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ABSTRACT

Aim: Biogeographical regionalisation is an evolutionary system of nested areas representing the geographic organisation of life
on the planet, which is fundamental for understanding basic and applied aspects related to the ecology, evolution and conserva-
tion of biotas and their habitats. The conceptual and practical development of biogeographical regionalisation has been diverse,
deriving from two main subdisciplines: historical or evolutionary biogeography and ecological biogeography. This division has
prevented the consolidation of an integrative discipline, hampering its advancement. In this work, we implement a new meth-
odology for conducting biogeographical regionalisation by integrating two traditional techniques coming from historical and
ecological biogeographical studies: parsimony analysis of endemicity and hierarchical clustering analysis into a coherent meth-
odological framework (PAE-HCA).

Location: Gulf of Mexico, Western Atlantic.

Taxon: Multi-taxa.

Methods: The framework consists of three main steps: (1) identifying areas of distributional congruence, (2) establishing a
spatial structure of the areas recognised and (3) recognising area relationships. The method includes the establishment of bioge-
ographic hypotheses that can be tested statistically regarding the membership of the units that conform to each area and their
affinity, providing robustness and biogeographic assertion. This methodological framework was tested with a comprehensive
occurrence database from the Gulf of Mexico and adjacent waters.

Results: A total of 126 areas of distributional congruence were recovered, which were grouped into three main biogeographic
areas with strong statistical support. These areas are congruent with geological and oceanographic features of the region, sup-
porting the hypothesis that the Gulf can be divided into two main components, one characterised by neritic waters and the other
characterised by oceanic waters.

Main Conclusions: The present study constitutes the first attempt to integrate historical and ecological techniques into a robust
methodological framework. Future perspectives include implementing this approach in different environments, such as terres-
trial, considering different geographic scales, including global studies, or different taxa.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Biogeography has been historically approached from ecolog-
ical or historical/evolutionary perspectives, each advocating
for its original epistemological ideas, methodologies and con-
cepts (Posadas et al. 2006; Crisci et al. 2006; Morrone 2007;
Ricklefs and Jenkins 2011; Ebach and Parenti 2015). Some
authors consider this division conventional (Morrone 2007);
however, each approach has developed robust and indepen-
dent methodologies, leading to their consolidation as indepen-
dent disciplines (e.g., MacArthur and Wilson 1963; Nelson and
Platnick 1981; Morrone and Crisci 1995; Kreft and Jetz 2010).
Ecological biogeography focuses on ‘proximal causes’, i.e.,
it seeks causal explanations for the distribution of taxa in the
present time, as an immediate response to environmental vari-
ability (Posadas et al. 2006; Monge-N4jera 2008; Ricklefs and
Jenkins 2011). Historical biogeography, in contrast, argues for
‘ultimate causes’, seeking evolutionary explanations of the taxa
distribution over the geological timescale, resulting from geolog-
ical, speciation/extinction, vicariance and dispersal processes
(Nelson and Platnick 1981; Morrone and Crisci 1995; Humphries
and Parenti 1999; Crisci 2001; Morrone 2007). This division has
limited the progress of biogeographical regionalisation (BR), a
cornerstone in biogeography, due to the implementation of con-
ceptually and operationally different methods, as well as the in-
compatibility in the definition of basic biogeographic units such
as ecoregions, areas of endemism, or bioregions.

Regardless of the variety of approaches, BR has historically
aimed to delimit geographical areas based on endemic taxa
(Morrone 2018), which is crucial for two main reasons. First,
it provides insights into the evolutionary history of both the
areas and the biotas inhabiting those areas. Second, it enables
the delimitation and description of geographical areas in terms
of their biodiversity, being crucial to conservation management
plans (Whittaker et al. 2005; Costello et al. 2017). For this rea-
son, BR has drawn the attention of many scientists from diverse
disciplines such as ecology, geography, systematics and palae-
ontology, among others (Ebach 2015). The multidisciplinary na-
ture of biogeography, reflected in BR, has caused many debates
throughout history, preventing a unification of concepts, ideas,
methods and approaches, and hampering an efficient communi-
cation among biogeographers (Morrone 2018). Methodologically,
the lack of integration is more evident. For instance, ecological
BR aims to recognise ecoregions/bioregions upon hierarchical,
non-hierarchical, or network algorithms, most of them based on
the estimation of beta diversity, not necessarily reflecting a nat-
ural area system (natural = monophyletic) (Kreft and Jetz 2010;
Legendre 2014; Denelle et al. 2025). In contrast, historical BR
aims to recognise a system of natural areas that are hierarchi-
cally organised into realms, regions, dominions, provinces and
districts (Ebach et al. 2008), based on the identification of areas
of endemism or generalised tracks (Morrone 1994; Szumik
et al. 2002).

The integration of ecological and historical approaches is often
highlighted as desirable in the literature (Posadas et al. 2006;
Morrone 2009; Sanmartin 2012); however, attempts at a meth-
odological level are scarce. Some studies have applied ecolog-
ical and historical techniques within their aims, searching
for congruent results from philosophically, conceptually and

operationally different methods, but have lacked a coherent
integration as a logical sequence of steps (e.g., Fattorini 2022;
Ahuatzin-Hernandez et al. 2023). On the other hand, the combi-
nation of ecological and historical techniques has been proposed
as a methodological solution to select the most reliable areas of
endemism recovered with optimality criterion (i.e., sensitivity
analysis= NDM/VMDM + clustering techniques), but this pro-
posal lacks an integrative narrative explaining the advantages
of combining both groups of techniques, while its results are not
usually interpreted with historical implications (Hoffmeister
and Ferrari 2016; Ferrari et al. 2022; Alvares et al. 2022; Ribeiro
Machado et al. 2024).

In this work, we explore the combination of two classical tech-
niques, i.e., parsimony analysis of endemicity (PAE) and hier-
archical cluster analysis, usually implemented in historical and
ecological biogeographic studies, into a coherent methodologi-
cal framework (PAE-HCA). This provides an alternative and
integrative approach to conducting biogeographical regionali-
sation, discussing the advantages of both techniques. For this
aim, we analysed a multi-taxa dataset from the Gulf of Mexico
and adjacent waters, a region with a well-documented geological
and oceanographic history, which has motivated several biogeo-
graphic works in recent years (e.g., Engle and Summers 2000;
Vilchis et al. 2018; Paz-Rios et al. 2021; Ahuatzin-Herndndez
et al. 2023, 2024; Hernandez-Zaltrén et al. 2025). Although
there have been attempts to regionalise the Gulf of Mexico
on different approaches (e.g., Spalding et al. 2007; Wilkinson
et al. 2009), there is currently no integrative vision of the bioge-
ography of this region. This fact, together with its geographical
location, in which warm-temperate and tropical water converge
(Neigel 2009), makes the Gulf of Mexico an area of particular
interest for biogeographical studies.

2 | Methods
2.1 | Dataset and Preparation Process

The data implemented in this study consisted of a comprehensive
multi-taxa dataset built with occurrence information from pre-
vious studies in the Gulf of Mexico and adjacent waters (Pérez-
Botello and Simdes 2021; Chéavez-Ldpez 2022; Vital et al. 2023;
Sanvicente-Afiorve et al. 2023; Ahuatzin-Herndndez et al. 2023,
2024; Cuadrado et al. 2024; Hernandez-Zaltrén et al. 2025;
Gomez-Mendicuti et al. 2025). This information consists of re-
cords obtained from peer-reviewed literature, as well as sampling
or museum-revised specimens and taxonomically and geograph-
ically curated records from the Global Biodiversity Information
Facility (GBIF) and the Ocean Biodiversity Information System
(OBIS) databases. Additionally, this information was sup-
plemented with databases retrieved from GBIF, i.e., Ugalde
et al. (2021), Wolff et al. (2023), Mucifio-Reyes et al. (2024),
Escobar Briones (2025) and Chavez Ortiz (2025). After merging
the information, duplicate records were flagged and removed
using the ‘CoordinateCleaner’ package (Zizka et al. 2019). The
accuracy of the dataset was verified manually by cross-checking
each record with the World Register of Marine Species (WoRMS),
correcting synonyms and typos and removing invalid taxa and
those falling out of the distributional range maps provided by
this platform (WoRMS). The final dataset accounted for 78,689
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records from 2937 taxa (Data S1) (Figure 1). The information was
then coded into a community matrix with species in the columns
and operational geographic units (OGUs) in the rows (n=215).
OGUs represent quadrants of 1°x 1°.

2.2 | Parsimony Analysis of Endemicity With
Hierarchical Clustering Analysis (PAE-HCA)

The methodological framework proposed in this study consists
of three main steps, which are described below (Figure 2). The
first paragraph of each subsection details the theoretical frame-
work and how to carry out each step in theory. The second para-
graph describes the methods implemented in the case study of
the Gulf of Mexico.

2.2.1 | Identification of Areas
of Distributional Congruence

There are different methods to recognise areas of distributional
congruence; however, areas of endemism are the best representa-
tives of this concept, being fundamental units in historical biogeo-
graphical studies (Morrone 1994, 2001; Crother and Murray 2011;
Aagesen et al. 2013). In this sense, PAE has been one of the most
widely used methods for identifying areas of endemism from the

late 80s to the present. PAE constructs cladograms based on the
cladistic analysis of presence-absence matrices of species and
supraspecific taxa, allowing hypotheses to be formulated regard-
ing biotic components and their relationships (Morrone 2014). In
PAE-HCA, PAE is proposed to discriminate areas with congruent
distributional patterns from those lacking such patterns, which
usually obscure biogeographical analyses due to the presence of
taxa with wide or random distributional ranges. Because of the
nature of PAE, areas of endemism can be considered hypotheses
of primary biogeographic homology, resulting from a common
biogeographic history of the taxa occurring in them; thus, retain-
ing their historical component.

To conduct the PAE, a hypothetical area coded with 0s was
added to the community matrix in order to root the result-
ing cladogram(s). The matrix was then analysed in TNT 1.6.
(Goloboff and Morales 2023) (Data S2). Implied weights with
default value (k= 3) were used, as well as the New Technology
Search algorithm and Ratchet as the search strategy. The re-
maining options were left at their default settings. To recover
as many areas of endemism as possible, autapomorphic taxa
were preserved. Areas of endemism were identified as those
clades supported by at least two synapomorphic taxa. Clades
including different OGUs and supported by at least two syn-
apomorphies were considered to represent higher-level areas
of endemism.
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FIGURE1 | Occurrence records superimposed in the OGUs grid of 1°x1°. The dashed line indicates the 200m isobath, representing the conti-

nental shelf.
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FIGURE 2 | Workflow to conduct step by step the parsimony analysis of endemicity with hierarchical clustering analysis (PAE-HCA). (a)
Identification of areas of distributional congruence. (b) Recognition of ultimate biogeographic hypothesis. (c) Testing area relationships and

membership.

2.2.2 | Recognising Ultimate Biogeographic Hypothesis

Once the areas of distributional congruence were recovered,
they must be recoded into a new matrix, composed exclusively
of areas of endemism (congruence matrix). Since some of the
original taxa do not occur in the congruence matrix, they must
be removed, and it must be verified that all OGUs contain at
least one taxon. Hierarchical clustering is then applied to the
congruence matrix. It is worth mentioning that implementing
a hierarchical method is fundamental to obtaining a biogeo-
graphical regionalisation—a scheme of hierarchically organised
geographic areas—. This means that, when analysing different

levels of the tree, new nested areas can be recovered from the
major levels. This step aims to identify a spatial structure in his-
torical units by recognising relationships among areas based on
their shared species. Since the resulting topology is recovered
from individual biogeographic hypotheses (areas of endemism),
the consensus tree can be interpreted as an ultimate biogeo-
graphic hypothesis, which can be statistically tested using boot-
strap resampling.

To conduct this step, beta diversity was estimated from the con-
gruence matrix (Data S3), implementing the beta.pair function
of the ‘betapart’ package (Baselga and Orme 2012), and using

40f 11

Journal of Biogeography, 2026

958017 SUOLIWOD SAITERID 3|cedljdde 8y} A pausenoB aJe Sajolle YO 8Sn Jo S9N Joy Aleid 1 8U1IUO A3]1M UO (SUOIIPUO-PUE-SUBIWOD A8 | 1M Ae.q1BulUO//:SANY) SUOIIPUOD pue SWiS 1 8u1 39S *[9202/60/22] U AreiqiaulluO A8|IM ‘06TOL I [/TTTT OT/I0p/Wod A3 im Aleuq Ut uo//Sdny Wwo) papeojumod ‘€ ‘9202 ‘6692S9ET



the Jaccard index to partition beta diversity into turnover and
nestedness components. A hierarchical tree was then built from
the turnover dissimilarity matrix using the hclu_hierarclust
function of the ‘bioregion’ package (Denelle et al. 2025). This
function considers that the order of sites in the distance matrix
can influence the topology of the tree, so consensus cluster-
ing, including consensus tree topology, is calculated by recon-
structing the tree from top to bottom by iteratively identifying
the majority decision binary split among many randomisations
(Denelle et al. 2025). The unweighted pair-group method using
arithmetic averages (UPGMA) was chosen, with 100 trials of
randomisation and the iterative consensus tree option. Based
on the consensus tree topology, two cut-off dissimilarity levels
were analysed (k=2 and k=3). The uncertainty of the biogeo-
graphical areas was assessed with the ‘pvclust’ package using
10,000 bootstrap replications (Suzuki and Shimodaira 2006). We
passed the turnover matrix estimated with the Jaccard index to
the pvclust analysis. As the ‘bioregion’ package implements con-
sensus clustering, the resulting tree topology was not identical to
that of the pvclust analysis. Nevertheless, the three biogeograph-
ical areas of the ultimate biogeographic hypothesis were recov-
ered and tested. In order to compare the results of PAE-HCA
with a classical clustering, a hierarchical clustering was addi-
tionally conducted on the original community matrix (step 1),
considering the same criteria and packages implemented to the
recognition of the ultimate biogeographic hypothesis (Data S4).

2.2.3 | Testing Area Relationships and Membership

Once the biogeographical areas have been identified, the dissim-
ilarity matrix estimated in step two can be subjected to an ordi-
nation analysis, associating each OGU with the biogeographic
area to which it was previously assigned in the hierarchical clus-
tering analysis. This step looks for recognising biotic affinities
among biogeographical areas. Ordination analyses are useful
because they allow us to evaluate biotic components into a spa-
tial gradient, which is crucial in the recognition of geographical
boundaries and transition zones (Kreft and Jetz 2010). If applica-
ble, the membership of each OGU to each biogeographical area
can be statistically tested using confidence ellipses.

We performed a principal coordinates analysis (PCoA) on the
dissimilarity matrix implemented in step two, using the pcoa
function of the ‘ape’ package (Paradis and Schliep 2019), and
associating with colours the membership of each OGU to its
respective biogeographic area. The betadisper function of the
‘vegan’ package was used to estimate confidence ellipses at the
0.95% confidence level. This was achieved through an analysis
of the multivariate homogeneity of the group's dispersions be-
tween the OGUs and the centroids of each group (biogeographi-
cal area) (see Anderson 2006; Anderson et al. 2006).

3 | Results
3.1 | Areas of Distributional Congruence
PAE retained one area cladogram with a consistency index of

0.179 and a retention index of 0.471. This cladogram recov-
ered 24 areas of higher-level endemism comprising 126 OGUs

(Figure 3a), which are found in shelf, escarpment and oceanic
zones. Most of these areas of endemism were aggregated around
the Yucatdn and Florida peninsulas, as well as in the Sigsbee
escarpment (Figure 3b).

3.2 | Ultimate Biogeographic Hypothesis

The consensus tree resulting from the hierarchical clustering
of areas of endemism had a cophenetic correlation coefficient
of 0.881. At a cut height of 0.937, the consensus tree topology
allowed for hypothesising on the existence of two main biogeo-
graphical areas: ‘Neritican’ and ‘Sigsbeean’ (Figure 4a). The
Neritican area encompasses the entire continental shelf of the
Gulf of Mexico, whereas the Sigsbeean area is confined to the
northern Gulf, mainly in the Sigsbee escarpment (Figure 4b).
Both areas harbour distinctive biotas that show no affinity with
each other (Figure 4c). At a cut height of 0.875, the Neritican
area splits, originating the ‘Loopean’ area (Figure 4a), which has
a discontinuous distribution, characterising part of the Yucatan
channel, the northern part of the Yucatdn Peninsula, and the
Florida Straits (Figure 4b). The Loopean area's biota showed a
closer biotic affinity with the Neritican area than the Sigsbeean
(Figure 4c). Multiscale bootstrap resampling provided high levels
of confidence for the three areas: Neritican =90, Sigsbeean =85
and Loopean =91 (Figure 4a).

4 | Discussion
4.1 | Biogeography of the Gulf of Mexico

The Neritican area supports the main biogeographic divi-
sion of the Gulf of Mexico into two areas, one characterised
by neritic waters, represented by the continental shelf and its
associated environments, and the other characterised by oce-
anic waters, contrasting with traditional schemes that clas-
sified the Gulf into northern and southern components (e.g.,
Spalding et al. 2007; Wilkinson et al. 2009). This idea has been
pointed out previously, indicating the continental slope as a
boundary between both areas (Toonen et al. 2016; Ahuatzin-
Hernandez et al. 2023; Oliveira et al. 2024; Hernadndez-Zaltron
et al. 2025). This becomes more relevant when considering
differences among neritic and oceanic areas. Neritic envi-
ronments, for example, are characterised by diverse habitats,
such as river deltas, estuaries, lagoons, reefs, or bays, as well
as high productivity, resulting in high biodiversity and ende-
mism (Toonen et al. 2016; Fujiwara and Kon 2020). On the
other hand, oceanic environments tend to be more homoge-
neous and sometimes oblivious to coastal phenomena, having
a more complex vertical stratification, with deep areas lack-
ing sunlight, low temperature and high hydrostatic pressure
(Fujiwara and Kon 2020).

Biologically, the differences between neritic and oceanic bi-
otas are also evident in light of the evolutionary context. For
instance, the development of some hydrozoans, in either ner-
itic or oceanic environments, has shaped their evolutionary
history, as reflected in their life cycle, which typically includes
a benthic polyp and a planktonic medusa. Neritic hydrozoans,
for example, possess complex and well-developed polyp forms
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FIGURE 3 | Areas of distributional congruence. (a) Cladogram resulting from the parsimony analysis of endemicity. Transversal red bars, bold
branches and numbers represent areas of endemism (clades supported by at least two synapomorphic taxa). (b) Geographical location of the areas of
endemism. Numbers correspond with (a). The dashed line indicates the 200 m isobath, representing the continental shelf.

in their life cycle, even losing the medusa stage in some cases
as an adaptation to living in environments with a great va-
riety of substrates (Boero et al. 1992, Cartwright et al. 2021).
Conversely, hydrozoans inhabiting the open ocean exhibit
the opposite pattern, as the planktonic medusa becomes the
dominant form, lacking a polyp stage, due to living in en-
vironments with scarce substrate availability for fixation
(Bentlage et al. 2018). Examples of adaptation to open ocean
in polychaetes include avoidance behaviours when devel-
oping in deep-sea brine pools, symbiotic relationships with
autotrophic bacteria in deep-sea vents and cold seeps, and
the development of motile structures for active swimming in
some members of the subclass Errantia (Glasby et al. 2021).

Fish are no exception. For instance, the development of unlit
colours by the sun, and the presence of big eyes in the me-
sopelagic zone—which tend to become small or vestigial in
deeper areas—are adaptations for living in different strata of
the open ocean. These adaptations become even more evident
when considering the vertical gradient, as seen in the loss of
swim bladders, which contrasts with the physiological and
morphological characteristics of neritic fish (Haedrich 1996).
Together with the recognition of the Neritican area, this ev-
idence supports the hypothesis that the Gulf of Mexico can
be divided into two main biogeographical components, neritic
and oceanic (despite this study only recovered the neritic com-
ponent), instead of north and south.
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The Sigsbeean area is consistent with previous regionalisation
conducted with foraminifera and echinoderms (Culver and
Buzas 1981; Hernandez-Zaltrén et al. 2025), thereby supporting
its establishment as a biogeographical area. The Sigsbeean area
is characterised by high relief and ridges, as well as the influence
of the Mississippi River plume, which provides the area with or-
ganically enriched soft sediments (Shih et al. 1977, Buffler and
Worzel 1978, Williams et al. 2011, Yarbuh and Contreras 2017).
These characteristics, together with the sharp change in ba-
thymetry, have historically shaped a unique biota adapted to

living in a transitional environment between shallow and deep
waters (Wei et al. 2010; Hernandez-Zaltron et al. 2025), explain-
ing its distinct biological composition that shows no affinity
with the other biotic components.

The discontinuous distribution of the Loopean area may other-
wise reflect two important aspects: the dispersal process caused
by the Loop Current, given that its route partially matches the
distribution of the Loopean area, and the historical and eco-
logical connection suggested between the Yucatan and Florida
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peninsulas (Vilchis et al. 2018; Paz-Rios et al. 2021; Ahuatzin-
Hernandez et al. 2023). It has historically been hypothesised that
the Yucatan and Florida blocks were connected (~140-160 Mya),
due to the superposition of the Yucatin block with that of
Florida, before its counterclockwise rotation and establishment
in its current location (see Bird et al. 2011). Ecologically, both the
Florida and Yucatan shelves share similar features, as they are
extensive tropical areas with karst characteristics and extensive
shallow waters, where similar ecosystems exist, such as lagoons,
bays, coral reefs and mangrove forests, among others (Spalding
et al. 2007; Wilkinson et al. 2009). Therefore, finding similar
biological composition or affinities between these two areas is
not surprising.

4.2 | Parsimony Analysis of Endemicity With
Hierarchical Clustering Analysis (PAE-HCA)

PAE-HCA proved to be efficient for recovering biogeographical
areas previously proposed, congruent with the geological, phys-
iographic and oceanographic features of the region (e.g., Culver
and Buzas 1981; Ahuatzin-Herndndez et al. 2023; Herndndez-
Zaltrén et al. 2025). Moreover, its performance was superior to
that of the classical clustering analysis conducted on the original
community matrix, which had a cophenetic correlation coeffi-
cient of 0.644. This performance is reflected in the consensus
tree, which was unable to classify successfully some branches
(see Data S4). Classical clustering recovered four areas, some
of which were recognised in previous studies (e.g., Ahuatzin-
Hernandez et al. 2023); however, PAE-HCA resulted in a clearer,
more easily interpretable hypothesis, as shown above. This dif-
ferentiation occurs because PAE-HCA removes OGUs lacking
distributional patterns, resulting a finer result. Furthermore,
the historical background of PAE facilitates its interpretation in
an evolutionary context. We proposed PAE for recognising areas
of distributional congruence (areas of endemism) as it considers
the restriction and overlap of endemic taxa (sympatry), which is
fundamental to raising hypotheses of a common biogeographic
history (Morrone 2014; Escalante 2015). In biogeography, ende-
mism is a cornerstone, as it allows the recognition of geographic
areas based on the endemic taxa inhabiting them. Hence, en-
demism must be considered in any regionalisation attempt.
Despite different interpretations of endemism, a taxon cannot
be endemic to more than one area at a given scale, nor can it
represent degrees of endemism. Thus, a taxon is either endemic
to an established region, or it is not (Escalante 2015; Morales-
Guerrero et al. 2017). In this sense, PAE meets these criteria.

Unlike traditional systematic cladograms, which represent a
phylogenetic hypothesis regarding the evolutionary relation-
ships among the analysed taxa, an area cladogram recovered
with PAE fails to recognise reliable area relationships among
the OGUs under study. This is because PAE can group areas
based on shared absences, and we lack knowledge on the cir-
cumstances under which the areas and taxa evolved (Brooks
and van Veller 2003; Nihei 2006; Escalante 2011). Areas of ende-
mism are often the only informative units of the area cladogram
and are interpreted as individual hypotheses of primary biogeo-
graphic homology. Therefore, implementing hierarchical clus-
tering to areas of distributional congruence obtained with PAE
enhances the interpretation and analysis of the relationships

among these areas. We recommend using the beta diversity
turnover component for finding ultimate biogeographic hypoth-
eses, as it is least affected by the variation in richness (i.e., it is
richness-independent) and does not consider double absences as
a (dis)similarity criterion. This is important because variation
in richness is biased in large online databases, due to unequal
sampling effort (Baselga 2010; Kreft and Jetz 2010). Likewise,
the UPGMA has proved to be the best algorithm to recognise
clusters (Kreft and Jetz 2010; Denelle et al. 2025), which is con-
sistent with the cophenetic correlation coefficient, and the con-
sensus tree topology obtained in this study. This performance
was corroborated by the PCoA, which displayed two and three
well-defined and mutually exclusive groups at two different cut-
off levels, respectively, with a high degree of membership in the
OGUs that conform to each group.

Different techniques have been proposed for conducting bio-
geographical regionalisations (Morrone 2018). Frameworks
based on multivariate techniques have demonstrated good
results (e.g., Kreft and Jetz 2010; Vilhena and Antonelli 2015;
Daru et al. 2020), although they lack the endemism component.
For instance, cluster and network analyses rely on the estima-
tion of (dis)similarity matrices (representing percentages of
shared species), yet species are lost when conducting pairwise
comparisons (Legendre 2014; Denelle et al. 2025), preventing
the faithful estimation of endemic taxa. On the other hand,
classic biogeographical methods, such as PAE, are among the
most implemented techniques for recognising natural area sys-
tems. Nevertheless, PAE has some limitations. For example, it
may group areas based on shared absences, and it lacks a direct
statistical test to falsify hypotheses it raised. In this sense, PAE-
HCA overcomes these limitations by integrating the strengths
of both approaches. It uses PAE to discriminate areas with
distributional noise and retain areas with distributional con-
gruence. It then implements clustering to determine the spatial
structure and area relationships of the PAE results, resulting in
an ultimate biogeographic hypothesis that can be tested statis-
tically in a direct manner.

PAE-HCA may look similar to the sensitivity analysis proposed
by Hoffmeister and Ferrari (2016); however, both methodologies
are different. Sensitivity analysis explores the results of different
analyses, considering different criteria and parameters, whereas
PAE-HCA is not a multi-criteria method. It represents an im-
provement in the statistical interpretation of biogeographic hy-
potheses. Furthermore, PAE-HCA strictly considers the concept
of endemism by recovering sympatry patterns, which are then
subjected to multivariate analyses. In contrast, the sensitivity
analysis fails to identify strict sympatry patterns due to its index
nature (Escalante 2015). The sensitivity analysis aims to identify
areas of endemism, whereas in PAE-HCA, identifying areas of
endemism is only one step of the framework, to later analyse
those areas with clustering methods, acquiring a new meaning
that can be interpreted as an ultimate biogeographic hypothesis
that is the object of statistical testing.

Finally, PAE-HCA is not a variant of PAE but rather a new frame-
work that uses PAE as a step to recognise distributional congru-
ence areas. This becomes evident when comparing the results
and hypotheses obtained solely with PAE or classical clustering
(Data S4) with those obtained with PAE-HCA. The main flaw
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of the method is that it depends on recovering a representa-
tive number of areas of endemism of the study area. For this,
large datasets, considering different taxa, are usually needed.
Therefore, it is expected that future improvements to PAE-HCA
will involve its implementation at different geographic scales,
considering different taxonomic groups and environments.
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