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Community ecology studies how species interact in their ecosystems, influenced
by environmental and phenotypic factors. Analyzing these complex interactions
requires specialized software or proficiency in statistical programming. While
many stand-alone community ecology software tools exist, there is a gap for a
free and widely available webserver to support community ecology analysis. To
address this shortcoming we have developed WEGAN (Web-based Ecological
Group Analysis), an easy-to-use webserver for analyzing and visualizing
community ecology data. WEGAN is designed to provide features offered by
popular programs such as vegan through a point-and-click web interface.
Specifically, WEGAN provides a wide range of community ecology methods to
support the analysis and visualization of trends in dispersal, diversity, and
taxonomy as well as univariate and multivariate statistics for clustering,
classification, correlation, and ordination analysis. WEGAN offers intuitive
workflows and generates detailed tables, publication quality figures and a
complete (reproducible) R coding history of all inputs, operations and outputs
for every user session, together with comprehensive tutorials. WEGAN was
developed to help with the teaching and training of community ecology and to
encourage wider use of sophisticated community ecology techniques. WEGAN is
freely available at https://www.wegan.ca.
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1 Introduction

Analyzing community ecology data poses several
computational challenges due to its complexity and high
dimensionality (McCune et al, 2002). Ecological communities
often consist of numerous interacting species, each responding to
environmental factors and other species in unique ways. This results
in data with intricate, non-linear relationships. Furthermore,
community ecology datasets are typically sparse, with many
species appearing infrequently, making the results prone to biases
from sampling limitations or variations in detection methods.
Temporal and spatial variability adds further layers of complexity,
as community structures can shift drastically across locations or
seasons. As a result, community ecologists often require
sophisticated modeling techniques that balance interpretability
with computational demands. Historically, most community
ecologists have relied heavily on their knowledge of R
programming to perform statistical analysis and data
presentation. Indeed, the vegan R package (Oksanen et al.,, 2022)
has become ubiquitous in the field of community ecology.
Unfortunately, the effective use of R necessitates overcoming a
considerable learning curve and can pose a significant barrier to
those with limited programming skills. Developing more accessible,
user-friendly tools with point-and-click graphical user interfaces
(GUIs) is important to facilitate education in the best practices for
community ecology data analysis.

For instance, BiodiversityR is an R Commander GUI that has
been adapted for the vegan package (Kindt and Coe, 2005).
However, it still requires some knowledge of R, access to high-
end computing resources, and must be downloaded and installed
locally. Ade4shiny (Thioulouse et al., 2018) is another example of a
community ecology webserver with a simple GUI, but it is limited to
only providing an interface for ordination analysis. Several other
community ecology webservers with sophisticated GUIs have also
appeared such as MicrobiomeAnalyst (Lu et al, 2023) and the
SPECIES webserver (Stephens et al., 2019). However, these servers
are limited to analyzing specific types of communities (i.e.,
microbes) or supporting specific analytical methods (i.e., niche
and community inference). In addition to these freeware packages
and webservers, there are several comprehensive commercial tools
with sophisticated GUIs such as Canoco (Smilauer and Leps, 2014),
PC-ORD (McCune, 1986), PRIMER 7 (Anderson, 2024), and
Pisces-CAP (Henderson, 2019). However, these tools require a
paid license, must be downloaded and run on a high-end
computer with a specific operating system.

The lack of a free, and comprehensive webserver for community
ecology data analysis led us to develop WEGAN (Web-based
Ecological Group Analysis). WEGAN is essentially an easy-to-use,
point-and-click webserver that builds on concepts found in vegan
(Oksanen et al., 2022). Indeed, just like vegan, WEGAN has been
designed to assist users with exploring and visualizing community
ecology data by providing a wide range of tools to support
correlation, dispersal, diversity, and taxonomy analysis. WEGAN
also supports a large number of univariate and multivariate
statistical analyses for clustering and ordination. WEGAN uses a
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state-of-the-art GUI that allows users to easily load and process data
as well as create, visualize and modify high quality tables and figures
for use in publications. WEGAN also provides users with a
complete R coding history of all inputs, operations and outputs
for each session. This allows users to reproduce their analyses by re-
running the generated R history file on a downloadable, Dockerized
environment identical to that employed by WEGAN. While
primarily designed to serve community ecology researchers,
WEGAN is ideal as a teaching tool, allowing students and novices
to quickly become familiar with advanced ecological data analysis
concepts and techniques. WEGAN also contains frequently asked
questions (FAQs) and offers an extensive tutorial. WEGAN is freely
available at https://www.wegan.ca.

2 Webserver description

2.1 Design and GUI

WEGAN has been designed specifically for ease-of-use by
providing efficient workflows that simplify complex analytical
tasks and provide visually appealing output. Figure 1 summarizes
WEGAN’s overall design and data analysis workflow. The WEGAN
GUI was modeled after the Analyst suite of webservers (Ewald et al.,
2024; Pang et al,, 2024). The landing page (Figure 2) allows users to
easily navigate to each of its eight analysis modules: 1) Clustering
and Classification; 2) Correlation; 3) Dispersal; 4) Diversity; 5)
Ordination; 6) Plotting; 7) Statistics and 8) Taxonomy. Each
module incorporates “Upload”, “Export”, and “Customize Graph”
buttons for parameter selection and for output customization.
“Submit” and “Proceed” buttons streamline task execution, while
download options allow users to save graphical or tabular data in
various formats for further analysis. WEGAN also offers interactive
visualization options for several modules such as Statistics and
Clustering. Users can easily update graphs or charts, interactively
zoom in or out on specific areas, and adjust various
visualization parameters.

2.2 Implementation

WEGAN was implemented using the PrimeFaces library
(version 6.1), which is based on JavaServer Faces (Jakarta Faces)
technology. Most of the backend computation and visualization
functions are written in R (version 4.0.5). Over two hundred and
fifty different R functions and over five hundred core Java methods
consisting of thousands of lines of code were written and tested
during the development of WEGAN. Communication between Java
and R is done through TCP/IP using the Rserve program. WEGAN
is hosted on the Google Cloud Platform (GCP) on a server equipped
with a 2.2 GHz CPU running Ubuntu 20.04.6 LTS (GNU/Linux
5.15.0-1068-gcp x86_64) with 8 GB of RAM and 500 GB of hard
drive storage. The WEGAN webserver is hosted at https://
www.wegan.ca by the Wishart Lab at the University of Alberta.
The code for the WEGAN webserver is available on bitbucket
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The WEGAN workflow. WEGAN's workflow consists of four steps: 1) analysis module selection; 2) data upload; 3) data processing and 4) data analysis
(via its eight functional modules). Data types required for each module are identified with a solid border. Optional data types for each module are
identified with a dotted border. Arrangements of sites, species, variables, and taxonomic rank(s) (as applicable) in the various data types are outlined
in the data upload section. Arrows with a grey outline indicate the pathway for uploading community abundance data. Arrows without a grey outline
indicate the pathway for uploading taxonomic, environmental, and trait data. Created in https://BioRender.com.

(https://bitbucket.org/wishartlab/wegan). All example datasets are
also bundled with the WEGAN codebase. A Dockerized (Merkel,
2014) environment for reproducing WEGAN analyses is also
available for local installation (see below). All code is released
under a GNU GPL v2 or greater license.

2.3 Locally reproducible results

One of the distinctive features of WEGAN’s GUI is its R-
command window. As a user proceeds through their WEGAN
analysis session, they can directly observe (on the right side of the
window) the R commands that are used to generate each step of the
workflow (Figure 3). This R-command window provides novice R
programmers with the ability to see and link specific R commands to
analytical functions, figures and tables that WEGAN generates. This
is useful for helping aid the transition to more independent analyses
using R, so that users become more comfortable using R, and are able
to extend these capabilities to other analyses and applications. This R-
command history can also be used to precisely replicate a WEGAN
analysis session within a user’s local computing environment. To
enable this, WEGAN offers a Dockerized solution (Figure 3). Docker
(Merkel, 2014) is a tool that allows a software application, its
operating system, and all the necessary components to be placed in
a portable container. This containerized program suite can be
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downloaded and run on any computer using any local operating
system. To reproduce the results of a specific WEGAN session users
can download the R-command history for their specific session. They
can also download and install the provided Docker environment on
their computer and upload the R-command history to precisely
regenerate their session results, locally. Instructions for running the
R script in the Docker container are provided, as well as information
about installing the Docker container.

2.4 Example data

Included in WEGAN are six example datasets. Three datasets
are found in the vegan package (Oksanen et al., 2022), one from the
ade4 package (Thioulouse et al., 2018), one from the FD package
(Laliberte et al., 2014), and one generated using the rpois function in
R. The original citation, the type of data associated with each
dataset, and a brief description of the data are provided in
Table 1. Taxonomic data was retrieved, when not present in
indicated sources and to conform to standards used in WEGAN,
using the taxize R package (Chamberlain and Szocs, 2013). Trait
data for the “Dune” dataset was sourced from Jamil et al., 2013 and
was derived using the Life-history traits of the Northwest European
flora (LEDA) database (Kleyer et al., 2008). All data are available for
download via the WEGAN webserver or in the codebase.
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FIGURE 2

Screenshots of WEGAN web pages. (A) The WEGAN homepage. Module icons allow users to easily navigate to each of the eight analysis modules
(Clustering and Classification, Correlation, Dispersal, Diversity, Ordination, Plotting, Statistics and Taxonomy). (B) The plotting webpage in WEGAN,
shown with the Dune example dataset presenting select species in a density histogram.

2.5 General operation

2.5.1 Data uploading

As a community ecology platform, WEGAN requires
community abundance data to be uploaded into each selected
analysis module (Figure 1) either in. txt or. csv format. To
facilitate data upload, several data manipulation options are
provided to reduce user overhead. Users may specify the row/
column orientation of their uploaded data or indicate if their data
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contain sample labels. The abundance data should contain taxa
abundance (typically in columns) measured at different sampling
sites (listed as ‘samples’ or ‘sites’ - typically in rows). Otherwise,
samples are named using their index as ordered in the data. An
overview of the way data should be formatted to match each of the
data types is given in Figure 4. Some WEGAN analysis modules use
additional data types (Figure 1, Table 2). For instance, the
Taxonomy module requires taxonomic data containing taxonomic
ranks for the taxa present in the community abundance data.
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g

6. mSet<-SanityCheckData(mSet)

7. mSet<-ImputeVar2(mSet, method="mean", “ma
in", T)

8. mSet<-BestNormalize2(mSet, "main”,T,F)

9. mSet<-Normalization2(mSet, "NULL", "NULL"
, "AutoNorm”, "rCLRNorm", "NULL", ratio=F
ALSE, ratioNum=20, "main”, T)

10. mSet<-Normalization(mSet, "NULL", "NULL",
"NULL", "NULL", ratio=FALSE, ratioNum=20,

N 5. mSet<-IsDataContainsNegative(mSet, ‘ori

FALSE)
11. mSet<-PlotNormSummary(mSet, "norm_6_", "p
ng", 72, width=NA)
12. mSet<-PlotSampleNormSummary (mSet, “snorm_
6_", "png", 72, width=NA)
13. mSet<-SanityCheckData2(mSet, “meta”)
14. mSet<-cls.update(mSet, "NULL")
15. mSet<-PlotCorrHeatMap(mSet, "corr_0_", "p
ng", 72, width=NA, "col”, "pearson”, “bwm
\, ", "overview", F, F, F, 100,"NULL") ’
%

Run R script using
Docker Instruction file

Install
Files Docker

Download

Reproducing the WEGAN Correlation heatmap web analysis locally with Docker. (A) Analysis page for the Correlation module Heatmap showing the
location of “Download” in the Navigation pane. (B) Callout showing the R Command History displayed for users corresponding to commands
executed to generate analysis results. (C) Result Download page showing the Results table with clickable links to download individual analysis files
and buttons to download files for replicating results locally using Docker. Users download the provided WEGAN Docker files, including the Docker
image, the R file containing their R Command History, and an instructions file. By following the instructions in the Docker instructions file, users are
able to run the provided R file and reproduce their web analysis session locally.

Likewise, the Diversity module provides the option to upload trait
data, which should contain information about the phenotype(s) of
taxa present in the community abundance data. Trait and
taxonomic data must have taxa labels matching those found in
the corresponding community data.

2.5.2 Data integrity check, missing value
estimation, and rare species filtering

After the data upload, integrity checks are automatically
conducted (Figure 1). These checks include identifying and
removing species with constant variance across sites or sites
without species, as either case can negatively impact downstream
statistical analyses (Legendre and Legendre, 2012; Oksanen et al.,
2022). Environmental, trait or taxonomic data is also checked for data
integrity and then passed on to the chosen analysis module (Figure 1).

If missing data is identified during the integrity check, users will
be asked to specify their preferred method for handling those missing
values. By default, missing values are replaced by the species-wise
minimum value. However, several imputation methods are also
available to infer these values, including imputation based on k-
means nearest neighbors (KNN) clustering, probabilistic principal
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component analysis (PCA), Bayesian PCA, and singular value
decomposition (SVD). After selecting the imputation method, users
are reminded of the potential biases that can be introduced when
applying imputation methods to enable more informed downstream
analyses (Lopucki et al., 2022).

Another option offered by WEGAN is the filtering of rare taxa,
based on a user-defined prevalence cutoff. Lower prevalence taxa
may result from limited sampling, and therefore may not represent
meaningful ecological patterns, but rather ecological “noise” (Poos
and Jackson, 2012). As rare taxa can be of interest for some
applications, rare taxa filtering is not applied by default and is left
as an option for the user to apply.

2.5.3 Normalization

Data normalization and scaling are essential for most statistical
analyses. During normalization, users can select either “automatic”
or “manual” modes to standardize data. The automatic mode
compares common ecological data normalizations such as
Wisconsin double-normalization (Bray and Curtis, 1957), robust
centered log ratio [rCLR] (Gloor et al., 2017) along with Hellinger
(Legendre and Gallagher, 2001), log, and square root
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TABLE 1 Example datasets provided in WEGAN.

Community
abundance
data

Description

Environmental
data

10.3389/fevo.2025.1604480

Trait
data

Taxonomic
data

Package
source

Original
source

Counts of 82 species of Alpine plants
in 75 sites. Trait data provides
information about resource use and
leaf structure. Environmental data [ ]
provides information about
topography, soil disturbance,
and seasonality.

Aravo

Counts of 217 Barro Colorado Island
tree species over 50 1-hectare plots
of land. Environmental data provides
information about habitat variation.

BCI

Counts of 28 Dutch dune meadow
grass species over 20 plots of land.
Trait data provides information
about resource use, reproductive
strategy, and morphology. [ |
Environmental data provides

Dune

information about soil and
parameters related to
human activities.

Percent cover of 53 vascular plant
species in New Zealand short-
tussock grasslands over 30 plots.
Tussock . & S P<
Trait data provides information
about resource use, growth, survival

strategies, and morphology.

Hypothetical data inspired by the
aquatic predation by bears across

Ursine . .
North America, consisting of counts

Aquatic

Prey of species of bears and their prey at

different sampling times over a 4
year period.

Percent cover of 44 lichen species in
dry Pinus sylvestris forests following
reindeer grazing over 44 pastures.
Varespec . 8 € P
Environmental data provides
information about site soil and

grazing conditions.

[l Present in dataset.

[] Absent in dataset.

! Thioulouse et al., 2018.

2 Oksanen et al., 2022.

3 Laliberté and Legendre, 2010; Laliberté et al., 2014.

transformation. It then selects the method resulting in the lowest
average data skewness (Joanes and Gill, 1998). Alternatively, users
can manually specify normalization methods by selecting “manual
normalization”. Options for sample-wise normalization (adjusting
by sample median and Box-Cox normalization); transformation
(base 2 log, square root, and cube root); scaling (mean centering,
and max-min, Z-score, and Pareto scaling) along with combined
methods (Hellinger, Wisconsin double-normalization, and rCLR)
are available. Users are reminded to choose a method that conforms
to the assumptions for their research question of interest. To help
with the selection process, users can visualize their data distribution
before and after normalizing. If satisfactory, the user may proceed
to one of WEGAN’s eight analysis modules for further downstream
analysis. Depending on the chosen analysis module, any
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Choler, 2005; Dray

ade4™
and Legendre, 2008

) Condit et al., 2002,

@
vegan Kindt and Coe, 2005

Batterink and
Wijffels, 1983,
Jongman et al., 1995
Jamil et al., 2013

vegan®

Laliberte and
Legendre, 2010;
Laliberté et al., 2014

FD®

Not Applicable

Not Applicable

veganm Vire et al., 1995

environmental, trait, or taxonomic data uploaded will also
undergo a data integrity check before users can proceed. Details
of each module’s requirements and operations are provided below
in WEGAN’s data analysis modules.

2.5.4 Results and session downloads

All data and/or graphs generated from any of WEGAN’s
analysis modules may be exported directly from the module and
images may be customized for download by choosing the
appropriate format (PNG, TIFF, PDF, SVG, or PostScript),
resolution (72 dpi, 150 dpi, 300 dpi or 600 dpi), and size (half
page or full page). Users can also access their results by selecting
“Download” from the navigation menu of any WEGAN analysis
module (Figures 2B and 3). All results generated in a single analysis
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FIGURE 4

Overview of data types in WEGAN. Community abundance data should list taxa abundances (typically as columns) across different sampling sites
('samples’ or ‘sites’, typically as rows). They are referred to here as species, but any taxonomic level is acceptable as long as it is consistent among
data types. Taxonomic data and Trait data must include taxa labels matching those in the community abundance dataset; Taxonomic data should
include these taxa labels as a separate column titled ‘Species_label’ (not shown in figure). Environmental data must include site labels matching
those in the community abundance dataset. Created in https://BioRender.com.

session are listed on the Download page and are also provided ina  over 200 pages) about each module and how it may be used can be
consolidated zip file. Individual results files can be downloaded by = downloaded from the top menu bar marked “Tutorial” on the

selecting their respective filename. WEGAN landing page (Figure 2A).
3 WEGAN's data analysis modules 3.1 Clustering and classification
A total of eight data analysis modules are available in WEGAN. WEGAN’s Clustering and Classification module allows users to

These are described briefly, below. Detailed tutorials (consisting of ~ detect data patterns by partitioning either objects or their

TABLE 2 Data types as used by WEGAN analysis modules.

Clustering and
Data Type classification

Correlation Dispersal Diversity = Ordination Plotting Statistics Taxonomy

module module module module module  module module
module
Community
abundance [ [ ] [ [ ] [ ] [ J [ ] [
data
Environmental
d © © © © © © © ©
ata
Trait data O O O © O O o O
Taxonomic
o O o O © © ] [ ]
data
O = Absent.
© = Conditional.
@ = Required.
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descriptors. WEGAN provides users with several options to perform
either classification or partitional and/or hierarchical clustering.
WEGAN’s heatmap option can be used to explore abundance
patterns and illustrate grouping patterns among clusters. Likewise,
its dendrogram option can help identify group structures in the data,
enabling patterns to be identified that may be driven by environmental
factors. Similarly, WEGAN’s partitional clustering options such as k-
means (Hartigan and Wong, 1979) and self-organizing maps (SOM)
(Kohonen, 1990) can be used to illustrate relationships in abundance
data, particularly when users would like to investigate a predetermined
number of groups. While less familiar to many ecologists, partial least
squares discriminant analysis (PLS-DA) (Barker and Rayens, 2003), a
machine learning (ML) classification technique, has been successfully
used in applications dealing with high-dimensional data, such as
hyperspectral soil sample classification (Rozenstein et al., 2015),
microbiome analysis (Calon et al,, 2019), and classifying community
abundance data (Kergunteuil et al., 2016). In WEGAN, PLS-DA as
well as other powerful classification methods such as sparse PLS-DA
(sPLS-DA) and orthogonal PLS-DA (orthoPLS-DA) are also offered.
In general, WEGAN’s Clustering and Classification analysis module
can help users classify habitats and identify biotic zones of interest for
further study.

3.2 Correlation

WEGAN’s Correlation module allows users to evaluate the
strength and direction of relationships between two or more
variables using several options. Heatmaps can be used to visualize
a data correlation matrix using Pearson, Spearman, or Kendall
correlation (Legendre and Legendre, 2012). Simple linear,
polynomial, and logistic regression models are also available, for
which model assumptions can be checked visually (Liidecke et al.,
2021). In addition to their community abundance data, users can
upload and assess correlations with environmental data to address
questions relating to environmental relationships between the
abundance data. WEGAN also offers multivariable versions of
linear and logistic regression to allow users to specify more than
one independent variable. Further, WEGAN supports several ML
methods for regression which have become increasingly popular in
ecology (Tuia et al, 2022). For instance, users can select from
penalized (or regularized), random forest, support vector machine
(SVM), and artificial neural network (ANN) methods. WEGAN
allows users to easily navigate to the Correlation module and upload
their results from other WEGAN analyses for further exploration
via regression analysis. In this way, WEGAN’s Correlation module
allows users to formulate hypotheses about potential causal
mechanisms for observed ecosystem responses.

3.3 Dispersal
WEGAN’s Dispersal module allows users to explore

biogeographic species dispersal (Legendre and Legendre, 1984) by
calculating dispersal direction (DD) coefficients and visualizing that
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data using a heatmap. Species pools, the species capable of
colonizing a site in favorable environmental conditions, can be
investigated with Beals smoothing (Ewald, 2002) to highlight
potential species present based on patterns of co-occurrence
across sites. Users can also assess beta diversity between
communities by analyzing multivariate homogeneity of group
dispersion. WEGAN offers dissimilarity measures based on
presence/absence or abundance, the latter of which can be used to
inform how the relative abundances of different species contribute
to differences between groups (Anderson et al., 2006). WEGAN’s
Dispersal module can be a good complement for diversity-
based analysis.

3.4 Diversity

WEGAN'’s Diversity module provides users with the ability to
assess both within-community (alpha) and between-community
(beta) diversity. Users can also determine if diversity differences
between communities are significant along an environmental
gradient using permutational multivariate analysis of variance
(PERMANOVA). This allows users to evaluate species richness
and how it varies with species abundance, the number of sites or
individuals sampled, or estimate the true number of species
represented in a community. WEGAN’s species accumulation
curves (SAC) demonstrate the relationship of species richness and
number of sites sampled (Dengler, 2009). Extrapolated (total)
species richness can also be calculated using various indices.
These include the Chao (O’Hara, 2005) and the ACE indices
(Chiu et al., 2014), as well as the first and second order Jackknife,
biased-Chao, and bootstrapped indices for abundance-based and
incidence-based indices, respectively. Rarefaction (Heck et al., 1975)
can also be performed in WEGAN and visualized via scatter plots
that compare the observed and rarefied species counts, as well as via
rarefaction curves that plot the number of species against the
number of individuals (sample size). Species abundance
distribution models are provided in WEGAN for Preston’s log-
normal, Fisher’s log-series, and ranked abundance trends (McGill
et al, 2007). These can help users illustrate the assemblage of
individuals compared to the number of species in a community.
Finally, users can link trait data (data about species phenotype) to
environmental and abundance data, using WEGAN’s functional
diversity methods (Laliberte and Legendre, 2010). Specifically,
WEGAN provides methods for visualizing Gower’s distance
matrix and several of the distance-based functional diversity
indices. Overall, WEGAN offers a wide selection of methods for
achieving insights into species diversity and heterogeneity
across habitats.

3.5 Ordination

WEGAN’s Ordination module offers a comprehensive suite of
tools to examine, investigate and visualize how species distributions
relate to environmental conditions. Ordination is key to
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interpreting multivariate ecological data, facilitating the
identification of patterns within communities and helping to
understand how these patterns are influenced by environmental
factors (Legendre and Legendre, 2012). This module includes both
constrained and unconstrained ordination approaches. Constrained
ordination, such as canonical correspondence analysis (CCA) and
redundancy analysis (RDA) highlights variation in species
abundance that can be explained by specific environmental
variables (Ter Braak, 1986). These methods assume that species
distributions respond predictably to gradients in environmental
conditions. The results of WEGAN’s constrained ordination
analyses can also be assessed using Monte-Carlo permutation
tests based on a pseudo-F statistic (Legendre and Legendre, 2012).
Conversely, unconstrained ordination methods - including
principal component analysis (PCA), correspondence analysis
(CA), principal coordinate analysis (PCoA) or multidimensional
scaling, and non-metric multidimensional scaling (NMDS) - are
used to uncover broad trends in community composition without
explicitly including environmental data in the ordination model
(Legendre and Legendre, 2012). These exploratory techniques help
reveal relationships and grouping among samples by creating
ordinations based purely on species abundance. WEGAN offers
the option to overlay environmental variables to assist in
interpreting the observed patterns. All ordination analyses can be
visualized via 2D ordination plots or scree plots, as well as via
Shepard plots (Shepard, 1962) for multidimensional scaling and via
pairs plots for PCA. WEGAN’s ordination analyses also provide the
results from permutation testing (employed after fitting
environmental variables). Likewise, the constrained ordinations
provide variance inflation factors to help in model refinement.
Overall, WEGAN’s Ordination module provides a comprehensive
and effective set of tools to aid users in interpreting the complex
structure of ecological communities.

3.6 Plotting

WEGAN’s Plotting module provides users with the ability to
create a wide number of general-purpose publication-ready
graphs (box plots, histograms, pie-charts, etc.). These can be
used to visualize data trends before pursuing further analyses in
WEGAN’s other analysis modules. Users have the ability to group
data in multiple ways, using categorical variables to either color
data or create sub-plots. Error bars can be added to bar plots
using standard deviation or standard error values, and confidence
intervals added to linear trend lines on scatter plots. Histograms
can also be generated to enable data distribution verification prior
to any data analysis decisions. A unique feature of WEGAN is its
support for PhyloPic icons or silhouettes (Gearty and Jones,
2023). If users supply taxonomic data, they have the option to
create scatter plots with the corresponding organism silhouettes.
These can be highly effective for communicating the distinction
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between taxonomic groups. Pie charts are also included in
WEGAN for their ability to display a few, easily distinguishable
categories in a familiar way (Spence and Lewandowsky, 1991). All
plotting functions support customization for color palettes,
legends, and text size. Overall, WEGAN’s Plotting module
allows users to easily generate customizable plots for
publication, and to gain an overview of their data before
pursuing further analysis.

3.7 Statistics

WEGAN’s Statistics module provides users with a
comprehensive range of tools for performing basic statistical
analyses of ecological datasets. Null hypothesis significance testing
(NHST) can be performed with parametric and non-parametric
univariate methods, such as T-tests, Analyses of Variance
(ANOVA), and chi-square tests. The chi-square test can be used
to compare categorical variables or to compare species grouped by a
categorical variable of interest. The T-test and ANOVA can be used
to compare two or more species/groups selected from the
environmental data. To assess differential effects, WEGAN also
provides fold-change analysis. The volcano plot, widely used in
many bioinformatics and other life science applications, can help
users simultaneously assess significance and fold-change. All of
these tests generate informative, colorful, high quality images that
can be easily downloaded. The Statistics module, just like the
Plotting module, is considered one of WEGAN’s universal
modules, meaning that it can be used for almost any kind of
data analysis.

3.8 Taxonomy

WEGAN’s Taxonomy module allows users to integrate
taxonomic data with both abundance and relatedness
information. This module requires that users provide taxonomic
data along with abundance data. Both within and between
taxonomic composition can be explored using stacked bar plots
and pie charts, with options to group taxa at different phylogenetic
levels. WEGAN also has the option to display “heat trees” (Foster
et al,, 2017) which are taxonomic trees that can depict other data
features using differences in tree appendage size and color. In
WEGAN, node color gradient and size are used to indicate
abundance across all sites. Users can also analyze the taxonomic
diversity and distinctness of their data, using the phylogenetic
indices employed by Clarke and Warwick (1998). This method
generates a scatter plot that displays taxonomic diversity by species
richness, as well as a dendrogram depicting the phylogenetic
relatedness of various taxa. Overall, the Taxonomy module offers
a rich collection of tools for visualizing and analyzing a
community’s taxonomic structure.
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4 Example analysis by NMDS

To showcase WEGAN’s capabilities, we analyzed the “Dune”
community ecology dataset, which is available in WEGAN as an
example dataset (Table 1). This data file consists of abundance data
for 28 grass species across 20 dune meadow sites on the Dutch
island of Terschelling (Jongman et al., 1995). Environmental data in
this dataset includes information about soil moisture, soil thickness,
land use, land management, and presence of manure. Our goal was
to explore patterns in community composition and understand how
environmental factors influence these patterns using WEGAN’s
non-metric multidimensional scaling (NMDS) ordination.

After uploading and checking the data, we first applied the
Wisconsin double standardization method (Bray and Curtis, 1957)
to the species abundance data, which balances the influence of
common and rare species and accounts for differences in sampling
effort among sites. We then selected the Bray-Curtis dissimilarity
index for the sparse data to do the NMDS analysis

NMDS arranges sampling sites to minimize the rank-order
difference between the distances in the original dataset and the
ordination space. To determine the optimal number of dimensions,
NMDS was performed in dimensions ranging from one to five and
the stress values assessed. A Shepard plot visualizes the degree of
mismatch between observed dissimilarities and ordination-based
distances, along with the stress values for each dimension. In
Figure 5A, the Shepard plot for the first two dimensions shows a
tight clustering of the original pairwise dissimilarities around the
ordinated dissimilarity distances calculated by NMDS. Figure 5B
shows that the steepest reduction in stress occurred from one to two
dimensions. Based on the recommendations of Clarke and Warwick
(1998), a stress value below 0.2 is generally considered acceptable in
ecological studies. Therefore, a two-dimensional solution was
chosen for our NMDS analysis.

The NMDS ordination plots (Figures 5C, D) produced by
WEGAN present a clear representation of the relationships
among dune sampling sites based on their grass species
composition. This also highlights a unique feature of WEGAN for
portraying data with PhyloPic icons. Figure 5C shows the sampling
sites icons, positioned in the 2D ordination space according to their
species composition. Sites are grouped according to the land
management environmental variable. To further illustrate this
relationship, Figure 5C assigned hypothetical fauna to represent
each of the categories in land management as a PhyloPic icon. The
ordination plot reveals distinct groupings of sites, indicating
variations in community composition. Sites with similar
management practices tend to cluster together, suggesting shared
characteristics in community structure (Figure 5C). Figure 5D
shows the grass species variables as PhyloPic icons (by taxonomic
order), illustrating a separation of the Asterales taxa to the left side
of the ordination space, and another way to use icons in ordination.
Additionally, environmental variables were fit to the ordination to
better understand their influence on community composition.
From the environmental fit results download, soil moisture was
the most significant (r* = 0.553, p = 0.001), though land
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management (r* = 0.408, p = 0.008) and manure presence (> =
0.453, p = 0.02) were also important. This suggests distinct
community responses to varying environmental factors. This
entire analysis was performed in a few minutes without any coding.

5 Discussion and conclusion

WEGAN offers a free, intuitive, and comprehensive web-based
platform for analysis of data from community ecology studies. It
improves accessibility of advanced community ecology methods to
researchers regardless of their prior familiarity with R. To
objectively assess WEGAN against other well-regarded tools, we
compared the WEGAN webserver to vegan (Oksanen et al., 2022)
and BiodiversityR (Kindt and Coe, 2005). To perform the
comparison, each software was evaluated for the presence/absence
of 22 specific analytical sub-categories under seven broad analytical
categories related to ordination, diversity, dispersal, taxonomy,
dissimilarity/clustering, community data handling, and
permutation/statistical testing (Table 3). Sub-category presence in
each software package was represented with a 1 (present) or 0
(absent). The percent coverage of the sub-categories listed for each
software package was calculated by dividing the number of sub-
categories present in vegan, WEGAN, or BiodiversityR by the total
number of sub-categories present in all software packages (total =
22). Across these seven analytical categories, vegan contains 18
functions and of these, 17/18 are present in WEGAN while 15/18
are in BiodiversityR (Table 3). A category called “WEGAN
functions” representing functions absent in vegan and
BiodiversityR but present in WEGAN (plotting with icons, PLS-
DA-based classification, and fold change/volcano plots) was also
included. Thus, of a grand total of 22 sub-categories offered across
all three programs, WEGAN has the most (95.5%). This functional
comparison demonstrates that WEGAN is comparable to and, in
some areas, superior to vegan and BiodiversityR.

By providing a comprehensive, universally accessible, web-based
platform for analyzing community structures and relationships, we
hope that WEGAN will be an inclusive avenue to reproducible data
analysis, not only in the field of community ecology but in related
fields such as metagenomics and microbiomics. Given that many
other fields of life-science informatics (i.e., bioinformatics,
cheminformatics, microbiomics, pharmacoinformatics, etc.) now
use web-based tools (Kern et al, 2020), WEGAN will help bring
community ecology and the design of community ecology software
into the same informatics realm. Indeed, the web-based nature of
WEGAN means that users will not be limited by hardware
constraints, programming knowledge, or software installation skills.
This should greatly increase the accessibility of community ecology
and ecological statistics to many who are new to the field or otherwise
less inclined to use these powerful tools. As a potential teaching aid,
WEGAN offers an easy to use, point-and-click interface that will help
students familiarize themselves with established practices in
community ecology, without the need for prior programming
knowledge. Likewise, WEGAN’s extensive use of colorful graphics
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FIGURE 5

Non-metric multidimensional scaling (NMDS) plots. (A, B) Diagnostic plots. (A) Shepard Plot with monotonic regression fit shown in red. (B) Stress
Plot. (C, D) 2D scores plots. (C) Site scores are shown as hypothetical proxy icons for the land management variable, ‘Land Mngmt' (BF, Biological
Farming; HF, Hobby Farming; NM, Nature Management; SF, Standard Farming) with covariance ellipses. (D) Species scores are shown as PhyloPic
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(D)

Diversity
Analysis

Diversity Indices

Species Richness

Rarefaction

Species Abundance
Curves

WEGAN
1 1
1 1
1 1
1 1

BiodiversityR Description/Examples
1 Indices such as Shannon, Simpson, inverse Simpson,
and Renyi
1 Species number estimates, including unseen species
1 Estimate species richness while standardizing
sampling effort
1 Rank-abundance and species accumulation curves
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TABLE 3 Continued

10.3389/fevo.2025.1604480

Analytical Analytical o . o
Y Y WEGAN BiodiversityR Description/Examples
Category Sub-category
Functional
un-c ton . 1 1 1 Functional diversity based on species traits
Trait Analysis
Ordination Eigenanalysis, 1 1 1 Constrained correspondence analysis (CCA);
Analysis Constrained Redundancy analysis (RDA)
Eigenanalysis, L L 1 Correspondence analysis (CA); Principal component
Unconstrained analysis (PCA)
Non-metric multidi ional scaling (NMDS);
Distance-based Analysis 1 1 1 ?n fne nem K ! mens1or'1 scaling ( )
Principal coordinate analysis (PCoA)
Dissimilarit Dissimilarity Matri
ISSIm_l Aty jssim ?nty at 1 1 1 Dissimilarity matrix analysis; Mantel test
Analysis Comparison
Hierarchical Clustering 1 1 1 Dendrogram; heatmap
Partitional Clustering 1 1 0 K-means, self-organizing maps (SOM)
Taxonomic " Within and between individual composition;
. Taxa Composition 1 1 1 .
Analysis taxonomic trees
Taxonomic Diversity 1 1 0 Taxonomy diversity and distinctness
Permutation and Permutation-based significance testing;
Statistical Testing = Permutation Tests 1 1 1 Permutational multivariate analysis of
variance (PERMANOVA)
Linear and Logistic 1 1 1 Simple, Multivariable, Polynomial linear regression
Regression (including Analysis of variance); Logistic regression
. . Penalized, Support vector machine, Random forest,
Machine Learning . .
0 1 1 Artificial neural network regression;
Models
ensemble models
Communit}{ Data Standardization 1 1 1 Data standardize.ltion methods (including scaling
Data Handling and transformation)
Null Models 1 0 0 Null model generation
Dispers'al Biogeographic Dispersal 1 1 0 Dispersion coefficients; species presence based on
Analysis co-occurrence
WEGA‘N Plotting with Icons o 1 0 PhyloPic icons (Gearty and Jones, 2023) used in, for
Analytical example, scatter plots
Functions
PLS-DA-based o 1 0 Partial least squares discriminant analysis (PLS-DA);
Classification sparse PLS-DA; orthogonal PLS-DA
Fold Ch: Vol
P;) ¢ ange/Volcano 0 1 0 Compare fold change and T-test results
o
Score Total 18 21 15
Sub-category Coverage (%) 81.8 95.5 68.2

and advanced graphing tools (such as the PhyloPic icons) should
enable a more visually appealing and compelling approach to
communicate results. Overall, WEGAN enhances the accessibility
of community ecology analysis by providing a versatile, intuitive,
web-enabled tool that can be used by researchers, educators, and
students everywhere.

It is important to remember that this is only the first release of
WEGAN. Given that community ecology is focused on assessing
the distribution, abundance, and interactions of different species
over time and space, it will be important to add other modules to
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support temporal/spatial analysis. As such, future development
efforts in WEGAN will focus on integrating techniques such as
time-series analysis and spatial-temporal modeling, with particular
emphasis on adding generalized linear models and generalized
linear mixed models given their robust capability to handle
ecological data and their ever-growing popularity. Additionally,
the authors caution users to be aware of the need for scientific
analysis best practices when employing WEGAN in their research.
We are keen to work with the community ecology “community”
and to use their feedback to continually improve WEGAN.
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