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Figure 1 (Color online) Schematic of error sources in the terrestrial vertebrate eDNA metabarcoding workflow. The figure illustrates the primary
sources of false positives (FP) and false negatives (FN) across the sampling, laboratory, and bioinformatic analysis phases, including contamination,
signal loss, amplification bias, and species annotation uncertainties, etc. Some elements in the figure were generated with the assistance of generative Al
tools (Google Gemini), while the authors completed the overall design, content revision, and final verification
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Figure 2 (Color online) Annual number of global vertebrate eDNA
studies and trends in terrestrial sampling media. (a) Annual trends in the
number of global terrestrial (red) and aquatic (blue) vertebrate eDNA
studies. (b) Annual usage of different sampling media in terrestrial
vertebrate studies only
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Figure 3 (Color online) Schematic of hierarchical statistical inference in the eDNA occupancy model. The figure illustrates the error accumulation
during the step-by-step propagation of the true occupancy state through the sampling and laboratory levels. By introducing multi-level replicated
observations, the model can simultaneously estimate and correct false negative/false positive biases at each level within a statistical framework (see Ref.
[108] for detailed mathematical inference principles), thereby outputting the recovered true species occupancy probability () at the base level. Some
elements in the figure were generated with the assistance of generative Al tools (Google Gemini), while the authors completed the overall design,

content revision, and final verification
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Environmental DNA (eDNA) metabarcoding has emerged as a powerful molecular approach for non-invasive, high-throughput
biodiversity monitoring, enabling the detection of multiple taxa from trace genetic material shed into the environment. While
initially developed and validated in aquatic ecosystems—where water acts as a natural integrator of biological signals across space
—the method has undergone rapid expansion into terrestrial environments, where greater environmental heterogeneity and lower
DNA availability impose new methodological challenges.

Focusing on terrestrial vertebrate communities, this review synthesizes the technical development of eDNA metabarcoding
from aquatic to terrestrial applications, emphasizing the diversification of sampling media. These can be broadly categorized into
environmental media (e.g., water, soil, air, and sediment) and biological media (invertebrate-derived DNA, iDNA, and feces),
each characterized by distinct mechanisms of DNA accumulation, transport, and persistence. Flowing water integrates
biodiversity signals across catchments, enabling regional-scale community assessments, whereas localized media such as soil and
air provide finer-resolution snapshots of species presence but are constrained by spatial representativeness and DNA retention.
Biological samplers, including hematophagous leeches and carrion flies, further extend detection capacity in complex or
inaccessible terrains, particularly for cryptic and nocturnal species.

A central limitation of terrestrial eDNA applications lies in the high susceptibility to both false-positive and false-negative
detections, arising from contamination, stochastic DNA capture, amplification biases, and incomplete reference databases. These
sources of error are cumulative and often irreversible if not addressed at early stages. Based on a systematic review of 222 peer-
reviewed studies on terrestrial vertebrate eDNA metabarcoding published between 2012 and 2025, we evaluate the
implementation of quality control (QC) practices and identify critical gaps between current practice and best-practice standards.

Rather than prescribing uniform protocols, we propose a comprehensive QC framework spanning four key stages. First, field
sampling design must incorporate independent spatial replication and field negative controls to distinguish true absence from
detection failure, yet approximately half of existing studies lack adequate replication. Second, stringent laboratory procedures—
including physical separation of pre- and post-PCR workflows, contamination control, and early-stage dual-indexing strategies—
are essential for preserving the integrity of technical replicates and enabling error tracing. Third, optimized bioinformatic
pipelines should balance noise removal and taxonomic resolution through denoising approaches (e.g., ASVs) and probabilistic
taxonomic assignment, while accounting for uncertainties in reference databases. Fourth, statistical inference, particularly
occupancy modeling based on hierarchical replication structures, provides a robust framework to account for imperfect detection,
although it remains underutilized (<10% of studies).

We conclude that, when implemented under rigorous QC standards, eDNA metabarcoding is sufficiently mature to support
routine biodiversity monitoring in complex terrestrial systems. In the context of China’s rapidly expanding national park network,
its application will require parallel development of regionally comprehensive reference sequence databases and integration with
conventional monitoring approaches within probabilistic frameworks. Such advances will enable scalable, standardized, and
scientifically robust biodiversity assessments, supporting evidence-based conservation and management.
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