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Abstract

The first step towards understanding the spatial and 
temporal patterns of diversity amongs freshwater fishes 
is through the delimitation of areas of endemism. In this 
work, we used two of the most popular methodologies 
for recognising areas of endemism, Parsimony Analysis 
of Endemicity (PAE) and Endemicity Analysis (EA) to de-
scribe and compare the number of endemic regions of 
freshwater fishes in Middle America using both grid cells 
(0.5° and 1° resolution). Besides, we built a regionalisa-
tion scheme to compare PAE and cluster analysis using 
different natural basins as study units. The number of ar-
eas of endemism recovered varied widely depending on 
the method used, PAE being a better approach than EA. 
PAE identified six provinces and 38 sub-provinces for the 
ichthyofauna of Middle America, most of which were sim-
ilar to those described previously. We describe an ichthy-
ological province not previously listed and recovered both 
ocean slopes from southern Mexico to Panamá as a sin-
gle province instead of two as previously suggested.

Highlights

•	 We used Parsimony Analysis of Endemicity (PAE) 
and Endemicity Analysis (EA) to assess the patterns 
of endemicity amongst the freshwater fishes of Mid-
dle America;

•	 PAE regionalisation recovered a total of eight prov-
inces and 26 sub-provinces;

•	 Most of the provinces recovered by PAE were con-
gruent with earlier approaches, allowing the support 
of a general purpose regionalisation scheme.
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Introduction

The recognition of areas of endemism is a fundamental 
task for the understanding of spatial and temporal distri-
bution patterns in freshwater fishes. These units, defined 
as regions of congruent and non-stochastic distributions 
of two or more taxa (Nelson and Platnick 1981; Morrone 
1994; Estrada-Márquez et al. 2021), represent the starting 
point in evolutionary biogeography that allows tracking a 
unique evolutionary history (Ferrari et al. 2010; Pinton et 
al. 2013; Fattorini 2017). Such knowledge makes it pos-
sible to analyse the processes that determine species 
turnover in landscapes in terms of species richness and 
community composition and structure (Smith and Ber-
mingham 2005). In addition, identifying areas of ende-
mism allows the definition of ichthyological provinces that 
represent geographic regions of relatively homogeneous 
fauna (Roberts 1975; Lévêque 1997). Despite this, there is 
no universally accepted method for identifying such areas 
(Carine et al. 2009; Escalante et al. 2009; Torres-Miranda 
et al. 2013; Hoffmeister and Ferrari 2016). At present, mul-
tiple approaches (Rosen and Smith 1988; Harold and Mooi 
1994; Morrone 1994; Crisp et al. 2001; Linder 2001; Haus-
dorf 2002; Szumik et al. 2002; Hausdorf and Hennig 2003; 
Fattorini 2017) have been implemented; within these, 
we focus on two of the most common. First, Parsimony 
Analysis of Endemicity (PAE) constructs area cladograms 
from a presence-absence data matrix, where areas of 
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endemism are recognised by at least two synapomorphic 
taxa (Morrone 1994, 2014); meanwhile, Endemicity Analy-
sis (EA) uses an optimality criterion for the identification 
of areas of endemism through the explicit evaluation of 
congruence amongst species distributions over grid 
cells, allowing the recognition of nested, overlapping and 
disjunct areas (Szumik et al. 2002; Szumik and Goloboff 
2004; Carine et al. 2009; Casagranda et al. 2009, 2012).

Middle America represents a transition zone between 
the Nearctic and Neotropical Regions, covering a wide 
area with a complex topography and climate, resulting in a 
region with high species richness and endemicity (Darling-
ton 1957; Brown and Gibson 1983; Cox and Moore 1985; 
Ortega and Arita 1998; Albert and Reis 2011; Winker 2011). 
As in other transition zones, the boundaries between the 
Nearctic and Neotropical Regions are not clearly defined; 
however, in this paper, we define Middle America as the 
region that extends from México to the border between 
Panamá and Colombia (sensu Ortega and Arita (1998); 
Albert and Reis (2011); Winker (2011)). This delimitation 
excludes 15 species of Neotropical origin that could reach 
the United States; nevertheless, they represent less than 
2% of the total species richness and are unlikely to have a 
significant impact on the overall pattern.

Historically, there have been several attempts to re-
gionalise this geographic area using chorological, phe-
netic and cladistic methods (Miller 1966; Bussing 1976; 
Miller et al. 2005; Smith and Bermingham 2005; Matam-
oros et al. 2012; Říčan et al. 2013; Matamoros et al. 2015; 
Říčan et al. 2016; Elías et al. 2020; Rico et al. 2022), but 
none has included the complete assemblage of fresh-
water fish species of the region. In the present work, we 
first analyse and compare the endemicity patterns of 
freshwater fishes of Middle America through PAE and 
EA, using different grid cells as area units. After it, we 
develop and compare a regionalisation scheme for this 
geographic area using PAE and cluster analysis with dif-
ferent natural basins as geographic units.

Materials and methods
Distribution data

Collection records for 685 species of native freshwater 
fish species of Middle America were retrieved from the 
Global Biodiversity Information Facility server (GBIF) (Me-
jía 2022) using the dismo R library (Hijmans et al. 2017) 
(Suppl. material 1). We restricted the analysis to species 
that spend the critical phases of their life cycles in inland 
freshwater bodies and that eventually penetrate estuarine 
brackish water (Contreras-MacBeath et al. 2022). Sever-
al quality filters were applied to curate the database (Jin 
and Yang 2020). First, human observations were pruned, 
leaving only collection records that had a voucher in a bi-
ological collection. Data for each species were projected 
on to the geographic space of Middle America, the records 

with coordinates located in the sea were deleted and, fi-
nally, using checklists for the study area (Lee et al. 1980; 
Ruiz-Campos et al. 2002; Kullander 2003; Lucinda 2003; 
Smith et al. 2004; Miller et al. 2005; Valdez-Moreno et al. 
2005; Matamoros et al. 2009; Angulo et al. 2013; McMa-
han et al. 2013; Espinosa-Pérez and Ramírez 2015; Říčan 
et al. 2016), we removed geographic outliers according to 
the geographic boundaries of each species and updated 
the nomenclature of each one according to Eschmeyer’s 
fish catalogue (Fricke et al. 2022).

Analysis of endemicity

Two different geographic units, 0.5° and 1.0° grid cells, 
were employed to compare the performances of the two 
different methodologies (PAE and EA). The grid cells were 
obtained with the raster R library 3.6–30 (Hijmans 2025). 
For the PAE analysis, a presence-absence matrix for each 
of the grids resolution was obtained using the fossil 0.4 R 
library (Vavrek 2011) (Suppl. material 2). The parsimony 
analysis was implemented in TNT 1.5 (Goloboff and Cat-
alano 2016) using a heuristic search with a driven search 
algorithm (Goloboff et al. 2008). The most parsimonious 
trees were used to construct a strict consensus tree. Spe-
cies distributions (characters) were optimised in WIN-
CLADA 5.3 (Nixon 2002) and areas of endemism were 
recognised as the more inclusive nodes supported by at 
least two synapomorphies. Synendemic species (spe-
cies with a congruent distribution that supported a node) 
were removed from the matrix and the PAE procedure was 
iterated until no more areas of endemism were recovered 
(Santiago-Alvarado et al. 2022).

The Endemicity Analysis was implemented in the NDM/
VNDM software version 3.0 (Szumik and Goloboff 2004) 
with the following parameters for both grid cell sizes, ten 
random seeds and 10 repetitions. The radius was set to 
zero in order not to infer species distributions in neigh-
bouring cells. The minimum number of endemic species 
was set at 2 for each area, with 50% of the unique spe-
cies reserved for area maintenance. Finally, a flexible con-
sensus of unique species was obtained at 30% and 50% 
thresholds. As in the PAE, synendemic species were re-
moved and the procedure was iterated until no more ar-
eas were recovered.

Comparison amongst methods

The number and composition of areas of endemism re-
covered differed amongst the methods; thus, instead of 
comparing the areas recovered by each method, we opted 
for a simpler technique to evaluate the level of congruence 
amongst the different approaches. We compared the lev-
el of overlap amongst areas of endemism polygons us-
ing the dissolve and overlap tools implemented in QGIS 
3.16.12 (QGIS 2021).
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Icthyological provinces of freshwater fish 
of Middle America

For the regionalisation of provinces and sub-provinc-
es, Pfastetter hydrological basins of levels 4 and 5 
(Lehner and Grill 2013; available at: https://www.hydro-
sheds.org/) as well as the basins and sub-basins of the 
world listed by the Food and Agriculture Organization 
of the United Nations 2022 (available at: https://data.
apps.fao.org/catalog//iso/7707086d-af3c-41cc-8aa5-
323d8609b2d1) were used. For the PAE of FAO basins, 
an exhaustive search was implemented using the implic-
it enumeration algorithm; meanwhile, for the rest of the 
geographic units (FAO sub-basins and Pfastetter hydro-
logical basins of level 4 and 5), a driven search was per-
formed as described earlier.

The cluster analysis and the recognition of indicator 
species were performed according to the method pro-
posed by Rico et al. (2022). Briefly, starting from the 
presence-absence matrix (PAM), we first estimated the 
Jaccard dissimilarity index using the betapart R library 
(Baselga and Orme 2012). Then, we constructed a den-
drogram using the UPGMA algorithm and estimated the 
goodness-of-fit between the original data and the tree 
matrices using the co-phenetic correlation coefficient 
(Sokal and Rohlf 1962) in the R stats library (R Core 
Team 2023). Finally, we estimated the number of geo-
graphic clusters using the Kelley-Gardner-Sutcliff (KGS) 
penalty algorithm (Kelley et al. 1996) implemented in 
the R library maptree 1.4-8 (White and Gramacy 2022). 
After estimating the number of geographic clusters, 
we tested for significant differences using an ANOSIM 
(Clarke and Warwick 1994). Finally, we used indicator 
species analysis (ISA) (Dufrêne and Legendre 1997), 
where species with values above 0.75 were mostly re-
stricted to a geographic province or sub-province and 
absent from others. The analysis was implemented 
using the R library indicspecies 1.8.0 (De Cáceres and 
Legendre 2009).

The proposed provinces, sub-provinces and districts 
for Middle America were based on the PAE results and the 
names proposed followed the FAO nomenclature for ba-
sins and sub-basins (Food and Agriculture Organization of 
the United Nations 2022) (see below).

Results

A total of 52131 collection records were recovered after 
quality filtering. The results for the 0.5° grid cells are avail-
able in Suppl. material 3, in the same way, the results of 
Pfastetter 4 and 5 hydrobasin levels for the comparison 
of PAE and cluster analysis are available in the Suppl. ma-
terial 7. In addition, all the input files and raw results of all 
analyses are available at https://github.com/HOmarMeji-
aG/Fishes-of-Mexico-and-Central-America/tree/main.

Areas of endemism

The analysis using 1° grid cells with PAE allowed 39% of the 
total area of Middle America to be regionalised, recovering 
31 areas of endemism with three nested areas within area 
31 (Fig. 1A) These areas are supported by the distribution 
of 130 species of 19 families, with Poeciliidae, Cichlidae 
and Cyprinodontidae being the most represented families 
(Suppl. material 4). Meanwhile, for the 0.5° grid cells, 35 
areas of endemism were recovered and only 9% of the to-
tal area was regionalised (Suppl. material 3). For the En-
demicity Analysis (EA) of one degree (1°) grid cells, a total 
of 24 areas of endemism were recovered using the 30% 
flexible consensus threshold, where the endemicity index 
(EI) ranged from 0.785 to 21.316 and included a total of 
330 endemic species (Fig. 1B, Suppl. material 5). The 50% 
consensus threshold recovered 45 areas of endemism, 
where the EI ranged from 0.785 to 21.316 and included a 
total of 352 endemic species (Fig. 1C, Suppl. material 5). 
Meanwhile, the half degree (0.5°) grids cells recovered a 
total of 33 areas of endemism with 30% consensus, where 
the endemicity index (EI) ranged from 1.000 to 11.413 and 
included a total of 212 endemic species (Suppl. materi-
als 3, 5). Finally, the 50% consensus threshold recovered 
39 areas of endemism, where the EI ranged from 1.000 
to 11.413 and included a total of 207 endemic species 
(Suppl. materials 3, 5).

Comparison amongst methods

The 1° grid cells analysis using both methods showed high-
er levels of geographic overlap compared to the 0.5° grid 
cells. For the 1° grid cells, the comparison between PAE 
and the consensus areas of EA at 30% showed 44.528% 
overlap and a slightly lower value (43.363%) for the com-
parison between PAE and the consensus areas of EA at 
50%. For the 0.5° grid cells, the comparison between PAE 
and the consensus areas of EA at 30% showed 30.273% 
overlap and a slightly lower value (30.723%) for the com-
parison between PAE and the consensus areas of EA at 
50%. Finally, the comparison between PAE and consensus 
areas of EA at 30% recovered an overlap of 29.447%.

Regionalisation of Middle America

Six areas of endemism were recovered using the FAO ba-
sins; this scheme allowed regionalising of 99% of the com-
plete surface of Middle America (Fig. 2A, B). The areas are 
supported by 59 species belonging to 20 families, with 
Poeciliidae being the most represented, with 15 species 
(Table 1). In contrast, analysis of FAO sub-basins region-
alised 47% of the total surface of Middle America, recover-
ing a total of 35 endemism areas, with three smaller areas 
nested within area 23 (Fig. 2C). These areas are supported 
by 130 species belonging to 22 families, with Leuciscidae, 
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Figure 1. Endemism areas recovered for the freshwater icthyofauna of Middle America using 1° grid cells with different methods. 
A. PAE; B. EA with a 30% consensus threshold; C. EA with a 50% consensus threshold.

Table 1. Provinces recovered for the freshwater icthyofuana of Middle America obtained with PAE.

Number Name FAO basins included Species 
richness

Supporting species

1 Lower Colorado Colorado 6 Gila elegans, Ptychocheilus lucius, and Xyrauchen 
texanus.

2 Lower Santa Cruz-San Pedro Santa Cruz, San Pedro 9 Agosia chrysogaster, Catostomus insignis, and 
Pantosteus clarkii

3 Baja California Baja California 4 Fundulus lima and Fundulus parvipinnis
4 Central Mexican Highlands Mexico Interior 52 Astyanax argentatus, Cyprinodon inmemoriam, 

Cyprinodon latifasciatus, Megupsilon aporus, 
Characodon garmani, and Stypodon signifer

5 Mexican Pacific Coast Mexico Northwest Coast, Río Lerma, 
Pacific Central Coast, Río Balsas

186 Mayaheros beani, Ictalurus dugesii, Poecilia butleri, 
Poeciliopsis latidens, Poeciliopsis presidionis, 
Poeciliopsis prolifica, and Poeciliopsis viriosa

6 Mexican North Atlantic Río Grande-Bravo, North Gulf, Río 
Verde

174 Fundulus grandis, Pylodictis olivaris, Poecilia formosa, 
and Poecilia latipinna

7 Isthmic-Peninsular Papaloapan, Isthmus of 
Tehuantepec, Grijalva-Usumacinta, 

Yucatán Península

205 Atherinella alvarezi, Atherinella schultzi, Hyphessobrycon 
compressus, Maskaheros regani, Paraneetroplus bulleri, 

Thorichthys callolepis, Thorichthys helleri, Trichromis 
salvini, Dorosoma anale, Gambusia yucatana, Priapella 

compressa, and Priapella intermedia
8 Central American Southern Central America, 

Caribbean Coast, Colombia-Ecuador 
Pacific Coast

236 Brycon argenteus, Brycon striatulus, Astyanax 
panamensis, Compsura gorgonae, Gephyrocharax 

atracaudatus, Pseudocheirodon arnoldi, Roeboides 
occidentalis, Andinoacara coeruleopunctatus, 

Panamius panamensis, Ctenolucius beani, Cyphocharax 
magdalenae, Hoplias malabaricus, Hoplias microlepis, 
Pimelodella chagresi, Brachyhypopomus occidentalis, 
Lebiasina panamensis, Ancistrus chagresi, Ancistrus 

spinosus, Chaetostoma fischeri, Leptoancistrus 
canensis, Rineloricaria uracantha, Brachyrhaphis 

episcopi, Hiatirhaphis cascajalensis, Neoheterandria 
tridentiger, Poecilia gillii, Poeciliopsis elongata, and 

Trichomycterus striatus
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Cichlidae and Poeciliidae being the most represented 
(Table 3). For the cluster analysis, a total of six icthyolog-
ical provinces were recovered for FAO basins (Fig. 3A, B), 
despite the co-phenetic correlation index being very high 
(Rcof = 0.92), with a total of 575 indicator species, of which 
181 had values ≥ 0.75, implying that species are distribut-
ed in most of the basins that comprise the province, the 
overall ANOSIM results were significant, but the pairwise 
comparisons amongst areas were not. Thus, under these 
criteria, none of the six postulated provinces could be con-
sidered as valid (Suppl. material 6). The FAO sub-basins 
recovered eight sub-provinces, although two were not 
continuous in the geographic space (Fig. 3C). The co-phe-
netic correlation was high (Rcof = 0.84), with a total of 648 
indicator species; however, only nine species had values 
≥ 0.75, with Poeciliidae and Cichlidae being the families 
with the most species; in this case, the ANOSIM results 
suggest that only areas 2 and 7 were significantly differ-
ent from the others (Suppl. material 6). Our regionalisation 
scheme is based on the results obtained using PAE and, 
due to in the cluster analysis using UPGMA, the ANOSIM 
failed to recover significant differences. The FAO system 
recognised 16 basins and 307 sub-basins for Middle 
America; thus, we named our provinces and sub-provinc-
es based on the names suggested by FAO, considering the 
name of the basin or sub-basin with the largest area. We 
added two additional provinces well supported as areas of 

endemism from Pfafstetter level 4 (areas 1 and 2 in Suppl. 
material 7), for a total of eight ichthyological provinces 
(Fig. 2A, Suppl. material 7).

Lower Colorado province

This area encompasses the southern portion of the Col-
orado Basin and comprises a total of six species across 
four families. Leuciscidae is the most abundant. This area 
is supported by the distribution of three species (Table 1).

Lower Santa Cruz-San Pedro province

This area comprises the lower portions of the Santa Cruz 
and San Pedro basins. The species richness is low, with only 
nine species in the Leuciscidae and Catostomidae. This area 
is supported by the distribution of three species (Table 1).

Baja California province

This area comprises the Baja California basin and 
includes only four species. Fundulidae is the dominant 
family. This area is supported by the distribution of two 
species (Table 1).

Figure 2. Endemism areas recovered for the freshwater icthyofauna of Middle America with PAE A. FAO basins; B. Area Cladogram 
recovered with FAO basins; C. FAO sub-basins.
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Central Mexican Highlands province

This area comprises the inner Mexican basins and in-
cludes 52 species, with Leuciscidae being the dominant 
family. This area is supported by the distribution of six 
species (Table 1).

Mexican Pacific Coast province

This area comprises the basins of Northwest Mexico, 
the Pacific central coast and the Lerma and Balsas ba-
sins. The area harbours 186 species, where Leucisci-
dae, Goodeidae, Atherinidae and Poeciliidae are domi-
nant. This area is supported by the distribution of seven 
species (Table 1).

Mexican North Atlantic province

This area comprises the Río Grande-Bravo, North Gulf 
of Mexico and Río Verde basins with a richness of 174 
species, with Leuciscidae and Poeciliidae the most 

represented. This area is supported by the geographic 
distributions of four species (Table 1).

Isthmic-Peninsular province

The area comprises the Papaloapan, Tehuantepec isth-
mus, the Grijalva-Usumacinta basin and the Yucatán Penín-
sula. The area harbours 205 species, with Cichlidae and 
Poeciliidae being the most abundant. This area is support-
ed by the geographic distribution of 12 species (Table 1).

Central American province

This area comprises the southern basins of Central Amer-
ica, as well as the Caribbean and Pacific Coasts, with a 
total of 236 species. Acestrorhamphidae, Cichlidae and 
Poeciliidae are the most abundant families. This area is 
supported by the distributions of 27 species (Table 1).

A total of 38 sub-provinces and three districts within 
sub-province 26 were recovered supported by two to 13 
species (Fig. 1B, Table 2).

Figure 3. Endemism areas recovered for the freshwater icthyofauna of Middle America with Quantitative phenetic methods A. FAO 
basins; B. Cluster analysis phenogram obtained with FAO basins; C. FAO sub-basins.
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Table 2. Sub-provinces and districts for the freshwater icthyofuana of Middle America obtained with PAE.

Number Name FAO sub-basins included Species 
richness

Supporting species

1 Bajo Colorado South portion of Colorado basin 6 Gila elegans, Ptychocheilus lucius and Xyrauchen 
texanus

2 Lower Santa Cruz-San Pedro Santa Cruz and San Pedro 9 Catostomus insignis and Pantosteus clarkii
3 El Paso–Las Cruces El paso/Las Cruces 3 Notropis orca and Notropis simus
4 Concepción-Fuerte Concepción/Arroyo Cocaspera, Sonora, 

Yaqui, Matepe, Mayo and Fuerte
52 Atherinella elegans, Gila brevicauda, Gila minacae, 

Meda fulgida, Poeciliopsis jackschultzi, Poeciliopsis 
occidentalis and Poeciliopsis sonoriensis

5 Santa María Santa María-Panamá 21 Cyprinodon fontinalis and Cyprinella bocagrande
6 Presa El Granero Conchos and Presa El Granero 35 Cyprinodon julimes, Cyprinodon pachycephalus, 

Cyprinella panarcys and Gambusia zarskei
7 Florido-Presa de la Colina Florido and Conchos/Presa de la Colina 39 Cyprinella panarcys and Gambusia alvarezi
8 La Amistad Elm/Sycamore and La Amistad 31 Gambusia clarkhubbsi and Gambusia krumholzi
9 Bravo-Sosa Bravo/Sosa 49 Herichthys minckleyi, Cyprinodon atrorus, Cyprinodon 

bifasciatus, Lucania interioris, Cyprinella xanthicara, 
Notropis megalops, Notropis saladonis, Etheostoma 

lugoi, Etheostoma segrex, Gambusia longispinis, 
Gambusia marshi, Xiphophorus gordoni and 

Xiphophorus meyeri
10 Laguna de Mayrán Laguna de Mayrán/Viesca 9 Cyprinodon latifasciatus, Characodon garmani and 

Stypodon signifer
11 Río Grande-Bravo Bravo/ San Juan 43 Moxostoma albidum, Gila modesta, Notropis megalops 

and Xiphophorus couchianus
12 San Fernando San Fernando 48 Cyprinodon bobmilleri y Fundulus philpisteri
13 San Pablo San Pablo 14 Cyprinodon inmemoriam and Megupsilon aporus
14 San Pedro San Pedro 32 Cyprinodon meeki, Characodon audax, Characodon 

lateralis, Notropis aulidion and Poeciliopsis presidionis
15 Santiago-Huicicila Santiago/Aguamilpa and Huicicila/

San Blas
19 Atherinella pellosemeion, Algansea avia and 

Poeciliopsis presidionis
16 Ameca-Atenguillo Ameca/Atenguillo 34 Allotoca goslinei, Xenotoca doadrioi, Zoogoneticus 

tequila, Algansea amecae, Notropis amecae and Yuriria 
amatlana

17 Santiago-Lerma Santiago Guadalajara, lago Chapala, 
Lerma/Chapala, lago de Pátzcuaro/

Cuitzeo and lago de Yuriria

58 Chirostoma labarcae, Algansea popoche, Yuriria 
chapalae and Tetrapleurodon spadiceus

18 Coahuayana Coahuayana 21 Allodontichthys tamazulae, Allodontichthys zonistius 
and Xenotoca lyonsi

19 Tepalcatepec-Infiernillo Tepalcatepec/Infiernillo 27 Chirostoma copandaro and Chirostoma zirahuen
20 Tamesí-Moctezuma Tamesí, Tamuín and Moctezuma 79 Notropis tropicus, Gambusia vittata, Xiphophorus 

montezumae and Xiphophorus pygmaeus
21 Tecolutla Tecolutla and Cazones 20 Rheoheros coeruleus and Gambusia senilis
22 Nautla Nautla 16 Astyanax tamiahua and Herichthys deppii
23 Atoyac A Atoyac A 23 Poblana alchichica, Poblana letholepis, Poblana 

squamata and Notropis boucardi
24 Atoyac B Atoyac B 11 Notropis cumingii and Profundulus oaxacae
25 Ixtapa-Omotepec Ixtapa, Coyuquilla, Costa de Atoyac, 

Papagayo, Nexpa and Omotepec
18 Gobiesox mexicanus, Profundulus balsanus and 

Profundulus mixtlanensis
26 Grijalva-Usumacinta Jamapa, Papaloapan, Coatzacoalcos, 

Tonalá/Lagunas del Carmen/Machona, 
Grijalva/Villa Hermosa, Chixoy, 

Lacantún, Salinas, Pardón, San Pedro/
Guatemala, Laguna de Términos, 

Champotón, Yucatán, Quintana Roo, 
Cerradas, Bahía de Chetumal, New, 

Freshwater Creek/Cowhead Creek and 
Belize River

171 Thorichthys meeki and Phallichthys fairweatheri

26 A Papaloapan-Grijalva Jamapa, Papaloapan, Coatzacoalcos, 
Tonalá/Lagunas del Carmen/Machona, 

Grijalva/Villa Hermosa, Chixoy, 
Lacantún, Salinas, Pardón and San 

Pedro/Guatemala

146 Maskaheros argenteus, Oscura heterospila and 
Rheoheros lentiginosus

26 B Yucatán-Quintana Roo Yucatán-Quintana Roo 35 Typhlias pearsei and Carlhubbsia kidderi
26 C Cerradas Cerradas 42 Cyprinodon beltrani, Cyprinodon labiosus, Cyprinodon 

maya, Cyprinodon simus, Cyprinodon suavium and 
Cyprinodon verecundus

27 Tuxtla-Concordia Grijalva/Tuxtla Gutiérrez and Grijalva/
Concordia

50 Chiapaheros grammodes and Vieja breidohri
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Discussion
Areas of endemism

The majority of historical biogeographical studies rely 
on the recognition of areas of endemism, as these rep-
resent the basis for primary biogeographical homology 
(Morrone 2008, 2017; Parenti and Ebach 2009). Howev-
er, there is no consensus concerning how these areas 
should be delimited. In the present work, we utilised two 
of the most popular methods for delimiting areas of en-
demism for the freshwater ichthyofauna of Middle Amer-
ica. Previous studies have compared the performance 
of methods, based on three criteria, i.e. presence, diag-
nosability and contiguity (Carine et al. 2009). Presence 
refers to the possession of at least two endemic species 
in the set of grids; diagnosability refers to the exclusive 
presence of at least two shared species and contigui-
ty implies that grids are not disjunct in the geographic 
space. Based on the third criterion, we suggest that both 
methods, PAE and EA, are useful for the delimitation of 
areas of endemism, as they explicitly incorporate distri-
bution data (Aagesen et al. 2013).

The number of areas of endemism recovered with both 
methods was similar, although there was less than 50% 
overlap between the results. Several authors have criti-
cised the use of PAE for delimitation because this meth-
od does not take into account the spatial relationships 
amongst cells, PAE is a hierarchically structured approach 
and this precludes the recognition of overlapping areas of 
endemism, leading to recovering fewer areas with lower 
numbers of grid cells (Szumik and Goloboff 2004; Moline 
and Linder 2006; Carine et al. 2009; Casagranda et al. 
2012; Canales et al. 2016). The results of this study sup-
port the aforementioned predictions, as the EA recovered 
a higher number of areas of endemism that nearly covered 
the total area of Middle America (Fig. 1B, C). The analysis 

identified numerous overlapping regions, an expected 
result in transition zones (Fattorini 2017).

The fundamental aspect that must be evaluated when 
comparing PAE and EA is the strict overlap or sympatry 
of endemic species (Escalante 2015). In this work, the 
number of species that supported the areas derived from 
PAE ranged from two in the 0.5° grid cells to nine in the 1° 
grid cells (Suppl. material 4). Meanwhile, the EA results 
indicated that the number of species recovered in areas 
of endemism ranged from one to 57 (Suppl. material 5). 
While these results suggest the better performance of 
EA, inspection of the consensus areas of EA with at least 
two species with endemicity indices of 1.0 (i.e. that the 
species is distributed in each cell of the grid) leads to 
an extreme reduction in the endemism areas that fulfil 
this criterion. For the 1° grid cell analysis, only three re-
gions were recovered at 30% consensus and six areas 
were recovered at 50%, while, for the 0.5° grid cells, four 
and six endemism areas were recovered, respectively. 
Thus, based on our results, we found that PAE represents 
a better approach than EA for delineating areas of ende-
mism in the freshwater fishes of Middle America; nev-
ertheless, this statement cannot be generalised to other 
biological groups of study areas.

The use of different grid cell sizes enables the recov-
ery of patterns at various geographical scales. Large grid 
cells allow the recognition of patterns at higher taxonomic 
ranks, while small grid sizes will enable the examination 
of lower taxonomic groups that have recently diverged 
(Crother and Murray 2011). For example, in this study, 
we recovered from two to six areas of endemism nest-
ed within the Grijalva-Usumacinta Basin (Fig. 1, Suppl. 
material 3) as was previously suggested by Elías et al. 
(2020), who recovered six areas of endemism. In summa-
ry, there is a lack of agreement regarding which method 
is the best for recovering areas of endemism. There are 
advantages and disadvantages to each of the cladistic 

Number Name FAO sub-basins included Species 
richness

Supporting species

28 Moho-Lago de Izabal Grande/Moho, Sarstum, Polochic and 
lago de Izabal/Dolce

47 Potamarius izabalensis, Cincelichthys bocourti, 
Carlhubbsia stuarti and Pseudophallus galadrielae

29 Motagua Motagua 43 Cathorops melanopus and Chuco microphthalmus
30 Choluteca Choluteca 19 Amphilophus hogaboomorum and Tlaloc portillorum
31 Lagos de Nicaragua lago superior de Nicaragua and lago 

Nicaragua
49 Atherinella sardina, Astyanax nasutus and Amphilophus 

labiatus
32 Tárcoles Tárcoles/Virilla/Colorado 16 Cynodonichthys glaucus and Cynodonichthys siegfriedi
33 General-Sierpe General, Terraba and Sierpe 31 Pseudocheirodon terrabae and Imparfinis lineatus
34 Cuervito Cuervito 20 Astyanax kompi and Cynodonichthys uroflammeus
35 Telire-Calovébora Estrella, Telire, Sixaola, Teribe/Culubre, 

Changuinola/Cricamola and Cricamola/
Calovébora

46 Amatitlania kanna, Amatitlania myrnae, Cribroheros 
bussingi, Cribroheros rhytisma and Phallichthys 

quadripunctatus
36 Coclé del Norte Coclé del Norte 24 Odontostilbe mitoptera, Roeboides loftini and 

Cynodonichthys monikae
37 Canal de Panamá - Costa del 

archipiélago de San Blas
Canal de Panamá and Costa del 

archipiélago de San Blas
59 Astroblepus mendezi, Astroblepus pirrensis, Roeboides 

carti, Mesoheros atromaculatus and Cynodonichthys 
montium

38 Grande Panamá-Tuira Santa María, Grande-Panamá, Antón/
Caimito, Caimito/Juan Díaz/Pacora, 
Canal de Panamá, Costa de Bahía de 
Panamá, Tuira and costa del Golfo de 

Panamá

87 Trachelyopterus amblops, Sturisomatichthys 
panamensis and Priapichthys darienensis
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Table 3. Comparison of the regionalisation schemes of Middle America Icthyofauna obtained by Rico et al. (2022) using an UPGMA 
clustering from a dissimilarity index and the results obtained in this study through the use of a parsimony analysis of endemicity. Name 
of regions, indicator species (IS), endemic species supporting the area and shared species between two approaches are displayed.

Rico et al. 
(2022)

Indicator species PAE this study Endemic species Remarks Shared species

Baja 
California

Fundulus lima, Fundulus 
parvipinnis

Baja California Fundulus lima, Fundulus 
parvipinnis

Provinces are identical in both 
regionalisation schemes

Fundulus 
lima, Fundulus 

parvipinnis
Colorado Pytocheilus lucius, Xyrauchen 

texanus, Catostomus 
latipinnis, Gila elegans, 

Gila robusta, Pantosteus 
discobulus, Gila cypha

Lower Santa 
Cruz- San Pedro 

and Lower 
Colorado

Agosia chrysogaster, 
Catostomus insignis, 

Pantosteus clarkii, Gila 
elegans, Pytocheilus lucius, 

Xyrauchen texanus

These provinces are part of the 
Colorado region that extends to Mexico 

and were recovered as independent 
units in our study

Pytocheilus 
lucius, Xyrauchen 

texanus,Gila 
elegans

Grande 
Panuco

Cyprinella lutrensis, Pylodictis 
olivaris, Gambusia affinis, 

Ictalurus punctatus

Mexican North 
Atlantic

Fundulus grandis, Pylodictis 
olivaris, Poecilia formosa, 

Poecilia latipinna

In our scheme, this province is restricted 
to the lowlands of Atlantic Coast due 

to Sierra Madre Oriental comprising an 
effective barrier in comparison to the Rico 

et al. (2022) scheme where this region 
extends beyond Sierra Madre Oriental

Pylodictis olivaris

NA NA Central Mexican 
Highlands

Astyanax argentatus, 
Cyprinodon inmemoriam, 
Cyprinodon latifasciatus, 

Megupsilon aporus, 
Characodon garmani, 

Stypodon signifer

This province is recovered in our scheme, 
but not in Rico et al. (2022), comprises a 
series of endorreic basins nestled within 
both Sierras Madre Oriental and Sierra 

Madre Occidental

NA

Sonora 
Lerma

Campostoma ornatum, 
Mayaheros beani

Mexican Pacific 
Coast

Mayaheros beani, Ictalurus 
dugesii, Poecilia butleri, 
Poeciliopsis latidens, 

Poeciliopsis presidionis, 
Poeciliopsis prolífica, 
Poeciliopsis viriosa

Very similar, nevertheless, in Rico et al. 
(2022) scheme, this province extends 

inland and comprises our Central 
Mexican Highlands province, besides, 
in our scheme the south limit extends 

beyond Transmexican Vocanic Belt and 
includes a section of the Rio Balsas-

Nacaome of Rico et al. (2022)

Mayaheros beani

Balsas 
Nacaome

Poecilia nelsoni, Poeciliopsis 
turrubarensis, Amphilophus 

trimaculatum

NA NA Partially included in our Pacific Coast 
province and in our Grijalva Usumacinta 

province

NA

Grijalva 
Usumacinta

Pseudoxiphophorus 
bimaculatus, Trichromis 

salvini, Poecilia mexicana, 
Rocio octofasciata, Criboheros 

robertsoni, Xiphophorus 
maculatus, Rhamdia 

guatemalensis, Thorichthys 
meeki

Isthmic-
Peninsular 
province

Atherinella alvarezi, Atherinella 
schultzi, Hyphessobrycon 
compressus, Maskaheros 

regani, Paraneetroplus 
bulleri, Thorichthys callolepis, 
Thorichthys helleri, Trichromis 

salvini, Dorosoma anale, 
Gambusia yucatana, Priapella 

compressa, Priapella 
intermedia

Our scheme comprises the entire Grijalva-
Usumacinta province of Rico et al. 

(2022), but also the Pacific slope of their 
Balsas-Nacaome province from Oaxaca 

to Guatemala due to the fact that we 
recovered both Oceanic slopes of Mexico 

in the same province

Trichromis salvini

NA NA Central 
American 
province

Brycon argenteus, 
Brycon striatulus, 

Astyanax panamensis, 
Compsura gorgonae, 

Gephyrocharax atracaudatus, 
Pseudocheirodon 
arnoldi, Roeboides 

occidentalis, Andinoacara 
coeruleopunctatus, Panamius 

panamensis, Ctenolucius 
beani, Cyphocharax 

magdalenae, Hoplias 
malabaricus, Hoplias 

microlepis, Pimelodella 
chagresi, Brachyhypopomus 

occidentalis, Lebiasina 
panamensis, Ancistrus 

chagresi, Ancistrus 
spinosus, Chaetostoma 
fischeri, Leptoancistrus 
canensis, Rineloricaria 
uracantha,achyrhaphis 
episcopi, Hiatirhaphis 

cascajalensis, Neoheterandria 
tridentiger, Poecilia gillii, 

Poeciliopsis elongata and 
Trichomycterus striatus

This province extends from the 
Motagua-Polochic fault in Honduras to 
Panama, but also comprises the south 
limit of the Balsas-Nacaome province 

of Rico et al. (2022)

NA
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methods used in this study (Fattorini 2017). Therefore, a 
comparison of both methods is mandatory for recognis-
ing areas of endemism, as in some circumstances, they 
can be complementary and provide additional information 
(Canales et al. 2016).

Regionalisation of Middle America

Biogeographical regionalisations constitute a reference 
system for several other areas in biology (Morrone 2018); 
therefore, multiple regionalisation schemes have been 
proposed for the freshwater ichthyofauna of Middle Amer-
ica, based on different methodologies, including chorolog-
ical (Miller 1966; Miller et al. 2005; Lévêque et al. 2007; 
Abell et al. 2008; Říčan et al. 2013), phenetic (Smith and 
Bermingham 2005; Matamoros et al. 2012; Elías et al. 
2020; Rico et al. 2022) and phylogenetic approaches. The 
method used in the present study is the first to include all 
families of freshwater fishes and the complete area using 
a phylogenetic approach.

In the last years, we have witnessed a resurgence of 
cluster analysis that group areas based on similarities and 
differences without recognition of homologies (Ebach and 
Parenti 2015; Escalante 2017), leading to postulate that, in 
large-scale biogeographic studies, the use of quantitative 
or phenetic methods represents the best choice compared 
to PAE due to differences between an area of endemism 
and a spatially inclusive regionalisation (Kreft and Jetz 
2010). Nevertheless, in this work, the phenetic approach 
failed to properly recover ichthyological provinces, despite 
the analysis identifying from six to eight regions not sup-
ported by ANOSIM results (Fig. 3A, B) indicating that these 
areas were not significantly different or were not continu-
ous in geographic space.

A natural region must include an historical relationship 
of the biota (Ebach and Parenti 2015); thus, a biogeo-
graphical province recognised by the presence of a dis-
tinct set of endemic taxa allows us to recognise how life 
on Earth has been moulded by historic and contemporary 
biotic and abiotic forces (Escalante 2017; Morrone 2018).

The ichthyological provinces recovered in this study us-
ing PAE (Fig. 1A) are similar to six of the seven provinces 
recently described by phenetic methods for North Amer-
ica by Rico et al. (2022) (Table 3). The provinces “Bajo 
Colorado” and “Bajo Santa Cruz-San Pedro” recovered in 
this study are nested within the Colorado province (Rico et 
al. 2022), sharing Ptychocheilus lucius, Xyrauchen texanus 
and Gila elegans as supporting and indicator species; the 
“Baja California” provinces in both schemes are similar, 
sharing Fundulus lima and Fundulus parvipinnis. The “Cos-
ta del Pacífico Mexicano” province is similar to the “Sono-
ra-Lerma” province (Rico et al. 2022), sharing Mayaheros 
beani. However, our region does not extend to cover the 
North-Central Mexico Highlands as in Rico et al. (2022). 
Finally, the “Centro-Norte del Atlántico mexicano” prov-
ince is similar to the “Grande-Pánuco” province (Rico et 

al. 2022), sharing Pylodictis olivaris. Again, our province is 
restricted to the lowlands of the Atlantic slopes due to the 
Sierra Madre Oriental comprising an effective barrier (Fig. 
1A, Table 1). Thus, in this study, we recovered the “Central 
Mexican Highlands province” supported by six endemic 
species (Astyanax argentatus, Cyprinodon inmemoriam, 
Cyprinodon latifasciatus, Megupsilon aporus, Characodon 
garmani and Stypodon signifer), a province that was not 
previously recovered by Rico et al. (2022).

In previous studies, both the Pacific and Atlantic slopes 
were recognised as independent provinces: “Chiapas-Nic-
aragua” province in the Pacific and “Grijalva-Usumacinta” 
in the Atlantic (Miller 1966; Bussing 1976; Říčan et al. 
2013, 2016; Matamoros et al. 2015; Rico et al. 2022). In 
the present work, we recovered a single province called 
“Ístmica-Peninsular” that was supported by 13 species 
(Table 1, Suppl. material 3). Finally, from the south of the 
Motagua Basin to the southern border of Panamá, a single 
province called “Centroamericana” was recovered in this 
study, one that does not match with any of the previous 
works that have split this area into nine different provinces 
(Matamoros et al. 2015).

At a finer scale, it is difficult to compare the sub-prov-
inces found in this study to those previously postulated 
due to the effects of different methods, area sizes and 
numbers of fish families. In this work, we postulated sev-
en sub-provinces for lower America Media (Costa Rica 
and Panamá) that match with the proposal of Smith and 
Bermingham (2005). For the Nuclear Middle America / 
Chortís Block region, however, Matamoros et al. (2012, 
2015) suggested four to ten sub-provinces, but in the pres-
ent work, we recovered only two (Choluteca and Lagos de 
Nicaragua). The Pacific slope from the Río Verde and Te-
huantepec to the Choluteca River in Honduras has been 
recovered as a single sub-province in several previous 
studies (Miller 1966; Bussing 1976; Miller et al. 2005; Abell 
et al. 2008; Říčan et al. 2013; Matamoros et al. 2015; Říčan 
et al. 2016), but this was not indicated in the present work.

Conclusions

The lack of agreement between regionalisation schemes 
is a consequence of the different scales used, as well as 
other methodologies and the number of families and spe-
cies. It is necessary to point out that, despite similarities 
being focused on species turnovers, cluster analysis could 
be still considered to deal with natural kinds (Rieppel 
2006); so, once the areas has been defined, it is possi-
ble to recognise their endemic taxa (Morrone 2018); the 
above also applies to ecoregions that can be compared 
with historical regionalisations due to both being moulded 
by the same processes (Morrone 2025).

There is no universally accepted method for the delim-
itation of biogeographical regions and, thus, the selection 
of a proper approach needs to be evaluated by taking into 
account the nature of the study (Kreft and Jetz 2010). 
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It is necessary to use and compare different methodolo-
gies, as well as various geographic scales (Wiens 1989; 
Mayer and Cameron 2003; Rahbek 2005) in order to identify 
patterns and choose the best method for a single dataset 
due to, in a final instance, the general purpose classifica-
tion being useful for a wide variety of goals (Jensen 2009).
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