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Abstract—Although the Abundance-Preference Diagram
(APD) was introduced four decades ago as an entropy-based
framework for classifying species along habitat-preference
gradients, its uptake by the ecological community has remained
marginal. The cause is not theoretical but operational: no existing
software (e.g., vegan, aded, CANOCO, PC-ORD, BIOMAPPER)
implements the Degree of Preference index (DP) or the APD,
which forces ecologists either to rebuild the algorithm from
scratch or to abandon the method altogether. This barrier mirrors
a broader concern in ecoinformatics, where the gap between
published methods and accessible implementations continues to
slow the adoption of quantitative tools by field ecologists. This
study presents EcoAPD (https://apd.biodiversity.ma), the first
open web-based platform dedicated to the APD method. The
application takes a standard species-by-habitat abundance matrix
and returns the full diagnostic suite (DP values, exclusive species
curve, hyperbola-based preference classes, and the APD plot
itself), without any programming or local installation. Three
design choices set it apart from the descendants of CANOCO and
ade4: 1) a dual-computation architecture that generates the
normalized and non-normalized APD versions simultaneously at
project creation, removing the need for users to commit to a
method a priori; 2) a hybrid file/relational-database persistence
layer with hash-based recompute avoidance, enabling
visualizations to be regenerated without rerunning the full
pipeline; and 3) a validation engine tailored to the irregularities of
ecological matrices. The platform is evaluated on two real datasets
and a synthetic size sweep. Vectorizing the preference-index core
yields a speedup rising from 3.5x at 10 species to 85.6x at 1000
species, while full-pipeline latency is ~510 ms on a 93-species x 37-
habitats matrix and ~2.3 s on a 114-species x 171-habitats
waterbird monitoring matrix, the residual cost being dominated
by habitat count rather than species count. A threshold-sensitivity
ablation finds the classification stable at the 0.3 and 0.75
boundaries and sensitive at 0.1 and 0.5. EcoAPD makes a four-
decade-old method operationally available, with potential to
revisit historical assemblage studies that relied on abundance data
alone.

Keywords—Ecological informatics; web application; algorithm;
assemblage ecology; species preference; abundance-preference
diagram

L INTRODUCTION

The preference of a species in a given environment is a key
concept in both ecology and biodiversity conservation
[11,[2],[3]. It is generally compiled from the abundance
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distribution of a species in different habitats [4]. The degree of
preference (DP), as defined by [5], is an index that determines
whether a species is a generalist or a specialist, in terms of its
habitat preference, without necessarily indicating which habitats
it prefers. This index shows high efficiency in analyzing
assemblage organization through the APD method, which
combines DP and species abundances [6],[7].

Although first published four decades ago, this method
remained underutilized due to the lack of accessible tools for
ecologists, who are mostly not familiar with statistical tools, a
challenge that persists due to the frequent mismatch between
ecological data and traditional statistical knowledge and tools
[81,[9]. The recent refinements of the method [6] and the current
abundance of efficient informatics tools have now made its
widespread implementation feasible.

Our research consists of translating this method into a
practical tool: a web application that executes all necessary
calculations and plots the diagnostics. This application utilizes a
standard data matrix of species abundances across a sample of
habitats and covers both the original and normalized versions of
the APD [7].

The development of this application was preceded by a
comparative analysis of available algorithms for processing data
in the form of contingency tables, and of the software platforms
that analyze taxonomic and ecological data. That analysis,
reported in Section II, establishes that none of the platforms in
current use can implement the DP/APD tools. The platforms that
come closest are separated from their intended users by either a
programming requirement or a commercial licence.

To help ecologists implement DP/APD tools, we have
previously developed an algorithm [7], and in parallel we
launched a first version of the EcoAPD web application, which
has been significantly improved since then.

The contributions of this work are the following:

e EcoAPD is, to the authors' knowledge, the first open,
web-based implementation of the Degree of Preference
index and the Abundance—Preference Diagram, a method
that no existing ecological software package implements
(Section II, Table I).

e A dual-computation architecture derives both the
normalized and the non-normalized APD at project
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creation, so that the choice between the two versions
becomes a post-hoc display decision rather than an a
priori methodological commitment (Section V-A).

e A hybrid file/relational persistence layer with hash-based
recompute avoidance stores all computed intermediates,
so that visualizations are regenerated without rerunning
the pipeline, and re-uploading unchanged data does not
re-trigger computation [Section V-A(2c)].

e The preference-index computation, originally a per-
species loop, has been rewritten as a single vectorized
NumPy operation, measured at a speedup rising to 85.6x
at 1000 species (Section VI-B, Table IV).

e An empirical evaluation reports the scalability of the full
pipeline on two real datasets, together with a two-part
ablation quantifying the contribution of the vectorized
core and of the four classification thresholds individually
(Section VI).

II.  RELATED WORK

The platforms available for the analysis of taxonomic and
ecological data organized as contingency tables are examined
here along three axes: the ecological question they address, their
accessibility profile, and whether they expose any entropy-based
habitat-preference index.

A. Methods for Habitat Preference and Assemblage Structure

BIOMAPPER [10],[11] implements ecological-niche factor
analysis (ENFA), which characterizes the niche of a single
species by contrasting the environmental conditions at occupied
sites with the global distribution of those conditions.

MaxEnt [12] addresses a related problem, species
distribution modelling from presence-only records, by fitting a
maximum-entropy distribution over environmental covariates.
Both are concerned with where a species occurs as a function of
environmental predictors; neither takes a species-by-habitat
abundance matrix as its primary input, and neither produces a
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per-species preference index derived from the entropy of the
abundance distribution itself.

The ordination family addresses assemblage structure rather
than single-species niches. CANOCO [17] and PC-ORD [16]
provide constrained and unconstrained ordination behind
graphical interfaces, while vegan [13] and ade4 [15] provide the
same method family, and a considerably wider one, as R
packages. These methods summarize the joint variation of
species and sites on a small number of latent axes, and a species'
position on those axes reflects its association with the sites that
load on them. This is informative, but it is not a preference
index: the axis scores are defined relative to the ordination
solution for the table as a whole, they change when species or
sites are added or removed, and they do not map onto an
interpretable scale bounded between generalist and specialist.

iNEXT [18] and the Hill-number framework [22] quantify
diversity at the level of the assemblage rather than of the
individual species, and are concerned with sampling
completeness rather than with habitat preference. ProCURVE
[14] computes habitat preferences, but for aquatic organisms
specifically and from a different formulation. GBIF [19] is an
occurrence-data infrastructure rather than an analysis platform.

The DP index [5] differs from all of these in that it is
computed independently for each species, from the entropy of
that species' own abundance profile across habitats, normalized
by log2(J). It is bounded, it is invariant to the composition of the
rest of the table, and it admits a direct reading: a value near 0 for
a species distributed evenly across all habitats, approaching 1 for
a species confined to a single one. None of the platforms
surveyed computes this quantity, and none produces the APD.
Table I summarizes the comparison.

The negative entries in the DP and APD columns of Table I
are not a shortcoming of these packages, each of which is well
established within its own method family; they are precisely the
gap that motivates the present work.

TABLE L COMPARISON OF ECOLOGICAL ANALYSIS PLATFORMS WITH RESPECT TO THE DP INDEX AND THE APD
Platform Primary method family DP index APD plot Programming required Installation Licence
BIOMAPPER [10],[11] |ENFA /niche factor analysis No No No Desktop Free
MaxEnt [12] Maximum-entropy SDM No No No Desktop (Java) Free
vegan [13] Ordination, diversity No No Yes (R) R package GPL
ProCURVE [14] Aquatic habitat preference No No No Desktop Free
ade4 [15] Multivariate / duality diagram No No Yes (R) R package GPL
PC-ORD [16] Multivariate community analysis No No No Desktop Commercial
CANOCO [17] Constrained ordination No No No Desktop Commercial
iNEXT [18] Diversity interpolation/extrapolation No No Yes (R) or web R package or web  |Free
EcoAPD (this work) Entropy-based preference classification Yes Yes No None (web) Free

B. Accessibility as a Methodological Constraint

The second axis is orthogonal to method, and concerns who
is able to run it. vegan and ade4 are free, actively maintained and

computationally capable, but they presuppose fluency in R: a
user must be able to import a matrix, call the appropriate
function with the appropriate arguments, and interpret an object
returned at the console. CANOCO and PC-ORD remove that
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requirement through graphical interfaces, but are commercially
licensed and locally installed, which places them beyond the
reach of under-resourced institutions. BIOMAPPER is free and
graphical, but restricted to ENFA and no longer actively
developed.

This matters because the population that would use the APD
method consists largely of field ecologists whose training is
taxonomic and ecological rather than computational.
Quantitative training among early-career ecologists is known to

TABLE II.
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be limited [8], and the difficulty of translating published
ecological methods into runnable code is a recognized
bottleneck in ecoinformatics [9],[20]. Accessibility is therefore
not a convenience feature but a determinant of whether a method
is used at all, which is the most plausible explanation for the
APD remaining dormant for four decades despite being
theoretically available throughout.

LIMITATIONS OF EXISTING PLATFORMS AND THE CORRESPONDING ECOAPD DESIGN DECISIONS

Limitation identified in existing tools

Consequence for the ecologist

EcoAPD design decision

No DP/APD implementation in any surveyed platform

Method unusable without bespoke coding

Direct implementation of (1)—(4)

Programming fluency presupposed (vegan, ade4)

Excludes non-computational ecologists

Browser interface, no installation

Commercial licence (PC-ORD, CANOCO)

Excludes under-resourced institutions

Free and openly accessible

Method version must be chosen before analysis

Commitment made without sight of the results

Dual computation at project creation

Re-analysis requires full recomputation.

Iterative exploration is costly

Hybrid file/relational persistence with hash-based
recompute avoidance

Input assumed clean and regular.

Real survey matrices fail, sometimes silently

Dedicated validation engine

C. Design Requirements Derived from Existing Tools

Read together, the two axes above yield a set of requirements
that shaped the architecture of EcoAPD. Table II maps each
limitation identified above onto the design decision it motivated.

Two of these decisions warrant emphasis, since they are
what distinguish EcoAPD from a straightforward web wrapper
around the published algorithm. The first is dual computation:
because both APD versions are derived at project creation, the
user is never required to choose between them before seeing
either, which removes the analytical commitment overhead
borne by users unfamiliar with the method. The second is hash-
based recompute avoidance in the persistence layer: a hash of the
abundance matrix together with its column mapping identifies
whether an uploaded dataset is materially unchanged, so that re-
uploading the same data does not re-trigger the pipeline.

III. REMINDER: APPLICATION OBJECT (DP AND APD)

The APD method consists of analyzing flora or fauna
assemblages using a diagram in which the species are positioned
according to both their abundance, as a common descriptor in
ecology, and their degree of preference (DP). The latter is
measured for each species using an adapted form of the Shannon
entropy formula [21], calculated on the series of its abundances
in a set of habitats. The APD contains a significant reference
curve, the exclusive species curve (ESC), and is subdivided into
six preference zones (or classes) by five half-hyperbolas of the
same form, defined by the equation Y = (ax+b)/(cx+d) Fig. 1.
Four of these curves have their vertices on ESC points of
significant abscissa (DP), namely 0.1, 0.3, 0.5 and 0.75; these
values were defined on the basis of experimental datasets. The
fifth curve, which delimits the Accidental class in the non-
normalized version, is not defined by a DP target but is derived
from the habitat count and a theoretical abundance scale
(Section V-E).

In practice, the data on which the main calculations are based
are presented in a table of I lines (species) and J columns

S, =
"ony+]

(habitats), which is commonly used in assemblage studies. The
APD method consists of calculating the DP for each species,
using the following formula. Then, the APD is simply plotted
for each assemblage (= habitat).

S
Do 1——1 _
1=""Tog, ) M
_ n;; + 1 n;; + 1
%= z 2 (+1) 1o8; 2 (ny+1) )

n;: abundance of species i in habitat j; log,(J): maximum
value of S, (same abundance value (n;) in all habitats; D;: degree
of preference (DP).

For an exclusive species (which exists only in one habitat),
Formula (1) becomes as follows:

_nij+1 ni]-+1 1. 1 1

In the normalized version of the APD [7], mainly used when
abundances are low, the Y-axis (abundances) is transformed
using Formula (4); then, all the other components of the APD,
including the species positions, are recalculated. In this version,
we chose another hyperbola formula, Y = a%2x, while we used
only five hyperbolas, the accidental species being interpreted as
foreign to the assemblage.

log2 (aij +1)

Aji = logz(max(aij) +1) )

a; = abundance of the species i in the assemblage j;

max(aij) = the maximum abundance recorded across the
entire species X habitat matrix, i.e. a single global value and not
a per-species maximum.
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Fig. 1. APD model for assemblage analyses [5].

IV.  METHODS

A. Inputs and Outputs of the Application

1) Inputs: data and their format: The basic data in each
study case (named here 'project') are stored in a single table of
I rows (species) and J columns (habitats) as indicated below
(Table III). This matrix, commonly used in the ecology of
assemblages [15],[16],[22], contains two types of identifiers of
both rows (species name and code) and columns (habitat name
and code), which respectively fill the two first columns and the
two first rows, the abundances (data) are readable starting from
the cell 'row 3, column 3'.

Data format, which is verified by the system, should respect
the following conditions:

e input table contains a minimum of 10 habitats (J > 9) and
at least one species (1> 1);

e data are numerical (natural or decimal numbers) and
positive; empty cells are filled with '0', and empty rows
or columns are deleted; for decimal numbers, only a dot
'"is accepted as separator of decimals, while separators
of thousands are not accepted.

In addition, the habitat and species names should be easily
recognized by the project holder, while their codes are shorter,
as strings or numbers, and very useful for displaying species in
the APD, avoiding overlapping of long names.

Vol. 17, No. 7, 2026

TABLE IIL GENERAL FORMAT OF THE BASIC DATA MATRIX FOR

IMPLEMENTING THE APD METHOD

Habitat Habitat Habitat
1 . f e 3

Codes H1 Hj HJ
Species 1 | Sl nl.1 nl.2 nl.J

Speciesi | S2 ni.l n2.2 n2.J

SpeciesI | SI nl.1 nl.2 nl.J

Species name: names that will be displayed in the APD; Codes: short but
meaningful identifiers that will be displayed; I: number of species, non-
limited number; J: number of habitats, preferably greater than 10;

nij: abundance of the species i in the habitat j, as a positive real number.

2) Outputs: The outputs are defined in consideration of the
major users' needs from the EcoAPD application, which
consists of plotting, for each habitat, the assemblage APD in its
two versions (original and/or normalized), with the species list
of each preference class. However, the system also displays the
data table, including the DP values for each species Fig. 2,
mainly for verification and downloading purposes.

In addition, users can generate the histogram of the species
DP values, as well as the abundance profile of a selected species
across all habitats. These diagrams help to understand the
position of the species in the different assemblage APD.

ML.EI Farouki .

EcoAPD Abundance-Preference Diagram Analysis

Project: Waterbird Assemblage 2018-2022

+ Back to Projects Data matrix: 113 Species x 168 Habitats
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Fig. 2. Project data view: 'species x habitat' abundance matrix with
calculated DP.
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B. Test Data Used

The application has been tested, in terms of functionalities
and validity of the outputs, by some researchers that we invited
to test the EcoAPD application. However, for experimenting
with different development steps, we used two different real
datasets, provided here as supplementary materials, named SM 1
and SM2:

e SMI: Benthic invertebrates of the Sebou river;

e SM2: International winter counts of waterbirds in
Morocco (average of 2018-2022 counts);

These data are borrowed from different ecological studies
that provide data adapted to APD use, in both original and
normalized forms.

C. Used Technologies

This application is based on the algorithm already published
by [6] and normalized by [7].

The application was developed using Python [23] for server-
side logic and calculations, combined with standard web
technologies HTML [24], CSS [25], and JavaScript [26] for the
user interface.

The main computational components include:

e Mathematical libraries: NumPy [27] and Pandas
[28],[29] handle matrix operations and data
manipulation, enabling efficient processing of species-
habitat abundance matrices.

e Data storage: Project data, user accounts, and computed
results are stored in a MySQL relational database [30],
ensuring data integrity and enabling rapid retrieval of
data and previous analyses.

e File handling: Uploaded datasets (Excel files) are stored
locally, each assigned a unique identifier generated from
the project ID and timestamp to ensure traceability and
avoid naming conflicts.

e Visualizations: Matplotlib [31] and Apache ECharts [32]
generate static and interactive graphs, respectively,
enabling efficient processing and visualization of
species-habitat abundance matrices.

e Export capabilities: The system generates publication-
quality PDF reports containing APD diagrams, data
tables, and project metadata.

Together, these technologies enable a streamlined workflow
for ecological data analysis, ensuring both computational
efficiency and a seamless end-user experience.

V. SYSTEM DESIGN AND IMPLEMENTATION

A. System Architecture

1) Preamble: A first version of this system was created to
implement the original version of the APD tool [5]; we further
submitted it for major modifications in order to implement the
normalized version of this tool [6]. In addition to multiple tests
of the web application done by our staff, some potential users
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were asked to write essays about this system, using their own
data, and their remarks were highly beneficial for improving it.

The application implements a robust database architecture,
storing abundance matrices and all computed results, including
DP wvalues, ESC, hyperbola set, and species points. This
persistence layer enables rapid generation and visualization
without re-computing the entire pipeline, particularly beneficial
for large datasets or iterative analysis workflows.

A distinctive feature of the application is its automatic dual-
dataset generation: when a project is created, the system
automatically processes both normalized and non-normalized
APD datasets and stores them in a database Fig. 3. This design
avoids initializing a method before starting analyses.

2) Architectural components: The application is built with
technologies that allow optimizing the calculation speed, while
offering a fluid user experience Fig. 4.

a) User interface (application layer): The web interface
is responsive, enabling dynamic interaction with the application
through

o Authentication portal: Secure login and registration with
email verification and reCAPTCHA protection [33];

e Project dashboard: Intuitive management of analysis
projects with search and metadata editing;

e Data configuration wizard: Excel upload with preview
and flexible mapping of species/habitat identifiers;

Input Data
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Fig. 3. Automatic generation and storage of normalized and non-normalized
APD datasets during project creation.
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Fig. 4. System architecture diagram showing the main components and their interactions.

e interactive APD viewer: Dynamic diagrams supporting
zoom, pan, and species labeling with real-time parameter
adjustments;

e cxploration tools: Sortable tables for abundances and DP
values, species abundance profiles, and DP histograms;

e multi-format export: Download options for PNG images,
and publication-ready PDF and Excel reports.

b) Server-side processing (processing layer): The server
component handles requests from the user interface, processes
data, and manages database interactions. It provides the
following main functionalities:

e data validation engine: verifies uploaded files against
format requirements, cleans invalid entries, and prepares
matrices for analysis;

¢ DP computation module: calculates degree of preference
values and generates both normalized and non-
normalized datasets automatically;

e curve generation: computes ESCs and hyperbola sets for
assemblage classification;

e security layer: enforces authentication, session
management, and input sanitization across all operations.

All operations include appropriate security checks and error
handling to ensure data integrity.

¢) Data storage (data layer): The initial system,
announced by [6], used pickle-based file storage to persist
computed DP objects, enabling rapid visualization without
recomputation; this approach provides fast state restoration but
lacks query flexibility and data integrity. In the actualized
version of ECOAPD, we migrated to a relational database, where
Excel files are stored in the dedicated project Files, while all
computed data and metadata are stored in the MySQL database
Fig. 5. This system, combining file-based and database storage,
provides flexibility and performance, data integrity, and query
capabilities. In addition, this architecture enables selective data
retrieval, supports concurrent access, maintains referential
integrity through foreign keys, and facilitates schema evolution
Fig. 6.
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Fig. 5. Data persistence and retrieval workflow.
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Fig. 6. Database structure showing relationships between user, project, and computed data.

d) Mathematical processing: The application uses
optimized mathematical libraries that enable rapid processing
of large ecological datasets. The main computations include:
1) abundance data: species-habitat tables are stored as NumPy
arrays for fast, bulk operations; 2) DP calculation: Shannon
entropy and related math run efficiently on entire arrays;
3) normalization: log2 scaling and value adjustment are done in
parallel for all data; 4)diagram data: APD curves and
coordinates are generated in batches.

B. User Workflow

The system provides a structured workflow for ecological
data analysis Fig. 7, which shows the key interaction sequences

during a typical analysis session. This workflow is designed to
minimize technical barriers to users unfamiliar with
computational complexity, allowing them to focus on result
interpretation rather than on data computation.

C. Workflow Steps: Data Processing Pipeline

The pipeline consists of several interconnected stages that
transform raw biodiversity data into interpretable visualizations
and classification results, which can be edited for publication
Fig. 8.

The workflow can be subdivided into three main phases: 1)
data preview, validation and wupload, 2) selection and
configuration of outputs, and 3) generating outputs.
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Fig. 8. Data processing pipeline architecture showing the transformation of raw biodiversity data into interpretable visualizations.

1) Data preview, validation and upload: The use of the
APD method starts with creating a project, based on a 'species-
habitat' matrix of abundances, which is provided in an Excel
file. The system architecture is conceived to meet the specific
requirements of computed data, knowing that ecological
datasets have different sizes and complexity depending on
studies. Users are previously prompted to configure their data;
however, the dataset is submitted to a validation sequence that
is implemented before creating the project. The first sequence
consists of displaying the first 'S rows x 5 columns' of the
project file Fig. 9, which allows a visual verification that names
and codes of both rows and columns are provided.

2) Selecting outputs: Once the data is validated and
uploaded, the user is requested to select different analysis types
and options that can be edited:

e the most requested output is the APD, for a selected
assemblage; it is edited in a desired version (normalized
vs. non-normalized), where species are displayed using a
selected identifier (name or code), and the reference
curves (hyperbolas and ESC) are displayed or hidden
Fig. 10;

e DP profile for all species Fig. 11;

e abundance profile of a selected species in all habitats Fig.
12.

3) Generating outputs: The requested APD is displayed
and, when needed, it can be saved in image or PDF format. The

other graphical outputs related to species (abundance profiles
and DP diagram) can be displayed and saved in these same
formats, while the specific composition of each preference class
of the APD can be edited in Excel format. All these outputs
have a printable quality, directly used in a publication.

D. Workflow Implementation

The main processing flow for successfully uploading a file
proceeds as follows Fig. 13.

e Once uploaded, the data file is transmitted to the API,
which submits it to a file validator; this latter checks both
extension (.xIsx/.xls), size (< 100 Mb), file structure, and
data format.

o The file is saved in the storage directory, with a unique
filename. The API then submits the data to a data
processor that checks its required structure and type,
deleting non-numeric values and empty rows and
columns, filling empty cells with a '0' value, and
extracting species and habitat labels. The matrix
dimensions are then extracted, as well as row and column
identifiers, while columns are converted to strings.

e Once the project is created, the system processes the data
simultaneously to compute DP values, the ESC and
hyperbolas for both normalized and non-normalized
APD methods;

e All project metadata and computed results are stored in
the database: species and habitat metadata, abundance
matrices (stored in long format), DP values for each
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At the end of this process, the API returns a success
response to the web interface, which displays the data

a confirmation of the project creation.
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Fig. 10. APD of an assemblage/habitat: Interactive visualization.
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Fig. 11. DP profile for all species.

E. Generation of the Classification Curves (ESC and
Hyperbolas)

Theoretical curves (ESC and hyperbolas) for species
classification are generated from a computed vector. For the
ESC, matrix operations start with Y = esp_array + 1.

The entropy and the DP are then obtained as:
Si=Z((Y/2(Y)*x1og2(Y/3(Y)), and the DP as Di=1+Si/log2(S)

The hyperbola curves that delineate the zones corresponding
to the species preference classes are generated from their
intersections with the ESC, which are predefined by their
abscissa (DP value). Four of these curves have vertices at fixed
DP targets — 0.1, 0.3, 0.5 and 0.75 — each located by absolute-
difference minimization within an asymmetric tolerance band
around its target (the 0.1 vertex, for instance, is searched within
[0.095, 0.15] and the 0.75 vertex within [0.70, 0.80]) rather than
under a single global tolerance. The non-normalized version
generates one further curve, the baseline of the Accidental class,
which is not defined by a DP target but derived from the habitat
count and a theoretical abundance scale; the five curves together
delimit the six preference zones. In the normalized version, this
baseline curve is omitted, the accidental species being
interpreted as foreign to the assemblage, which leaves four
curves. In both versions, a reference hyperbola is generated and
duplicated by simple translation to obtain the remaining curves.

VI. EVALUATION

This section reports the computational environment and
benchmarking protocol (VI.A), an ablation of the vectorized
mathematical core (VI.B), a sensitivity analysis of the
classification thresholds (VI.C), the scalability of the full
pipeline (VL.D), and the limits of what has been evaluated
(VLE). EcoAPD is a deterministic analytical pipeline rather than

a stochastic simulation or a trained model: it has no sampling
procedure, no random seed, and no free hyperparameters, so
that, given a matrix, the DP values, the ESC and the hyperbola
set are uniquely determined by (1)—(4). The quantities reported
below are therefore timings and classification outcomes, not
estimates carrying sampling error.

Abundance (logz)
15

6
| I
0

120
130

2030 |
2010 |

100 N

5280

Fig. 12. Abundance profile of a selected species in all habitats.

A. Experimental Setup

Benchmarking hardware: Apple M1 Pro, 8 physical and 8
logical cores, 16 GB RAM, running macOS 26.5.2. This is the
development and benchmarking machine on which the reported
measurements were produced, and not necessarily the
production deployment server.

Software: Python 3.9.10, NumPy 2.0.2, pandas 2.2.3,
Matplotlib 3.9.2, openpyxl 3.1.5, Flask 3.0.3, Flask-
SQLAIchemy 3.1.1, SQLAlchemy 2.0.36 and PyMySQL 1.1.1,
all version-pinned. The database is MySQL 8.0 [30].
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Timing protocol: each measurement comprises one
discarded warm-up execution followed by five timed executions
using time.perf counter(), reported as the mean. All timings are
server-side, measured by direct instrumentation of the
processing layer, so that network latency and browser rendering
are excluded.

Fixed parameters: the four classification-threshold targets
are DP = 0.1, 0.3, 0.5 and 0.75, in both the normalized and the
non-normalized variants, each located within an asymmetric
tolerance band around its target rather than under a single global

User Web Interface Flask API

Validate File Format

Validation Result

Vol. 17, No. 7, 2026

tolerance (Section V-E). The ESC is evaluated on [J / 0.0015]
points, which scales with the habitat count J rather than being
fixed: 24,667 points for SM1 (37 habitats), and 114,000 for SM2
(171 habitats).

Datasets: the two real datasets SM1 and SM2 described in
Section IV-B, and a synthetic series of uniform-random non-
negative integer abundances, seeded at 10, 50, 100, 500, and
1000 species crossed with 5, 10, and 20 habitats, used for the
size sweep of Section VI-B.

File Validator File Storage Data Processor Database

Check Extension (xlsx/.xls)

Check Sizel (< 100 MB)

[File valid]

Save Flle

Generate Unigue Filename

Process Excql Content

rocess Excel Content

Read with Pandas

Check Data Structure

Remaove NaN Values

Fill Empty Cells with ‘0"

Extract Specieg/Habitat Labels

Processed Data

Save Project Metadata

Projecf ID

Error Details

* upload Excel File
POST /api/upload (multipart)
aLtJ
[
@
Success Response
©
Project Created Confirmation
@
Error Response
@
Display Error Message ?

User Web Interface Flask APT

File Validator File Storage Data Processor Database

Fig. 13. Sequence diagram illustrating the data upload and validation process architecture.

B. Ablation: Vectorization of the Preference-Index Core

The preference-index computation (calculate ipd) was
originally a per-species loop containing a nested per-habitat
loop. It has been replaced by a single vectorized NumPy
computation over all species at once, verified to reproduce the
output of the original implementation to floating-point precision
(np.allclose) on both real datasets and against the existing
regression test suite. Table IV reports the cost of the two
implementations over the synthetic size sweep.

The two implementations scale differently rather than
merely differing by a constant factor. The cost of the legacy
implementation grows approximately in proportion to the
species count, a hundredfold increase in I raising it 66-fold,
whereas the vectorized implementation rises only 2.8-fold over
the same range and is effectively flat at the matrix sizes
encountered in practice. The speedup is consequently not a fixed
figure but an increasing function of dataset size, which is the
property that matters for the largest matrices the method is
intended to serve.
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TABLEIV. ABLATION OF THE VECTORIZED MATHEMATICAL CORE: COST TABLE VI.  FULL-PIPELINE LATENCY ON THE TWO REAL DATASETS
OF THE PREFERENCE-INDEX COMPUTATION WITH AND WITHOUT (MEAN OF FIVE TIMED EXECUTIONS)
VECTORIZATION (MEAN OF FIVE TIMED EXECUTIONS)
Dataset Species | Habitats | ESC points | Full-pipeline
Species count (I) Legacy scalar Vectorized (ms) Speedup - (U] (0] [/0.0015] latency
loop (ms) SM1 (benthic

. 93 37 24,667 511 ms
10 2.59 0.73 3.5% invertebrates, Sebou)

SM2 (waterbird
50 9.54 0.85 11.3x winter counts) 114 171 114,000 2.32s
100 17.94 082 218 Once the preference-index core is vectorized, latency is
500 86.05 1.43 60.1x dominated by the habitat count rather than by the species count.
1000 171.62 201 85.6x Between SM1 and SM2, the species count rises by a factor of

C. Ablation: Sensitivity of the Classification Thresholds

The four threshold targets are the only quantities in the
pipeline that are set by convention rather than derived from the
data, and the preference class assigned to a species depends on
them. Each was therefore perturbed independently by +0.05 and
+0.10 on the SM1 dataset, and the resulting change in each
species' assigned class was measured against the default-
threshold baseline (Table V). The reported case is habitat AA,
in which seven species have non-zero abundance, and the
baseline classification is three Preferential, three Transgressive,
and one foreign species.

TABLE V. SENSITIVITY OF THE PREFERENCE CLASSIFICATION TO
PERTURBATION OF THE FOUR THRESHOLD TARGETS (SM1, HABITAT AA,
SEVEN SPECIES WITH NON-ZERO ABUNDANCE)

Threshold target Perturbation reilpa e;csii:ise d
0.1 +0.05,+0.10,-0.10 | 1/7 (14.3%)
0.1 —0.05 0/7
0.3 +0.05, +0.10 0/7
0.5 —0.05,-0.10 1/7(14.3%)
0.5 +0.05,+0.10 0/7
0.75 +0.05,+0.10 0/7
All four (tolerance widened) | +0.05, +0.10 0/7

The 0.1 and 0.5 thresholds each independently drive a
reclassification for this dataset, whereas 0.3 and 0.75 are stable
across the tested range. The direction of the effect differs
between them: at 0.1, three of the four tested perturbations
reclassify a species, all except the smallest downward shift; at
0.5, only lowering the threshold reclassifies a species; raising it
does not. That widening the search tolerance around all four
targets simultaneously reclassifies no species — in contrast to
the individual target-value shifts, which do — indicates the
classification is sensitive to where each threshold's target value
is set, but robust to the width of the tolerance band used to locate
it on the exclusive species curve; these are two distinct senses of
“sensitivity” worth keeping separate. The thresholds are, on this
evidence, a defensible convention rather than a tuned parameter,
though the analysis is reported for one habitat of one dataset and
should not be read as a general stability result.

D. Scalability of the Full Pipeline

Table VI reports end-to-end pipeline latency on the two real
datasets.

only 1.2, while the habitat count rises by a factor of 4.6 and
latency rises by a factor of 4.5 — closely tracking the habitat
count rather than the species count. The explanation is that the
remaining non-vectorized step, the construction of the
abundance scale, carries a cost that scales with the [J / 0.0015]
evaluation points of the ESC, and therefore with J. This step was
outside the scope of the present optimization and is reported here
as a known limitation rather than left implicit: it is the natural
target for further work, and the point at which additional effort
would yield the largest return.

VII. DISCUSSION

Even though the APD method is forty years old, its use
remained difficult, mainly because of the complex calculations
that it involves. The algorithm published in [6] was a significant
step towards implementation; however, given that very few
ecologists are familiar with algorithm implementation, the use
of this method still seemed difficult. The EcoAPD application
was therefore a necessary step for ensuring the use of the APD
method. To further facilitate this use in community ecology, the
application has been made accessible to a wide audience, from
any web browser, without installing any software.

From a scientific perspective, this application represents a
significant advance in ecoinformatics [22], primarily as one of
the rare tools designed to handle datasets in the form of
contingency tables, given that such tables are widely used in
ecology. Compared to traditional statistical approaches to
analyzing these kinds of tables, EcoAPD offers another
significant technical advancement, namely its ability to convert
such tables into diagrams that provide a pedagogic visual
representation of all species in a community, classifying them
according to their degrees of preference. In addition, ECOAPD is
available free of charge, giving a large number of scientists and
biodiversity managers the opportunity to access a key method in
ecology.

In summary, the EcoAPD application can address several
key challenges in ecological informatics, mainly through:

o clear interface, which makes it easy to use with no need
for specific informatics knowledge;

e accessibility, as it provides a web-based interface,
eliminating barriers related to software installation and
programming expertise;

e reproducibility, via its standardized implementation,
ensuring the needs of transparency of the system across
different studies [34], promoting a certain scientific
rigor;
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e data wvalidation, as the system ensures data control,
preventing errors that could compromise analytical
results;

o flexibility, mainly due to the simultaneous treatment and
display of normalized and non-normalized APDs,
allowing users to select rapidly the APD version most
suited to their data;

e scalability: vectorization of the preference-index core
reduces its cost by a factor that rises with dataset size,
reaching 85.6x at 1000 species (Table IV), and the full
pipeline processes the waterbird winter monitoring
matrix in 2.32 s (Table VI), the residual cost being
dominated by habitat count rather than species count
(Section VI-D);

e data persistence, ensured by the use of a database-based
mechanism that enables rapid output generation and
visualization, which is especially advantageous for large
datasets and iterative analysis workflows

VIII. CONCLUSION

The biggest gain from this research output lies in the facility
and time saving offered by the EcoAPD application in
implementing the APD method, through complex calculations
performed behind the interface. Moreover, the output requests
benefit from graphical tools that make it user-friendly,
practically with no need for additional help. These tools could
bring great help in developing similar applications.

Processing of the 114 x 171 waterbird matrix completes in
2.32 s (Table VI). Once the preference-index core is vectorized,
full-pipeline latency is dominated by the habitat count rather
than the species count; the remaining non-vectorized step —
construction of the abundance scale, whose cost scales with [J /
0.0015] — accounts for the greater part of the residual time.
Further efficiency in calculation, storage and plotting therefore
remains attainable, and the application can be improved in
several ways:

e interface improvement: primarily by making better basic
information o n DP concept and the APD method,
making the tool more educational and accessible;

e performance optimization: by vectorizing the
construction of the abundance scale, which Section VI-
D identifies as the dominant remaining cost, and by
reducing the duration of the plotting process, particularly
for datasets with many habitats;

e ecnhanced features: additional visualization options,
statistical summaries, and export formats could further
enhance the application's utility;

e integration capabilities: future versions could integrate
other ecological analysis tools and databases, offering
more comprehensive ecosystem analyses.

The immediate perspectives consist of improving the
interface, in response to the ecologists' requirements. The main
output expected from the use of the APD, however, is a
reinterpretation of former assemblage studies that were based on
abundances alone. In the expectation of a wide use of the APD

Vol. 17, No. 7, 2026

method in conservation and management decisions, the
intention is to make it accessible to broader ecology and nature
management communities.

SUPPLEMENTARY MATERIALS

The following supporting information can be downloaded at:
10.5281/zenodo.21504481. Table SM1: Matrix of data used to
provide experimental examples for implementing the APD
method; results of water insect surveys in the Upper Sebou River
(Middle Atlas, Morocco). Table SM2: Matrix of data used to
provide experimental examples for implementing the APD
method; results of waterbird winter monitoring in Morocco in
2018-2022. Script SM3: Benchmark and ablation scripts, with
their raw CSV outputs, underlying the evaluation reported in
Section VI (Tables IV-VI).
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