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ABSTRACT: Understanding ecosystem structure and functioning requires the integration of complex interactions among 
species across multiple trophic levels. Recent advances in environmental DNA (eDNA) metabarcoding coupled with next-
generation sequencing (NGS) have revolutionized biodiversity assessment by enabling rapid, non-invasive, and comprehensive 
detection of species assemblages from environmental samples. However, the enormous volume of sequence data generated 
through NGS requires robust bioinformatics and statistical tools for effective interpretation. The R programming language, 
together with its graphical user interface RStudio, has emerged as a powerful platform for analysing and visualising eDNA 
metabarcoding data. Specialized R packages, including vegan, phyloseq, microDecon, betapart, stats, and mgcv, facilitate 
sequence processing, diversity estimation, community composition analysis, ecological modelling, and multivariate ordination 
techniques such as Principal Component Analysis (PCA), Principal Coordinates Analysis (PCoA), Non-metric 
Multidimensional Scaling (NMDS), and Redundancy Analysis (RDA). These analytical tools enable researchers to quantify 
biodiversity, examine spatial and temporal patterns in species assemblages, and explore relationships between community 
composition and environmental variables. By transforming complex sequence datasets into meaningful statistical and graphical 
representations, R has become an indispensable tool in modern eDNA-based ecological research, supporting reproducible 
analyses, biodiversity monitoring, conservation planning, and ecosystem management. 
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1. INTRODUCTION 
 
Ecology, the science of ecosystems, explores the processes 
that determine the functions, productivity and maintenance 
of ecosystems. Interactions which are readily seen involve 
predator-prey food-chains, like in the savannah, or the 
balance between carnivores, birds, and herbivores in a forest 
habitat. Others are more elusive, occurring through various 

trophic levels and involving a range of organisms from 
microorganisms, to elusive species, to macroinvertebrates. 
Elaborating a comprehension of an ecosystem thus 
necessitates the gathering of assemblies of species and the 
interactions between them together in a single analytical 
space. With high throughput sequencing and environmental 
DNA (eDNA) sampling, such assemblies of species can now 
be obtained, through eDNA metabarcoding [1, 2]. eDNA 
sampling involves detecting genetic material which is shed 
into the environment by resident organisms, through mucus, 
saliva, faeces, urine, gametes, or skin [3]. Coupled to next 
generation sequencing (NGS), eDNA metabarcoding allows 
for the simultaneous sequencing and identification of species 
in a single environmental sample, offering speed, ease of 
sampling, non-destructiveness and wide taxonomic coverage 
[4]. The technique involves obtaining millions of short-read 
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DNA sequences which are typically between 100 and 600 
base pairs in length [5] which are compared to online 
databases such as BOLD [6] and GenBank [7] to assign 
species identity. 

The conceptual flow of the eDNA sequencing process, 
from the field site to analysis is illustrated in Figure 1, which 
depicts a representative terrestrial-freshwater ecosystem in 
which mammals, birds, amphibians, fishes, 
macroinvertebrates, and microorganisms continuously shed 
skin cells, mucus, faeces, urine, gametes, etc. into the water, 
sediment or soil, which are then collected with environmental 
samples of water, sediment or soil. The figure traces the 
process of eDNA sampling and extraction through to library 
preparation, bioinformatics, taxonomic assignment, and 
ecological analysis, noting that each step builds on the 
previous, and that the final analytical step is where R-based 
tools become essential. By showing the sources of eDNA 
alongside the analytic pipeline, the figure demonstrates that 
the transition from organism biology to statistical inference 
is a continuous process. 

The amount of data generated from eDNA 
metabarcoding presents significant analytical challenges. In 
order to transform the raw reads into an interpretable account 
of species assembly, spatial and temporal variation, and 
relationships with the environment, command based 
bioinformatics and statistical tools are necessary. The R 

programming language, accessed via the RStudio interface, 
is the key player in this arena due to the fact that it allows one 
to tackle sequence handling, diversity estimation, 
multivariate ordination, etc., in a single, reproducible 
environment. Packages such as tidyverse [8] and ggplot2 [9] 
provide the data handling and visualization backbone while 
domain-specific packages are used, depending on the 
analytical needs. The vegan package is used to calculate 
species richness, Shannon and Simpson diversity, beta 
diversity and species accumulation curves [10]. phyloseq 
allows the integration of taxonomic abundance data, with the 
associated sample metadata and phylogenetic information 
[11]. microDecon is used for the filtration (removal of 
contamination signals) of reads from metabarcoding datasets 
[12]. Betapart is used for the partitioning of beta diversity 
into turnover and nestedness components, for taxonomic, 
functional, and phylogenetic data [13]. The stats package 
provides basic statistical modelling [14], while mgcv allows 
for generalized additive models [15]. The bioseq package is 
used to allow the handling of DNA, RNA, and protein 
sequences within R [16]. Outside of R-specific packages, the 
NCBI BLAST+ command line tools can be invoked from 
within R to perform taxonomic assignment, which would not 
be practical to do in web interfaces. Thus sequence 
identification and statistical analysis can proceed in a single 
workflow [17]. 

 

 
 
Fig. 1. Conceptual illustration of ecosystem biodiversity assessment using environmental DNA (eDNA) metabarcoding 
integrated with R programming-based ecological analysis. The figure depicts a representative terrestrial–freshwater ecosystem 
comprising diverse taxonomic groups, including terrestrial mammals, birds, amphibians, fishes, macroinvertebrates, and 
microorganisms, all of which continuously release environmental DNA (eDNA) into their surroundings through skin cells, 
mucus, faeces, urine, gametes, and other biological materials, which is collected with environmental samples of water, 
sediment, or soil. 
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Taxonomic assignment is dependent on reference databases, 
which differ in coverage, marker genes and intended 
applications. Table 1 shows the major databases used in 
eDNA metabarcoding studies, including NCBI GenBank, 
BOLD, SILVA, SILVAngs, UNITE, PR2, MIDORI, 
MitoFish, FishCARD, GTDB, Greengenes2, RDP, EMBL-
ENA, DDBJ, WoRMS, GBIF, OBIS and iBOL. The table 
shows that some, such as GenBank, EMBL-ENA, and DDBJ 
are general nucleotide repositories which cover all organisms 
and markers, while others are taxon or marker-specific. 
BOLD and iBOL focus on DNA barcodes, SILVA and 
SILVAngs on ribosomal RNA, UNITE on fungal ITS, PR2 
on protist 18S, MIDORI on mitochondrial metazoan genes, 
MitoFish and FishCARD on fish 12S and COI, GTDB, 
Greengenes2, and RDP on microbial taxonomy. WoRMS, 
GBIF, and OBIS provide taxonomic and occurrence 
information not related to sequence references. Knowing the 
database differences is important since this determines the 
accuracy of assignment, rates of false positives, and the 
taxonomic resolution one can obtain for downstream analysis, 
especially for invertebrates. Comparative evaluations have 
shown that invertebrate detection rates can differ, depending 
on whether BOLD or GenBank is used for COI assignment, 
with BOLD often having greater taxonomic richness for 
invertebrates [3]. Likewise, there are persistent gaps and 
errors in public databases, which can limit assignment 
accuracy for less well-known groups of organisms [13]. Thus, 
the use of curated, region specific reference sets is essential. 

A typical eDNA metabarcoding pipeline proceeds 

through extraction, library preparation, sequencing, read 
filtration, clustering or amplicon sequencing variant (ASV) 
inference, taxonomic assignment against reference databases, 
and ecological analysis. The choice of marker gene 
influences the taxonomic scope of the data, where 
mitochondrial 12S ribosomal DNA is widely used for 
vertebrate detection [18, 19] while the mitochondrial 
cytochrome c oxidase subunit I (COI) gene is common for 
macroinvertebrate assessment [20, 21]. Outputs from 
external platforms such as SILVAngs (NGS analysis of 
ribosomal DNA) can be imported into R for downstream 
community analysis [22-28]. Inside of R, alpha diversity is 
often estimated using the Shannon index to capture both 
species richness and evenness, while beta diversity is often 
evaluated through Jaccard pairwise dissimilarity for 
presence-absence data or Bray Curtis dissimilarity for 
abundance data. Ordination approaches such as Principal 
Component Analysis (PCA), Principal Coordinates Analysis 
(PCoA), Non-metric Multidimensional Scaling (NMDS), 
and Redundancy Analysis (RDA) allow researchers to 
visualize community patterns and relate them to 
environmental gradients. For example, PCA is applied to 
Hellinger-transformed abundance data, PCoA and NMDS to 
dissimilarity matrices, and RDA constrains community 
variation to measured environmental variables. These 
approaches, coupled to diversity partitioning and statistical 
modelling transforms high dimensional sequence data into 
graphical and quantitative output, which helps in the 
interpretation of ecological data. 

 
 
Table 1. Major reference databases used in environmental DNA (eDNA) metabarcoding studies for sequence identification, 
taxonomic assignment, and biodiversity analysis. The databases differ in their taxonomic coverage, target genetic markers, and 
analytical applications. 
 

Database Primary 
Purpose 

Common 
Marker Genes 

Major 
Taxonomic 
Coverage 

URL 

NCBI GenBank Global 
nucleotide 
sequence 
repository 

COI, 12S, 16S, 
ITS, rbcL, matK, 
18S 

All organisms https://www.ncbi.nlm.nih.gov/genbank/ 

BOLD Systems 
(Barcode of Life 
Data System) 

DNA barcode 
identification 

COI, rbcL, matK Animals, plants, 
fungi 

https://www.boldsystems.org/  

SILVA Curated 
ribosomal RNA 
database 

16S, 18S rRNA Bacteria, 
Archaea, 
Eukaryotes 

https://www.arb-silva.de/  

SILVAngs Online NGS 
analysis platform 
using SILVA 

16S, 18S Microbial and 
eukaryotic 
communities 

https://www.arb-silva.de/ngs/  
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UNITE Fungal reference 
database 

ITS Fungi https://unite.ut.ee/  

PR2 (Protist 
Ribosomal 
Reference 
Database) 

Protist taxonomy 18S rRNA Protists https://pr2-database.org/ 

MIDORI Curated 
mitochondrial 
metazoan 
database 

COI, 12S, 16S, 
Cyt b 

Animals https://www.reference-midori.info/  

MitoFish Fish 
mitochondrial 
genome database 

12S, COI, 
complete 
mtDNA 

Fishes https://mitofish.aori.u-tokyo.ac.jp/  

FishCARD Curated fish 
reference 
database for 
eDNA 

12S Freshwater and 
marine fishes 

https://fishcard.org/  

Genome 
Taxonomy 
Database (GTDB) 

Standardized 
microbial 
taxonomy 

Whole genomes, 
16S 

Bacteria, Archaea https://gtdb.ecogenomic.org/  

Greengenes2 Microbial 
taxonomy 
database 

16S rRNA Bacteria and 
Archaea 

https://github.com/biocore/greengenes2  

RDP (Ribosomal 
Database Project) 

Taxonomic 
classification 

16S, 28S Bacteria and 
fungi 

https://rdp.cme.msu.edu/  

EMBL-ENA 
(European 
Nucleotide 
Archive) 

Nucleotide 
sequence 
repository 

All markers All organisms https://www.ebi.ac.uk/ena 

DDBJ DNA Data Bank 
of Japan 

All markers All organisms https://www.ddbj.nig.ac.jp/  

WoRMS (World 
Register of 
Marine Species) 

Marine 
taxonomy 

Taxonomic 
reference 

Marine organisms https://www.marinespecies.org/  

GBIF (Global 
Biodiversity 
Information 
Facility) 

Species 
occurrence and 
distribution 

Biodiversity 
records 

All taxa https://www.gbif.org/ 

OBIS (Ocean 
Biodiversity 
Information 
System) 

Marine 
biodiversity 
records 

Species 
occurrence 

Marine organisms https://obis.org/  

iBOL 
(International 
Barcode of Life) 

Global DNA 
barcoding 
initiative 

COI and others Animals, plants, 
fungi 

https://ibol.org/  
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The novelty of this review lies in the treatment of the R 
programming ecosystem as a cohesive analytical framework 
for eDNA metabarcoding, rather than as a collection of tools. 
Previous methodological reviews often focus on laboratory 
protocols, sequencing platforms, or limitations of reference 
databases. This article aggregates the elements of sequence 
processing, contamination removal, diversity estimation, 
beta diversity partitioning, multivariate ordination, and 
constrained analysis, in a single space, showing how they are 
interconnected. The article also highlights the role of 
reproducible, code-based workflows in ensuring that eDNA-
derived biodiversity assessments are transparent and 
repeatable, and the place of reproducibility in modern eDNA 
research. 

In this review article, we report on the analytical 
landscape of R programming for eDNA metabarcoding data, 
covering the packages, statistical approaches, and ordination 
approaches that enable ecological interpretation. We describe 
the progression from raw reads through taxonomic 
assignment to diversity analysis and community-
environment modelling, highlighting the contribution of 
vegan, phyloseq, microDecon, betapart, stats, and mgcv. We 
also discuss the application of PCA, PCoA, NMDS, and 
RDA to eDNA datasets, and what ecological questions can 
be addressed with these techniques. We conclude by 
considering how R-based workflows support biodiversity 
monitoring, conservation planning, and ecosystem 
management, and why reproducibility and analytical 
transparency have become central concerns in modern eDNA 
research. 
 
 
2. eDNA AND R-PROGRAMMING  
 
The sequence readout produced by next-generation 
sequencing of environmental DNA (eDNA) and containing 
the genetic information of hundreds or thousands of 
invertebrate and vertebrate species is challenging to work 
with. An individual environmental sample can produce 
millions of reads in total belonging to hundreds or thousands 
of species, and the information on what species belong to the 
sample is not evident from the data. Interpreting these data as 
a snapshot of a larger ecological picture requires a descriptive 
programming language that can extract relevant information 
from the DNA sequences. R programming language is an 
essential tool for this task, serving as a bridge between DNA 
sequencing and statistical/graphical analysis, performing 
calculations necessary to turn these reads into an organized 
description of species composition, distribution, and 
interactions. 

In order to understand an ecosystem, it is paramount to 
understand the species that comprise it, as interactions 
between species are dictated by the species composition of 
the ecosystem. The species composition is not fixed, varying 
with environmental factors on the spatiotemporal scale larger 
than the one under the study, and therefore, should be 
averaged out across many measurements to better 
characterize the underlying ecological trends. While eDNA 

sequencing presents enormous opportunities to learn about 
the species present in an ecosystem, these opportunities are 
largely hindered by the need for statistical analysis of the 
sequencing readouts to visualize the data. As such, 
bioinformatics plays a major role in analyzing the sequences, 
and the choice of what analytical platform to use affects the 
ability to interpret the results. 
 
 
2.1. R packages 
 
R is a coded language that has found its niche in statistical 
analysis, computation, and visualization [29]. In particular, 
its versatility and broad adoption within the scientific 
community have made it a popular choice for data analysis 
in ecological and biodiversity assessment. Its syntax is based 
on writing out commands in a certain format that R interprets 
as instructions to execute or analyze. As a programming 
language, R has the capacity to record a set of performed 
operations as a set of instructions or a script that can be later 
re-run on the same or similar data. Figure 2 below is an 
example of RStudio, one of the platforms that allow to write 
and execute R scripts. Script writing, execution, and analysis 
are performed in the console, while plots are produced in a 
separate plotting window. Other features include the script 
editor, where written code is organized, and the environment, 
where objects saved in the R memory can be accessed. 
Together, these features facilitate an iterative process of data 
analysis, where the raw readouts from sequencing are 
processed step-by-step until a desired level of graphical 
representation is reached. R packages serve as the core of 
these operations, providing the base for data manipulation, 
statistical analysis, and visualization. The tidyverse package 
[30] and its component ggplot2 [31] provide the basic 
framework of statistical analysis and plotting, which can be 
built upon using other data-specific packages. In particular, 
data wrangling and analysis are separated into individual 
packages that address specific aspects of the data analysis. 
For example, the bioseq package is used for working with 
DNA, RNA, and amino acid sequences [32]. The vegan 
package is used for calculating biodiversity indices and other 
community ecology-related statistical procedures [33]. 
Phyloseq [34] is another popular package used in analyzing 
phylogenetic sequences, providing a framework for analysis 
that incorporates taxonomic databases, diversity indices, and 
phylogenetic trees. The ability to analyze the readouts in 
terms of taxonomy and phylogeny is particularly useful in 
interpreting the results of eDNA sequencing, where the data 
are inherently linked to taxonomy at the level of sequence 
identification. 

Statistical analysis in R is performed using a 
combination of core stats package that implements linear 
models and hypothesis testing [35] and the mgcv package 
that estimates generalized additive models, allowing to 
estimate non-linear trends using linear modeling procedures 
[36]. Similarly, the beta diversity partitioning implemented 
in the betapart package [37] can help to dissect the patterns 
in species turnover, highlighting the trends in nestedness, 
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which occur due to differences in the number of species, and 
turnover, which reflects the changes in species composition 
between different sites. The package is particularly useful in 
the context of eDNA analysis, as beta diversity often 
dominates the total diversity in ecological studies at larger 
scales, and the ability to separate the sources of beta diversity 
helps to highlight the patterns of interest. 

The general approach to eDNA analysis typically 
involves extracting, preparing, filtering, and clustering the 
reads, performing sequence identity analysis against the 
sequence databases (such as NCBI or BOLD), and 
performing statistical analysis of the results. For example, the 
microDecon package can be used to filter out contaminating 
sequences from the readouts, allowing to remove tags 
jumped by the sequencer or from external sources using 

negative control samples for subtraction [38]. In particular, 
removing contamination is of utmost importance when 
analyzing eDNA, as small amounts of contaminating DNA 
can greatly affect the diversity estimates and downstream 
analysis. The readouts that have undergone the filtering 
process can then be subjected to identity analysis using the 
BLAST algorithm, either through the web portal or, for larger 
datasets, using the command-line BLAST+ tools [39]. While 
not directly an R package, the BLAST+ algorithms can be 
used in conjunction with R, as the BLAST query results can 
be parsed directly in R code using the appropriate command-
line utility. As such, combining taxonomy analysis using 
BLAST with statistical analysis in R provides the researcher 
with increased flexibility and control over the data while 
reducing the complexity of the data analysis pipeline.

 
 

 
 
Fig. 2. Schematic illustration of an RStudio workflow. RStudio graphical user interface (GUI) illustrating ecological 
community analysis using the vegan package in R. The Source pane (top left) contains an R script for ecological data analysis, 
the Console pane (bottom left) displays the corresponding R commands and outputs. The Environment pane (top right) lists 
the imported datasets and computed objects generated during the analysis. The Plots pane (bottom right) presents the graphical 
ordination output. 
Similarly, data from other platforms can be analyzed in R, depending on the particular needs and available resources. 
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For example, SILVAngs is an online platform that allows to 
analyze the NGS results of ribosomal DNA [40]. The results 
of such an analysis can then be imported into R for further 
analysis, such as exploring the community richness, 
regularity, and divergence. As such, the flexibility of R 
allows the researcher to use the existing platforms for some 
aspects of the analysis while utilizing the customizable 
statistical tools available in R for other aspects. 

The statistical analysis is then performed using R 
programming language and the RStudio platform. The 
analysis using the vegan package expands upon the basic 
tidyverse and ggplot2 package, providing the functions 
necessary to estimate the Shannon diversity index for alpha 
diversity estimation and calculate the Jaccard index for 
pairwise beta diversity comparison. Similar procedures can 
be used to estimate the Bray-Curtis dissimilarity, if the read 
counts are used for analysis rather than the presence/absence 
of species. In particular, the choice between presence-
absence data and the abundance data depends on how much 
trust can be established in the read counts, as using 
abundance data provides more information but requires the 
assumptions about how much do these abundances reflect the 
true abundance in the environment. The analysis will be 
performed either on OTUs or ASVs depending on the marker 
gene used for analysis and the level of clustering chosen. In 
particular, the mitochondrial 12S rDNA is used for vertebrate 
species [41, 42], while the mtDNA COI gene is used for 
invertebrates [43, 44]. As such, the choice of the marker gene 
defines the taxonomic resolution of the analysis, as well as 
the downstream analysis, as different R packages provide 
different levels of resolution for different classification ranks. 
Furthermore, the choice of marker gene and the amplicon 
size affects the bias introduced to the analysis due to primer 
specificity, as well as the ability to assign taxonomy using the 
reference databases. As such, it is paramount to document the 
packages, databases, and parameters used to ensure 
consistency and repeatability of results across different 
eDNA analyses. 
 
 
3. VISUALIZATION, STATISTICAL ANALYSIS 
AND SIGNIFICANCE USING R 
 
Once taxonomic assignment and diversity estimation is 
complete, ordination techniques are the principal means of 
reducing dimensionality and visually examining complex 
sequence data. Ordination transforms a huge matrix of 
samples and taxa to a low-dimensional space in which 
samples with similar community composition appear close 
together and those with dissimilar composition appear far 
apart, facilitating the detection of clustering by site, season 
or habitat type, outlier detection, and relating community 
structure to measured environmental gradients. Three 
ordination methods common in eDNA-based ecological 
analysis through the vegan R package [45] are: Principal 
Component Analysis (PCA) (Figure 3), Principal 
Coordinates Analysis (PCoA) (Figure 4) and Non-metric 
Multidimensional Scaling (NMDS). Redundancy Analysis 

(RDA) (Figure 5) extends these unconstrained methods by 
constraining community variation in measured 
environmental variables, allowing formal testing of 
community-environment relationships [46]. Together these 
methods make the vegan package a versatile toolkit for 
ecological ordination and for visualizing relationships among 
samples based on community composition across different 
ecosystems. 

Principal Component Analysis is a linear ordination 
technique that reduces the dimensionality of abundance data 
by identifying orthogonal axes, termed the principal 
components, which successively maximize explained 
variance. In eDNA metabarcoding, PCA is typically applied 
to Hellinger-transformed OTU or ASV abundance data 
because Hellinger transformation reduces the influence of 
dominant taxa and mitigates the compositional nature of 
sequencing counts in which the apparent abundance of one 
taxon depends on the abundance of all others. Figure 3 
presents a representative PCA biplot in which each point 
corresponds to an individual environmental sample collected 
from four hypothetical sampling sites, labelled Sites A to D, 
while colored ellipses indicate the clustering of samples with 
similar community composition. The first two components 
explain 32.4% and 18.6% of variance respectively, with 51.0% 
explained cumulatively, and the separation of Site A, Site B, 
Site C, and Site D samples along these axes indicates that 
community composition varies systematically among 
locations. Arrows represent selected environmental variables 
such as temperature, dissolved oxygen, conductivity, nitrate, 
pH, and turbidity, with their direction indicating the gradient 
of increasing values and their length reflecting the strength 
of correlation with the principal components; samples 
located in the direction of a vector are positively associated 
with that environmental variable, so that the positioning of 
Site A samples toward temperature and Site B samples 
toward dissolved oxygen suggests distinct environmental 
drivers of assemblage structure at those sites. The biplot 
therefore serves both as an exploratory visualization and as a 
preliminary indication of which environmental variables 
merit formal constrained analysis. 

Principal Coordinates Analysis is a distance-based 
ordination technique that projects samples to a two- or three-
dimensional space by using a distance or dissimilarity matrix, 
rather than the raw abundance matrix used in PCA. This is 
important because PCoA can accommodate any ecologically 
meaningful dissimilarity measure such as Bray-Curtis, 
Jaccard and UniFrac, allowing analysts to choose a metric 
appropriate to the data type and research question. Figure 4 
presents a representative PCoA plot based on Bray-Curtis 
dissimilarity in which each point represents an individual 
environmental sample collected from four hypothetical 
sampling sites, Sites A to D, and the distance between points 
reflects differences in community composition inferred from 
eDNA sequence data. Samples clustering closely indicate 
similar species assemblages, whereas greater separation 
denotes increased ecological dissimilarity, and the clear 
grouping of samples by site in the plot indicates that spatial 
location is a major determinant of assemblage composition. 
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PCoA is particularly useful for distinguishing patterns and 
relationships within data that are otherwise difficult to 
interpret from the original distance matrix, and it works on 
the principle that samples closer in ordination space are 
genetically or ecologically similar while those further apart 
are more distinct [47]. As PCoA does not assume linear 
relationships between variables, it is often preferred when 
community gradients are expected to be non-linear or when 
dissimilarity measures other than Euclidean distance are 
required. 

Non-metric Multidimensional Scaling is another 
distance-based ordination approach, which preserves only 
the rank order of dissimilarities rather than their absolute 
values, making NMDS particularly suitable for ecological 
data in which the magnitude of dissimilarity is less reliable 
than the ordering of samples, and is often used alongside 
PCoA to confirm that observed clustering patterns are not 

artifacts of a particular ordination algorithm. The adequacy 
of an NMDS solution is assessed by the stress value which 
indicates how well the reduced-dimensional configuration 
reproduces the original rank-order dissimilarities, and 
analysts typically compare solutions across several random 
starts to avoid local minima. In practice, PCA, PCoA and 
NMDS are used together rather than in isolation, as 
agreement among methods strengthens confidence in the 
ecological interpretation while disagreement signals that the 
data structure may be more complex than a single ordination 
captures. 

Redundancy Analysis links biodiversity patterns 
directly to environmental variables by combining ordination 
with constrained regression, such that the resulting axes are 
linear combinations of measured environmental predictors 
rather than unconstrained gradients.

 
 

 
 
Fig. 3. Representative Principal Component Analysis (PCA) biplot of environmental DNA (eDNA) metabarcoding data based 
on Hellinger-transformed Operational Taxonomic Unit (OTU) or Amplicon Sequence Variant (ASV) abundance data. Each 
point represents an individual environmental sample collected from four hypothetical sampling sites (Sites A–D), while 
coloured ellipses indicate clustering of samples with similar community composition. Arrows represent selected environmental 
variables (temperature, dissolved oxygen, conductivity, nitrate, pH, and turbidity), with their direction indicating the gradient 
of increasing values and their length reflecting the strength of correlation with the principal components. Samples located in 
the direction of a vector are positively associated with that environmental variable. 
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Fig. 4. Representative Principal Coordinates Analysis (PCoA) plot illustrating the ordination of environmental DNA (eDNA) 
metabarcoding samples based on Bray–Curtis dissimilarity. Each point represents an individual environmental sample 
collected from four hypothetical sampling sites (Sites A–D), while the distance between points reflects differences in 
community composition inferred from eDNA sequence data. Samples clustering closely indicate similar species assemblages, 
whereas greater separation denotes increased ecological dissimilarity. 
 
 
Figure 5 presents a representative RDA biplot in which the 
first two constrained axes explain 38.4% and 22.7% of 
constrained variation, a permutation test yields F = 4.27 with 
P = 0.002, and constrained variation totals 61.1%. Each point 
represents an individual environmental sample collected 
from different sampling sites, while species or OTUs and 
ASVs are positioned according to their association with the 
environmental gradients. Environmental variables are 
represented by arrows, where the direction indicates the 
gradient of increasing values and the arrow length reflects the 
relative strength of their influence on community 
composition. Samples or taxa located in the direction of an 
environmental vector are positively associated with that 

variable, whereas those positioned in the opposite direction 
show negative association, such that the separation of Site A 
samples toward temperature, Site B samples toward 
dissolved oxygen, Site C samples toward pH and turbidity, 
and Site D samples toward nitrate and conductivity translates 
directly into statements about which environmental factors 
structure each assemblage. The permutation test provides a 
statistical assessment of whether the observed community-
environment relationship exceeds what would be expected by 
chance, distinguishing RDA from purely descriptive 
ordination and making it suitable for hypothesis-driven 
eDNA research.
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Fig. 5. Representative Redundancy Analysis (RDA) biplot illustrating the relationship between environmental DNA (eDNA)-
derived community composition and measured environmental variables such as water temperature, pH, dissolved oxygen (DO), 
conductivity, nitrate concentration, and turbidity). Each point represents an individual environmental sample collected from 
different sampling sites, while species (or OTUs/ASVs) are positioned according to their association with the environmental 
gradients. Environmental variables are represented by arrows, where the direction indicates the gradient of increasing values 
and the arrow length reflects the relative strength of their influence on community composition. Samples or taxa located in the 
direction of an environmental vector are positively associated with that variable, whereas those positioned in the opposite 
direction show a negative association. 
 
 
All of these analyses can be performed using the R 
programming language through the vegan package in 
RStudio, a graphical user interface that simplifies working 
with R while preserving the reproducibility of scripted 
analysis. The R-based statistical packages vegan and 
phyloseq are central to the analysis of metabarcoding data as 
they enable the execution of complex computational tasks 
necessary to organize, analyze and interpret the vast datasets 
characteristic of metabarcoding studies [48, 49]. PCA and 
PCoA are the two statistical techniques most commonly used 
for visualizing complex data in eDNA-based biodiversity 
analysis [50–52], and serve to reduce the dimensionality of 
large datasets, simplify complex data, and identify patterns 

of genetic variation across different environmental samples 
that suggest species assemblage differences among areas or 
ecological conditions. Such analyses help generate 
information about species richness, how community 
composition changes across space and time in response to 
environmental gradients, and possible ecological interactions 
inferred from spatial clustering of samples. The usage of the 
R programming language has therefore made it considerably 
easier to interpret complex and large NGS datasets from 
eDNA by compiling ecosystem structure and functioning into 
pictorial representations that can be examined, compared and 
reported transparently. 
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4. CONCLUSION 
 
Environmental DNA (eDNA) metabarcoding and next-
generation sequencing enabled the unprecedented 
description of biodiversity, facilitating the comprehensive 
assessment of species assemblages present in terrestrial, 
freshwater, and marine ecosystems. However, the ability to 
analyze and interpret such datasets relies on the capacity of 
the methods used to extract valuable information from large 
and complicated sequences obtained from the samples. R 
programming language, with such packages as vegan, 
phyloseq, microDecon, betapart, stats, mgcv and Rstudio as 
an integrated development environment, offers a wide range 
of tools necessary to address the task. First of all, the 
language can be used for read filtration, taxonomic 
assignment, and diversity estimation. Furthermore, vegan 
and phyloseq packages, along with other tools mentioned 
above, provide the means for calculating beta diversity 
partitioning and various approaches to modeling ecological 
data. The methods of multivariate ordination, such as PCA, 
PCoA, NMDS and RDA, allowed researchers to explore 
community ecology by investigating the differences in 
species composition and the possible environmental 
variables influencing these differences. They can also be used 
to identify and visually observe the patterns in the data and 
display them on ordination diagrams. The combination of R 
programming language, with its wide range of tools for 
statistical analysis and graphics, enables the processing of 
complex datasets, such as environmental DNA, into valuable 
information. The language provides the opportunities for 
creating clear and informative visual displays of statistics and 
patterns in the data to explore and understand the 
characteristics of communities’ ecology. Moreover, the 
ability of R to process data in the form of scripts allows for 
easy repetition of the calculations, ensuring the accuracy of 
conclusions. Overall, the analysis using R programming 
language is critical for biodiversity assessment and 
management, as well as for conservation genetics and 
evolutionary ecology, providing the basis for reproducible 
bioinformatics. 
 
 
5. FUTURE DIRECTIONS 
 
In spite of the progress, the framework described in this 
review still contains a number of unresolved challenges that 
could impede the adoption of eDNA metabarcoding for 
routine, large-scale biodiversity monitoring. Resolving these 
issues will dictate whether R-based analysis remains a tool 
restricted to niche players or becomes embedded in the 
infrastructure of the broader ecological research community. 

Probably the most pressing issue is reference database 
incompleteness, which limits the accuracy of taxonomic 
assignments. Even the best ordination and diversity analysis 
techniques cannot compensate for the absence of reference 
sequences or incorrect geographical distribution of a given 
taxon. Especially underrepresented are invertebrates, fungi, 
protists, and tropical species, with most sequences coming 

from temperate regions. Future work should focus on 
building country- or region-specific barcode libraries based 
on voucher specimens, implementing stricter metadata 
curation guidelines, and adhering to the FAIR data principles 
(Global eDNA Reference Library initiative, among others). 
It will be critical to achieve broad participation at the national 
level before assignment confidence becomes routine practice 
rather than an exception. 

At the level of methodologies, consistent findings 
across studies are hampered by the use of different volumes 
of water, types and pore sizes of filters, preservation 
techniques, DNA extraction kits and methods, primer sets 
and PCR conditions, sequencing platforms, and downstream 
bioinformatic processing. Comparison of studies using these 
variables is complicated by the fact that, for the same stream, 
detection of up to 48 species differed by more than an order 
of magnitude between commercial eDNA providers. To 
promote comparability and facilitate large-scale analyses, 
standard operating procedures should be created for all 
aspects of a study, from field collection to bioinformatic 
reporting, while the development of such protocols is 
currently presented as an optional add-on. For R, this will 
mean the creation of analysis templates as packages with 
specific versions of functions that would minimize 
differences between studies and reduce the space for ad hoc 
decisions affecting downstream analysis. Another possibility 
is for R-based workflows to be used for post-publication 
tweaking of analyses in publications that utilized other 
pipelines. 

It will be critical to capitalize on the opportunities 
presented by long-read sequencing and field assays. The 
Oxford Nanopore and PacBio technologies are already able 
to produce reads that span entire barcode regions or even 
mitochondrial genomes for better species resolution, 
especially at the level of closely related complexes. 
Meanwhile, the handheld MinION device enables 
biodiversity monitoring in remote field locations where 
infrastructure is unavailable. Such an approach is particularly 
valuable for conservation genomics, where rapid responses 
are often needed. To fully exploit the potential of these 
technologies, R will need additional packages and novel data 
structures that go beyond the established short-read 
processing tools focused on Illumina data. 

A separate avenue of development is connected to 
interpreting eDNA findings in a broader ecological context. 
While detecting target species is informative, eDNA reads 
cannot provide information on their developmental stage, sex 
ratio, health, or abundance. Moreover, there is currently no 
consistent relationship between the number of reads and the 
biomass of the organisms present in a water sample that 
would enable quantitative modeling. An alternative to using 
eDNA as a substitute for traditional surveys is to utilize the 
shorter-lived RNA molecules, which appear to degrade faster 
and hence reflect a closer approximation of current 
biogeographical reality. The ability of R packages to analyze 
both eDNA and eRNA would benefit greatly from additional 
methods to evaluate the consistency of sequence reads with 
independent population genetic data. 
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A related priority is to leverage the promise of artificial 
intelligence and machine learning in accelerating the 
assignment process. Classifiers based on patterns in k-mer 
frequencies and deep learning architectures are capable of 
processing not only short, high-quality sequences but also 
longer, erroneous reads generated in next-generation 
sequencing assays. The combined use of database similarity 
searches, statistical models, and phylogenetic algorithms is 
likely to become the standard in the next several years. 
Nevertheless, the practical implementation of such models 
will require extensive training data and computational 
resources. Algorithms that successfully incorporate external 
taxonomic information are likely to gain wider acceptance, 
especially in the realm of regulatory science, where R 
packages would be needed to implement such algorithms or 
provide wrappers around existing ones. 

Finally, the drive towards integrating eDNA methods 
into existing monitoring frameworks, such as the EU Water 
Framework Directive, will require recalibration of many 
widely used indices and a return to the fundamentals of 
community ecology. Occupancy modeling and other 
probabilistic approaches to accounting for detection bias are 
likely to play an important role in such analyses, as they 
explicitly consider the possibility of species being present but 
undetected. Equally critical is the need to refine reference 
databases and adhere to standardized protocols before eDNA 
metabarcoding results can be used as a complement to 
traditional biodiversity assessments in conservation 
genomics and evidence-based policymaking. 
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