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Abstract

Aim: The processes that generate biodiversity occur at finer scales than are often
studied, particularly in freshwater systems of the northern Neotropics. We in-
vestigate whether fine-scale biogeographic patterns are present within the larger
Grijalva-Usumacinta Area of Endemism (AoE) —a region in Middle America where
nearly 60% of freshwater fishes are endemic—and if present-day river basins are sin-
gle historical units.

Location: Northern Central America and southern Mexico.

Taxon: Freshwater fishes (e.g., Cichlidae, Poeciliidae, Ostariophysi)

Methods: We used fine-scale distributional data for freshwater fishes in northern
Middle America (based on museum records and fieldwork) and performed cluster
analyses on a presence/absence data matrix of 117 species. We assessed statisti-
cal support of geographic clusters using global one-way analysis of similarity and
recovered endemic areas that were further supported by species indicator analyses.
Endemic areas were diagnosed by the distribution of endemic species within these
areas. For a broader scale we also performed phylogeographic analyses for wide-
spread species representing the dominant families of the region.

Results: We found unrecognized biogeographic structure within the Grijalva-
Usumacinta AoE. Different lineages possess varying degrees of geographic structur-
ing and endemic species were not homogeneously distributed across the riverscape.
Main conclusions: We redefine the geographic boundaries of two northern Middle
American areas of endemism. We identify five endemic areas nested within the larger
Grijalva-Usumacinta AoE. We demonstrate that the upper reaches of the Usumacinta
and Grijalva river basins are independent historical biogeographic units and can be
differentiated from their lower reaches based on their assemblage and molecular di-
versity. The recognition of these endemic areas can help us define the geographic
landscape and develop hypotheses about the processes that generated the ichthyo-
fauna of northern Middle America.
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1 | INTRODUCTION

Biogeographical studies rely on the delimitation of functional geo-
graphical units that are hypotheses of natural areas (Morrone, 2009,
2017; Parenti & Ebach, 2009). One way of doing this delimitation is
by finding and describing areas of endemism (AoE), which can be key
to uncovering contemporary and historical distributions (Parenti &
Ebach, 2009). One feature of AoEs is that they are nested entities (see
Crother & Murray, 2011) in which larger geographical units have the
potential to untangle the evolutionary history at a deeper geological
time and higher taxonomic scales (e.g. family/genus level). In contrast,
fine-scale geographical units can help to shed light on the evolution-
ary history of groups that have diversified more recently, potentially at
lower taxonomic levels (e.g. species). Therefore, the identification of
fine-scale geographical units for biogeographical studies can help to
uncover ecological, geological and evolutionary patterns that are over-
looked at more coarse scales. Here we test our hypothesis that fine-
scale biogeographical patterns exist in one of the most geologically
complex areas on Earth, the freshwaters of northern Middle America.
Biogeographical regions for freshwater fishes have been de-
scribed at continental and regional scales globally (Abell et al. 2008;
Dagosta & Pinna, 2017; Leroy et al., 2019; Matamoros, Hoagstrom,
Schaefer, & Kreiser, 2016; Matamoros, McMahan, Chakrabarty,
Albert, & Schaefer, 2015; Reyjol et al.,2007; Unmack, 2001). Whereas
fine-scale patterns (i.e. identification of river networks with shared
endemics) within these larger regions are less often investigated
(e.g. Lemopoulos & Covain, 2019; Smith & Bermingham, 2005), this
is particularly true for freshwater fishes in the northern Neotropics.
Northern Middle America ranges from the Rio Grande in North
America to the Polochic-Motagua-Jocotan fault system in Guatemala
and Honduras in Central America. The ichthyofauna of the region is
primarily hypothesized to have diversified from South American ori-
gins between the late Cretaceous to the Miocene (Hrbek, Seckinger,
& Meyer, 2007; McMahan, Chakrabarty, Sparks, Smith, & Davis, 2013;
Tagliacollo, Duke-Sylvester, Matamoros, Chakrabarty, & Albert, 2017),
pre-dating estimated ages (~20 to ~6 Ma) for the closure of the
Panamanian Isthmus (Bacon et al., 2015). This region has been sub-
jected to everything from shifting tectonic plates, volcanic activity
and sea-level changes to river reversals that have made for a complex
geological history, particularly for its freshwaters (Brocard et al., 2012;
Iturralde-Vinent & MacPhee, 1999; Rosen, 1975, 1979, 1985).
Ichthyofaunal diversity in the region is dominated (~70%) by
the families Cichlidae and Poeciliidae (Bussing, 1985; Matamoros
et al., 2015; Miller, 1966), in contrast with other regions of the
Neotropics, where Ostariophysan fishes (e.g. Characiformes and
Siluriformes) dominate the diversity. This pattern has been ex-
plained by the Ostariophysan vacuum hypothesis (Myers, 1966) in
which cichlids and poeciliids colonized and diversified in Northern
Middle America (Hrbek et al., 2007; Ri¢an, Piadlek, Zardoya, Doadrio,
& Zrzavy, 2013) in the absence of Ostariophysan fishes (which
are hypothesized to have arrived after the initial closure of the
Panamanian isthmus; Reeves & Bermingham, 2006). But the discov-

ery of the monotypic family Lacantunidae in the upper reaches of

the Usumacinta River (Rodiles-Hernandez, Hendrickson, Lundberg,
& Humpries, 2005) and the hypothesis of its phylogenetic rela-
tionships based on molecular data (Lundberg, Sullivan, Rodiles-
Hernandez, & Hendrickson, 2007) do not support the Ostariophysan
vacuum hypothesis and instead suggest that a more diverse group
of Ostariophysans fishes (i.e. family Lacantunidae) went extinct in
Northern Middle America prior the arrival of the currently distrib-
uted Ostariophysan fishes in the region.

Middle America is split into several AoEs, with the Grijalva-
Usumacinta (G-U AoE; sensu Matamoros et al., 2015) encompass-
ing 25 river basins across southern Mexico, Guatemala and Belize
(Figure 1), and possessing the highest proportion (59.2%) of endemic
fishes in Middle America (Matamoros et al., 2015). Climatic events
during the Plio-Pleistocene impacted the availability of surface water
in the region, resulting in drying and isolation of water bodies fol-
lowed by reconnection and refilling (Anselmetti et al., 2006; Brenner,
Rosenmeier, Hodell, & Curtis, 2002; Hodell et al., 2008). The com-
plex and dynamic history of ancient and recent (Brocard et al., 2012;
Iturralde-Vinent & MacPhee, 1999; Lopez-Ramos, 1975) geological
and climatic processes have likely played an important role in shap-
ing the diversity and distributional patterns of freshwater fishes (e.g.
McMahan, Ginger, et al., 2017). Despite the complex history of the re-
gion and its unique species assemblages, only a few comparative stud-
ies have been conducted in Northern Middle America (e.g. for fishes:
Rosen, 1979; Perdices, Bermingham, Montilla, & Doadrio, 2002; for
reptiles: Castoe et al., 2009; Daza, Castoe, & Parkinson, 2010).

The central goal of this study was to investigate whether fine-scale
biogeographical structure is present within the G-U AoE. We inves-
tigate and describe fine-scale distributional patterns for freshwater
fishes in Northern Middle America. We evaluate two general hypothe-
ses: (1) Unrecognized biogeographical structure exists within the G-U AoE;
we hypothesize that unique assemblages of freshwater fishes will be
identifiable into geographical clusters of river sub-basins within the
larger G-U AoE and (2) River basins in Northern Middle America are not
single independent biogeographical units; empirical work at wide scales
have identified contrasting composition and distributional patterns of
freshwater fishes in the upper and lower position of river networks
(e.g. Carvajal-Quintero et al., 2019; Dias et al., 2014) and the utility of
river basins as single historical units has been challenged (Dagosta &
Pinna, 2017). Therefore, we hypothesize that river sub-basins in the
upper portions of the watershed will possess a more similar assem-
blage of freshwater fishes within each other than with sub-basins in
the lower part of the drainage. We expect non-random patterns of
biogeographical structure across taxonomic groups at finer-scales (be-

tween and across river basins and other watersheds) in the G-U AoE.

2 | MATERIALS AND METHODS
2.1 | Study area and distributional data

Intraspecific dispersal and the maintenance of gene flow within

populations of freshwater fishes are closely tied to hydrobasin
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FIGURE 1 Map of the river sub-basins that form the Grijalva-Usumacinta (1-25) and the Polochic-Cahabdn (26; light brown) areas of
endemism. Upper Grijalva (dark brown), Upper Usumacinta (dark green), Lower Grijalva-Usumacinta (light green), Northern Maya Block
(Grey), Eastern Maya Block (teal). Colour scheme maintained through the paper. River sub-basin boundaries follow: INEGI (2010); Suarez
(2011); Lehner and Grill (2013); and the river network follow: Lehner and Grill (2013) [Colour figure can be viewed at wileyonlinelibrary.com]

network connectivity, as are changes in connections across the geo-
logic history of these systems (Carvajal-Quintero et al., 2019; Dias
et al., 2014). Therefore, we divided the G-U AoE into 25 distinct hy-
drological units based on river sub-basins and previously published
studies (Table 1). The Polochic-Cahabén AoE (sensu Matamoros
et al., 2015) was additionally included to test if these adjacent river
systems share affinities with the Rio Usumacinta proper or other
parts of the G-U AoE (Figure 1).

We compiled presence/absence data for 117 species of fresh-
water fishes (diadromous fishes were not included in our analysis)
from 14 families across 25 river sub-basins (Table S1) occurring
in the study region. The distributional dataset of Matamoros
et al. (2015) served as a starting point; this dataset was updated
and revised to agree with the taxonomy of Eschmeyer's Catalog
of Fishes (Fricke, Eschmeyer, & van der Laan, 2019). Additional
data were compiled through literature searches and recent dis-

tributional publications (Barrientos, Elias, & Quintana, 2015;

Barrientos, Quintana, Elias, & Rodiles-Hernandez, 2018; Gémez-
Gonzélez, Veldsquez-Veldsquez, Anzueto-Calvo, & Maza-Cruz,
2015; Greenfield & Thomerson, 1997; Quintana, Barrientos, &
Rodiles-Hernandez, 2019). Museum records were compiled and
examined based on searches through online aggregators (e.g.
FishNet2, GBIF) and material recently collected by the authors.
Georeferenced coordinates were all validated and substantiated
for questionable museum records and we checked the identifica-
tions of questionable records.

2.2 | ldentification of fine-scale
biogeographical structure

The delineation and diagnosis of natural areas (e.g. areas of en-
demism, endemic areas) as units of analysis is a key first step

in systematic, evolutionary and model-based biogeographical
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TABLE 1 Hydrological subdivisions within the Grijalva-
Usumacinta AoE used for distributional analyses. Numbers in
brackets correspond to sub-basins identified in Figure 1

Rio Grijalva
sensu Gomez-Gonzalez et al. (2015)

Upper: Lower:
Headwaters [1] Pefiitas [5]
La Angostura [2] Tulija [6]
Chicoasén [3] Teapa [7]

Malpaso [4] Tabascal Plains [8]

Rio Usumacinta
sensu Miller et al. (2005)

Lower:

Rio San Pedro-Candelaria [12]
Main channel [13]

Laguna Términos [14]

Upper:

Rio Chixoy [9]
Rio Lacantun [10]
Rio La Pasion [11]

Yucatan Peninsula

Western [15] Eastern [16]

Belize
sensu Greenfield and Thomerson (1997)
North [17] Monkey River [19]

Central [18] Grande River [20]

Moho River [21]
Temash River [22]
Sarstun River [23]

Additional rivers and AoE

Rio Hondo [24]

Rio Mopan [25]
Polochic-Cahabdn AoE [26]
sensu Matamoros et al. (2015)

studies (Ebach & Michaux, 2017; Morrone, 2009, 2017; Murray &
Crother, 2016; Nelson & Platnick, 1981; Parenti & Ebach, 2009;
Ree, Moore, Webb, & Donoghue, 2005). These natural areas pos-
sess fuzzy geographical boundaries and are diagnosable by co-
distributed species found nowhere else (Crother & Murray, 2011;
Parenti & Ebach, 2009). Herein we use the term endemic areas to
refer to those regions (i.e. clusters of river sub-basins) containing
species endemic to the G-U AoE but that are uniquely distributed
within individual portions of the AoE (Dominguez, Roig-Juiient,
Tassin, Ocampo, & Flores, 2006) as our operational definition of
endemic areas. This is also in line with the definition of the term
proposed by Parenti and Ebach (2009): ‘any disjunct or continuous
geographical space, through time, that delimits the current and
past distribution of one or more taxa’.

To delineate endemic areas within the study region, we used
multivariate clustering methods (Kreft & Jetz, 2010) to identify
geographical clusters of river sub-basins based on assemblages
(sensu Fauth et al., 1996) of freshwater fishes. These methods
provide a quantitative and objective first step in identification
and delineation of biogeographical regions and have been widely
used for aquatic ecosystems (Cousseau et al, 2019; Ennen,
Agha, Matamoros, Hazzard, & Lovich, 2016; Ennen et al., 2020;
Matamoros et al., 2016; Matamoros, Kreiser, & Schaefer, 2012).

First, we performed a hierarchical cluster analysis of the river

sub-basins based on an unweighted pair group method analysis
with arithmetic means (UPGMA) on a dissimilarity matrix based
on Jaccard index from our presence/absence dataset using the
hclust function implemented in the R package ‘vegan’. We calcu-
lated cophenetic indices (Cl) to evaluate the degree of correlation
between dissimilarity and raw data matrices to assess if the re-
covered hierarchical clusters reflect the information contained in
the raw data. Cophenetic indices near one indicated a high degree
of correlation between matrices (Saracli, Dogan, & Dogan, 2013;
Sokal & Rohlf, 1962).

We additionally performed a non-hierarchical clustering
analysis, partitioning by K-means (Legendre & Legendre, 2012;
MacQueen, 1967), to objectively assess congruence with the
hierarchical approach. This approach a priori requires the num-
ber of potential clusters to be evaluated. We tested a range of
potential clusters (K) in our dataset with a minimum of K = 2
(the two AoEs under analysis) and maximum of K = 12 (highest
number of clusters composed of two sub-basins). To quantita-
tively identify the optimal number of clusters within the G-U
AoE, we used the Calinski-Harabasz (C-H) index (Calinski &
Harabasz, 1974; Legendre & Legendre, 2012; Milligan & Cooper,
1985) implemented in the R package ‘vegan’ (version 3.1.0,
Oksanen et al., 2017; R Core Team, 2015). This stopping rule
method calculates a multivariate F-statistic that increases as the
numbers of evaluated clusters are more differentiated (Legendre
& Legendre, 2012; Oksanen et al., 2017). We evaluated the 11
different potential numbers of K in our dataset with the highest
C-H index indicating the optimal K (Oksanen et al.,, 2017). We
additionally tested whether other potential K increased the C-H
index as the number of clusters increased using the cascadeKM
function in ‘vegan’. This evaluation allowed us to identify other
optimal K values in our dataset (Oksanen et al., 2017); if more
than one optimal K was recovered, we chose the value that max-
imized number of clusters while preserving geographical coher-
ence (combination of adjacent river sub-basins) as suggested
by Matamoros et al. (2016). The cascadeKM function returns a
summary table from assignment analysis of river sub-basins to
clusters for each potential K evaluated (Oksanen et al., 2017).
We compared the non-hierarchical sub-basin assignment of the
K-means analysis with the dendrogram topology from the hier-
archical cluster analysis to evaluate congruence among methods
and delineate endemic areas.

We used the optimal number of K to conduct one-way analyses
of similarity (ANOSIM; Clarke & Warwick, 1994) to test the statistical
significance of the recovered river sub-basin clusters. ANOSIM cal-
culates an R statistic that ranges from O to 1. If R = 0, no differences
exist in species composition within or between clusters. If R = 1, all
pairs of samples within groups are more similar than comparisons
with any samples from different groups. We performed a one-way
ANOSIM post-hoc pairwise comparisons among groups in the soft-
ware PAleontological STatistics (PAST Ver. 3.25; Hammer, 2019).
Statistical significance among geographical clusters was assessed

using sequential Bonferroni correction (Holm, 1979; Rice, 1989).
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Finally, we evaluated distributional patterns specifically for four
major fish groups in the region: Families Cichlidae and Poeciliidae,
which dominate diversity in the region; superorder Ostariophysi
(represented by characin tetras and catfishes), which dominate
biomass in the region (Myers, 1966); and non-dominant taxa (repre-
sented by Cyprinodontidae, Fundulidae, Rivulidae, Profundulidae,
Synbranchidae, Lepisosteidae and Catostomidae) to test the hy-
pothesis that our recovered general patterns were congruent among
these defined groups in the species pool.

To diagnose endemic areas within the larger G-U AoE, we eval-
uated which endemic species occur in individual geographical clus-
ters. Species exclusively distributed in a single recovered cluster
of river sub-basins are diagnostic of that endemic area within the
larger G-U AoE. Additionally, we used species indicator analyses as
an independent assessment of fidelity of endemicity. Values ranged
from O to 1, with 1 indicating high fidelity (found only in one cluster
or endemic area) and high frequency (present in all river sub-basins

forming the endemic area; Dufréne & Legendre, 1997).

2.3 | Phylogeographical data and analyses

We used genetic data as an independent test of biogeographical
structure within the G-U AoE. We evaluated phylogeographical
patterns for six widespread co-distributed freshwater fishes in
Northern Middle America. Three species of the family Cichlidae
(Petenia splendida, Trichromis salvini and Vieja melanura) and three
species of the family Poeciliidae (Belonesox belizanus, Gambusia
sexradiata and Xiphophorus hellerii). Tissue samples across distri-
butions (Figure S1) were provided by the Southeastern Louisiana
University Vertebrate Museum (SLU), the LSU Museum of Natural
Science (LSUMZ), Museo de Zoologia of Universidad de Ciencias
y Artes de Chiapas, México (MZ-UNICACH), Museo de Historia
Natural de Guatemala (USAC) and the Field Museum of Natural
History (FMNH). Museum codes follow Sabaj (2016). Additionally,
published sequence data with georeferenced coordinates, all of
which were confirmed for accuracy, were included in our datasets
(Table S2).

Whole genomic DNA was extracted from tissue samples using
a DNeasy kit (Qiagen, Inc.). The mitochondrial cytochrome b (cyt
b) gene was amplified and sequenced for 38 samples of P. splen-
dida, 35 of V. melanura, 40 of T. salvini, 24 of B. belizanus, 55 of X.
hellerii and 56 samples of G. sexradiata. Mitochondrial DNA mark-
ers (e.g. cyt b) provide sufficient data (Bowen et al., 2014) for the
objectives of this study and allowed for the inclusion of existing
available genetic data from previous studies increasing our geo-
graphical coverage. Molecular protocols and primer set for ampli-
fication and sequencing of cyt b are described in Supplementary
Information 1.

Sequence data were aligned and visually inspected using the
software Geneious 9.1 (Kearse et al., 2012), and multiple sequence
alignments were constructed for each species with the MAFFT

algorithm (Katoh & Standley, 2013) using default parameters
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in Genelous. Sequences were deposited in GenBank (Accession
numbers listed in Table S2). Outgroups and additional sequences
were downloaded from GenBank for each species under study.
Nucleotide (x; Nei & Li, 1979), genetic (0w; Watterson, 1975) and
haplotype (Hd) diversity indices were calculated in the software
DnaSP v.5.10 (Librado & Rozas, 2009). Matrilineal haplotypes were
reconstructed using statistical parsimony analysis (SPA; Templeton,
Crandall, & Sing, 1992) implemented in the software TCS (Clement,
Posada, & Crandall, 2000) with a 95% confidence limit for con-
nected haplotypes. The SPA calculates the probability (p = >0.95)
that two haplotypes are connected by a single mutational step,
the most parsimonious solution (Templeton et al., 1992). The im-
plementation of this algorithm in the software TCS calculates the
maximum number of mutations allowed to connect a pair of hap-
lotypes based on the parsimony criterion (Clement et al., 2000).
If the number of mutations connecting two haplotypes or two
inferred networks is higher than the threshold calculated by the
parsimony criterion, then these networks are reconstructed as un-
connected. Recovered networks with the TCS software were used
to infer gene genealogies using a median-joining network (Bandelt,
Foster, & Rohl, 1999) implemented in the software POPART (Leigh
& Bryant, 2015). If the SPA implemented in TCS recovered uncon-
nected networks, we inferred the haplotype networks in POPART
independently.

The best partition scheme and model selection were selected
(Table S3) using a greedy search and the corrected Akaike information
criterion-AlCc (Hurvich & Tsai, 1989) in the software PaArRTITIONFINDER
(Lanfear, Calcott, Ho, & Guindon, 2012). Phylogenetic hypotheses
were inferred in MrBayes 3.2.6 (Huelsenbeck, Ronquist, Nielsen, &
Bollback, 2001) implemented in the CIPRES portal (Miller, Pfeiffer,
& Schwartz, 2010). Three independent analyses of 12,000,000 gen-
erations for P. splendida, V. melanura and G. sexradiata, 14,000,000
generations for B. belizanus, and 20,000,000 generations for T.
salvini and X. hellerii were performed with two replicate runs each.
Sampling stationarity was assessed via visual inspection in TRACER 1.5
(Rambaut, Drummond, Xie, Baele, & Suchard, 2018) and observed
average standard deviations of split frequencies (<0.01) values. Two
thousand trees were sampled and the initial 25% were discarded as
burn-in. Bayesian posterior probabilities (BPP) were calculated using
the post burn-in trees, and the three independent runs were com-
pared to evaluate topological congruence among runs. Subsequently,
phylogenetic hypotheses were inferred as above using a reduced
dataset that only included one tip per haplotype for each species.
Phylogenetic trees and frequencies of haplotypes in geographical
areas were visualized using the dotTree function in the R package
‘phytools’ (Revell, 2012).

We used two complementary approaches to objectively de-
termine the number of independent mitochondrial lineages for
each species within the G-U AoE. We inferred the number of
geographically delimited haplogroups present in our molecular
dataset using results of the SPA and conducted a statistical test
(Rosenberg's Test; Brown et al., 2012; Rosenberg, 2007) on re-

solved nodes of the inferred phylogenies. Matrilineal haplotype
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networks were reconstructed using the SPA implemented in the
software TCS (Templeton et al., 1992) with a 95% confidence limit
for connecting haplotypes. This analysis has shown to be robust
in identifying mitochondrial lineages with Sanger sequence data
(Hart & Sunday, 2007). Therefore, we used this method to identify
if there were geographically defined haplogroups (i.e. phylogeo-
graphical structure) for each species under study that supported
the identified endemic areas. Recovered networks with TCS were
used to infer gene genealogies using a median-joining network
(Bandelt et al., 1999) implemented in the software POPART (Leigh
& Bryant, 2015).

We tested the null hypothesis that all samples belonged to
a single panmictic population to determine if phylogeographical
structure was stochastic or due to inadequate sample sizes. We
performed Rosenberg's test for reciprocal monophyly (Brown
et al., 2012) for each bifurcating node, testing the null hypoth-
esis that a single taxonomic entity followed a random branching
model (Rosenberg, 2007). If the null hypothesis was supported by
the observed bifurcating pattern in the tree, it was interpreted
as random branching model expected in populations evolving
under the Yule model (Rosenberg, 2007) and we considered the
samples to belong to a single mitochondrial lineage. If the null
hypothesis was rejected, the recovered clades could be inter-
preted as geographically delimited haplogroups of the same spe-
cies (Rosenberg, 2007). Tests were executed in the R package
‘spider’ (Brown et al., 2012). We took a conservative approach
where geographical haplogroups were delimited if they were re-
covered as an unconnected network in the SPA and supported by

Rosenberg's test.

3 | RESULTS

3.1 | Distributional patterns between the G-U and
Polochic-Cahabén areas of endemism

Cluster analyses of river sub-basins that comprise the G-U AoE
and the Polochic-Cahabén AoE (sensu Matamoros et al., 2015) re-
covered geographical structuring of freshwater fish assemblages
within the region based on the hierarchical analysis (UPGMA)
based on dissimilarity (Jaccard Index D)) and the non-hierarchical
analysis (K-means). The cophenetic correlation index was high
(CC =0.88), and the Calinski-Harabasz index (C-H) identified two
optimal numbers of clusters within the geographical study area
including both the G-U AoE and Polochic-Cahaboén AoE: K = 4
clusters (Table S4; ANOSIM output: R = 0.9109, p = 0.001) and
K = 6 clusters (Table S4; ANOSIM output: R = 0.9139, p = 0.001).
We followed the latter scheme because it maximized number
of clusters (i.e. K = 5 clusters in G-U AoE and K = 1 cluster for
Polochic-Cahabdon AoE) while preserving geographical coher-
ence (see Materials and Methods). In both geographical schemes
(K =4 and K = 6), the Grande, Moho, Temash and Sarstan river ba-

sins located in the southeastern portion of the G-U AoE (Eastern

Guatemala and Southern Belize) shared more affinities with the
Polochic-Cahabdn AoE than any other river basin(s) within the
G-U AoE based on assemblages of freshwater fishes (Figure 2,
Table S4). Therefore, our results are presented with the inclusion
of these rivers with the Polochic-Cahabdn AoE (sensu Matamoros
et al., 2015) so that the G-U AoE was treated as an analytically
supported entity.

The G-U AoE contained 108 of the overall 117 species of fishes,
59 (~55%) of which were endemic. The Polochic-Cahabdn AoE con-
tained 34 species, seven (~21%) of which were endemic, and showed
high levels of dissimilarity from the G-U AoE (UPGMA, D, =~0.70;
Figure 2). This was highly supported by the distributional patterns
of cichlids and poeciliids (Figure 3) with some degree of variation
across individual taxa. Seven species were identified as endemic to
the Polochic-Cahaboén AoE, with three of those identified by species
indicator analysis supporting uniqueness of this cluster (Table 2).
Furthermore, all recovered geographical clusters (K = 6) were sta-
tistically supported (Table 3; ANOSIM: p < 0.05) with the exception
of the Northern Maya Block when compared with non-adjacent
geographical clusters (Upper Grijalva p = 0.0639, Upper Usumacinta
p =0.1015).

3.2 | Distributional patterns within the G-U AoE
3.2.1 | Upper Grijalva

The four river basins from the upper reaches of the Rio Grijalva
were recovered in a single cluster by the UPGMA and K-means
cluster analyses with a diversity of 33 species (Table 2, Figure 2,
Table S4). This area showed the highest level of dissimilarity based
on the UPGMA analysis (D, ~ 0.81; Figure 2) across the G-U AoE
and was driven by the assemblage of the families Poeciliidae and
Cichlidae (Figure 3). In all, 11 fish species endemic to the G-U AoE
were found in the Upper Grijalva, and five of these were unique
to this cluster (Table 2). Species indicator analysis identified four
endemic species that supported the Upper Grijalva endemic area
(Table S5).

3.2.2 | Upper Usumacinta

Clustering analyses (UPGMA and K-means) recovered the three river
basins from the upper reaches of the Rio Usumacinta clustered to-
gether (Figure 2; Table S4) and showed intermediate levels of dis-
similarity when compared with the cluster of river sub-basins of
the lower reaches of the Grijalva and Usumacinta rivers (UPGMA,
D, ~ 0.44; Figure 2). This cluster was highly supported by poeciliids,
moderately by cichlids distributions (Figure 3) and three endemic os-
tariophysan fishes (Table S5). In all, 58 species of fishes were found to
occur in the Upper Usumacinta, with 29 species endemic to the G-U
AoE occurring in the Upper Usumacinta and 15 of those were found

only in the Upper Usumacinta (Table 2). Species indicator analysis
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identified eight species that supported the upper Usumacinta as a
unique cluster (Table S5).

3.2.3 | Lower Grijalva and Usumacinta

Clustering analyses (UPGMA and K-means) recovered a cluster of
seven river sub-basins that collectively form the lower portions of the
Rio Grijalva and Rio Usumacinta (Figure 2; Table S4). This cluster was
moderately supported by assemblages of the families Cichlidae and
Poeciliidae (Figure 3). This area contained the highest diversity (66 spp.)
within the Grijalva-Usumacinta AoE. In total, 26 species endemic to
the G-U AoE were found in this region, and 8 of those were restricted
to river basins in the lower Grijalva and Usumacinta (Table 2; Table S5).
Species indicator analysis identified only Heterophallus echeagarayi
(Poeciliidae) supporting the Lower Grijalva and Usumacinta as an en-

demic area but this species is not diagnostic of the larger G-U AoE.

3.2.4 | Northern Maya Block

Clustering analyses (UPGMA and K-means) recovered water bodies
in the northwestern and northeastern Yucatan Peninsula (Figure 2;
Table S4) in a cluster based mainly on the assemblage of cyprinodon-
tid fishes (non-dominant taxa, Figure 3). This cluster showed inter-
mediate levels of dissimilarity (UPGMA, D, = 0.55; Figure 2) when
compared with the cluster of river sub-basins from the Eastern Maya
Block. In all, 48 species were found to occur in the area; difference in
the species composition of this cluster was supported by the ANOSIM
(R statistics; Table 3) when compared with the other recovered clus-
ters, however, this geographical cluster was not statistically differ-
ent from two non-adjacent clusters the Upper Grijalva and Upper
Usumacinta (Table 3). In all, 11 of 23 G-U diagnostic endemic spe-
cies present in the Northern Maya Block are uniquely distributed in
this region (Table 2). Species indicator analysis identified nine species

supporting the Northern Maya Block as an endemic area (Table S5).
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TABLE 2 Summary of diversity and

No. . .
No. No. % diagnostic % diagnostic endemism. No. endemics is number of
Endemic area species endemics  endemics endemics endemics speae's diagnosing Iarge'r G-V _AOE that'
occur in that area. No. diagnostic endemics

G-U AoE is number of endemics in G-U AoE that

Upper Grijalva 33 11 33.3% 5 15.15% uniquely occur in that area

Upper Usumacinta 58 29 50% 15 25.86%

Lowlands 66 26 39.39% 8 12.12%

Grijalva-Usumacinta

Northern Maya Block 48 23 47.92% 11 22.92%

Eastern Maya Block 37 11 29.73% 1 2.7%
Polochic-Cahabén AoE 34 7 20.58% 7 20.58%

3.2.5 | Eastern Maya Block

Clustering analyses (UPGMA and K-means) recovered five river sub-
basins from northeastern Guatemala, southern México and Belize

clustered together (Figure 2; Table S4) and was highly supported by

distributional patterns of cichlids and intermediately by poeciliids
(Figure 3). In all, 37 species are distributed in this endemic area, 11 of
which were G-U AoE endemics (Table 2). Poecilia teresae (Poeciliidae)
is the only endemic species that is uniquely distributed in the area

(Mopan River basin; Figure 1). Species indicator analysis did not
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TABLE 3 Analysis of similarity pairwise comparison. R statistic values under the diagonal (Range 0-1 if R = 0, no differences exist in
species composition within or between clusters. If R = 1, all pairs of samples within groups are more similar than comparisons with any
samples from different groups). p values (sequential Bonferroni correction) above the diagonal. Bold values indicate comparisons that are

statistical significant (p < 0.05)

Upper Upper Lowlands Northern Eastern Maya Polochic-
Grijalva Usumacinta Grijalva-Usumacinta Maya Block Block Cahabon AoE
Upper Grijalva - 0.030 0.003 0.064 0.006 0.008
Upper Usumacinta 0.963 - 0.008 0.102 0.019 0.017
Lowlands 0.995 0.591 - 0.024 0.001 0.001
Grijalva-Usumacinta
Northern Maya Block 1.000 1.000 0.955 - 0.049 0.049
Eastern Maya Block 1.000 1.000 0.900 0.891 - 0.006
Polochic-Cahabén AoE 1.000 1.000 1.000 1.000 0.878 =

identify any species supporting the Eastern Maya Block as an en-
demic area (Table S5).

3.3 | Taxa-specific distributional patterns
3.3.1 | Cichlids (38 species)

Fine-scale biogeographical structure was recovered in the G-U
AoE (Figure 3), with the hydrological systems within the upper
Grijalva recovered as the most distinct geographical clusters
across the AoE. A grouping consisting of all aquatic systems of the
Rio Usumacinta, the lower Grijalva and freshwater systems in the
western Yucatan Peninsula. This cluster was most similar to the
assemblage of cichlids occurring in the eastern Yucatan Peninsula
and Rio Hondo south to the Monkey River in Belize. Species com-
position of cichlids in rivers of southern Belize (Grande, Moho,
Temash and Sarstuin) is more similar to the assemblage of cichlids
distributed in the Polochic-Cahabén AoE (Figure 3) than with any
other river system within the G-U AoE.

3.3.2 | Poeciliids (43 species)

Similar distributional patterns were recovered for poeciliids as for
cichlids, with the upper Grijalva as the most distinct geographical
cluster across the AoE (Figure 3). Hydrological units in the upper
Usumacinta (Chixoy, Lacantin and La Pasién rivers) were recov-
ered as a single cluster. The lower Usumacinta shared most species
of poeciliids with the Yucatan Peninsula and Rio Hondo in contrast
with cichlids and analysis of all taxa (Figures 2 and 3). However, the
assemblage of poeciliids in the Rio Mopan and north and central
Belize was clustered together. The Monkey River was more similar
to aquatic systems in southern Belize than to central and northern
Belize. For poeciliids, rivers in southern Belize also clustered as most
similar to the Polochic-Cahabdn AoE (Figure 3).

Cluster analyses based on the distribution of ostariophysan fishes

(n = 12 species) did not recover geographical structuring (Figure 3),

and analysis based on the distribution of the non-dominant taxa
group recovered limited geographical structure within the region. The
non-dominant taxa (n = 24 species) was the only group that supported
the Northern Maya Block as a distinct cluster (Figure 3).

3.4 | Phylogeographical structure in
cichlids and poeciliids

Due to uncertainty at the beginning and end of sequences, and to
avoid missing information in any samples, the final alignment for
each species was truncated. The final alignment length consisted
of 1,050 bp for Petenia splendida (n = 48); 1,023 bp for Vieja me-
lanura (n = 41); 975 bp for Trichromis salvini (n = 53); 1,101 bp for
Belonesox belizanus (n = 59); 1,053 bp for Xiphophorus hellerii (n = 55)
and 1,092 bp for Gambusia sexradiata (n = 56).

Our analysis recovered strong phylogeographical structure
across the distribution of B. belizanus (Figure 4), and we recovered
five divergent clades supported by Rosenberg's Test of recipro-
cal monophyly. Furthermore, SPA recovered five unconnected
genealogical networks that were largely congruent with the phy-
logenetic approach. The difference between phylogenetic and
haplotype inferences was not related to the geographical area of
focus. Three of the clades fell within the G-U AoE (BPP > 0.95, un-
corrected p-distance ranges from 0.038 to 0.041, SE ranges from
0.05 to 0.06). The first clade (A) contained individuals from the
Upper Usumacinta, Lower Grijalva and Usumacinta, and Eastern
Maya Block with 10 haplotypes and possessed low levels of ge-
netic (x, 0) but high haplotype (Hd) diversity (Table S6). The sec-
ond clade (B) contained individuals from West of the G-U AoE,
Upper Usumacinta, Northern Maya Block and Eastern Maya Block.
Intermediate levels of genetic (x, ) and high haplotype (Hd) di-
versity were observed (Table S6) with 20 haplotypes and three
unsampled haplotypes estimated. The third clade (C) contained
individuals from Eastern Maya Block and the Polochic-Cahabon
AoE, with only three haplotypes and one unsampled haplotype
estimated with intermediate levels of genetic (n, 0) and high haplo-
type (Hd) diversity (Table Sé).
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We recovered phylogeographical structure across the dis-
tribution of G. sexradiata (Figure 4). Two clades were recovered
0.56, SE = 0.007) and

Rosenberg's Test supported reciprocal monophyly of the two main

(BPP > 0.95; uncorrected p-distance

clades, as well as two additional internal clades. However, SPA only
recovered two unconnected genealogical networks that were con-
gruent with the deepest clades recovered with the phylogenetic
approach. One geographically delimited haplogroup was restricted
to samples from the Upper Usumacinta and possessed low levels of
genetic (r, 0) but high haplotype (Hd) diversity (Figure 4; Table Sé).
In all, 10 haplotypes were recovered with one unsampled haplotype
estimated. The second geographically delimited haplogroup in-
cluded individuals from the remaining river basins within and west of
the G-U AoE (Figure 4). Intermediate levels of genetic (r, 0) and hap-
lotype (Hd) diversity were observed (Table Sé), and this haplogroup
included 20 haplotypes with five unsampled haplotypes estimated
(Figure 4).

Only one species of cichlid (T. salvini) demonstrated phylogeo-
graphical structure with two recovered clades (Figure 4; BPP = 0.84;
uncorrected p-distance = 0.030, SE = 0.005) and Rosenberg's Test
supported reciprocal monophyly. One haplotype (haplotype 16)
from the western portion of the distribution of T. salvini was recov-
ered as the sister group to all other haplotypes. Rosenberg's Test did
not support reciprocal monophyly at this node, and with only one
individual from this locality the sample was excluded from haplotype
reconstruction. Two unconnected genealogical networks (Figure 4)
were recovered by the SPA and congruent with our phylogenetic
approach. One geographically delimited haplogroup was restricted
to the Upper Usumacinta, with low genetic (r, 0) and intermediate
haplotype (Hd) diversity (Table Sé). This geographically delimited
haplogroup included five haplotypes and one unsampled haplotype
estimated. The second haplogroup included individuals from low-
lands in the G-U AoE and localities west of the G-U AoE, with in-
termediate genetic (n, 0) and haplotype (Hd) diversity (Table Sé). In


www.wileyonlinelibrary.com

ELIAS ET AL.

all, 14 haplotypes were recovered with three unsampled haplotypes
estimated (Figure 4).

3.5 | Absence of phylogeographical structure in
cichlids and poeciliids

Xiphophorus hellerii possesses high haplotype (Hd) diversity
(Table S6) with 27 haplotypes and shallow phylogeographical struc-
ture between two clades (Figure 5). Rosenberg's Test supported re-
ciprocal monophyly of the two clades; however, X. hellerii does not
show patterns of phylogeographical structure within the G-U AoE
and the SPA recovered a single genealogical network (Figure 5).

Intermediate levels of genetic (r, 0) and high levels of haplotype
(Hd) diversity were observed for the cichlid V. melanura (Table S6).
In all, 15 haplotypes were recovered with no phylogeographical
structure across the distribution (Figure 5) and a single genealogi-
cal network was recovered. A second cichlid, P. splendida, demon-
strated low levels of genetic (x, 0) and haplotype (Hd) diversity
(Table S6), with 14 haplotypes and no phylogeographical structure
across its distribution. One haplotype was common (present in
63% of samples) across all river basins under study in the G-U AoE
(Figure 5).

4 | DISCUSSION

Our analyses of distributional and molecular data uncover previously
unrecognized geographical structure for freshwater fishes within
Northern Middle America. We recovered unique distributional pat-
terns across river sub-basins at the assemblage (Figure 2), taxonomic
(Figure 3) and phylogeographical (Figure 4) levels. Our quantitative
assessment (C-H index) of the number of geographical clusters of
river sub-basins suggest two optimal number of clusters K = 4 and
K = 6. Under the geographical scheme of K = 4, the endemic areas
Upper Usumacinta and Lower Grijalva-Usumacinta belong to the
same geographical cluster (Table S4), and the Northern and Eastern
Maya blocks belong to the same geographical cluster (Table S4).
We recognized K = 6 as the number of geographical clusters identi-
fied within the study area, following our criteria (see Materials and
Methods), the redefined Polochic-Cahabon AoE (see below) and five
endemic areas nested within the larger Grijalva-Usumacinta AoE
(see below). The biogeographical structure we uncovered (K = 6)
based on clustering analyses of freshwater fishes distributional data
is biological meaningful as we identified endemic species diagnosing
each geographical region (Table 2, Figure 6).

Our fine-scale distributional and phylogeographical patterns
support our hypothesis that there is unrecognized biogeographical
structure within the G-U AoE. Furthermore, the recovered distri-
butional and phylogeographical patterns supports the second hy-
pothesis that river basins in the region are not single independent
biogeographical units. The lower portions of the two largest river

basins (i.e. Grijalva and Usumacinta rivers) within the G-U AoE share

2493
Journal of
Bgeagraphy 'Wl LEY-12%

more similarities within each other at the assemblage (Figure 2) and
molecular (Figure 4) levels than among any other areas. In contrast,
upper portions of both river basins do possess unique assemblages
and molecular diversity that are not shared with the lower portion of
the same river network. Finally, congruent patterns were recovered
for different taxonomic groups (i.e. cichlids and poeciliids) at the as-
semblage and phylogeographical level within the G-U AoE.

4.1 | Redefining edges of the G-U AoE

The inclusion of the Polochic-Cahabén AoE (sensu Matamoros
et al., 2015) in our analysis allows us to re-define the geographical
boundaries of the G-U AoE and the Polochic-Cahabdn AoE based on
fine-scale distributional data. Matamoros et al. (2015) recognized all
rivers in Belize as part of the G-U AoE; however, our results strongly
support the inclusion of the southern-most rivers south of the Maya
Mountains (i.e. Grande, Moho, Temash and Sarstun) as part of the
Polochic-Cahabdn AoE instead of the G-U AoE (Figure 2, Table 3). In
addition to the species listed by Matamoros et al. (2015), two cich-
lids, Chuco godmanni and Cincelichthys bocourti, now additionally di-
agnose this AoE (Table S5).

The G-U AoE is the most species-rich area with the highest level
of endemism for freshwater fishes in all of the Northern Neotropics.
Our overall results agree with previous estimates (Matamoros
et al., 2015), but we removed endemic species that were found to
occur outside the geographical boundaries of this AoE in addition
to moving four rivers to the Polochic-Cahabdn AoE (Table S4). The
G-U AoE ranges eastward from the Grijalva river basin in México
and Guatemala to the Yucatédn Peninsula in the northeast, then
south to the Monkey River and small basins in Central Belize. The
Southwestern boundaries encompass the Chixoy and La Pasion river

basins that form the upper reaches of the Rio Usumacinta (Figure 1).

4.2 | Assemblage-level patterns within the G-U AoE

Areas of endemism are our core functional units in biogeography and
these areas can be nested entities in both space and time (Crother &
Murray, 2011; Parenti & Ebach, 2009). Thus, their discovery, diagno-
sis and utility for understanding the evolutionary and biogeographi-
cal history of a region or taxa depend on scale (time and space) of the
question of interest.

The G-U AoE shares a complex history with other diagnosed
areas of endemism in the region (e.g. Polochic-Cahabdn; Matamoros
et al., 2015) and its utility as a single coarse biogeographical unit is
likely greater at deeper evolutionary and larger spatial scales and at
higher taxonomic levels. Our results highlight that endemic species
diagnosing the G-U AoE are not homogenously distributed across
the riverscape (Figure 6, Supp. Table 3). Furthermore, we provided
empirical evidence that not all groups of freshwater fishes possess
congruent distributional patterns in the region. We identified five

endemic areas nested within the larger G-U AoE: Upper Grijalva,
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Upper Usumacinta, Lower Grijalva-Usumacinta, Northern Maya
Block and Eastern Maya Block (Figure 2). The Upper Grijalva and
Upper Usumacinta fall within the Maya highlands physiograph-
ical province (sensu Marshall, 2007) while the Lower Grijalva-
Usumacinta and Northern Maya Block fall largely within the Yucatan
platform physiographical province extending their boundaries into
the Maya highlands (sensu Marshall, 2007).

The five endemic areas recovered were primarily supported by
the distribution of poeciliids and cichlids but only the non-dominant
taxon category provided strong support for the distinctiveness of the
Northern Maya Block. Cichlids and poeciliids dominate the species
pool of freshwater fishes in the region (Chakrabarty & Albert, 2011;
Matamoros et al., 2015; Miller, 1966) and it is hypothesized that
these taxa colonized and diversified in the region prior the initial clos-
ing of the Panamanian isthmus (Chakrabarty & Albert, 2011; Hrbek
et al.,, 2007; Rican et al., 2013; Tagliacollo et al., 2017) in contrast

with other taxa like modern Ostariophysi, which began dispersing

into the Northern Neotropics only after initial closing of the Isthmus
of Panama (Reeves & Bermingham, 2006) up to 20 million years ago
(Bacon et al., 2015). Such differences in the timing of colonization
of Northern Middle America by the present-day distributed lineages
likely influenced contemporary differences in species richness and
distributional patterns among taxonomic groups. Notably, ostar-
iophysans showed no pattern of geographical structure within the
G-U AoE, while the other groups did (Figure 3). Despite their lack of
geographical structure, ostariophysans do exhibit unique distribu-
tions among endemic areas (Figure 6) in the Upper Grijalva (Rhamdia
laluchensis), Upper Usumacinta (Astyanax baileyi, A. dorioni and
Lacantunia enigmatica), Lower Grijalva-Usumacinta (Rhamdia macus-
panensis) and Northern Maya Block (A. altior).

Assemblages of cichlids and poeciliids are the most unique in the
Upper Grijalva endemic area (Figure 3). Both lineages additionally
support distinctiveness of the adjacent Upper Usumacinta, where

poeciliids exhibit uniqueness but cichlids share more species with
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the main channel of the Usumacinta River. While the Upper Grijalva
contains the most unique assemblages of freshwater fishes in the
G-U AoE, the Upper Usumacinta harbours the highest proportion of
endemic species (n = 29, Figure 6). Furthermore, the species pool of
the Upper Usumacinta contains relict species of freshwater fishes,
remnant of old faunal elements in Northern Middle America. The
Chiapas Catfish, Lacantunia enigmatica, with closest living relatives
in Africa (Lundberg et al., 2007) and Xenodexia ctenolepis, a species
of livebearer (family Poeciliidae) that has been hypothesized to be
the sister to all other New World members of the family based on
molecular data (Hrbek et al., 2007), are both endemic to the Upper
Usumacinta. Several geological events, for example reversal of flow
and collapse of stream beds (Rosen, 1979), have led to a complex
topography and connectivity (e.g. underground connectivity among
river sub-basins; Rosen, 1967; Rosen, 1970; Rosen, 1979) in the

aquatic systems of the Upper Usumacinta. These geological events

have likely played a role in isolating the Upper Usumacinta and pro-
vide a plausible explanation for the high levels of endemism of fresh-
water fishes in this endemic area.

Notably, the ichthyofauna present in the endorheic Rio Comitan
basin and Laguna Montebellos, in the edge of the Upper Usumacinta,
is composed of species from both the Upper Usumacinta and Upper
Grijalva endemic areas. Three species unique to the Upper Grijalva
(Poeciliopsis hnilickai, Chiapaheros grammodes and Vieja hartwegi) and
one from the Upper Usumacinta (Xiphophorus alvarezi) co-occur
within this isolated system located between the two endemic areas.
A probable explanation is that historical river capture events allowed
the colonization of this system with both Upper Grijalva and Upper
Usumacinta species. Additional detailed work in the region is needed
to test this hypothesis. Past work has recognized this endorheic re-
gion as derived from the Rio Lacantun, Upper Usumacinta (Alcocer
et al., 2016; Lozano-Vilano & Contreras-Balderas, 1987). However,
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our results clearly show that the region shares a history with both
systems.

The Lower Grijalva-Usumacinta is hydrologically the largest and
most diverse endemic area within the G-U AoE. Much of the diver-
sity in this area is widespread throughout the lowlands of the larger
AoE, with some species occurring outside the boundaries of the G-U
AoE. Our results are consistent with recent work demonstrating
that river sub-basins located in the lower reaches of river networks
show connectivity due to historical (e.g. Last Glacial Maximum) and
present-day (e.g. seasonal flooding) climatic events across the globe
(Carvajal-Quintero et al., 2019; Dias et al., 2014). This connectivity has
played a role in shaping present-day patterns of distribution observed
for freshwater fishes at different scales (e.g. species, assemblages) in
aquatic environments of the G-U AoE and neighbouring regions.

The Eastern Maya Block endemic area is interesting because
no unique assemblage defines it. While this endemic area can be
recognized based on the unique occurrence of Poecilia teresae, the
area is largely recovered as a cluster given its remarkably similar spe-
cies composition to the Lower Grijalva and Usumacinta Rivers (i.e.
dominance of widespread species) and dissimilarity to the Northern
Maya Block and rivers of southern Belize now part of the Polochic-
Cahabon AoE. Previous hypotheses have proposed that the Maya
Mountains in Belize acted as refugia for freshwater fishes (Strecker,
Faundez, & Wilkens, 2004) and other taxa (see Gutiérrez-Garcia &
Vazquez-Dominguez, 2013) in Northern Middle America during the
Plio-Pleistocene Last Glacial Maximum. Our distributional and mo-
lecular phylogeographical evidence (see below) rejects this hypothe-
sis (at least for freshwater fishes) given the dominance of widespread
species in the area and prevalence of widespread, common haplo-
types shared among endemic areas.

The Northern Maya Block is the only endemic area that was
not statistically supported by the ANOSIM analysis when con-
trasted with the upper Usumacinta and upper Grijalva (Table 3)
which are not geographically adjacent. Despite this we recognize
the Northern Maya Block as part of the geographical structure
present in the G-U AoE based on geological and biological (dis-
tribution of endemics) evidence. The karst physiography, climatic
conditions and geological history of the Yucatan Peninsula are
quite different from the rest of the G-U AoE, with few large rivers
but numerous cenotes (sinkholes; McMahan, Davis, et al., 2013;
Vazquez-Dominguez & Arita, 2010). The Yucatan platform expe-
rienced marine introgression and portions of the peninsula were
submerged until the Pliocene (Lopez-Ramos, 1975; Vazquez-
Dominguez & Arita, 2010) and colonization by Neotropical
fishes (e.g. cichlids, poeciliids and characids) was recent (Miller,
Minckley, & Norris, 2005; Strecker et al., 2004). While depau-
perate in diversity of Neotropical fishes, this endemic area is
diagnosed by the distribution of 11 endemic species (Table S5)
of which ~72% are cyprinodontid fishes (non-dominant taxa
category) with Nearctic affinities and relatives in the Greater
Antilles. Furthermore, species indicator analysis identified nine
species (Table S3) supporting the recognition of the Northern

Maya Block. Therefore, recognition of this endemic area is useful

to understand and describe the evolutionary history of some tax-
onomic groups (e.g. cyprinodontids: see Miller et al., 2005) that
are part of the assemblage of freshwater fishes in this geologi-

cally complex region.

4.3 | Phylogeographic-level patterns within the
G-U AoE

Our comparative phylogeographical assessment provides inde-
pendent evidence of fine-scale geographical structure within the
G-U AoE. Using six widespread species, we recovered two general
phylogeographical patterns, with three widespread (panmictic;
Figure 5) and three phylogeographically structured species across
Northern Middle America (Figure 4). Two species of cichlids (V.
melanura and P. splendida) and one species of poeciliid (X. hellerii)
lack phylogeographical structure within the G-U AoE. These re-
sults are congruent with other findings for cichlids and poeciliids
in the region (Alda, Reina, Doadrio, & Bermingham, 2013; Harrison
et al,, 2014; McMahan, Geheber, & Piller, 2010; McMahan, Kutz,
et al., 2017). In contrast, two species of poeciliids (B. belizanus
and G. sexradiata) and one cichlid (T. salvini) exhibit congruent and
complex phylogeographical structure within the G-U AoE. These
three species possess distinct mitochondrial lineages in the Upper
Usumacinta endemic area (Figure 4). A second widespread mi-
tochondrial lineage is recovered for all three species across the
lowlands of Northern Middle America from west of the G-U AoE
across the Lower G-U, Northern Maya Block and the Eastern Maya
Block endemic areas. Our comparative phylogeographical analysis
of all six species supports the recognition of widespread distribu-
tions across the lowlands of Northern Middle America (Figures 4
and 5) that extend beyond the boundaries of the G-U AoE, as ad-
ditionally recovered based on distributional data. Furthermore,
despite widespread distributions, the species studied are rare in
the Upper Grijalva and seem to occur mostly in transitional zones
between the Lower-Grijalva-Usumacinta and Upper Grijalva en-
demic areas or near manmade dams suggesting that these pop-
ulations might be established recently in the lower edges of the
Upper Grijalva endemic area.

The congruent phylogeographical structure recovered supports
distinctiveness of the Upper Usumacinta endemic area (as identi-
fied by the assemblage level; Figure 2) and highlight unrecognized
diversity of freshwater fishes within the region. A plausible hypoth-
esis to explain the phylogeographical structure recovered are the
climatic events that took place during the Pleistocene within the
region. Approximately 18,000 to 11,000 years before present (bp),
the environmental conditions in northern Central America resulted
in aridity in the region and a reduced amount of surface water avail-
ability (Anselmetti et al., 2006; Hodell et al., 2008; Hulsey & Lépez-
Fernandez, 2011). This resulted in desiccation or near desiccation
of several bodies of water in the region (Anselmetti et al., 2006;
Brenner et al., 2002; Hodell et al., 2008). These environmen-

tal changes likely created geographical complexity in the region
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that potentially lead to the isolation of populations in the upper
reaches of the Usumacinta River. During the Holocene, 10,500
and 8,000 bp, after the driest period, a wet phase occurred (Hodell
et al., 2008), which increased water availability in the region. This
increase in water availability likely resulted in the creation of flood
plains, and reconnection of formerly and present-day disconnected
water bodies and river basins in the lowlands of Northern Middle
America.

One plausible explanation for the contrasting phylogeographical
patterns recovered in our study (phylogeographical structure ver-
sus no structure) is that not all co-distributed species of freshwater
fishes in Northern Middle America responded to the same geolog-
ical or climatic events (Platnick & Nelson, 1978) that lead to unique
lineages in the Upper reaches of the Usumacinta River in some spe-
cies. Incongruent phylogeographical patterns have been recovered
with other taxa in different geographical regions (e.g. Arbogast &
Kenagy, 2001; Bowen et al., 2014; Soltis, Morris, McLachlan, Manos,
& Soltis, 2006). Our comparative phylogeographical analysis let us
to infer a general pattern for the freshwater fish fauna of Northern
Middle America based on molecular data in which we identified
unique lineages in the Upper Usumacinta endemic area and a wide-
spread lineage in the lowlands of Northern Middle America. This
general pattern can be tested using molecular data of other wide-

spread species across the larger G-U AoE.

4.4 | Influence of scale on biogeographical inference

One of the most fundamental aspects to the study of biogeography
is the consideration of scale: temporal, geographic and taxonomic
(Crother & Murray, 2011; Murray & Crother, 2016). At higher scales,
such as illustrated for the region of Middle America, the G-U AoE
provides useful resolution for differentiating among biogeographical
hypotheses (e.g. timing of colonization of Neotropical elements) for
freshwater fishes (Matamoros et al., 2015). But to understand and to
propose hypotheses regarding the processes that have generated and
maintain these unique and diverse assemblages of freshwater fishes
in the northern Neotropics, fine-scale biogeographical units can pro-
vide better resolution. Our results support complexity, with up to
five endemic areas within the G-U AoE depending on the taxa under
study, and underscore the nested nature of biogeographical units.
The combination of similarity analyses based on fine-scale spe-
cies-level distributions and phylogeographic-level genetic analyses
support our hypotheses that the evolutionary and biogeographical
history of freshwater fishes in the G-U AoE is more complex than a
single geographical unit. Furthermore, our results agree with recent
work that highlight the reticulated history of river networks in the
Neotropics and we demonstrate that present-day river basins (i.e.
Usumacinta and Grijalva rivers) are not single historical entities (see
Dagosta & Pinna, 2017). Thus, depending on scale of inquiry and
taxa under study the use of river basins as single geographical units
might not be adequate in all cases when evaluating biogeographical

patterns in this region.
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Historical isolation has led to unique biodiversity, assemblages
and molecular diversity in the upper reaches of the Grijalva and the
Usumacinta rivers. Additionally, historical and present-day connec-
tions in lower reaches of the Grijalva and Usumacinta river basins
have likely resulted in high similarity of assemblages, widespread
species and gene flow shaping and maintaining the Lower Grijalva-
Usumacinta as a single historical unit in Northern Middle America.

Finally, our proposed classification of endemic areas allows
for elimination of the use of subjective names for the same geo-
graphical units (e.g. Mendoza-Carranza et al., 2018; Soria-Barreto,
Gonzales-Diaz, Castillo-Dominguez, AIvarez—PIiego, & Rodiles-
Hernandez, 2018) that only cause confusion and hinder communica-
tion of scientific findings among scientists, conservation managers,
policymakers and the general public. We encourage the use of
these endemic areas in future studies that range from evolution-
ary, biogeographic, systematic, ecological and conservation biology
of freshwater biota in the region (México, Guatemala and Belize).
We reiterate that the utility of these endemic areas are scale- and
taxa-dependent. Ultimately, our proposed area classification pro-
vides a testable hypothesis that will help to shed light on the geog-
raphy of speciation and complex evolutionary history of freshwater

fishes in the Northern Neotropics.
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