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We investigate phylogeographic patterns and delimit species boundaries within Amatitlania, a genus of Central
American cichlid fishes. Phylogenetic analyses of mitochondrial DNA sequences from 318 individuals spanning
the geographical ranges of all three currently recognized Amatitlania species strongly supported one major clade,
with a relatively diverged subclade corresponding to A. kanna samples from eastern Costa Rica and Panama.
Gene trees and networks revealed marked incongruences between phylogeographic structure and morpho-species
taxonomy as a result of species-level polyphyly. Bayes factor comparisons of species delimitation models
accounting for incomplete lineage sorting under the multispecies coalescent decisively supported the recognition
of two distinct species within Amatitlania corresponding to Amatitlania nigrofasciata and A. kanna lineages. The
only clearly genetically and morphologically diagnosable species was A. kanna. These results strongly suggest
that incomplete lineage sorting provides the best explanation for the polyphyly of A. kanna, whereas the
polyphyly of A. siquia is likely a result of an imperfect taxonomy. Additional insights from coalescent-dating,
network, and historical demographic analyses suggested that the two species of Amatitlania diversified only since
the early Pleistocene, and that A. nigrofasciata experienced population expansions from approximately 200 000
years ago in the mid-late Pleistocene onward. We discuss implications of our results for the taxonomy and
evolutionary history of Amatitlania and, more broadly, of Central American freshwater fishes. © 2016 The
Linnean Society of London, Biological Journal of the Linnean Society, 2017,
2016, 00,
120,000–000.
155–170.
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Phylogeography has proven remarkably useful for
understanding processes influencing the historical
diversification of biotic lineages at and below the species level, as well as delimiting morphologically
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Phylogeography and species delimitation in convict
cichlids (Cichlidae: Amatitlania): implications for
taxonomy and Plio–Pleistocene evolutionary history in
Central America
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(Schmitter-Soto, 2007a; McMahan et al., 2014).
G€
unther (1867) originally described Amatitlania
nigrofasciata, the type species of the genus, as ‘Heros
nigrofasciatus’ based on material from Lago
Amatitl�
an, Guatemala. Subsequently, the species
status of A. nigrofasciata has remained largely
unquestioned, although its generic placement changed greatly, from Heros to Cichlasoma (Jordan &
Evermann, 1898; and subgenus ‘Archocentrus’ of
Miller, 1966), to Archocentrus (Allgayer, 1994), to
Cryptoheros (Allgayer, 2001). As ‘Archocentrus nigrofasciatus’, the convict cichlid was traditionally considered to range from Guatemala to north-western
Panama (Bussing, 1976; Bussing, 1998). Recently,
however, in a morphological revision of Archocentrus,
Schmitter-Soto (2007a) erected the genus Amatitlania for convict cichlids and re-described A. nigrofasciata as ranging from the R�ıo Suchiate, Guatemala
to the R�ıo Sucio, El Salvador, on the Pacific versant,
and from the R�ıo Patuca, Honduras to R�ıo Jutiapa,
Guatemala, on the Atlantic. Schmitter-Soto (2007a)
also described three new species from A. nigrofasciata material: Amatitlania coatepeque, endemic to
Lago Coatepeque, El Salvador; Amatitlania kanna,
ranging from the Ca~
naveral, Cricamola and Sixaola
rivers of Costa Rica to the Atlantic drainages of
north-western Panama, including the Changuinola,
San San, and R�
obalo rivers; and Amatitlania siquia,
ranging from Atlantic and Pacific Costa Rica and
Nicaragua through R�ıo Yeguar�
e on the Pacific versant of Honduras. McMahan et al. (2014) undertook
the first molecular and morphological analysis of
Amatitlania to test the taxonomic distinctiveness of
A. coatepeque. McMahan et al. (2014) resolved
A. coatepeque as phylogenetically nested within
A. nigrofasciata, with sufficient variation in diagnostic morphological characters rendering it invalid as a
species; thus, they synonymized A. coatepeque within
A. nigrofasciata.
The geological and paleoclimatic records of CA
attest to a complex regional history over late
Pliocene–recent (e.g. tectonism, cyclic cooling/drying
during Pleistocene glaciations), making CA ideal for
understanding the effects of Earth history on genetic
diversity and historical demography (Bagley & Johnson, 2014a; Bagley & Johnson, 2014b). Given their
wide distribution across geographical barriers in CA,
Amatitlania provide excellent opportunities for
studying species past demographic responses to historical processes. Here, we infer the phylogeographic
history of Amatitlania and critically test the current
taxonomic hypothesis of species limits in the genus
using evolutionary genetic analyses of mitochondrial
DNA (mtDNA) sequences. The objectives of the
present study were three-fold: (1) to infer general
phylogeographic and phylogenetic relationships in
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‘cryptic’ species (Avise, 2000; Pons et al., 2006; Bickford et al., 2007). By linking genealogical divergences
within species with data on geographical barriers
and Earth history events, phylogeography permits
the inference of how historical processes have shaped
intraspecific genetic variation (Bermingham & Martin, 1998; Avise, 2000; Arbogast & Kenagy, 2001;
Zink, 2002; Bagley & Johnson, 2014a). Phylogeography also provides critical information for systematics
and conservation. Congeneric phylogeographic studies infer species-level phylogenies (Perdices et al.,
2002; Bagley et al., 2011; Unmack et al., 2012) and,
although morphology-based taxonomy is often subjective and prone to overestimate or underestimate the
number of distinct species or genetic lineages (e.g.
‘splitters’ vs. ‘lumpers’; Dayrat, 2005), phylogeographic sampling can provide a more accurate picture of biodiversity in a clade (Moritz & Faith, 1998;
Bickford et al., 2007). That said, interpreting the
number of species in a sample directly from gene
trees is also subjective and potentially destabilizes
taxonomy (O’Meara, 2010; Fujita et al., 2012). Fortunately, a growing number of coalescent-based species
delimitation methods (Pons et al., 2006; Yang & Rannala, 2010; Grummer, Bryson & Reeder, 2014) hold
promise for objectively defining species boundaries
using genetic data. Applying these delimitation
approaches using phylogeographic sampling can
improve taxonomy, helping to avoid inaccurate biodiversity estimates and misallocation of conservation
resources (Sites & Marshall, 2003; Agapow et al.,
2004).
The Neotropics present a ‘preferred target’ for
biodiversity research because they encompass species-rich areas of the world (Rull, 2011), including
multiple biodiversity ‘hotspots’ (Myers et al., 2000).
Within Neotropical North and South America, the
freshwater fish assemblage comprises the most
diverse group of vertebrates and, with approximately
7000 described and undescribed species, makes up
almost half of global freshwater fish species richness
(Reis, Kullander & Ferraris, 2003; Albert & Reis,
2011) and 11.2% of vertebrate species richness
(IUCN, 2016). Despite their exceptional diversification, our knowledge of the processes responsible for
the genetic diversity, species limits, and intraspecific
diversification of Neotropical freshwater fishes
remains limited in groups for which phylogeographic
perspectives have yet to be developed.
The present study focuses on phylogeography and
genetic-based species delimitation in Amatitlania, a
wide-ranging genus of Neotropical ‘convict cichlids’
(family Cichlidae) endemic to fresh waters of the
Central American (CA) Isthmus (Kullander, 2003;
Schmitter-Soto, 2007a; Schmitter-Soto, 2007b).
Amatitlania presently includes three species
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Museum Fish Collection. We included mtDNA
sequences from five A. nigrofasciata individuals collected from Lago Coatepeque by McMahan et al.
(2014). Our final sample encompassed 318 Amatitlania individuals from 94 localities (Fig. 1; see also
Supporting information, Data S1). We used two individuals of Amphilophus citrinellus (AcitTIPI.1 and
AcitTIPI.2) and one individual of Archocentrus centrarchus (AcenTIPI.1) that we collected as outgroups.
We also included up to 90 published outgroup
sequences representing approximately 81 species/lin ıcan et al., 2013) to obtain
eages of heroine cichlids (R
calibration points for phylogenetic analyses (see Supporting information, Data S1).

MATERIAL AND METHODS

D NA

S AMPLING
We sampled all nominal species and the entire geographical range of Amatitlania throughout CA during expeditions conducted between 1998 and 2012.
We identified samples to species based on current
taxonomy, including morphological and geographical
distributions in Schmitter-Soto (2007a) and McMahan et al. (2014). Voucher specimens were deposited
at the Louisiana State University Museum of Natural Science nd the Monte L. Bean Life Science
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We sequenced the entire protein-coding mtDNA
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Glu18 50 -TAACCAGGACTAATGRCTTGAA-30 (Unmack
et al., 2012) and reverse primer RF.Thr.48 50 -GCA
GTAGGAGGGAATTTAACCTTCG-30 (Unmack & Dowling, 2010). For a subset of individuals, we amplified
the ribosomal protein S7 (RPS7) introns 1 and 2
(N = 23 and N = 53, respectively) using primers in
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Figure 1. Map of Central American sampling localities for all Amatitlania samples examined in the present study.
Sampling localities (dots) correspond to collections in the Supporting information (Data S1) and are coloured according
to three nominal species of Amatitlania and one recently synonymized species (McMahan et al., 2014; Schmitter-Soto,
2007a). Geopolitical boundaries (country names shown in bold), as well as the continental divide (thick black line), major
river courses (grey lines), and the continental shelf represented by a 135 m bathymetric contour, are shown for context.
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the genus from comprehensive geographical and taxonomic sampling; (2) to delimit species and infer the
species tree and timing of lineage diversification
within Amatitlania using a recently developed Bayesian species delimitation approach (Grummer et al.,
2014); and (3) to test for genetic signals of historical
demographic fluctuations in Amatitlania species in
response to the dynamic Pliocene–Pleistocene history
of CA. By comparing our genetic results to available
morphological data, we identify important implications of our findings for taxonomy, as well as for
understanding the evolutionary history of Amatitlania and the broader CA freshwater fish assemblage.
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S EQUENCE

our results in the Discussion. We collated three
mtDNA datasets used in our analyses. First, we created a ‘full-cytb’ dataset including 318 cytb
sequences from Amatitlania, plus 90 cytb sequences
from outgroup lineages. Second, we used TCS, version 1.21 (Clement, Posada & Crandall, 2000) to collapse identical cytb ingroup sequences into
haplotypes and generate statistical parsimony networks of ingroup haplotype clades (95% connection
limit; outgroups: three haplotypes of Cryptoheros
panamensis). We constructed a 192-sequence ‘cytb
haplotype’ dataset consisting of 106 Amatitlania cytb
haplotypes plus 86 outgroup sequences. Third, we
created a ‘reduced-cytb’ dataset for species delimitation analyses that included 20 ingroup samples (five
samples per nominal species, plus five samples from
the Lago Coatepeque A. nigrofasciata population formerly recognized as ‘A. coatepeque’) and 18 outgroup
samples included to meet modelling assumptions or
obtain calibration points.

ANALYSIS

We edited sequences using SEQUENCHER, version
4.10.1 (Gene Codes Corporation). Mitochondrial cytb
sequences contained no gaps and were aligned by
visual inspection in SEQUENCHER. We aligned
nuclear sequences in MAFFT, version 6.850 (Katoh
& Toh, 2008) using the local pair FFTS algorithm
and default settings. GenBank accession numbers
are provided for all sequences in the Supporting
information (Data S1). Amatitlania RPS7 intron
sequences exhibited very limited genetic variation
(< 0.072% overall mean p-distance < 0.48% overall
mean p-distance, with outgroups) rendering them
phylogenetically uninformative (see Supporting information, Fig. S1), and so we excluded them from our
formal analyses but refer to them when interpreting

P HYLOGENY

ESTIMATION AND SEQUENCE DIVERGENCE

We estimated phylogenetic relationships among
Amatitlania sequences and outgroup sequences in
the full-cytb and cytb haplotype datasets using maximum likelihood (ML) and Bayesian inference analyses. We conducted ML searches in GARLI, version
2.0 (Zwickl, 2006) using default parameters, except
we partitioned the data by codon position ({1 + 2}, 3)
and unlinked parameters across data subsets. We
assigned each data subset its ‘best-fit’ model of
molecular evolution (Table 1) selected using the decision-theory algorithm of Minin et al. (2003) in JMODELTEST, version 2.1.4 (Darriba et al., 2012). We
used 500 ML bootstrap replicates and considered

Table 1. Sequence characteristics and ‘best-fit’ evolutionary models for mitochondrial DNA datasets used in the present
study

Reduced-cytb dataset
1st + 2nd codon positions
3rd codon position
cytb haplotype dataset
1st + 2nd codon positions
3rd codon position
Full-cytb dataset
1st + 2nd codon positions
3rd codon position

n

bp

S (%)

Parsimony
informative
sites (%)

38
38
38
192
192
192
408
408
408

1137
758
379
1137
758
379
1137
758
379

478
136
342
567
195
373
567
195
373

398
97
301
499
135
365
500
136
365

(42.0)
(17.9)
(90.2)
(49.9)
(25.7)
(98.4)
(49.9)
(25.7)
(98.4)

(35.0)
(12.8)
(79.4)
(43.9)
(17.8)
(96.3)
(44.0)
(17.9)
(96.3)

Parsimony
uninformative
sites (%)

Substitution model

80
39
41
68
60
8
67
59
8

HKY+Γ+I
HKY+Γ+I
GTR+Γ+I
HKY+Γ
HKY+Γ+I
GTR+I
TrN+Γ+I
HKY+Γ+I
TrN+Γ+I

(7.0)
(5.1)
(10.8)
(6.0)
(7.9)
(2.1)
(5.9)
(7.8)
(2.1)

bp, number of nucleotide base pairs; cytb, cytochrome b gene; n, sample size; S, segregating sites, the number of variable sites in the alignment.
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Chow & Takeyama (1998) and Unmack et al. (2012)
via nested polymerase chain reactions (PCR). Final
concentrations, cleaning and purification of PCR products, and the PCR reaction protocol were conducted
sensu Unmack et al. (2012), except that we conducted the first 94 °C cycle for 3 min instead of
2 min, and the 72 °C cycle for 90 s instead of 60 s.
For the nested PCRs, our first reaction was 10 lL
(conditions above) and we subsequently diluted this
to 1 : 99 before using 1 lL from the dilution as template for the second reaction. Sequences were
obtained via cycle sequencing with Big Dye 3.1 dye
terminator chemistry using 1/16th reaction size in
accordance with the manufacturer’s instructions
(Applied Biosystems). We purified sequenced products using Sephadex columns (GE Healthcare) and
ran them on an Applied Biosystems 3730xl automated sequencer.
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B AYESIAN

SPECIES DELIMITATION AND DIVERGENCE
DATING

We tested alternative hypotheses of species limits
within Amatitlania using Bayes factor delimitation
(BFD) (Grummer et al., 2014). This method involves
a four-step procedure: (1) individual assignment to
species based on previous studies or exploratory
analyses; (2) generation of different models specifying alternative groupings of individuals into species
(e.g. by lumping or splitting taxa); (3) estimation of a
species tree and marginal likelihood score for each
model; and (4) Bayesian model selection using Bayes
factors (Grummer et al., 2014). The goal is to develop
species delimitation models using objective criteria
and rank them based on a metric of model evidence
without making a priori assumptions about phylogenetic relationships (sensu O’Meara, 2010; Yang &
Rannala, 2010).
Regarding steps (1) and (2), coalescent-based species delimitation analyses are at times circular in
nature, with species delimitation hypotheses derived
from phylogenies developed using the same molecular data (in whole or in part) used during hypothesis
testing (Leache & Fujita, 2010; Grummer et al.,
2014; Bagley et al., 2015). Yet, previous taxonomic
hypotheses have the advantage of providing a priori
hypotheses of species limits based on external morphological data alone, hence avoiding such issues of
circularity. We used current taxonomy as our null
hypothesis for species delimitation. The three currently recognized species of Amatitlania were
described in qualitative and phylogenetic studies of
phenotypic characters (Schmitter-Soto, 2007a; Schmitter-Soto, 2007b) consistent with a morphological
species concept (MSC) (Cronquist, 1978). The exception to this is that McMahan et al. (2014) synonymized ‘A. coatepeque’ with A. nigrofasciata by
applying a MSC with the additional requirement
that each species be monophyletic relative to other
species under a phylogenetic species concept (PSC)
(Mayden, 1997). Operationally, applying the MSC is
problematic because species may be morphologically
cryptic and morphological descriptions are often subjective. Applying the PSC is also problematic because
it effectively denies the possibility of species-level
polyphyly as a result of incomplete lineage sorting

(ILS), which affects mitochondrial and nuclear genotypes (Maddison, 1997; Funk & Omland, 2003).
Thus, under a PSC, ‘true’ species with ILS can be
mistakenly referred to synonymy. We avoided these
issues by using a general lineage concept (GLC) of
species as metapopulation lineages (sensu Mayden,
1997; de Queiroz, 2007) and conducting BFD using
coalescent-based models that explicitly incorporated
ILS.
We used BFD to test the null hypothesis against
alternative models groupings individuals in the
reduced-cytb dataset into 1–4 species of Amatitlania
recognized in previous studies based largely on a
MSC (Bussing, 1998; Schmitter-Soto, 2007a; McMahan et al., 2014). We evaluated five species delimitation models: (1) a ‘one-species’ model lumping
ingroup samples into the type species, A. nigrofasciata (sensu Bussing, 1998; Allgayer, 2001); (2) a ‘twospecies allopatric’ model consisting of A. kanna samples, plus a second, geographically allopatric lineage
lumping the remaining samples into A. nigrofasciata;
(3) a ‘two-species disjunct’ model consisting of
A. siquia, plus a second lineage lumping remaining
samples into A. nigrofasciata, yielding a geographically disjunct distribution of the latter lineage
between Honduras and eastern Costa Rica; (4) a
‘three-species’ null model consisting of the three currently recognized species of Amatitlania (sensu Schmitter-Soto, 2007a; McMahan et al., 2014); and (5) a
‘four-species’ model recognizing three nominal taxa
plus Lago Coatepeque A. nigrofasciata as distinct
species.
We ran competing species delimitation models
under the multispecies coalescent model implemented in the *BEAST algorithm (Heled & Drummond, 2010) in BEAST, version 1.8.3 (Drummond
et al., 2012). This allowed us to simultaneously estimate the gene tree, species tree, and times to the
most recent common ancestor (tMRCA) for the samples. To ensure convergence, we ran three replicate
searches on the reduced-cytb dataset in BEAST
[Markov chain Monte Carlo (MCMC) = 2 9 107, sampling every 4000 generations] for each model. Runs
linked tree and clock models but partitioned the data
into codon position subsets ({1 + 2}, 3) and unlinked
site parameters across subsets. Site models for different subsets were set to best-fit models listed in
Table 1. Analyses drew branch rates from an uncorrelated lognormal molecular clock (default settings),
with rate variation following a birth-death tree prior.
We calibrated each run with three fossil and biogeographical calibration points similar to those used by
 ıcan et al. (2013): (1) a norChakrabarty (2006) and R
mal distribution constraining the diversification of
heroine cichlids (tribe Heroini), including outgroup
and ingroup samples, to the minimum age of the
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nodes with bootstrap proportions ≥70 as well supported (Hillis & Bull, 1993). We estimated Bayesian
gene trees from all three datasets in the divergence
dating analyses described below. We estimated average genetic distances within and between mtDNA
clades and samples grouped by nominal species in
MEGA, version 6 (Tamura et al., 2013) based on the
proportion of shared cytb differences (p-distances).
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H ISTORICAL

DEMOGRAPHICAL MODELLING

We inferred historical population dynamics of each
species of Amatitlania identified during BFD (see
Results) by running Bayesian skyline plot (BSP)
models (Drummond et al., 2005) in BEAST on corresponding samples in the full-cytb dataset. We conducted three replicate runs (MCMC = 2 9 108,

sampling every 4000 generations) with different
starting seeds on each dataset. Each run partitioned
the data into codon position subsets ({1 + 2}, 3),
unlinked parameters across subsets, and employed a
strict molecular clock. Site models were set to best-fit
models selected in JMODELTEST (see Supporting
information, Table S1) and the molecular clock was
set to the ‘standard’ fish cytb evolutionary rate of
1% Myr pairwise divergence (Bermingham, McCafferty & Martin, 1997), which may also be a reasonable approximation of mtDNA evolutionary rates in
CA cichlids (Martin & Bermingham, 1998; P
erez
et al., 2007). We ensured model convergence and
calculated posterior distributions of parameters in
TRACER.
We cross-validated our BSP inferences by testing
for genetic signals of past population growth, against
a null hypothesis of a neutrally evolving population
of constant size, using complementary neutrality
tests. Specifically, we estimated Ramos-Onsins &
Rozas’ (2002) R2 and Tajima’s (1989) D in DNASP
(Librado & Rozas, 2009). We assessed significance
and determined 95% confidence intervals for R2
using coalescent simulations (104 replicates). We
looked for agreement across BSP and neutrality test
results as providing strong evidence for past population dynamics.

RESULTS
P HYLOGENY

ESTIMATION AND SEQUENCE DIVERGENCE

Our final mtDNA datasets contained 1137 bp
sequences and were highly informative (Table 1). The
ML analysis of the cytb haplotype dataset obtained a
single ‘best’ gene tree with a log likelihood score (ln
L) of 21170.5496. All Amatitlania haplotypes were
resolved in a single monophyletic group, ‘clade 1’,
with relatively shallow relationships and little clear
geographical or taxonomic structuring (Fig. 2). Maximum pairwise mtDNA sequence divergence within
Amatitlania based on p-distances was 2.6%, although
we observed only 0.7–1.6% and 0.5–1.0% average
sequence divergence among vs. within nominal taxa,
respectively, and a mere 0.65% average sequence
divergence within clade 1.
Rather than resolving the three morpho-species of
Amatitlania as distinct monophyletic groups consistent with current taxonomy, we resolved them as
polyphyletic with respect to one another (Fig. 2). The
well-supported subclade ‘1-a’ (86% bootstrap proportion) comprised A. kanna samples and one Cryptoheros myrnae sample (Amyrna208) from P
erez et al.
(2007). We interpreted this C. myrnae sample as a
potential case of interspecific hybridization (i.e. introgressed Amatitlania mtDNA within a C. myrnae
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fossil †Plesioheros chauliodus, 39.9–48.6 Mya (mean
in real space = 44.25, r = 2.22); (2) a normal distribution for the basal split between three species of
Nandopsis (Nandopsis ramsdeni + Nandopsis tetracanthus from Cuba vs. Nandopsis haitiensis from
Hispaniola) correlated with the geological separation
of the islands of Cuba and Hispaniola approximately
14–17 Mya (mean in real space = 15.5, r = 0.764);
and (3) a normal distribution constraining the separation of the Orinoco and Magdalena drainage basins
to 10.2–11.8 Mya, which we applied to two samples
of Caquetaia (mean in real space = 10.95, r = 0.434).
We summarized posterior distributions and ensured
convergence and adequate effective sample sizes
(ESS >> 200) in TRACER, version 1.6 (Rambaut
et al., 2013). We calculated a maximum clade credibility (MCC) tree annotated with median node ages
from 5000 post-burn-in trees in TREEANNOTATOR,
version 1.8.3. We archived our sequence alignments,
input files, and gene tree and species tree results in
Dryad (doi:10.5061/dryad.r1d8q).
We used two recently developed methods to estimate the log-marginal likelihoods of each model:
path sampling (PS) and stepping-stone (SS) sampling
(Xie et al., 2011; Baele et al., 2012). Simulation studies show that PS and SS marginal likelihood estimates are more accurate for Bayesian phylogenetic,
demographic, and species delimitation models compared to other estimators (Baele et al., 2012; Grummer et al., 2014). After each *BEAST run, we ran PS
and SS analyses for 100 steps each one million generations in length (108 total generations). We used a
beta distribution of ~B(0.3, 1) to space out the path
steps (Xie et al., 2011). We calculated 2loge(B10)
Bayes factors from the log-marginal likelihood scores
and evaluated ‘weight of evidence’ of the models
sensu Kass & Raftery (1995) using pairwise model
comparisons. We relied on the *BEAST species tree
from the best-supported model identified by BFD as
our best estimate of the phylogeny and divergence
times of Amatitlania. For comparative purposes, we
also estimated time-calibrated Bayesian gene trees
for the full-cytb and cytb haplotype datasets in
BEAST using three replicate runs employing birthdeath tree priors and the best-fit evolutionary models
listed in Table 1; other priors were identical to those
specified during *BEAST runs above.
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Three other strongly statistically supported subclades in the ML tree (Fig. 2) were geographically
cohesive, mostly taxonomically homogeneous (except
clade ‘1-c’), and allopatrically distributed (Fig. 1).
First, we obtained a small subclade ‘1-b’ (94% bootstrap) of three haplotypes of A. siquia from the Rıo
Tempisquito, a tributary of Golfo de Nicoya on the
Pacific northwestern coast of Costa Rica. Second,
subclade ‘1-c’ (91% bootstrap) comprised a group of

To other outgroup samples
100/*

109
108 Cryptoheros panamensis
107
Atrim7791 Amphilophus trimaculatus
100/*
100/* Alyon6816
Amphilophus lyonsi
Alyon6815
89/*
100/*
Acent2138
Archocentrus centrarchus
79
Acent9931
Acitr8999 Amphilophus citrinellus
/* 100/*
Ahoga8926 Amphilophus hogaboomorus
Alabiatus Amphilophus labiatus
72 R. Frio, CR
45 R. Gr. de Matagalpa trib., NI
61/
Amatitlania
* 44 R. Gr. de Matagalpa trib., NI
46 R. Olama, Matagalpa, NI
100/*
84 R. Zapote trib. near Bijagua, CR
70 R. Zapote/Sabalo/Frio, CR
Clade 1
106 R. Róbalo, PAN
Amyrna208 Cryptoheros myrnae
75/*
103
R.
Sixaola, CR
86/*
102 R. Sixaola, CR
51/105 R. Bongie, PAN
104 R. Changuinola, PAN
94/*
81 R. Tempisquito, CR
87/*
78 R. Tempisquito, CR
-/*
0.05 substitutions/site
76 R. Tempisquito, CR
92 R. Salto, CR
59/101 R. San Rafael, CR
100 R. San Rafael, CR
86
R. Carrisal/Tenorio/Lajas, CR
81/*
85 Quebrada Arena, CR
53/*
87 R. Liberia, CR
79 R. Tempisquito, CR
A. nigrofasciata
98 R. Cañas, CR
Lago Coatepeque
43 R. Gr. de Matagalpa, NI/R. Irigaray, CR
(formerly ‘A. coatepeque’)
88 R. Liberia, CR
A. siquia
96 R. Cabuyo, CR
97 R. Cabuyo, CR
A. kanna
95 R. Cabuyo, CR
63/*
91 93 R. Cabuyo, CR
/- 94 R. Cabuyo, CR
91 R. Toro trib., CR
40 R. Tuma trib., NI
42 R. Tuma trib., NI
39 R. Tuma trib., NI
37 R. Gr. de Matagalpa trib., CR
41 R. Grande trib., La Trinidad, CR
10 R. Guayape trib., HN/R. Tuma tribs., NI
19 Samilaya creek, NI
21 R. Patuca, HN
30 Piedra Ancha, HN
17 R. Patuca, HN
91/*
14 R. Patuca, HN
16 R. Patuca, HN
29 Piedra Ancha, HN
28 R. Los Almendros, HN
12 R. Patuca, HN
13 R. Patuca, HN
11 R. Patuca, HN/R. Wawa, NI

54
/-

*

100/*

20 Samilaya creek, HN
38 R. Estelí trib./R. Grande, NI
2 R. Monga, HN
59/- 5 R. Monga, HN
6 R. Monga, HN
1 R. Monga/.../San Francisco, HN
60/4 R. Monga, HN
7 R. Agalteca, HN
8 R. Chupa, HN
9 R. Jaguaca/San Francisco, HN
65/
3 R. Monga/.../San Francisco, HN
34 R. Sinecapa, NI
32 Santa Emilia creek, ES
71/*
33 Santa Emilia creek, ES
99/*
26 Lago Güija, ES
23 Lago Güija, ES
61/1-a
22 Lago Güija, ES
A. kanna
99/*
15 Citela Creek/L. Metapan, ES
18 Laguna Metapan, ES
27 R. Tilapa, ES
1-b
31 Lago Coatepeque, ES
24 Lago Güija, ES
A. siquia
25 Lago Güija, ES
36 R. Sinecapa/L. Managua, NI
75 R. Tempisquito, CR
52/* 83 R. Tempisquito, CR
80 R. Tempisquito, CR
66/*
77 R. Tempisquito, CR
-/*
74 R. Tempisquito, CR
82 R. Tempisquito, CR
90 R. Toro trib., CR
58/* 71 R. Frio/Celeste, CR
47 R. Caracol, NI
67 Ometepe spring, NI
64 R. Rama trib., NI
57/- 55 R. Mico trib., NI
52 Lago Xiloa, NI
89 R. Infernito, CR
73 R. Pizote, CR
66 R. Ochomogo, NI
53 R. Tipitapa, NI
63 R. Rama trib., NI
48 R. Tecolostote, NI
69 Lago Nicaragua, NI
49 Lago Xiloa, NI
50 Lago Xiloa, NI
35 Lago Xiloa, NI
51 Lago Xiloa, NI
57 R. Acoyapa trib., NI
1-c
59 R. Acoyapa trib., NI
A. nigrofasciata
58 R. Acoyapa trib., NI
56 R. Acoyapa trib., NI
+ A. siquia
54 R. Tipitapa, NI
61 Lago Nicaragua, NI
62 R. Rama trib., NI
67/*
60 Lago Nicaragua, NI
68/* 68 Ometepe spring, NI
99 Brazo del Sucio, CR
65 R. Zapote (Rama) trib., NI

*

*

1-d
A. nigrofasciata

Figure 2. Maximum-likelihood (ML) tree generated from a GARLI (Zwickl, 2006) analysis of 106 haplotypes of Amatitlania and 86 outgroup sequences in the mtDNA cytochrome b (cytb) haplotype dataset. Values at the left of nodes are
given as ML bootstrap proportions (≥50%)/Bayesian posterior probabilities (with values ≥0.95 indicated by an asterisk).
Each sample code is based on the haplotype number, followed by the locality name in the Supporting information (Data
S1). Shaded circles to the right of the phylogeny show the nominal taxa represented by each sample, and major subclades 1-a to 1-d are indicated. CR, Costa Rica; ES, El Salvador; HN, Honduras; NI, Nicaragua.
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individual), or field misidentifications of samples by
earlier workers, and we excluded it from subsequent
analyses. Average sequence divergence within subclade 1-a (excluding Amyrna208) was the highest of
any group, at 1.0%, and this A. kanna subclade was
also up to 1.6% different on average from other samples of Amatitlania. We also resolved A. nigrofasciata and A. siquia as polyphyletic with respect to one
another, being mixed throughout the tree.
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B AYESIAN

SPECIES DELIMITATION AND DIVERGENCE
DATING

In our BFD results, PS and SS analyses yielded
essentially identical log-marginal likelihood estimates supporting the same relative ranking of species delimitation models (Table 2). Bayes factors
calculated from PS results [2loge(B10) = 19.795] and
SS results [2loge(B10) = 20.435] lent decisive support
in favour of model 2, our two-species allopatric model

recognizing A. nigrofasciata and A. kanna lineages
as distinct, over all other models. Model 4, a threespecies model recognizing nominal Amatitlania species as distinct, was consistently the second best
model but was not widely supported by Bayes factors. Model 3, a two-species disjunct model recognizing only A. nigrofasciata and A. siquia as distinct
species, was consistently the least supported model
(Table 2). The relaxed clock species tree for the
preferred species delimitation model inferred using
*BEAST (mean model ln L = 7451.98, ESS =
5363.79; see Supporting information, Fig. S4) dated
the two BFD-inferred species of Amatitlania
(BPP = 100%) as diverging at a mean time of
1.345 Mya
[95%
highest
posterior
density
(HPD) = 2.378–0.504 Mya], corresponding to the
early to mid-Pleistocene. Overall, the mean mtDNA
evolutionary rate inferred for the cytb gene was
0.0122 substitutions site–1 Myr–1. Although we take
the *BEAST result as our best estimate of the date
of lineage divergence within Amatitlania, the timecalibrated cytb gene trees from BEAST yielded divergence dates that overlapped the *BEAST estimate
but were predictably slightly older and more variable
(gene divergence times are necessarily older than
species tree divergence times) (Heled & Drummond,
2010). Ingroup tMRCA values from the full-cytb and
cytb haplotype analyses in BEAST inferred that
extant Amatitlania alleles coalesced to mean ages of
2.109 Mya (HPDs = 1.192–3.008 Mya) and 2.445 Mya
(HPD = 1.559–3.504 Mya), respectively, in the late
Pliocene to early Pleistocene. In both of the time-calibrated gene trees, Amatitlania subclades 1-a to 1-d
were shallowly diverged from mid-late Pleistocene
most recent common ancestors. The time-calibrated
gene trees also resolved Amatitlania as having
diverged from its sister clade (Amphilophus + Archocentrus + Cryptoheros cichlids; BPP = 93.4%) in the
mid-Miocene.

H ISTORICAL

DEMOGRAPHICAL MODELLING

Bayesian demographic modelling strongly supported
a history of population growth over the mid-late
Pleistocene within the A. nigrofasciata lineage
(N = 313 individuals) identified during BFD
(Fig. 4A). The BSP reconstruction (ln L = 2965.98,
ESS = 525.83) showed an almost exponential growth
pattern for this lineage ever since approximately 200
000 years ago, yielding an approximately eight-fold
increase in Ne (effective population size). Population
expansion in the A. nigrofasciata lineage was also
supported by star-like haplotype connections in the
parsimony network (Fig. 3), as well as positive R2
(mean = 0.076, P < 0.001) and negative Tajima’s D
(mean = 1.930, P < 0.05) statistics. The BSP
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10 haplotypes of A. nigrofasciata from the Rıo
Patuca, Honduras, except that haplotype 11 was also
shared by samples of A. siquia from three sites along
the Rıo Wawa in north-eastern Nicaragua (Fig. 1;
see also Supporting information, Data S1). Lastly,
subclade ‘1-d’ (99% bootstrap) comprised nine haplotypes of A. nigrofasciata from western El Salvador.
Haplotypes within subclades 1-b, 1-c, and 1-d were
very shallowly diverged from one another, with average within-group sequence divergence of < 0.5%.
The ML analysis of the full-cytb dataset obtained a
single best topology (ln L = 21050.6617); however,
we do not present this topology because it is essentially identical to the cytb haplotype ML topology.
The best trees from our ML analysis were also very
similar to Bayesian gene tree topologies estimated
in BEAST in the full-cytb (mean model ln
L = 21387.89, ESS = 1193.88; Fig. S2) and cytb
haplotype (mean model ln L = 21396.34, ESS =
7665.78; Fig. S3) analyses, and qualitatively similar
to the Bayesian tree estimated for the reduced-cytb
dataset by the best-supported *BEAST model identified during BFD (see Supporting information,
Fig. S4). For example, all three BEAST topologies
lent definitive support for Amatitlania clade 1 [Bayesian posterior probability (BPP) = 100%].
Our TCS parsimony networks yielded a pattern of
relationships among cytb haplotypes similar to those
of the ML and Bayesian gene trees but gave a more
detailed perspective of phylogenetic structure
(Fig. 3). For example, A. kanna haplotypes in ML
subclade 1-a were highly differentiated genetically in
the network, being isolated from one another by up
to 23 nucleotide differences, and differentiated from
other Amatitlania haplotypes by up to 31 differences;
one sample, haplotype 106 from the Rıo R
obalo,
Panama, was even resolved as a singleton network.
The parsimony network also revealed that haplotypes in subclades 1-a, 1-b, and 1-c were mostly
diverged by 10–13 nucleotide differences. Contrasting
these aspects of phylogenetic structuring, we also
observed various star-like patterns in clade 1, with
several tip haplotypes radiating from the inferred
ancestral haplotype 35, as well as haplotypes 1, 10,
11, 15, and 43.
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Figure 3. Statistical parsimony networks of putative Amatitlania and outgroup (Cryptoheros panamensis) cytochrome
b (cytb) haplotypes from Central America. Circles and rectangles represent haplotypes scaled according to their observed
abundances and are colour-coded as in Figs 1, 2. Haplotype numbers are given beside each haplotype, and dots along
branches between haplotypes represent single-step mutations, or unsampled haplotypes. Networks are separated based
on a 95% parsimony criterion, and black bars indicate major maximum likelihood subclades 1-a to 1-d.

reconstruction for the A. kanna lineage (N = 5 individuals from clade 1-a) supported by BFD displayed
a trend of population growth from approximately
700 000–350 000 years ago. during the mid-Pleistocene, predating that of the A. nigrofasciata lineage
(Fig. 4B). However, A. kanna population expansion
was not supported by the networks (no star-like connections), Tajima’s D (mean = 1.013, P > 0.05) or
the R2 statistic (mean R2 = 0.335, P > 0.05).

DISCUSSION
C ONFLICTING

MITOCHONDRIAL EVIDENCE AND

MORPHO-SPECIES BOUNDARIES IN

AMATITLANIA

Our results from phylogenetic analyses of convict
cichlids based on comprehensive geographical and
taxonomic sampling and data from a mitochondrial
genome fragment are markedly at odds with the current morpho-species taxonomy of the group (sensu
Schmitter-Soto, 2007a; McMahan et al., 2014).
Maximum likelihood, Bayesian, and parsimony phylogenetic analyses of mtDNA consistently obtained a
single, relatively shallowly (maximum 2.6%) diverged

clade of Amatitlania, in which all three currently
recognized species in the genus were polyphyletic
with respect to one another (Figs 2 and 3; Table 3;
see also Supporting information, Fig. S1 and S2).
The nuclear RPS7 introns that we examined agreed
with these mtDNA findings, exhibiting low genetic
variability and yielding a single ingroup clade;
indeed, the low number of variable sites rendered
this nuclear locus insufficiently informative to phylogenetically differentiate any morpho-species of
Amatitlania (see Supporting information, Fig. S1).
This is unsurprising given the diminished mutation
rates and four-times slower rates of lineage sorting
of nuclear markers relative to mtDNA (Maddison,
1997; Funk & Omland, 2003), yet RPS7 introns have
previously proven useful for resolving phylogenetic
relationships and delimiting species of Central American cichlid and poeciliid freshwater fishes (Chakra ıcan et al., 2013; Bagley et al., 2015).
barty, 2006; R
The only pattern of congruence between morphospecies and genetic data among our gene tree results
was that we resolved A. kanna samples in a mtDNA
subclade 1-a, which was genetically distinct, with the
highest degree of sequence divergence from other
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Figure 4. Results of Bayesian demographic models
showing reconstructions of the demographic history of the
two Amatitlania species inferred during our Bayes factor
delimitation species delimitation analyses, including (A)
the A. nigrofasciata lineage and (B) the A. kanna lineage.
Bayesian skyline plot (Drummond et al., 2005) reconstructions are presented with x-axes in units of time
(Mya). Thick centrelines represent the mean values of
log10 population sizes (Ne * s) and grey shading with thin
black outlines indicates the upper and lower limits of the
95% highest posterior density of the estimates.

ingroup samples (Table 3). Subclade 1-a was strongly
supported across phylogenetic gene tree analyses
with different underlying assumptions and algorithms. Nevertheless, subclade 1-a fell within a
broader clade of A. nigrofasciata and A. siquia samples, rendering A. kanna phylogenetically nested
within other taxa. Overall, these results indicate
that morpho-species of Amatitlania exhibit substantial species-level polyphyly; yet questions remain
concerning the processes that are most likely responsible for these results.
Previous studies have identified several competing
explanations for widespread species-level polyphyly,
including mtDNA introgression, incomplete lineage
sorting (Maddison, 1997; Maddison & Knowles, 2006)
or imperfect taxonomy, all of which are known to
impact phylogenetic inference and species delimitation

(Funk & Omland, 2003; Fujita et al., 2012). Distinguishing between introgression and ILS is difficult
given that these processes produce similar phylogenetic signals, and rigorous tests of hybridizationmediated introgression require a well-resolved species
tree and multilocus data (Joly, McLenachan & Lockhart, 2009; Kubatko, 2009). Although our data are
insufficient for implementing such methods, the present data are also inconsistent with introgression as a
potential cause of polyphyly in Amatitlania. Interspecific mtDNA hybridization events are inferred
when one or more haplotypes fall out in geographically
sympatric populations of distinct species that are
divergent at nuclear loci or morphological characters
(Funk & Omland, 2003). Against this expectation, a
98.1% majority of Amatitlania haplotypes were unique
to a single nominal taxon, and only haplotypes 10 and
11 were shared between geographically allopatric populations identified in the field as A. nigrofasciata and
A. siquia (Figs 2 and 3; see also Supporting information, Data S1). Also, there was no clear nuclear DNA
variation among previously accepted, morphologically
differentiated species of Amatitlania. We thus tentatively down-weight the hybridization hypothesis until
the alternative hypothesis of ILS is rejected in favour
of gene flow and hybridization-mediated introgression
in Amatitlania based on rigorous modelling analyses
of multiple unlinked nuclear loci.
Our BFD results, which employed Bayes factor
comparisons of species tree models and accounted for
topological uncertainty and ILS in a coalescent
framework (Grummer et al., 2014), decisively supported two lineages as distinct species within Amatitlania (two-species allopatric model, Table 2; see also
Supporting information, Fig. S4). These two lineages
correspond to A. nigrofasciata, the type species of
the genus, and A. kanna, and they are diverged from
one another by up to 2.6% pairwise mtDNA genetic
distance (Table 3). The fact that A. kanna was statistically supported as a distinct species by BFD provides compelling evidence that ILS is the best
explanation for the polyphyly of A. kanna in our
gene tree analyses, which did not account for ILS.
However, A. siquia was collapsed within the A. nigrofasciata lineage in the best-fit *BEAST model,
and all models proposing three or four species, thus
recognizing A. siquia as a distinct species, were
strongly selected against in BFD (Table 2). Thus, we
conclude that the polyphyly of A. siquia must be the
result of factors other than ILS, most likely imperfect taxonomy. Our model lumping the three nominal
species of Amatitlania into one species was also
strongly selected against in BFD. Overall, the cumulative model probabilities of nonselected models (calculated from marginal likelihoods) amounted to only
0.0026; thus, the probability of the best-fit model was

, –
© 2016
Linnean
Society
of London,
Biological
Journal
ofLinnean
the Linnean
Society,
© 2016
TheThe
Linnean
Society
of London,
Biological
Journal
of the
Society,
2017,2016,
120, 155–170

Downloaded from https://academic.oup.com/biolinnean/article/120/1/155/2864971 by Jacksonville State University user on 14 September 2021

Population size, log Ne * τ

164
BAGLEYET
ET AL.
AL.
10 J.J.C.C.BAGLEY

AMATITLANIAPHYLOGEOGRAPHY
PHYLOGEOGRAPHY&&SPECIES
SPECIESLIMITS
LIMITS 165
11
AMATITLANIA
Table 2. Posterior comparisons of evidence for different Bayesian species delimitation models for Amatitlania
Log-marginal
likelihood

Model

7612.511
7602.614
7611.516
7606.298
7608.239

(2)

(3)

(4)

(5)

Model
probability

–
19.795
1.992
12.426
8.545

20.435
–
21.334
13.437
14.418

2.457
17.979
–
7.897
6.916

12.413
8.022
9.957
–
0.9806

8.519
11.917
6.062
3.895
–

5.016 9 105
0.997
1.358 9 104
0.025
0.0036

Results include log marginal likelihoods calculated using path sampling (PS), as well as row-by-column 2loge(B10) Bayes
factors [below diagonal, calculated from PS results; above diagonal, from stepping-stone (SS) results] for five models
based on previous and current taxonomy of Amatitlania, as described in the text. Larger log marginal likelihoods,
and larger and positive Bayes factors, indicate relatively greater model evidence. Boldface corresponds to the single
best-supported model. Model probabilities are calculated based on differences between model log marginal likelihoods.

388 times higher than that of all four other models
combined. In addition to support from BFD and
genetic distances, the evolutionary distinctiveness of
the two inferred species within Amatitlania is also
supported by diagnostic alleles for each lineage, and
the fact that no alleles were shared between the lineages because all haplotypes (haplotypes 102–106) of
A. kanna were private alleles (Fig. 3). By contrast,
as noted above, two haplotypes were shared between
A. nigrofasciata and A. siquia.

P HYLOGEOGRAPHY

OF

AMATITLANIA

The two species of Amatitlania have experienced a
geologically recent history of evolutionary independence. Relaxed-clock age estimates for the Amatitlania clade from the preferred *BEAST species tree
model selected during BFD suggest that the two
Amatitlania species most likely diverged approximately 1.3 Mya in the early Pleistocene, with
Bayesian credible intervals spanning early-mid
Pleistocene (see Supporting information, Fig. S4).
These dates correspond to a period when global temperature and sea level were similar to their modern
analogues (Zachos et al., 2001; Miller et al., 2005)
and they are not correlated with any major geological events that could have caused the vicariant speciation of these lineages (Bagley & Johnson, 2014a).
Also, no obvious geographical barriers are present
today that could have promoted long-term, postdivergence isolation of A. kanna populations between
the R�ıo Sixaola, Costa Rica, and the R�ıo Changuinola of northwestern Panama, from the A. nigrofasciata lineage. Nevertheless, A. kanna inhabits
relatively short coastal rivers that drain a narrow
Caribbean coastal plain with a very narrow continental shelf less than approximately 15–30 km in
width. Thus, opportunities for historical interdrainage connections over the continental shelf to
nearby river drainage networks have likely been

limited, enhancing the historical isolation of
A. kanna in these drainages (Unmack et al., 2012;
Unmack et al., 2013).
Comparing the phylogeographic break witnessed in
Amatitlania with patterns of genetic subdivision from
other Central American taxa reveals that the Caribbean versant of Costa Rica presents an important area
of regional intraspecific diversification. In particular,
our finding that this region is phylogenetically diverged
from outlying areas to the north is concordant with
mtDNA phylogeography patterns in several codistributed taxa, including three frog species sharing phylogeographic breaks in the Lim�
on region, Costa Rica
[Eleutherodactylus (Crawford, 2003); Oophaga pumilio
(Hagemann & Pr€
ohl, 2007), and Dendropsophus ebraccatus (Robertson, Duryea & Zamudio, 2009)]; one
freshwater fish lineage [Bryconamericus (Reeves &
Bermingham, 2006)] in which populations diverge at
the Sixaola–Changuinola drainage divide (Bagley &
Johnson, 2014a); and three lineages of freshwater
fishes showing local population differentiation at Bocas
del Toro [Rhamdia (Perdices et al., 2002); Brachyhypopomus occidentalis (Picq et al., 2014); and Poecilia
(Bagley et al., 2015)]. These broadly congruent phylogeographic patterns coinciding with the deepest divergence between Amatitlania lineages imply that
amphibian and freshwater fish species potentially
responded in similar fashion to historical events in this
region of the Caribbean coast. This hypothesis should
be examined in more detail using tests for temporal
phylogeographic congruence (Arbogast & Kenagy,
2001; Bagley & Johnson, 2014a; Bagley & Johnson,
2014b) that are improved by adding more data from
codistributed species.
We also infer that the two species of Amatitlania
may have experienced incongruent historical–
demographic fluctuations over Pleistocene to recent
timeframes. Within the A. nigrofasciata lineage, congruent results from BSP models and neutrality tests
strongly supported a history of population expansion
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(1) One-species
(2) Two-species allopatric
(3) Two-species disjunct
(4) Three-species
(5) Four-species

(1)
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Table 3. Mean pairwise genetic distances between nominal species of Amatitlania, as well as between clades based on
phylogenetic results in Figs 2, 3
Lago Coatepeque
population

Amatitlania
siquia

Amatitlania
kanna

0.005
0.009

0.0026
0.000

0.0013
0.0031

0.0028
0.0037

0.007
0.016

0.013
0.021

0.006
0.016

0.0029
0.010

Mean proportion of base pair differences per site (p-distances) within each group are shown along the diagonal; mean
among-group p-distances are shown below the diagonal; and SEs calculated from 500 bootstrap pseudoreplicates are
shown above the diagonal. Results are based on the full-cytb sequence database. Grey cells indicate pairwise comparisons that were not conducted.

ever since approximately 200 kya in the late Pleistocene (Fig. 4A). The period of inferred expansion follows the mid-Pleistocene transition (0.8–1.2 Mya),
when climatic extremes became enhanced and glaciations shifted from cycles of 41 000 years to cycles of
100 000 years (Clark et al., 2006) and overlaps the
last two glaciation cycles. By contrast, historical
demographic tests do not strongly support population
expansion in the A. kanna lineage. Although the BSP
analysis inferred an A. kanna population expansion
during the mid-Pleistocene (approximately Marine
Isotope Stages 7–9), we failed to reject the null
hypothesis of size-constancy based on R2 and D neutrality statistics. We cannot have as much confidence
in the A. kanna BSP reconstruction as we have in
that for the A. nigrofasciata lineage as a result of the
small number of individuals and prevalence of singleton alleles sampled from the A. kanna lineage. Thus,
sample size should be augmented to more confidently
test the hypothesis of population expansion in this
lineage in the future. Recent Bayesian demographic
analyses of CA poeciliid fishes whose distributions
overlap that of Amatitlania inferred bottleneck
expansion events ever since approximately 40 kya
during the last glacial cycle in the molly, Poecilia gillii, but rejected Pleistocene population expansions in
other cases (e.g. Alfaro cultratus, Xenophallus
umbratilis) (Bagley & Johnson, 2014b). Thus, combined with data from other CA phylogeography studies, our results suggest that Pleistocene climate
change in Central America has affected different
freshwater fish species to varying degrees over different timescales, resulting in genetic signatures of
asynchronous population expansion events.

T AXONOMIC

RECOMMENDATIONS AND LIMITATIONS

We follow the GLC, taking species to be metapopulation lineages evolving independently of other such
aggregates (de Queiroz, 2007), and consider

genealogical and statistical evidence from genetic loci
adequate to diagnose distinct species. Thus, we used
an objective coalescent-based species delimitation
method (Fujita et al., 2012) based on the GLC (Grummer et al., 2014). Overall, our BFD results statistically reject the current status of A. siquia as a
distinct evolutionary species, at the same time as also
upholding the evolutionary distinctiveness of A. nigrofasciata and A. kanna. Previous morphological
studies of the group supported all three currently recognized species of Amatitlania as diagnosable based
on morphology (Schmitter-Soto, 2007a; McMahan
et al., 2014); however, our results suggest that only
A. kanna is clearly diagnosable based on genetic and
morphological characters. By contrast, A. nigrofasciata and A. siquia are each diagnosable in only one of
these dimensions. One explanation for these findings
is that the current taxonomic arrangement of Amatitlania, as reported by Schmitter-Soto (2007a), correctly diagnosed A. kanna but misdiagnosed
allopatric morphological variation within the original
type species of the genus, A. nigrofasciata, leading to
‘oversplitting’ of A. nigrofasciata. Nevertheless, we
refrain from advocating formal taxonomic changes,
given that our results are based largely on the
mtDNA locus, and thus are subject to several potential limitations. Mitochondrial DNA has been shown
to be a robust and rapidly evolving indicator of population history (Zink & Barrowclough, 2008), although
evolutionary inferences from mtDNA may reflect the
matrilineal history of the locus, rather than being
representative of the broader evolutionary history of
the species reflected by loci sampled from throughout
the genome. As a result, additional nuclear markers
might uncover a conflicting view of the evolution and
species limits of Amatitlania (e.g. if our mtDNA
sequences have been subject to the influence of undetected genetic processes such as sex-biased dispersal,
selection, hybridization or hidden third-codon substitutions) (Ballard & Whitlock, 2004; Irwin, 2012). In
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Amatitlania nigrofasciata
Lago Coatepeque population
(formerly ‘Amatitlania coatepeque’)
Amatitlania siquia
Amatitlania kanna (subclade 1-a)

Amatitlania
nigrofasciata
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Figure S1. Gene trees derived from ML analyses of nuclear RPS7 data in GARLI, using evolutionary models
selected for each intron using JMODELTEST. Bootstrap proportions ≥50% based on 500 Neighbour-joining
pseudoreplicates are given to the left of nodes.
Figure S2. BEAST maximum clade credibility tree derived from the full-cytb dataset.
Figure S3. BEAST maximum clade credibility tree derived from the cytb haplotype dataset.
Figure S4. *BEAST species tree derived from the best-supported species delimitation model identified by
Bayes factor delimitation.
Table S1. Best-fit evolutionary models for mtDNA datasets used during Bayesian demographic modelling
analyses in the present study.
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