-linked bias into eDNA-based abundance and occupancy estimates that survey designers need to account
for explicitly [12]. Metabarcoding, the amplicon-based branch of eDNA analysis, relies on universal or semi-universal
polymerase chain reaction (PCR) primers that target short, variable regions of conserved genes, most commonly mitochondrial
12S and 16S ribosomal RNA genes for vertebrates and the cytochrome c oxidase subunit I gene for invertebrates, flanked by
highly conserved primer-binding sites [11]. Following amplification, samples are pooled and sequenced on high-throughput
platforms, generating millions of short reads that must then be denoised, clustered or resolved into amplicon sequence variants
before taxonomic identity can be assigned [13]. Marine biomonitoring surveys applying this workflow across representative
tropical reef habitats have shown that a single water sample can recover sequences spanning the full tree of life, from bacteria
and protists through to fish, corals, molluscs and marine mammals, in a manner that traditional single-taxon survey methods
cannot replicate within comparable time and cost budgets [14].

The non-invasive character of eDNA sampling is especially valuable for rare, cryptic, nocturnal or dangerous species, and for
habitats where physical access is difficult or ecologically sensitive, since a water, soil or sediment sample can be collected
without disturbing the animals or their surroundings [6]. Recognition of this advantage has led to a rapid diversification of
sampling substrates beyond open water, including soil, snow tracks, faecal deposits, nesting substrate, and even DNA adhering
to vegetation surfaces browsed or touched by animals [9]. Vertebrate DNA recovered from simple cotton swabs wiped across
the leaves of tropical forest vegetation has, for example, allowed researchers to detect the presence of primates, ungulates and
other mammals along transects without any need for camera traps or direct observation [15]. Sampling efficiency in physically
and chemically challenging tropical habitats requires its own methodological calibration, since a study conducted in a Malaysian
blackwater peat swamp found that the volume of acidic, tannin-rich water filtered had a strong positive correlation with
recovered DNA concentration, with larger filtered volumes needed to achieve reliable detection under these extreme conditions
compared with clearer temperate waters [16].

Similar reasoning has motivated the collection of eDNA from beach sand at sea turtle nesting sites, where accumulated DNA
shed by nesting females and hatchlings enables both species detection and, when population genomic methods are applied
downstream, the genetic characterisation of the reproductive population without ever restraining an animal [17]. Taken
together, these developments illustrate that the substrate from which eDNA is recovered has become almost as flexible as the
questions researchers wish to ask, extending the reach of non-invasive monitoring far beyond its original aquatic origins [7].

Table 1. Environmental DNA sampling substrates and representative applications discussed in this review.

Substrate Representative application Reference

Open water (marine and freshwater) Whole-community biomonitoring across the tree of life [14]

Flowing river and stream water Temperature-dependent eDNA removal and persistence | [12]
studies

Beach and nesting sand Sea turtle species detection and nesting-cohort population | [17]
genomics

Soil (forest floor, display sites, nests) Individual identification of the critically endangered kakapo | [9]

Vegetation surface (leaf swabs) Detection of primates and other mammals without direct | [15]
observation

Air (passive and active filtration) Whole-biome and fungal community characterisation [31,32]

Tropical peat swamp water Calibration of filtration volume against DNA yield in acidic | [16]
waters

Faeces / scat Rapid nanopore-based species identification of elusive | [24]
mammals

Sampling design decisions, including the number of replicate samples collected, the volume of water or mass of soil processed,
and the season and time of day at which collection occurs, all influence detection probability and must therefore be matched to
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the ecology of the target species and the climatic conditions of the study site [5]. Standardised sampling manuals developed for
widely used marker systems have therefore become an important complement to the underlying molecular methods, since they
translate general principles of eDNA ecology into concrete field procedures that non-specialist survey teams can follow
consistently [6].

Bioinformatic Pipelines: From Raw Sequence Reads to Taxonomic Assignment

Converting raw sequencing output into a reliable list of detected species is a multistep computational process in which each
stage introduces its own sources of error and uncertainty [11]. Quality filtering and adapter trimming are typically performed
first to remove low-quality bases and residual primer or adapter sequence, since uncorrected sequencing artefacts can otherwise
be misinterpreted as genuine biological variation at later stages [13]. Negative controls, consisting of field and laboratory blanks
carried through the entire workflow without added template, and positive controls of known composition are essential
accompaniments to every sequencing run, since they allow contamination and cross-sample carryover to be identified and,
where necessary, subtracted from the dataset before any ecological interpretation is attempted [5]. Index hopping, in which
sequencing reads are misassigned between multiplexed samples sharing a sequencing lane, can further introduce low-level
false positive detections and is best mitigated through unique dual-indexing strategies and conservative post-hoc filtering of
rare, cross-sample reads [18].

Denoising algorithms then resolve the filtered reads into amplicon sequence variants that represent true biological sequences
rather than sequencing errors, a step that has substantially improved the taxonomic resolution achievable from short marker
gene fragments compared with older similarity-based clustering approaches [13]. Chimeric sequences, artificial hybrids formed
when a partially extended amplicon primes on a different template during PCR, are identified and removed at this stage, since
their inclusion would otherwise be misread as novel or divergent taxa that do not actually exist in the sampled community [13].
Community analysis platforms built around modular plugin architectures allow these denoising, filtering and classification
steps to be assembled into reproducible, version-controlled workflows that can be shared between laboratories and reanalysed
as reference databases improve [18]. Taxonomic classification, the step in which each amplicon sequence variant is matched
against a reference database to assign a putative species, genus or family identity, is where much of the remaining uncertainty
in eDNA studies resides [11].

A systematic comparison of nine taxonomic classifiers applied to curated marine vertebrate reference databases found that
alignment-based tools using stringent percentage identity cutoffs generally achieved higher accuracy and fewer false positives
than naive Bayes classifiers for short mitochondrial markers, while naive Bayes approaches performed comparatively better
for the longer cytochrome c oxidase subunit I marker [11]. The same evaluation demonstrated that when reference databases
were experimentally depleted to simulate real-world incompleteness, several classifiers began to report bacterial sequences as
false-positive marine vertebrate detections, while a separate comparison found that at least one classifier mislabelled a least-
concern eel species as its near-threatened congener, illustrating how both database gaps and classifier choice can directly distort
conservation-relevant conclusions [11]. Non-Bayesian taxonomy classifiers designed for ribosomal and internal transcribed
spacer sequences represent one attempt to combine the speed of k-mer based methods with more principled statistical
confidence estimation for ambiguous or database-poor taxa [19]. Underlying all of these classifiers is the quality and taxonomic
breadth of the public sequence repositories against which query sequences are compared, and the continued growth and
curation of these central nucleotide archives remains a foundational, if often underappreciated, requirement for accurate
species identification from environmental samples [20].

Because reference databases remain systematically better populated for well-studied northern hemisphere taxa than for many
tropical, freshwater or regionally endemic species, classification accuracy in biodiversity-rich developing regions is
disproportionately constrained by this uneven global sequencing effort [11]. Beyond amplicon-based metabarcoding, shotgun
metagenomic sequencing of eDNA analyses the entire pool of genetic material present in a sample without amplification bias,
recovering nuclear and mitochondrial sequence simultaneously and enabling downstream analyses such as population genetics
and pathogen variant calling that are unavailable to marker-based approaches [21]. This approach traces its conceptual lineage
to early whole-community shotgun sequencing of complex natural samples such as ocean water, which first demonstrated that
untargeted sequencing could recover genomic information from thousands of co-occurring taxa within a single environmental
sample [22]. A related low-cost alternative, genome and metagenome skimming, sequences high-copy genomic regions such as
mitochondrial, chloroplast and ribosomal DNA at shallow coverage, and has recently been proposed as a bridge between the
cost-effectiveness of amplicon metabarcoding and the taxonomic breadth of full shotgun metagenomics for eDNA applications
currently limited mainly to ancient sedimentary samples [23].

Nanopore adaptive sampling, which selectively enriches for pre-specified mitochondrial reference sequences during sequencing
itself rather than through prior PCR amplification, has similarly been used to obtain rapid, field-deployable species
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identifications directly from faecal DNA of elusive mammals, correctly resolving species identity in the great majority of samples
tested against a national mitochondrial reference database [24]. That faecal identification approach further identified a case of
species misidentification in an earlier study based on physical appearance alone, illustrating how bioinformatic genetic
confirmation can correct errors that purely field-based non-invasive monitoring would otherwise perpetuate [24]. Amplicon
metabarcoding remains considerably cheaper per sample and better suited to high-throughput screening of large numbers of
sites, whereas shotgun approaches recover a richer genomic signal from each sample at correspondingly higher sequencing
cost, a distinction that should guide study design according to the specific monitoring question being addressed [11]. Table 1
summarises representative bioinformatic tools referenced in this review, together with their principal function within the eDNA
and conservation genomics workflow [11].

Table 2. Representative bioinformatic tools and resources used in eDNA metabarcoding and conservation genomic
workflows.

Tool / resource Primary function Reference

Field and laboratory negative/positive | Detection and subtraction of contamination and cross-sample | [5]

controls carryover

Dual-indexing / unique tag | Mitigation of index hopping between multiplexed samples [18]

combinations

DADA2 Denoising of amplicon reads into amplicon sequence variants and | [13]
removal of chimeric sequences

QIIME 2 Modular, reproducible metabarcoding workflow platform [18]

SINTAX Non-Bayesian taxonomy classification for marker genes [19]

GenBank Central nucleotide sequence reference repository [20]

Taxonomic classifiers (alignment- | Assignment of sequence variants to reference taxa [11]

based, naive Bayes, k-mer based)

Nanopore long-read sequencing | Field-deployable long-read and adaptive sequencing [9,24,30]

platforms

Shotgun / genome-skimming pipelines | Untargeted or shallow whole-sample sequence recovery [21,22,23]

Conservation Genomics for Non-Invasive Population Assessment

Conservation genomics extends the logic of eDNA metabarcoding from species detection to population-level genetic
characterisation, applying genome-wide sequencing to estimate parameters such as effective population size, inbreeding
coefficients, genetic load and adaptive capacity in wild populations [8]. These parameters matter because reduced genetic
diversity and elevated inbreeding are strongly associated with lowered fitness and diminished capacity to adapt to
environmental change, making population genomic monitoring a direct complement to demographic and distributional
surveillance [25]. Genomic approaches allow such estimates to be obtained from minimally invasive samples, including
feathers, shed hair, faeces, buccal swabs and, increasingly, from the same environmental substrates used for species-level
metabarcoding, removing the need for repeated capture of the same rare individuals [8]. The application of this integrated
approach to one of the world's rarest birds illustrates its practical value, since whole genome sequencing of the surviving island
population and historical mainland specimens of the critically endangered kakapo (Strigops habroptilus), of which only around
two hundred individuals remain, was undertaken to characterise the genomic health of the species [10].

That sequencing effort found that the present-day population carries fewer harmful mutations than population genetic theory
would predict, apparently because long-term inbreeding facilitated the natural purging of deleterious variants rather than their
accumulation [10]. That same genomic dataset also highlighted persistently high rates of egg hatching failure in the species and
called for further genomic investigation into its underlying causes, illustrating how whole genome sequencing can both resolve
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long-standing uncertainties and identify precise questions for future non-invasive monitoring to address [10]. Building directly
on this genomic foundation, soil eDNA metabarcoding combined with long-read nanopore sequencing has since been used to
detect individual kakapo from soil samples collected at display sites and nests, matching recovered haplotypes against the
known population reference panel to identify specific birds without any physical capture [9]. That same study additionally
detected trace reads of the invasive Polynesian rat (Rattus exulans) from the accumulated soil eDNA signal on a predator-free
island sanctuary, demonstrating that a single non-invasive sampling protocol can simultaneously serve species monitoring,
individual identification and biosecurity surveillance objectives [9].

A comparable logic has been applied to marine reptiles, where environmental DNA recovered from nesting beach sand has been
used to confirm the presence of nesting sea turtle species, including the green turtle (Chelonia mydas) and loggerhead turtle
(Caretta caretta) [17]. The same beach sand samples have also been used to reconstruct population genomic signatures of the
nesting cohort, offering a route to monitor genetic diversity at rookeries that are otherwise accessible only during a narrow
nesting season [17]. Population genomic monitoring is particularly well suited to detecting genetic erosion that precedes visible
demographic decline, since the loss of rare alleles and heterozygosity can occur well before a population's census size falls to a
level that would trigger conventional conservation alarm [8]. Beyond estimating genetic diversity itself, epigenetic clocks that
infer an individual's chronological or biological age from DNA methylation patterns offer a further non-lethal genomic
biomarker, and a recently published design workflow validated against an extensive Arctic polar bear dataset demonstrates
that reliable wildlife epigenetic clocks can be constructed even from limited sample sizes typical of small conservation budgets
[26].

Age structure and biological ageing rate estimates of this kind complement effective population size and inbreeding metrics by
revealing whether a population's demographic profile is skewed toward older, potentially less reproductively active individuals,
a pattern that could otherwise go undetected under climate-driven stress [26]. Under accelerating climate change, this early
warning capacity is increasingly valuable, because populations that retain greater standing genetic variation are generally
considered better placed to respond adaptively to novel selective pressures such as shifting thermal regimes, altered
precipitation and emerging disease [25].

Table 3. Selected non-invasive genomic monitoring case studies discussed in this review.

Species / system Genomic approach Reference

Kakapo (Strigops habroptilus) Whole genome sequencing for pedigree and inbreeding | [10]
assessment

Kakapo (Strigops habroptilus) Soil eDNA and long-read sequencing for individual | [9]
identification

Sea turtles (Chelonia mydas, Caretta | Beach sand eDNA for species detection and population | [17]

caretta) genomics

Leopard cat (Prionailurus bengalensis), | Faecal DNA and next-generation sequencing for non- | [38]

Pakistan invasive diet analysis

Sympatric carnivores (leopard, fox, | Molecular scatology to correct morphological scat | [37]

jackal, civets), Pakistan misidentification

Wild and domestic animal gut | Shotgun metagenomics for antimicrobial resistance | [27]

microbiota surveillance

Migratory waterfowl Mechanistic modelling of climate effects on avian influenza | [28]
dynamics

Various wildlife (Arctic polar bear | Epigenetic clocks for non-lethal age and ageing-rate | [26]

dataset) estimation

Amphibians and reptiles (global) Systematic audit of genomic resource coldspots [39]

The same sequencing infrastructure that supports these applications is also being used to characterise the wider community of
organisms sharing an ecosystem with a focal threatened species, including the assessment of antimicrobial resistance genes
circulating among wild and domestic animal populations that may share pathogens or landscapes with vulnerable wildlife [27].
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Climate Change, Disease Emergence and the Case for Integrated Monitoring

Climate change rarely acts on wildlife populations in isolation, and its effects on infectious disease dynamics illustrate why
biodiversity monitoring increasingly needs to integrate genomic, ecological and epidemiological data streams [4]. Mechanistic
modelling of highly pathogenic avian influenza in migratory waterfowl demonstrates that warming-driven shifts in spring
migration timing can extend the duration of outbreaks and increase mortality by lengthening the period birds spend at shared
breeding grounds, while simultaneously altering the environmental persistence of the virus itself [28]. That same modelling
work found that the relative importance of transmission related viral traits versus environmental decay depended on whether
a viral strain relies primarily on direct bird-to-bird transmission or on environmentally persistent virus, indicating that climate
impacts on disease dynamics cannot be predicted from a single generic pathway [28]. Long-term capture data from resident,
non-migratory understory birds in the Brazilian Amazon provide a further example of how shifting climatic baselines are
reshaping wildlife population trajectories, with a one-degree Celsius increase in dry-season temperature associated with a
substantial reduction in survival across the resident bird community even within structurally undisturbed, pristine rainforest

[29].

Bioinformatics-enabled eDNA and metagenomic approaches are well positioned to support this kind of integrated surveillance,
since a single shotgun metagenomic sequencing run of river water can simultaneously screen for pathogens, pollutants and the
wider vertebrate, invertebrate and microbial community sharing that habitat [21]. Applying this logic to a representative Irish
river system, from a mountain tributary through to its tidal outlet, long-read shotgun metagenomic sequencing recovered
genomic information spanning viruses, bacteria, fungi and animals within the same set of water samples, illustrating the
feasibility of single-assay biodiversity and health surveillance across an entire catchment [21]. Because such combined
surveillance depends on recovering low-abundance, fragmented genetic material from complex mixtures, the same core
bioinformatic principles of reference database completeness and classifier accuracy discussed earlier directly determine
whether an emerging pathogen or a climate-sensitive indicator species will be correctly detected [11].

Emerging Technologies: Long-Read Sequencing, Shotgun Metagenomics, Airborne eDNA and Autonomous Sampling

Long-read nanopore sequencing has substantially expanded what non-invasive genomic monitoring can achieve in the field,
since portable sequencing devices can be deployed at remote sampling sites without reliance on centralised sequencing facilities
[30]. The same long-read technology underpins the individual-level kakapo identification described earlier, since sufficiently
long reads are required to construct robust haplotypes from low-concentration soil eDNA that would otherwise be
indistinguishable from sequencing noise using short-read platforms alone [9]. Air has emerged as an unexpectedly rich and
logistically convenient substrate for this expanded eDNA toolkit, with airborne shotgun metagenomic sequencing shown to
recover genomic information sufficient for whole biome characterisation, population genetic inference and detection of genomic
variation from filtered air samples alone [31]. Complementing this airborne approach, passive air filtration surveys targeting
fungal communities have revealed spatially and seasonally predictable patterns of airborne DNA deposition that mirror known
phenological and biogeographic patterns, supporting the ecological validity of air as a genuinely informative sampling medium
rather than merely a novelty substrate [32].

Robotic and autonomous platforms are simultaneously being integrated into eDNA sampling protocols to reach habitats that
are difficult, dangerous or ecologically sensitive for human collectors to access directly, including forest canopies and cliff faces
[33]. A drone-based sampling system designed to collect eDNA directly from tree branches without ground-level access has
demonstrated that autonomous platforms can extend biodiversity monitoring into vertically structured habitats that are
otherwise chronically undersampled [33]. Camera trap imagery, long a mainstay of non-invasive wildlife monitoring, has itself
been transformed by deep learning classification systems capable of automatically identifying, counting and describing the
behaviour of dozens of species across millions of images with accuracy comparable to trained human analysts, freeing
substantial volunteer and researcher labour for other conservation tasks [34]. Beyond passive detection, eDNA-guided decision
making is also being incorporated directly into active management interventions, since a targeted invasive fish removal
programme that used quantitative PCR detection of loach eDNA to generate spatial heat maps of likely occurrence achieved
substantially higher trapping efficiency than a fixed, non-informed trapping design [35].

That programme's experience further showed that eDNA and conventional trapping methods agreed on species presence in
roughly four out of five cases, and that traps failed to detect the target species at a substantial proportion of sites where eDNA
had already returned a positive result, reinforcing the value of combining molecular and physical detection methods within a
single management workflow [35]. As these technologies mature, questions of data governance and international data sharing
become increasingly pressing, since eDNA samples collected in one jurisdiction frequently contain genetic information relevant
to species, pathogens or populations of interest to researchers and regulators elsewhere [36].
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Relevance to Wildlife Monitoring in Pakistan and Comparable Regions

Pakistan and neighbouring montane regions of South and Central Asia contain terrain that is logistically difficult to survey, a
challenge illustrated directly by field work in the Himalayan foothills of Pakistan, where morphological identification of
carnivore scats collected from rugged, elevated terrain was found to misclassify a substantial proportion of samples until
molecular scatology was used to confirm species identity from the same faecal DNA [37]. This kind of field evidence, that genetic
methods can correct identification errors which conventional morphological survey alone would have missed, is precisely the
advantage that the low-disturbance, single-sample nature of eDNA metabarcoding offers more broadly for mountain, riverine
and rangeland ecosystems across the region [5]. Non-invasive molecular approaches are not a purely hypothetical prospect for
Pakistan, since faecal DNA from the leopard cat (Prionailurus bengalensis) collected in two ecologically distinct areas of the
country was used more than a decade ago to characterise the species' diet through next-generation sequencing of a short
mitochondrial marker, demonstrating that the core genomic principles reviewed here have an established track record in
Pakistani wildlife research [38]. Soil, snow and stream substrates already validated for eDNA recovery in other high-altitude
and temperate systems provide a template that could extend this existing local expertise to a wider range of priority species
with comparatively modest additional laboratory investment, provided that sequencing and computational infrastructure are
available locally or through regional collaboration [9].

Taxonomic classification accuracy has been shown to depend directly on the regional representation of reference sequence
databases even within well-studied marine vertebrate systems, indicating that classification of samples from any less-
represented region or taxonomic group is likely to be similarly constrained until reference coverage improves [11]. This concern
is not merely theoretical, since a systematic global audit of genomic resources for amphibians and reptiles has documented
pronounced coldspots in genomic sampling that align closely with regions of high species richness and predicted global change
exposure, concluding that equitable international collaboration and local capacity building are needed to close this gap rather
than further concentration of sequencing effort in already well-resourced countries [39]. A parallel initiative producing the first
reference genome assemblies for seven endemic bird families of the Western Ghats of India illustrates one practical route to
redressing this imbalance, generating high-quality, locally led genomic resources for a South Asian biodiversity hotspot that
had previously lacked dedicated reference assemblies [40]. Following this example, locally generated reference genomes and
barcode libraries for the montane mammals, birds and reptiles of Pakistan's northern mountain ranges would provide a
comparable foundation for eDNA and conservation genomic work in the region, building on the existing molecular groundwork
already established for at least one Pakistani carnivore species, rather than requiring researchers to rely on more distantly
related reference sequences of uncertain applicability [38].

Embedding bioinformatics training within zoology curricula and regional research networks, alongside investment in shared
sequencing and computational facilities, would allow universities and wildlife research institutions across the region to
participate directly in the generation and interpretation of eDNA and conservation genomic data rather than depending entirely
on external analysis [8]. A comparable pan-continental model has already been implemented in Africa, where a coordinated
genomics and bioinformatics capacity building initiative delivered dozens of workshops and trained several hundred
researchers across dozens of African countries within a single year, illustrating that large-scale regional capacity building of
this kind is logistically achievable when sustained institutional and international support is secured [41]. A similarly coordinated
regional initiative for Pakistan and neighbouring South Asian countries, potentially linked to existing zoology departments and
museum collections, could adopt a comparable workshop and fellowship model to accelerate local uptake of eDNA
metabarcoding and conservation genomic methods [41].

Challenges and Limitations

Despite its rapid growth, bioinformatics-driven eDNA metabarcoding continues to face several interlinked technical challenges
that constrain the confidence with which results can be interpreted [7]. Reference database incompleteness remains the most
consistently cited limitation, since a taxon absent from the database cannot be correctly identified regardless of how accurate
the classification algorithm applied to it may be [7]. Environmental factors that govern eDNA persistence and transport,
including temperature, flow, ultraviolet exposure and substrate chemistry, remain incompletely characterised across the full
range of climates and habitats in which eDNA surveys are now being deployed, introducing uncertainty into the interpretation
of both positive and negative detections [7]. This uncertainty is likely to be exacerbated under climate change itself, since
shifting thermal and hydrological regimes may alter degradation rates in ways that are not yet incorporated into standard eDNA
sampling protocols or statistical detection models [5].

Cross-contamination during field sampling, laboratory processing and sequencing library preparation represents a further
persistent risk, particularly for sensitive applications such as individual genetic identification in critically endangered species,
where a single false detection could carry disproportionate management consequences [9]. Polymerase chain reaction inhibitors
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naturally present in humic-rich soils, tannin-stained tropical waters and sediment-laden samples can suppress amplification
and generate false negative results even when target DNA is genuinely present, a problem that typically requires additional
purification steps or inhibitor-tolerant polymerases to overcome [5]. Universal or semi-universal primers rarely amplify every
taxon within a community with equal efficiency, so that primer bias can systematically under-represent or entirely miss species
whose marker regions diverge from the primer binding site, meaning that apparent absence in metabarcoding data does not
always equate to true absence [6]. Because both PCR inhibition and primer bias produce false negatives that are difficult to
distinguish from genuine non-detection, formal occupancy modelling approaches that explicitly estimate imperfect detection
probability alongside site-level presence are increasingly recommended as a statistical safeguard against overinterpreting
negative eDNA results [7].

Disagreement between taxonomic classifiers on ambiguous or database-poor sequences means that the choice of bioinformatic
pipeline can itself become a source of variation between studies, complicating efforts to compare biodiversity trends across
research groups using different analytical workflows [11]. Computational infrastructure and bioinformatics expertise remain
unevenly distributed across the regions where biodiversity monitoring is most urgently needed, so that laboratories in many
biodiversity-rich but resource-limited countries continue to depend on external collaborators for sequence analysis, which can
slow the pace of locally led conservation decision making [8]. Ethical and legal questions surrounding the ownership, storage
and international transfer of genetic material recovered from environmental samples, particularly where human or other
sensitive genetic signal is incidentally captured, add a further layer of complexity that technical guidelines alone cannot resolve
[36]. Genomic and molecular approaches also cannot substitute entirely for direct observation, since body condition, disease
symptoms, precise age and sex ratios, reproductive status and behaviour remain observable only through physical encounter
with an animal, meaning that eDNA and conservation genomics are best understood as complements to, rather than
replacements for, traditional field methods [8].

Finally, translating a species or genomic detection into an actionable conservation outcome still requires integration with
demographic, ecological and socio-political context, since genomic and molecular data alone cannot determine whether a
detected population is stable, declining or recovering without complementary long-term monitoring [42].

Future Directions

Standardising bioinformatic workflows across laboratories, including agreed thresholds for quality filtering, classifier choice
and reference database curation, would substantially improve the comparability of eDNA-based biodiversity trends reported
from different regions and research groups [7]. Continued investment in reference genome and barcode sequencing for
underrepresented taxa, particularly from tropical, freshwater and high-altitude regions, is likely to yield disproportionate
improvements in classification accuracy relative to further refinement of the classification algorithms themselves [7]. Wider
adoption of portable, field-deployable long-read sequencing platforms could shorten the interval between sample collection and
actionable results, an advantage that is particularly valuable for time-sensitive applications such as invasive species detection
and disease outbreak response [30]. Expanding shotgun metagenomic and airborne eDNA approaches beyond their current
proof-of-concept demonstrations toward routine, cost-effective biodiversity and biosecurity surveillance represents a realistic
near-term goal given the pace of recent methodological progress [31].

Integrating automated image-based species identification with genomic eDNA data streams, alongside further development of
autonomous sampling platforms for structurally complex or hazardous habitats, would extend non-invasive monitoring
capacity into environments that remain chronically undersampled [33]. Explicit incorporation of climate projections into eDNA
sampling design, including anticipated changes in degradation rates, hydrological connectivity and species range shifts, would
strengthen the ability of monitoring programmes to distinguish genuine ecological signal from methodological artefact [2].
Perhaps most importantly, long-term paired validation studies that track eDNA signal strength alongside independently derived
abundance or occupancy estimates from traditional census methods at the same sites over multiple years remain scarce, and
closing this gap would do more than any single technical refinement to establish the confidence with which eDNA trends can
be treated as genuine proxies for population change [8]. Finally, deliberate investment in regional sequencing infrastructure,
open reference database contribution and bioinformatics training, particularly across South Asia and other biodiversity-rich
developing regions, would help ensure that the benefits of this rapidly advancing toolkit accrue as much to the countries hosting
the biodiversity in question as to the institutions that currently lead its technical development [42].Formal partnership
programmes that pair genomic coldspot regions with well-resourced sequencing centres, of the kind already proposed for
amphibian and reptile conservation genomics, offer a concrete mechanism through which this investment could be organised
and sustained over the long term [39].
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Conclusion

Bioinformatics-driven environmental DNA metabarcoding and conservation genomics together represent a substantial
expansion of the wildlife monitoring toolkit available to zoologists and conservation practitioners. By allowing entire biological
communities and, increasingly, the genomic health of individual populations to be characterised from water, soil, sediment, air
or surface samples, these approaches directly address the scale, cost and disturbance limitations that have long constrained
traditional survey methods. Their reliability nonetheless rests on a chain of interdependent bioinformatic decisions, from
quality filtering through taxonomic classification to reference database curation, each of which introduces its own uncertainties
that must be understood and managed rather than treated as a black box. As climate change continues to reshape species
distributions, alter disease dynamics and accelerate biodiversity loss, the capacity to monitor wildlife populations non-
invasively, repeatedly and at meaningful spatial scale becomes not merely convenient but essential. Realising this potential fully
will require sustained investment in reference databases, computational infrastructure and regional bioinformatics capacity, so
that the countries and institutions closest to the world's most threatened biodiversity are equally equipped to generate, interpret
and act upon their own genomic and molecular monitoring data.
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