Brigham Young University

BYU ScholarsArchive

Theses and Dissertations

2014-12-01

Understanding the Diversification of Central American Freshwater
Fishes Using Comparative Phylogeography and Species
Delimitation

Justin C. Bagley
Brigham Young University - Provo

Follow this and additional works at: https://scholarsarchive.byu.edu/etd

6‘ Part of the Biology Commons

BYU ScholarsArchive Citation

Bagley, Justin C., "Understanding the Diversification of Central American Freshwater Fishes Using
Comparative Phylogeography and Species Delimitation" (2014). Theses and Dissertations. 5296.
https://scholarsarchive.byu.edu/etd/5296

This Dissertation is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for
inclusion in Theses and Dissertations by an authorized administrator of BYU ScholarsArchive. For more
information, please contact scholarsarchive@byu.edu, ellen_amatangelo@byu.edu.


http://home.byu.edu/home/
http://home.byu.edu/home/
https://scholarsarchive.byu.edu/
https://scholarsarchive.byu.edu/etd
https://scholarsarchive.byu.edu/etd?utm_source=scholarsarchive.byu.edu%2Fetd%2F5296&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=scholarsarchive.byu.edu%2Fetd%2F5296&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsarchive.byu.edu/etd/5296?utm_source=scholarsarchive.byu.edu%2Fetd%2F5296&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsarchive@byu.edu,%20ellen_amatangelo@byu.edu

Understanding the Diversification of Central American Freshwater Fishes

Using Comparative Phylogeography and Species Delimitation

Justin Colonial Bagley

A dissertation submitted to the faculty of
Brigham Young University
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Jerald B. Johnson, Chair
Byron J. Adams
Mark C. Belk
Keith A. Crandall
Duke S. Rogers

Department of Biology
Brigham Young University

December 2014

Copyright © 2014 Justin Colonial Bagley

All Rights Reserved



ABSTRACT

Understanding the Diversification of Central American Freshwater Fishes
Using Comparative Phylogeography and Species Delimitation

Justin Colonial Bagley
Department of Biology, BYU
Doctor of Philosophy

Phylogeography and molecular phylogenetics have proven remarkably useful for
understanding the patterns and processes influencing historical diversification of biotic lineages
at and below the species level, as well as delimiting morphologically cryptic species. In this
dissertation, I used an integrative approach coupling comparative phylogeography and
coalescent-based species delimitation to improve our understanding of the biogeography and
species limits of Central American freshwater fishes. In Chapter 1, I conducted a literature
review of the contributions of phylogeography to understanding the origins and maintenance of
lower Central American biodiversity, in light of the geological and ecological setting. 1
highlighted emerging phylogeographic patterns, along with the need for improving regional
historical biogeographical inference and conservation efforts through statistical and comparative
phylogeographic studies. In Chapter 2, I compared mitochondrial phylogeographic patterns
among three species of livebearing fishes (Poeciliidae) codistributed in the lower Nicaraguan
depression and proximate uplands. I found evidence for mixed spatial and temporal divergences,
indicating phylogeographic “pseudocongruence” suggesting that multiple evolutionary responses
to historical processes have shaped population structuring of regional freshwater biota, possibly
linked to recent community assembly and/or the effects of ecological differences among species
on their responses to late Cenozoic environmental events. In Chapter 3, I used coalescent-based
species tree and species delimitation analyses of a multilocus dataset to delimit species and infer
their evolutionary relationships in the Poecilia sphenops species complex (Poeciliidae), a
widespread but morphologically conserved group of fishes. Results indicated that diversity is
underestimated and overestimated in different clades by c¢. +£15% (including candidate species);
that lineages diversified since the Miocene; and that some evidence exists for a more probable
role of hybridization, rather than incomplete lineage sorting, in shaping observed gene tree
discordances. Last, in Chapter 4, I used a comparative phylogeographical analysis of eight
codistributed species/genera of freshwater fishes to test for shared evolutionary responses
predicted by four drainage-based hypotheses of Neotropical fish diversification. Integrating
phylogeographic analyses with paleodistribution modeling revealed incongruent genetic
structuring among lineages despite overlapping ancestral Pleistocene distributions, suggesting
multiple routes to community assembly. Hypotheses tests using the latest approximate Bayesian
computation model averaging methods also supported one pulse of diversification in two
lineages diverged in the San Carlos River, but multiple divergences of three lineages across the
Sixaola River basin, Costa Rica, correlated to Neogene sea level events and continental shelf
width. Results supported complex biogeographical patterns illustrating how species responses to
historical drainage-controlling processes have influenced Neotropical fish diversification.

Keywords: approximate Bayesian computation, Central America, coalescent, comparative
phylogeography, freshwater fishes, genetic breaks, Poeciliidae, species delimitation, species trees
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GENERAL INTRODUCTION
“[GJeology and biogeography are both parts of natural history and, if they represent the
independent and dependent variables respectively in a cause and effect relationship, ... they can

be reciprocally illuminating” (Rosen 1978, p. 776).

“[Clomparative phylogeographic assessments within each of multiple codistributed species ...
offer perhaps the greatest hope for significant advances in understanding how ... the demographic
and natural histories of populations, can influence intraspecific phylogeographic patterns” (Avise

1998, pp. 376-377).

“The species richness of Neotropical freshwater fishes ... is unparalleled: with more than 5,600
species it represents a majority of the world’s freshwater fishes and perhaps 10% of all known
vertebrate species. ... Any general understanding of vertebrate evolution must therefore address

the spectacular evolutionary radiations of Neotropical fishes” (Albert & Reis 2011b, p. xi).

Phylogeography and molecular systematics have proven remarkably useful for understanding the
processes influencing the historical diversification of biotic lineages at and below the species
level, and also for delimiting morphologically ‘cryptic’ species (Avise 2000; Bickford et al.
2006; Pons et al. 2006). Phylogeography is a relatively young and integrative field of science
that uses molecular data to infer the processes influencing geographical distributions of genetic
lineages within and among species, especially at the intraspecific level (Avise ef al. 1987; Avise
2000). The phylogeography literature base has grown remarkably fast over the nearly three
decades since the birth of the field, yielding many insights into the histories of biotas in different
ecosystems across the globe, including cryptic and often temporally ‘deep’ genealogical
divergences within many species ranges (e.g. reviewed by Beheregaray 2008; Knowles 2009).

By linking these patterns of population divergence with data on geographical barriers, earth



history events, distribution models, and speciation processes, phylogeography permits
identifying and testing whether and over which temporal scales historical and recurrent processes
have shaped intraspecific diversification in an area. Indeed, the reciprocal illumination that
Rosen (1978; quoted above) envisioned for vicariance biogeography can also be achieved
through phylogeography, as phylogeography provides means of inferring how species responded
to geological processes without reliance on phylogenetic structure or areas of endemism required
by other historical biogeography methods (Zink 2002); for example, historical processes from
the unobservable past can still be inferred even when genetic breaks revealed by selectively
neutral markers do not correspond to any present-day geographical barrier. Moreover, because
population or species demographic histories influence the shapes of their gene genealogies, we
can use coalescent theory (a stochastic, backwards-in-time theory of genealogical processes;
Kingman 1982) to estimate their underlying genealogies (e.g. by simulating a distribution of
them) as well as population parameters describing their histories (e.g. past changes in population
sizes) while accounting for various population genetic processes (e.g. subdivision, speciation,
mutation, recombination; reviewed by Kuhner 2009). An important paradigm shift in
phylogeography has been the realization that phylogeographic inferences are improved by
developing and discriminating among competing coalescent-based demographic models using
statistical methods that account for the stochasticity of genetic processes (Knowles & Maddison
2002; Knowles 2009; Nielsen & Beaumont 2009). Indeed, coalescent models with one or
multiple loci allow us to overcome problems associated with traditional ‘pattern-matching’
approaches to phylogeography (e.g. reviewed by Avise 2000), for example that gene tree point
estimates are random, and that ancestral polymorphisms can substantially influence gene

divergence dates or other parameter estimates and lead to erroneous biogeographical



interpretations (Edwards & Beerli 2000; Nielsen & Beaumont 2009).

In comparative phylogeography, genetic datasets are scaled up to test for congruent
spatial and temporal population divergences across multiple codistributed species, which permits
inferring the responses of whole communities, ecosystems, or species assemblages to geographic
barriers and earth historical processes (e.g. historical contingencies such as the uplift of a
mountain chain, rerouting of a river, or climate change) in a region (Bermingham & Moritz
1998; Arbogast & Kenagy 2001; Carstens & Richards 2007; Marske et al. 2012). Comparative
phylogeography surfaced early in the history of phylogeography as improved restriction enzyme
and DNA sequencing technologies aided the rapid buildup of mitochondrial DNA (mtDNA)
surveys of natural populations facilitating multi-species analyses (Bermingham & Avise 1986;
Avise 2000). Here, a key outcome was the realization that, by applying an approach similar to
vicariance biogeography at the intraspecific level (discussed in Riddle ef al. 2008), it became
possible to test whether species responded in concerted fashion in space and time to historical
processes in an area (e.g. Bermingham & Martin 1998; Sullivan ef al. 2000; Arbogast & Kenagy
2001). Also, the resulting phylogeographical inferences built from patterns of population
structuring replicated across multiple taxa reveal general, rather than lineage-specific,
evolutionary patterns, and hold greater promise for discovering novel or unexpected patterns and
inferring the geological history of a region than those of single-species studies (Zink 1996;
Hickerson et al. 2010). Moreover, comparative phylogeography permits more rigorous tests of
the predicted contributions of historical versus ecological processes towards generating species
genetic variation and spatial-demographic histories (e.g. Bernatchez & Wilson 1998; Burridge e?
al. 2008). However, as with single-species analyses, comparative phylogeography is greatly

improved through the use of statistical phylogeographical models of community divergence,



dispersal, and migration across geographical barriers, especially using recent methods based on
approximate Bayesian computation and coalescent models (e.g. Hickerson et al. 2006, 2007,
2014; Huang et al. 2011). Although phylogeography can reinforce conclusions of traditional
studies, among the greatest successes of phylogeography at the intraspecific and comparative
levels has been the elucidation of cryptic speciation and deep community divergences
challenging traditional denominations of species limits and biogeographical regions inferred
from morphology-based taxonomy (e.g. Avise 2000; Riddle et al. 2000; Riddle & Hafner 2006).
An improved understanding of species limits and evolutionary relationships is also a key
outcome of molecular systematics, which uses DNA-based reconstructions of phylogenies of
species and higher taxa to improve our understanding of the histories of biotic lineages,
communities, and whole biotas (Hillis et al. 1996; Felsenstein 2004). Especially when combined
with data from ecology, phenotypic diversity, or natural history, phylogenies provide means of
rigorously inferring the historical biogeographical processes (e.g. dispersal patterns, speciation
and extinction rates) and speciation processes (e.g. geographical mode and tempo of speciation)
that have given rise to modern-day diversity within clades or across communities (e.g. Webb et
al. 2002; Losos & Glor 2003; Rabosky & Lovette 2008; Graham et al. 2009). However,
phylogenetic methods rely on a variety of assumptions (e.g. DNA substitution models, character
utility, appropriate model complexity), among the most important of which is that nominal taxa
represent evolutionary species (Barraclough & Nee 2001). This is problematic because
predefined taxonomy often provides an inexact fit to molecular data, and morphological
taxonomy in particular is apt to underestimate species diversity due to the presence of cryptic
species, among other issues (e.g. Pons et al. 2006; Satler et al. 2013). Moreover, it has until now

been difficult to arrive at objective species delimitations, and morphological taxonomists have



often relied on subjective determinations of the distinctiveness of evolutionary lineages. That
said, molecular data have been of increasing interest for species delimitation over the last decade,
and workers have particularly focused on using single-locus analyses (e.g. of “DNA barcodes™)
as the basis for taxonomy (e.g. Hebert ef al. 2004). Yet, this approach can also be confounded
because single loci reflect realizations of random genealogical processes and variance in
reproductive success, and thus may not accurately capture species limits (e.g. Nielsen &
Beaumont 2009; Fujita et al. 2012). Fortunately, the proliferation of molecular data and the
recent surge in importance to phylogenetics and species delimitation of coalescent models from
statistical population genetics has ushered in new “coalescent-based species delimitation”
methods that allow objectively delimiting species using multilocus genetic datasets and methods
that overcome these shortcomings (reviewed by Fujita et al. 2012). This approach falls within
integrative taxonomy, a synthetic field of study combining elements of molecular and
morphological systematics (phylogenetics and taxonomy) with species delimitation, with the
goal being to identify species limits and processes of lineage diversification based on multiple
lines of evidence (Dayrat 2005; Padial et al. 2010; Fujita et al. 2012). Specifically, coalescent-
based species delimitation provides a means of estimating support for speciation events on
phylogenies using statistically rigorous methods, and with little if any investigator bias; these
inferences can then be integrated with evidence from morphology, ecology, behavior and other
fields to further test the distinctiveness of genetic lineages in an integrative taxonomy framework
(Fujita et al. 2012). Overall, coalescent-based species delimitation methods allow testing
hypotheses of species distinctiveness while inferring evolutionary processes that have led to the
observed patterns by using coalescent models. Given species are the fundamental unit of

biology, accurate species delimitation is thus of vital importance for accurately gauging species



diversity and devising effective conservation strategies (Sites & Marshall 2003; Mace 2004).
Perhaps nowhere on earth are the insights of phylogeography and species delimitation
more significant or urgently needed than in the Neotropics. Ecologists and evolutionary
biologists have been struggling to determine the mechanisms that explain the historical assembly
and rich biological diversity of tropical North and South America ever since 19" Century
naturalists such as Alfred Russel Wallace and his contemporaries Henry Walter Bates, Thomas
Belt, Charles Darwin, Albert Giinther, and Philip Sclater first seriously contemplated the
biogeography of New World landscapes (e.g. Darwin 1859; Belt 1874; Wallace 1876). The
traditions of biodiversity research in each of the two major areas of what Sclater (1858; using
bird distributions) and Wallace (1876; studying distributions of multiple animal taxa) identified
as constituting the “Neotropical” biogeographical realm (termed the “Neotropical ecozone” or
“Neotropics” today), including southern Mexico and Central America as well as South America,
are both longstanding and intermingled. Research on the Neotropics has revealed and
emphasized among the “oldest” patterns in global ecology, for example the latitudinal gradient in
species richness (declining species diversity towards the poles; Hawkins 2001; Wiens &
Donoghue 2003). However, despite more than 100 years of study, we continue to remain
fascinated with the diverse landscapes and biotas of these regions today (e.g. Bermingham et al.
2005; Hoorn & Wesselingh 2010; Albert & Reis 2011a). Indeed, the Neotropics remain as
relevant as ever as the “preferred target” for biodiversity research (Rull 2008), and this is rightly
so given they are among the most species-rich areas of the world, with multiple biodiversity
“hotspots” of endemic species that are also threatened with imminent habitat loss due to human
activities (Myers ef al. 2000). The outstanding diversity of Neotropical biotas is continually

threatened by habitat destruction (e.g. land conversion for agriculture), pollution, and human



population expansion, as well as the expansion of fungal diseases (reviewed by Leonard 1987;
Robinson & Redford 1991; Stotz et al. 1996; Berger ef al. 1998; Laurance et al. 2001; Olson et
al. 2001; Klink & Machado 2005; Bagley & Johnson 2014a). As a consequence, the Neotropics
comprise a region that is of particularly great interest for studying the historical and ecological
processes promoting population divergence and speciation (e.g. Bermingham & Martin 1998;
Rull 2008; Antonelli ef al. 2009), and for objectively determining species limits to improve
conservation prioritization (e.g. Fouquet et al. 2007, 2014).

Within the Neotropics, the most diverse group of vertebrates, and indeed a substantial
proportion of global vertebrate diversity, is the Neotropical freshwater fish assemblage (Albert &
Reis 2011b). Neotropical North and South America harbor the greatest diversity of freshwater
fishes worldwide, with an estimated total of ~7000 described and undescribed species (around
half of global freshwater fish species richness), including >525 species within the relatively
modest areal extent of Central America, >1000 species in the Orinoco River basin, and 2173
species in the Amazon River superbasin (Reis ef al. 2003; Albert & Reis 2011b; Matamoros et
al. 2014). Comparing the 7000 species estimate of Albert & Reis (2011b) above to recent [IUCN
data summaries on vertebrate species diversity quoting a total of 62,305 species of vertebrates
worldwide, this value if accurate would represent ~11.2% of vertebrate species richness (The
World Conservation Union 2010). As a consequence, as noted by Albert & Reis (2011b, quoted
above), it is axiomatic that any student of vertebrate diversity must confront the fascinating
diversity of Neotropical freshwater fishes.

Central America forms a long (>1500 km), narrow isthmus extending from the Maya
Highlands of southeastern Mexico and Motagua Fault Zone of Guatemala, southeast to Panama’s

Darien isthmus connection with Colombia. Along its length, the Central American Isthmus



encompasses about 0.4% of the earth’s area (533,726 km?) and connects the North and South
American continents while isolating the Pacific Ocean from the Caribbean Sea; thus Central
America makes up the only transoceanic, transcontinental isthmus worldwide. Central America
is also a region of high ecological and geological complexity that has witnessed a variety of
upheavals in landscape features and climate during its Miocene to recent geological evolution,
especially due to its position at the intersection of five tectonic plates—the Cocos, North
American, Caribbean, South American, and Nazca plates (Coates & Obando 1996; Coates et al.
2004). The landforms of the Central American Isthmus have been generated at a fascinating
subduction factory where the Cocos and Nazca plates dip beneath the western Caribbean Plate at
the Middle American Trench (along the Pacific coast of the isthmus), causing tectonic uplift that
has formed a series of orogenic belts (mountain-building zones). When taken together, the five
major volcanic segments uplifted at these belts comprise among the most tectonically active
areas of the eastern Pacific “Ring of Fire”. These segments are collectively referred to as the
Central American Volcanic arc (CAVA; Mann ef al. 2007) and have generated the northwest-
trending volcanic cordilleras that largely define physical terrain and environments in the region.
In turn, the volcanic cordilleras of the region play a major role in shaping regional atmospheric
and oceanic circulation patterns, as well as the configurations and connectivity of freshwater
drainage basins and terrestrial habitats on either side (e.g. Savage 2002; Hulsey & Lopez-
Fernandez 2011). By dividing the region into two distinct coasts bisected by cordillera ranges
and intermittent valleys and basins, the central cordilleras create a stepping-stone-like
organization of terrestrial and aquatic populations but especially of the populations of obligate
freshwater organisms, which are confined to discrete hydrological networks that interact with the

landscape (e.g. Martin & Bermingham 2000; Hulsey & Lopez-Fernandez 2011). Thus, it should



be possible to use phylogeography to recover the history of interactions between drainage basins
and the evolving Central American landscape, including historical connections among drainages,
and patterns of dispersal and vicariance within and between coasts (e.g. Bermingham & Martin
1998).

In this rich landscape of mostly short coastal plains cut off by dramatically uplifting
volcanic cordilleras and plateaus (up to >5700 m above sea level), relatively wider and more
ancient continental areas of Nuclear Central America (NCA; Guatemala, Belize, El Salvador,
Honduras and Nicaragua) are juxtaposed against more recent lands of lower Central America
(LCA; Costa Rica and Panama) that are oceanic in origin and taper to a very narrow isthmus
(Mann et al. 2007; Marshall 2007). However, despite being made up of geological blocks and
terranes of different histories and geographical origins, these regions have been geologically
linked since at least the Paleogene (~49 million years ago, Ma) to Miocene (23 Ma) and have
experienced tectonic uplift, volcanism, and basin and erosional processes since the early-mid
Miocene (~19—-0 Ma) that caused the evolution of major landscape features and relief witnessed
in Central America today (Coates & Obando 1996; Coates et al. 2004; Marshall et al. 2003;
Mann et al. 2007; Rogers et al. 2007). Indeed, the prominent northwest-trending cordilleras of
the region experienced their main phases of uplift during this timeframe, and have since
effectively isolated terrestrial and aquatic species on either side of the continental divide (e.g.
Abratis & Warner 2001; Rogers ef al. 2002). In the late Pliocene—Pleistocene, the sequence of
Central American Isthmus emergence ultimately culminated in the uplift of the Isthmus of
Panama ~3.1-1.8 Ma (e.g. Coates & Obando 1996). This major earth history event facilitated a
series of bidirectional dispersals of plants and animals between the nascent Central American

isthmus and North and South America that is known as the ‘Great American Biotic Interchange’



(Simpson 1950; Marshall ez al. 1979; Stehli & Webb 1985), which led to important distributional
shifts and in situ diversification of biotic lineages, all of which make Central America a region of
central importance in biogeography (Stehli & Webb 1985; Webb 1995; Bermingham & Martin
1998; Savage 2002; Bagley & Johnson 2014a). Given many lineages of freshwater fishes are
thought to have dispersed between Central America and outlying areas of northwestern South
America before, during, and after the GABI, the fish assemblages of these two regions are linked
and considered to form a single ichthyofauna (e.g. Bussing 1976, 1985; Albert & Reis 2011b;
Chakrabarty & Albert 2011).

In this dissertation, I used an integrative approach coupling comparative phylogeography
and coalescent-based species delimitation to improve our understanding of the biogeography and
species limits of the Central American freshwater fish assemblage. I have chosen Central
America as the locus of this project because the relatively recent and dynamic geological and
ecological history of the Central American Isthmus has created a fascinating natural laboratory
for biogeography that presents excellent opportunities for exploring the interplay between earth
historical processes and the diversity and distributions of species (Bermingham & Martin 1998;
Martin & Bermingham 2000; Bagley & Johnson 2014a). As discussed briefly in Chapter 4, there
are also reasons that Central America presents a more approachable and suitable study area for
evaluating the effects of historical processes on the genetic and distributional divergences of
Neotropical freshwater fishes, with several benefits over larger Neotropical areas. Moreover, the
presence of many freshwater fish species with overlapping ranges in Central America (e.g.
Bussing 1998; Matamoros et al. 2014) lends itself to comparative studies providing improved,
multi-taxon inferences of evolutionary history. The study taxa span three families of freshwater

fishes from different orders of teleosts, including family Poeciliidae (Order Cyprinodontiformes),
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family Characidae (Order Characiformes), and family Cichlidae (Order Perciformes). Based on
family-level biogeographic evidence, all the focal lineages are classified as ‘primary’ (lacking
salinity tolerance; Characidae) or ‘secondary’ freshwater fishes (possibly with physiological
adaptations to brackish or salt water; Poeciliidae, Cichlidae; Myers 1938) that are obligate
inhabitants of freshwater habitats. I specifically have excluded ‘peripheral’ fishes (Myers 1938)
that despite inhabiting fresh waters are primarily marine forms that can disperse between rivers
through saltwater and are unlikely affected by rising sea levels, making it difficult to distinguish
among hypotheses using their biogeographical patterns. Prior research on the phylogeography of
Central American freshwater fishes suggests that similar forces have acted to shape primary and
secondary fish evolution and community composition at broad spatial scales in the region,
regardless of such designations reflecting potential ecological differences in dispersal potential
(Bermingham & Martin 1998; McCafferty ef al. 2012). However, our recent analyses (from
Chapter 2) of poeciliids support finer-scale patterns of phylogeographic structuring suggesting at
least some role for ecological differences in shaping different responses among lineages to
regional historical events among species from the same secondary freshwater fish family (Bagley
& Johnson 2014b).

In Chapter 1, and in preparation for subsequent chapters, I conducted a literature review
of the contributions of phylogeography studies to understanding the origins and maintenance of
LCA biodiversity, in light of the regional geological and ecological setting (Bagley & Johnson
2014a). I highlighted emerging phylogeographic patterns in LCA, along with the need for
improving regional historical biogeographical inference and conservation efforts through
statistical and comparative phylogeographic studies. In Chapter 2, I compared mitochondrial

phylogeographic patterns among three species of livebearing fishes (Poeciliidae) codistributed in
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the lower Nicaraguan depression and proximal uplands (Bagley & Johnson 2014b). Our results
revealed evidence for mixed spatial and temporal divergences among species, indicating
phylogeographic “pseudocongruence” (spatially congruent yet temporally incongruent genetic
breaks; Cunningham & Collins 1994; Donoghue & Moore 2003) suggesting that multiple
evolutionary responses to historical processes have shaped population structuring of regional
freshwater biota, possibly linked to recent community assembly and/or the effects of ecological
differences among species on their responses to late Cenozoic environmental events. In Chapter
3, I used coalescent-based species tree and species delimitation analyses of a multilocus dataset
to delimit species and infer their evolutionary relationships in the Poecilia sphenops species
complex (Poeciliidae), a widespread but morphologically conserved group of fishes (e.g. Miller
et al. 2005). Results indicated that diversity is underestimated and overestimated in different
clades by c. £15% (including two candidate species supported from collections from Nicaragua
and Panama); that lineages diversified since the Miocene; and that some evidence exists for a
more probable role of hybridization, rather than incomplete lineage sorting, in shaping observed
gene tree discordances. The multilocus dataset generated in this chapter allowed us to better
delimit species and develop coalescent-based models accounting for stochastic mutational and
coalescent processes among populations and loci. Last, in Chapter 4, I used a comparative
phylogeographical analysis of eight codistributed species/genera of freshwater fishes to test for
shared evolutionary responses predicted by four drainage-based hypotheses that we outlined for
Neotropical fish diversification in Central America—the ‘tectonic vicariance hypothesis’,
‘marine vicariance hypothesis’, ‘continental shelf width hypothesis’ (sensu Unmack et al. 2013,
but tested for the first time using Central American fishes), and ‘cross-cordillera exchange

hypothesis’. By integrating mtDNA phylogeographic analyses with paleodistribution modeling
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based on ecological niche models using paleoclimatic data layers (e.g. Waltari et al. 2007), we
showed that incongruent genetic structuring has arisen among these lineages despite overlapping
ancestral Pleistocene distributions, and this suggested that the biogeographical model for the
regional fish assemblage (especially in the Nicaraguan depression and LCA) has most likely
involved multiple routes to community assembly. Hypotheses tests using the latest hierarchical
approximate Bayesian computation (ABC) model averaging methods in the msBayes
bioinformatics pipeline (Hickerson et al. 2006, 2007, 2014; Huang et al. 2011) also supported a
single pulse of diversification in two lineages diverged in the upper San Carlos River drainage,
but multiple divergences of three lineages across the Sixaola River basin, Costa Rica. Moreover,
the temporal pattern of diversification at these shared spatial breaks correlated best with Neogene
sea level events, and the spatial continental shelf width. Seven focal lineages also displayed
spatially congruent evidence for past drainage connections across the continental divide at the
Guanacaste Cordillera. Overall, my Chapter 4 results supported complex biogeographical
patterns of dispersal and vicariance illustrating how concerted responses and multiple responses
across taxa to historical drainage-controlling processes have influenced Neotropical fish

diversification.
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ABSTRACT

Lower Central America (LCA) provides a geologically complex and dynamic, richly biodiverse model for studying
the recent assembly and diversification of a Neotropical biota. Here, we review the growing literature of LCA
phylogeography studies and their contribution to understanding the origins, assembly, and diversification of the LCA
biota against the backdrop of regional geologic and climatic history, and previous biogeographical inquiry. Studies
to date reveal that phylogeographical signal within taxa of differing distributions reflects a diversity of patterns
and processes rivalling the complexities of LCA landscapes themselves. Even so, phylogeography is providing novel
insights into regional diversification (e.g. cryptic lineage divergences), and general evolutionary patterns are emerging.
Congruent multi-taxon phylogeographic breaks are found across the Nicaraguan depression, Chorotega volcanic front,
western and central Panama, and the Darién isthmus, indicating that a potentially shared history of responses to
regional-scale (e.g. geological) processes has shaped the genetic diversity of LCA communities. By contrast, other
species show unique demographic histories in response to overriding historical events, including no phylogeographic
structure at all. These low-structure or incongruent patterns provide some evidence for a role of local, ecological factors
(e.g. long-distance dispersal and gene flow in plants and bats) in shaping LCA communities. Temporally, comparative
phylogeographical structuring reflects Pliocene—Pleistocene dispersal and vicariance events consistent with the timeline
of emergence of the LCA isthmus and its major physiographic features, e.g. cordilleras. We emphasise the need to
improve biogeographic inferences in LCA through in-depth comparative phylogeography projects capitalising on the
latest statistical phylogeographical methods. While meeting the challenges of reconstructing the biogeographical history
of this complex region, phylogeographers should also take up the critical service to society of applying their work to the
conservation of its fascinating biodiversity.

Key words: Central American Isthmus, conservation, Costa Rica, environmental change, geology, historical
biogeography, Panama, palacogeography, phylogeography.
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I. INTRODUCTION

Large-scale geographical patterns of biodiversity (e.g.
hotspots, coldspots, and latitudinal gradients in species
richness) are increasingly well documented (Gaston, 2000;
Myers et al., 2000). However, understanding the mechanisms
underlying global patterns of species richness and community
composition remains one of the great challenges of ecology
and biogeography (Gaston, 2000; Wiens & Donoghue, 2004;
Lomolino et al., 2010). Correlations between ecological
factors (e.g. Kreft & Jetz, 2007), and ecological-drift models
(Hubbell, 2001), have been shown to predict species richness
and abundance accurately. Admirably, the latter approach
even links local, deterministic processes (e.g. ecological
interactions) and regional, historical processes (sensu Ricklefs,
1987). Such models are inadequate, however, to infer the
historical origins and assembly of species-rich biotas, or the
relative contributions of local- versus regional-scale processes
towards shaping their diversification (e.g. Pennington, Cronk
& Richardson, 2004; Ricklefs, 2006; Simon et al., 2009).
Here, historical biogeography (Arbogast & Kenagy, 2001;
Posadas, Crisci & Katinas, 2006) is essential because biogeo-
graphical processes of dispersal, speciation, and extinction
alter regional species pools and local community diversity
through time (Ricklefs, 1987, 2006; Ricklefs & Schluter,
1993; Schneider, Cunningham & Moritz, 1998; Moritz et al.,
2000; Smith & Bermingham, 2005). Unfortunately, elucidat-
ing mechanisms underpinning the assembly and diversifica-
tion of continental biotas has remained elusive because past
attempts were limited to distributional data, which are often
problematic due to inadequate taxonomic resolution, lack of
fossil data, or historical range dynamics (e.g. Losos & Glor,
2003). Also, continental-scale insights into historical com-
munity fluctuations from molecular phylogeography have
only recently become available for many areas (Bermingham
& Avise, 1986; Bermingham & Martin, 1998; Avise, 2000;
Beheregaray, 2008). Thus our understanding of the histories
by which most biotas assembled and diversified remains
limited.

.............................................. 781
... 781

Phylogeography is among the most integrative and
fastest growing fields in biology today and is critical to
understanding evolutionary diversification (e.g. Riddle et al.,
2008; Knowles, 2009; Hickerson et al., 2010). Through
illuminating geographical histories of genetic lineages within
and among species, phylogeography provides tremendous
insight into processes of lineage divergence (speciation) and
spread and, therefore, historical biogeographical scenarios
(Avise etal., 1987; Avise, 2000; Kidd & Ritchie, 2006).
Phylogeography offers an array of methods that, constantly
debated and refined (e.g. Bloomquist, Lemey & Suchard,
2010), present exciting alternatives to traditional distribution-
based biogeographical analyses. Phylogeography has proven
very successful in historical biogeography due to its
capacity for uncovering cryptic biodiversity, thus challenging
traditional taxonomy (e.g. Avise, 2000; Riddle & Hatner,
2006); deciphering past movements and population dynamics
of organisms (e.g. Hewitt, 2000); and integrating statistical
frameworks and previously disjunct fields (e.g. Knowles &
Maddison, 2002; Hickerson, Dolman & Moritz, 2006q;
Hickerson, Stahl & Takebayashi, 2007; Kozak, Graham
& Wiens, 2008).

Yet phylogeographic knowledge is markedly uneven
with respect to geography. Of interest to the present
review, while the Neotropical zone boasts seven of the
world’s 25 biodiversity hotspots (Mesoamerica, Caribbean,
Choco/Darién/western Ecuador, Tropical Andes, Brazil’s
Cerrado and Atlantic Forest, and Central Chile; Myers et al.,
2000), a recent worldwide survey of 2434 phylogeography
publications found that Neotropical studies formed only
~3% (Central America) to 6.3% (South America) of studies
(Beheregaray, 2008). Remarkably, this means that the top
two areas of vertebrate species richness, endemism and
threat—the Tropical Andes and Mesoamerica (Myers et al.,
2000)—are largely underrepresented. Such general lack of
phylogeographical information on Neotropical biotas limits
our ability to gauge biodiversity levels and infer processes
of diversification including the relative contributions of local
versus regional processes (Wiens & Donoghue, 2004; Ricklefs,
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2006; Simon et al., 2009). More phylogeographic studies are
clearly needed to understand Neotropical diversification.

Despite phylogeography’s crucial role in understanding
mechanisms of diversification, it is difficult to determine
whether intraspecific phylogeographies represent patterns
broadly imprinted across regional biodiversity (Avise,
2000; Castoe et al., 2009). By comparing phylogeographical
patterns across multiple lineages codistributed in a
region, ‘comparative phylogeography’ provides a means of
testing whether such general evolutionary patterns exist
(Bermingham & Avise, 1986; Bermingham & Martin,
1998; Bermingham & Moritz, 1998; Sullivan, Arellano
& Rogers, 2000; Arbogast & Kenagy, 2001; Hickerson,
Stahl & Lessios, 20066; Hickerson et al., 2007). Spatially and
temporally congruent patterns across multiple, independent
lineages indicate a shared history of responses to the same
overriding events, e.g. vicariance due to geological processes
(Rosen, 1978; Nelson & Platnick, 1981; Ronquist, 1997).
Phylogeography also enables inference of the environmental
histories of landscapes (e.g. habitats; Crawford, Bermingham
& Polania, 2007; Wang, Crawford & Bermingham, 2008),
as ‘ecological niche conservatism’ tends to hold over
evolutionary timescales across taxa (Peterson, Soberén &
Sanchez-Cordero, 1999; Wiens & Graham, 2005); this can
provide additional information on histories of species within a
biogeographical region, independent of geological processes.
Phylogeography, especially comparative phylogeography, of
Neotropical biotas will therefore be most illuminating when
applied in geographically and geologically complex areas
lacking historical consensus (Arbogast & Kenagy, 2001;
Castoe et al., 2009; Daza, Castoe & Parkinson, 2010).

One such area, the lower Central American (LCA)
isthmus, presents an exceptional natural laboratory for
studying the recent historical assembly and diversification
of a Neotropical biota using comparative phylogeography
(Fig. 1). Here, we review and critically evaluate LCA
phylogeography studies against a backdrop of the geologic
and climatic setting, and previous biogeography studies,
to provide a framework for subsequent work. We close
our review by emphasising the need to improve inferences
through in-depth comparative phylogeography analyses
using the latest statistical phylogeographical approaches.
We also discuss ways that future research can apply
phylogeography to jointly refine our understanding of LCA
biodiversity and regional conservation.

II. LOWER CENTRAL AMERICA

We define lower Central America (7°11'=11°13'N,
77°10'-85°57'"W) as the area spanning Costa Rica and
Panama, plus nearby islands (e.g. Quepos, Bocas del Toro,
Coiba, Las Perlas, Cocos). Part of the Caribbean plate
(CARIB; Fig. 1A), LCA is underlain by Mesozoic oceanic
basement formed by submarine volcanism > 80 million years
ago (Ma; Mann, Rogers & Gahagan, 2007). LCA sits
at the intersection of four tectonic plates, but it mostly
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Fig. 1. Maps summarising the present-day tectonic setting and
geology of lower Central America (LCA) and the Panama
microplate (PAN; light orange shading). (A) Plate tectonic
overview showing plate boundaries and absolute motions.
Plate names are as follows: COCOS, Cocos; NAZCA, Nazca;
CARIB, Caribbean; SOAM, South American. The Cocos plate
and its prominent Ciocos Ridge (yellow shading) subduct beneath
CARIB, whereas NAZCA subducts beneath both CARIB and
SOAM. Subaerial land is shaded grey. The red box delineates
the study area, detailed in (B, C). (B) Basement blocks of the
western Caribbean plate: Chortis, Chorotega, and Chocé. The
Panama microplate comprises Chorotega (in part) and Choco
blocks. Country names are given in red (Col., Colombia; Nica.,
Nicaragua). The full extent of Chortis is shown in Fig. 4A.
(C) Geological map of LCA showing major rock formations,
quaternary stratovolcanoes of the Chorotega volcanic front
(CGVF), the Cocos—Nazca—Caribbean ‘triple junction’ (red dot),
and major bathymetric features (fine-dotted grey lines) including
the 200 m contour and Cocos and Coiba ridges (compiled after
Coates & Obando, 1996; Carr et al., 2007; Gazel et al., 2008;
Funk et al., 2009; Buchs et al., 2011).

Il Santa Elena peninsula/ other OIBs (124-109 Ma)
Cocos Ridge

forms the fault-bounded Panama microplate spanning the
Choco (in part) and Chorotega blocks (Fig. 1B). Along LCA’s
Pacific margin, the Cocos plate converges beneath CARIB
at geological lightning speed (~85 mm/year), hindered by
flat subduction of the aseismic Cocos Ridge (e.g. Funk ez al.,
2009). Present-day active plate-boundary tectonics creates
a high frequency of volcanic, earthquake, and mudslide
hazards (Rose et al., 2006; Sherrod ¢t al., 2007), which have
likely contributed to localised population extinction and
genetic isolation. LCA also carries risk of environmental
damage from hurricanes (Atlantic), tsunamis (Pacific), and
catastrophic flooding during wet season rains.
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Despite covering only ~0.09% (127050 km?) of ecarth’s
land area, only slightly larger than the state of Mississippi,
LCA is one of the most physically and biologically complex
areas on the planet (Fig. 1). Mainland LCA forms a long
(~1170km), narrow isthmus tapering from ~240 km across
Costa Rica to merely 65km at the Panama Canal basin.
Physiography is largely defined by NW-trending, volcanic
cordilleras intermittently bisected by fertile valley complexes
(4 in Fig. 2A). The Chorotega volcanic front provides the
most obvious regional geographical barrier including LCA’s
highest peak 3820 m above present sea level (a.s.l.), Cerro
Chirrip6 Grande (Talamanca Cordillera). This and other
Talamanca peaks create sky-islands of isolated montane
habitat. Mountains of the Fila Costefia (mean ~1200 m a.s.l.;
Fig. 2A), ‘Nicoya complex’ (> 600-900 m; Fig. 1C), Limén
headland, and Darién (e.g. Cerro Sapo, 1145 m; Serrania
del Darién, 1875 m; Fig. 2A) also add notable relief. In the
Darién, these produce basin-and-range (e.g. Chucunaque
basin—San Blas) topography. Elevations drop below 200 m
in central Panama and along coastlines, except where steep-
faced mountain ranges rise close to the ocean, constricting
coastal plains to narrow corridors restricting movement of
lowland species at Herradura headland, Bocas del Toro,
Gulf of Mosquitoes, Sona peninsula, and Cerro Sapo.
While much of LCA (36% land area) is tropical forest
biome, it encompasses diverse vegetation zones from jungle-
shrouded lowland wet and dry forests to mangrove estuaries,
rolling savannas and grasslands, and once-pristine montane
habitats (Fig. 2B; Marshall, 2007). Sharp climatic-vegetation
transitions occur across headlands and the continental
divide, which creates a Pacific-coastal rain-shadow effect.
The resulting alternating pattern of wet forest, dry forest
and savanna habitats along the Pacific versant has long
been hypothesised to present climatic filter barriers limiting
dispersal (e.g. Savage, 1966). Bocas del Toro, Perlas and
Coiba islands are mostly forested and the closest islands
(~35km distance) of any real size to the LCA mainland.
In comparison, Costa Rica’s Cocos Island lies 550 km
away. The hydrological network reveals many short incisive
rivers; in NE Panama, essentially all rivers are < 15km
long (Bermingham & Martin, 1998). Major watersheds,
c.g. Tuira and Chagres rivers, are spaced throughout
and two of the largest tropical lakes worldwide, Lakes
Managua (1042 km?) and Nicaragua (8624 km?), connect
to the Caribbean through the Rio San Juan superbasin
(Fig. 2B).

Despite its small size, LCA has among the highest
levels of biodiversity per km? worldwide (Reid & Miller,
1989). Approximately 4—10% (~500000 species) of global
biodiversity resides in Costa Rica alone, depending on
the taxonomic group considered (Obando, 2002), and
Panama may be more diverse. Beyond more than 300000
insect species, LCA harbours as many or more species of
birds (> 970 species) and vascular plants (> 19500 species,
6.3-14.5% endemic) per 10000 km? as anywhere worldwide
(Hurlbert & Villalobos-Figueroa, 1982; Stotz et al., 1996;
Davis etal., 1997; Obando, 2002; Mutke & Barthlott,
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Fig. 2. Map of present-day physiography and vegetation
cover of lower Central America (LCA). (A) Physiographic
province boundaries (dashed lines) enclosing distinct LCA
landform assemblages, drawn over digital elevation model
derived from NASA SRTM image PIA03364 (after Marshall,
2007). Provinces: 1, Nicaraguan depression (ND); 2, Sandino
fore arc; 3, Nicaraguan volcanic front (NVF); 4, Chorotega
volcanic front (CVF); 5, Chorotega fore arc; 6, Chorotega back
arc; 7, Panama Canal Zone (PCZ) lowlands; 8, Darién isthmus.
Major peninsulas and headlands (arrows) and mountain ranges
mentioned in the text are indicated. Names of major island
chains are also given. The inset map describes the Bocas del
Toro (BDT) archipelago and mainland. (B) World Wildlife
Fund forest ecoregions (modified from Crawford et al., 2007)
and major freshwater drainages (LN, Lake Nicaragua) shown in
reference to the continental divide (red line).

2005). Its freshwater fishes (~170 species, 58% endemic),
reptiles and amphibians (~830 species, 10—15% endemic),
and mammals (~212 species in Costa Rica alone, <5%
endemic) are also highly species-rich or endemic (Savage,
1982, 2002; Obando, 2002; Smith & Bermingham, 2005;
Abell et al., 2008; Bolafios, Savage & Chaves, 2011; Fishbase,
http://www fishbase.org/). The Atlantic and Pacific coasts
are often distinct biotic assemblages, e.g. for insects (Fig. 3A)
and freshwater fishes (Fig. 3B). However, reptiles and
amphibians are highly endemic in the Talamanca mountains
(Fig. 3C) and herpetofauna, insect and plant areas of
endemism overlap both central Panama coasts (Gentry,
1982; Savage, 1982; Morrone, 2006). These biodiversity
patterns suggest that factors promoting in situ geographical
isolation have played an important role in shaping LCA
biotas. However, LCA’s rich biodiversity is likely attributable
to multiple factors including its position within tropical
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latitudes, its role as a transition zone between North
and South American biotas, its varied physiography and
geomorphology, and its rich geologic history (Whitmore &
Prance, 1987; Jackson, Budd & Coates, 1996).

III. GEOLOGICAL HISTORY

Geodynamic evolution in LCA dates back over 100 Ma,
from the Early Cretaceous onset of Santa Elena peninsula
formations (124 to 109 Ma; Hauff ¢t al., 2000) and Costa Rica
arc volcanism (Gazel et al., 2008), to Holocene isolation of
Bocas del Toro islands ~10 to 1 thousand years ago (ka) due
to sea-level rise and continental submergence (Anderson &
Handley, 2002). This interval witnessed dramatic geographic
changes critical to the assembly of LCA landforms and biotas,
altering probabilities of dispersal, vicariance, and extinction
through time.

In the Late Cretaceous, LCA was incorporated along
the western CARIB after fusing to the Chortis block, and
the Choco block (e.g. Baudé Range) was developing via
submarine oceanic plateau volcanism. Early LCA is an
enigma; however, as the dinosaurs were going extinct 65 Ma,
Sona peninsula (and possibly Osa peninsula) was subaerial
(Hauff et al., 2000; Hoernle et al., 2002). By Palacocene times
LCA was a Pacific island archipelago and dispersal into
the region ~60 to 50 Ma must have occurred over an up
to ~400km ocean gap to the north and ~400—-1500 km
ocean gap(s) to the south, based on plate reconstructions
(Fig. 4A; Hauft et al., 2000; Mann ez al., 2007; Scotese, 2008).
The Baud6 terrane remained submerged, but emergent
Eocene lands included Nicoya complex terranes (Fig. 1; 95
to 75 Ma; Seyfried et al., 1991; Hauff ¢t al., 2000) and active
Azuero peninsula and San Blas arcs separated by ocean
connections (Montes ¢t al., 2012). By mid-Eocene ~50 Ma,
volcanism increased in western Costa Rica and was peaking
in the San Blas Range and part of the Atrato basin, where
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it slowed 38 to 15Ma (Seyfried et al., 1991; Montes et al.,
2012). The earliest remnants of  situ volcanism surface
in Costa Rica—Nicaragua stratigraphic records in the Late
Eocene—Miocene, beginning with alkaline Sarapiqui arc
(Fig. 2A) eruptions (Abratis & Worner, 2001; Gazel et al.,
2008).

LCA’s major morphotectonic features formed largely since
the Miocene. The Cocos plate formed ~23 Ma via Farallon
plate rifting, subducted beneath CARIB, and has since
uplifted LCA substantially (Mann et al, 2007; Marshall,
2007). The Baudé terrane surfaced in the Miocene. Yet
LCA’s overall Miocene configuration remains disputed.
One ‘peninsula model’ (Fig. 4B) posits that a long, narrow
peninsula jutting from Chortis ~25 to 16 Ma progressively
narrowed the Atrato secaway gap with Colombia. This is
supported by land-mammal fossils (Whitmore & Stewart,
1965; Kirby & MacFadden, 2005; Retallack & Kirby,
2007) and stratigraphic dating analyses (Kirby, Jones &
MacFadden, 2008). Upgraded Panama geological data
and maps implicate that mountain ranges ecast of the
Panama Canal were emergent around Late Eocene and
helped form a contiguous peninsula since the Miocene
(Montes et al., 2012). The alternative ‘island model’ based
on palacobathymetric and sedimentary records posits that
a Mid-Miocene—Pliocene volcanic archipelago spanning
western Costa Rica to Colombia was disconnected from
Nicaragua and South America, leaving marine connections
open across the nascent isthmus (Fig. 4C—E; Coates &
Obando, 1996; Coates et al, 2004). The former model
requires over-water dispersal by colonising propagules,
followed by movement along contiguous land; the latter
would require multiple over-water dispersal bouts between
segments. The Early-Mid Miocene saw the accretion of
Nicoya complex terranes and other basalts to Panama
~20 to 15Ma (Hauff' etal, 2000; Hoernle et al., 2002).
By Mid-Miocene, substantial land was emerging in central-
SE Costa Rica: the Talamanca Cordillera began forming
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Fig. 4. Palacogeography of lower Central America (LCA). (A) Palacocene—Eocene plate reconstruction showing the position of
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LCA was an ancient island archipelago at this time, isolated from nearby mainland areas to the north and southeast (shaded green
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depths; green shading, exotic oceanic terranes known as the ‘Nicoya complex’; arrows, marine corridors; red triangles, subaerial
Santa Elena peninsula. The geography of LCA ~25 to 20 Ma based on the ‘peninsula model’ (B; redrawn after Montes et al.,
2012), is contrasted against (C) middle Miocene (15 to 12 Ma), (D) Late Miocene (6.5 Ma, pre-Cocos Ridge), and (E) Pliocene (3 Ma,
initial isthmus closure) ‘island model” reconstructions (after Coates & Obando, 1996; Coates et al., 2004, 2005). Names of marine
corridors are given in (B, D). (F, G) LCA environments during the Last Glacial Maximum (LGM) ~ 22—19 ka. (F) Proposed remnant
Pleistocene forests shaded according to their probabilities of being refugia, after Whitmore & Prance (1987). (G) Palaecobathymetry
model showing LCA land (grey shading) extending over the continental shelf during the LGM (=110 m sea levels; modified from

Smith & Bermingham, 2005) in the context of present-day coastlines and the 200 m contour.

17.5Ma, and then the Aguacate Cordillera started 11.4 Ma
and went extinct ~4.0 Ma (reviewed by Gazel ¢ al., 2008).
LCA reached its modern position after a major Mid-
Miocene collision with South America 12.8 to 7.1 Ma that
created active left-lateral strike-slip faults along the Darién
(Coates etal., 2004). Around the same time, extensional
forces at LCA’s northern boundary formed the Nicaraguan
depression (Fig. 2A), a long, fault-bounded rift valley
spanning El Salvador’s Median Trough to the Tortuguero
lowlands basin. This depression opened SE-NW ~10 to
0Ma, especially following Cocos slab break-oft 10 to 4 Ma
(Mann et al., 2007; Funk et al., 2009).

The most stunning changes occurred over Late
Neogene—Quaternary, when gradual emergence of the
LCA isthmus cut off the Central American Seaway and
permanently linked the Americas for the first time in
the Late Pliocene. Key events included: (i) collision and
subduction of the Cocos Ridge 5.5 to 3.5Ma benecath
Costa Rica, which rapidly uplifted the Chorotega volcanic
front and sparked increased volcanism, forming the Fila
Costenia and Talamanca Cordillera (Abratis & Worner,
2001; Mann et al., 2007); and () deposition of the Limon,
Canal Zone, Chucunaque and Darién basins 7 to 0 Ma by

crustal erosion associated with Chorotega and Andean uplift
(reviewed by Coates & Obando, 1996). By ~4.6 Ma, ocean
currents and ecosystems became reorganised (Keigwin, 1982;
Haug & Tiedemann, 1998). The isthmus then became
fully closed by at least 3.5 to 3.1 Ma before a permanent
Isthmian Link with South America formed 3.1 to 1.8 Ma
(Keller, Zenker & Stone, 1989; Duque-Caro, 1990; Coates
etal., 1992; Coates & Obando, 1996; Ibaraki, 2002).
Combined with the simultaneous and rapid uplift of the
Colombian Andes (Gregory-Wodzicki, 2000), development
of the LCA isthmus played a role in Miocene—present
global climate change by altering patterns of regional
oceanic and atmospheric circulation, resulting in more
intense Atlantic thermohaline circulation, more high-latitude
Northern Hemisphere precipitation, and larger ice sheets
(Keigwin, 1982; Schmidt, 2007; Lunt et al., 2008). The last
2.2 to 0Ma of the Quaternary were marked by activity
of Chorotega volcanic front stratovolcanoes, which laid
several sizeable debris fans that likely destroyed everything in
their paths. The ~1.7 to 1.1 million year (Myr)-old Orotina
debris fan (Avalancha formation) overlying the Rio Grande
de Tarcoles (Marshall etal, 2003) and Late Pleistocene
Bart volcano debris fan (Sherrod et al., 2007) provide good

Biological Reviews 89 (2014) 767790 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society

26



Lower Central American phylogeography

examples of the latter. Overall, most of the LCA landscape
formed since the Neogene. LCA thus provides a remarkable
biogeographic experiment where, unlike continents, large
subaerial areas are relatively young.

IV. CLIMATE AND SEA-LEVEL FLUCTUATIONS

Radical geologic evolution in LCA has been accompanied
by climate and sea-level fluctuations altering the spatial and
taxonomic habitat composition. Global climate progressively
moistened and cooled through the Late Cenozoic, dropping
to near present-day temperatures by ~4 to 2 Ma (Fig. 5A).
Since at least that time (> 4 Ma), Pacific dry forest habitats
of today have essentially been intact (Graham & Dilcher,
1995), although they probably oscillated between forest
patches and savannas during the vicissitudes of the Late
Pleistocene (Piperno & Pearsall, 1998). Around 39.4 to
28.1ka during the Late Pleistocene, cold/humid conditions
with relatively high seas and lower precipitation prevailed in
LCA (Gonzalez, Urrego & Martinez, 2006). Subsequently,
LCA climate became much cooler and sea levels reached
their lowest levels 28 to 14.5ka (Gonzélez et al., 2006),
overlapping the Last Glacial Maximum (LGM) 22 to
19ka. LGM pollen records and other data show that
mean 5-8°C cooling throughout LCA shifted montane
forests down in elevation, creating a highland Costa Rica-
Panama paramo corridor (Bush ez al., 1992; Colinvaux, 1996;
Colinvaux et al., 1997; Islebe & Hooghiemstra, 1997). The
highest Talamancan peaks were simultaneously covered by
small glaciers (< 50 km?) that deglaciated ~10ka (Lachniet,
2004). Whether corridors of savanna habitat existed over
wide swathes of Neotropical lowlands during the LGM
(or other Pleistocene periods) is intensely debated (e.g.
Colinvaux, De Oliveira & Bush, 2000). The ‘Pleistocene
refugia hypothesis’ (Haffer, 1969), which provided the
impetus to spark this debate, explains terrestrial areas of
endemism by predicting that glacial aridity fragmented
LCA/Amazonian forests, isolating lowland taxa in persistent
upland refugia separated by savannas (Fig. 4I; Haffer,
1969, 1997; Whitmore & Prance, 1987). The alternative
‘disturbance-vicariance’ hypothesis (Colinvaux, 1993, 1996;
Colinvaux et al., 1997) posits that LCA/Amazonia never
had upland forest refugia fragmented by aridity, or wide
savanna corridors (¢f. Webb & Rancy, 1996). Rather,
LCA was a mosaic of Late Pleistocene forest patches
caused by glacial cooling cycles, and uplands (> 500 m a.s.l.)
carried diverse montane biota without invading lowland
species (Bush ez al., 1992; Colinvaux, 1993, 1996). Following
the LGM, LCA experienced cooling and near present-
day warming cycles 14.4 to 11.1ka, while the ensuing
Holocene was characterised by drying, human disturbance,
and relative climatic stability (Bush etal, 1992; Bush &
Colinvaux, 1994; Leigh, O’Dea & Vermeij, 2014). Modern
LCA climate is tropical (daily highs throughout the region
range between 23.9 and 32.2°C, year round), and tropical
moist forests that typically receive > 2000 mm total annual
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Fig. 5. Links between global changes in Late Cenozoic climate
and sea levels, and their potential impacts on lower Central
America (LCA). (A) Mean deep-sea oxygen isotope (§ %0, in
parts per thousand) record (dark red dashed line), a temperature
proxy positively correlated with global cooling, from Zachos
etal. (2001). Several custatic sea-level curves are also given.
Dark green trend lines are from Miller etal. (2005); yellow
trends are Miller ¢t al.’s (2005) curves corrected and smoothed
by Kominz et al. (2008); and the dark blue trendline is from
Haq et al. (1987). Plio., Pliocene; Plt., Pleistocene. Stars indicate
sea-level spikes greater than or equal to~25ma.s.l; yellow
stars indicate support from two or more curves; orange stars
reflect support from a single curve. These sea-level highstands
may have substantially inundated emergent LCA lowlands. (B)
Marine inundation of LCA during the Pleistocene, modelled as
a hypothetical high-sea stand ~ 60 m a.s.l. based on present-day
digital elevation data (NASA SRTM, 90 m). This model presents
a conservative estimate illustrating potential effects of extensive
Pleistocene sea-level spikes, e.g. hypothesised by Nores (1999,
2004; see text).

precipitation dominate land cover (Fig. 2B). However, high-
elevation zones (e.g. Talamanca Cordillera) experience lower
temperatures and have shrub- and grass-dominated paramo
habitat; and Pacific environments of Santa Elena, Nicoya
and Azuero peninsulas possess dry forests characterised by
< 2000 mm total annual precipitation (Iig. 2B).

Long-term custatic sea-level estimates indicate that the
seas have dropped rather continuously since LCA land
began to emerge, especially since the Eocene—Oligocene
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transition (Fig. 5A). However, multiple high-sea stands
have affected LCA biogeography. Sedimentary records
show that a marine corridor inundated the Nicaraguan
depression until at least Late Pliocene (Coates & Obando,
1996), and this undoubtedly limited LCA—nuclear Central
America (Guatemala to Nicaragua) (NCA) dispersals (e.g. of
freshwater fishes; Bussing, 1976). Multiple eustatic curves
converge on similar Miocene spikes ~25 to 50ma.s.l.
around 20, 14, and 12Ma (Kominz et al, 2008; Miiller
etal., 2008), and these likely created or maintained an
LCA archipelago configuration, at least temporarily. Late
Miocene—present spikes > 25 ma.s.l. were inferred ~9 Ma
and 5 to 4.5Ma (Fig. 5A) and sea levels breached the
Panama Canal ~7 to 6 Ma (Coates e al., 2004). Reliably
determined Pleistocene eustatic spikes ~20 ma.s.l. occurred
24 to 1.8, 1.3 and 045 to 0.1Ma and potentially
connected the Atlantic and Pacific oceans (Keller et al.,
1989; Hearty etal, 1999; Miller etal., 2005). However,
substantial Neotropical diversity is thought to have resulted
from ~100m Miocene—Quaternary marine incursions
supported by coastline and Amazonian studies (Webb,
1995; Nores, 1999, 2004). While the extent and timing
of such incursions outside Amazonia remains controversial
because evidence stems from tectonically uplifting areas,
other reviews list large, potentially +8>ma.sl. peaks
around the 0.63Ma interglacial (Mediterranean basin;
Emig & Geistdoerfer, 2004). We modelled a slightly lower
incursion, +60ma.s.l., over modern elevations because
LCA land approximated modern landmasses around this
time [unpublished data, based on a 90 m-resolution NASA
Shuttle Radar Topography Mission digital elevation model
(http://www2 jpl.nasa.gov/srtm/)]. Results indicated that
had major sea level highstands occurred during Pleistocene
interglacials, these could have widely inundated lowland
LCA habitats, altering lowland species distributions and
causing genetic isolation (Fig. 5B).

V. CONSERVATION SIGNIFICANCE

As part of the Mesoamerica biodiversity hotspot, LCA
contains exceptional biodiversity and endemism (Section II);
unfortunately, hotspot membership is also predicated upon
widespread and active human threats and therefore reflects
growing recognition that LCA’s fascinating biodiversity
is in peril (Myers etal, 2000). Land use is a leading
proximate cause of global biodiversity loss and human-
induced environmental change (Sala et al, 2000), and a
major threat to LCA biotas. Habitat destruction is spreading
in LCA due to widespread land-clearing for agriculture and
cattle ranching, combined with rampant human population
growth: less than 40% of virgin forests remained in Central
America by the late 1980s (Leonard, 1987), and today only
20% of original primary vegetation extent remains (Myers
et al., 2000). Some evidence suggests active restoration efforts
in Costa Rica are helping to increase overall forest area
back towards pre-1970s levels; however, problems such
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as hillside deforestation, forest conversion, and firewood
acquisition remain widespread and ongoing. Invasive species,
e.g. rainbow trout (Oncorhynchus mykiss) introduced to Costa
Rica in 1925 (Hildebrand, 1938), and Mozambique tilapia
(Oreochromis mossambicus) introduced in LCA since 1950 for
aquaculture (Welcomme, 1988), threaten the fragile balance
of LCA ecosystems. Environmental pollution is an enormous
problem seen everywhere. Freshwater ecosystems are widely
threatened by introduction of agrochemicals that poison
local communities (e.g. localised fish-kills in Costa Rica
due to pesticide poisonings), watershed destruction, and
increased flooding and sediment loads due to logging and
land cultivation (Leonard, 1987; Bussing, 1998). Commercial
species of lobsters, shrimps, anchovies, and turtles have long
been overexploited (Leonard, 1987). What is more, disease
also poses a major threat; particularly alarming is the case of
contagious fungal diseases. Well-known cases of amphibian
declines in Costa Rica and Panama, which occur suddenly
and sometimes result in species extinction, affect possibly up
to half of extant amphibian species in the region (c.g. Lips,
Reeve & Witters, 2003; Young et al., 2004).

Despite many threats, LCA also is an international model
of conservation efforts. This includes preservation of natural
areas. Fully 28% of Costa Rica is legally protected land (93
total protected areas), and another 264228 ha are private
nature reserves, while 34.4% of Panama (89 protected areas)
is legally protected and 40000 ha are private reserves (Evans,
1999; Chacon, 2005, 2008; ANAM, 2010). LCA is also part
of the United Nations Man and Biosphere Programme and
the location of four UNESCO Biosphere Reserves, including
two unique Costa Rican reserves (Cordillera Vocanica
Central, Agua y Paz), one unique Panama reserve (Darién),
and La Amistad reserve, a ‘peace park’ spanning the Costa
Rica—Panama border (UNESCO, 2012q4). This program
integrates science, education and social programs to promote
sustainable development, e.g. involving local communities
in ecosystem management. An area of incredible cultural
diversity due to its “frontier’ anthropological history, LCA
is also multicultural, boasting > 80 different dialects; thus
cultural and linguistic diversity will need to be maintained
along with nature. Due to consideration as having out-
standing universal value, seven LCA areas are designated
UNESCO World Heritage Sites, including La Amistad
Reserve, Cocos Island National Park, and the Area de Con-
servacion Guanacaste in Costa Rica, as well as four unique
Panamanian sites — Fortifications on the Caribbean Side
of Panama: Portobelo-San Lorenzo (endangered due to lack
of management and urban development), Darien National
Park, La Amistad, the Archaeological Site of Panama
Viejo and Historic District of Panama, and Coiba National
Park and protected marine zone (UNESCO, 2012b). LCA
countries also participate in a World Bank-funded regional
partnership, the Mesoamerican Biological Corridor project
(http://www.biomeso.net/), aimed at conserving ecological
connectivity and promoting environmentally sustainable
development through linking > 321000km? of protected
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areas from southern Mexico to Panama (IEG, 2011). How-
ever, despite multi-million dollar investments, conservation
resources allocated to fresh waters lag well behind those
committed to terrestrial and marine ecosystems.

VI. A BRIEF HISTORY OF LOWER CENTRAL
AMERICAN BIOGEOGRAPHY

(1) A rare land bridge

LCA is ecarth’s sole interoceanic and intercontinental
landmass and most prominent land bridge. Land bridges are
important in historical biogeography because they cut off
marine connectivity, isolating communities on either side,
and facilitate convergence of continental biotic components
through inland dispersal (Lomolino etal, 2010). Not
surprisingly, the importance of LCA in shaping New World
biogeography has long been recognised. Charles Darwin
and other 19th Century naturalists thought that LCA served
as a refuge where temperate North American and tropical
American vegetation mixed, surviving the glacial stages
(Darwin, 1859, pp. 338-340). Both Darwin and Alfred
Russel Wallace cited work by Gunther (1861) on marine
fish communities, which, owing to considerable similarity
in community composition on either side of the isthmus,
indicated previous linkage(s) between the Pacific and Atlantic
oceans (Darwin, 1859, p. 317; Wallace, 1876, p. 40). Based
on the fish data and his familiarity with fossilised marine gas-
tropods, Wallace (1876) explicitly hypothesised that the area
where modern LCA resides became inundated during the
Miocene. It was also Wallace (1876) who first articulated the
importance of this ‘small and insignificant’ sliver of land as a
driver of biotic convergence and interchange between North
and South American biotas. Wallace considered LCA more
effective in facilitating inland dispersals than other isthmuses,
such as the desert Isthmus of Suez between Africa and Asia:

‘The Isthmus of Panama is a more effectual line of union
[biotic convergence]|, since it is hilly, well-watered, and
covered with luxuriant vegetation; and we accordingly find
that the main features of South American zoology are
continued into Central America and Mexico’ (Wallace, 1876,
p- 38; our clarification in brackets).

However, Darwin and Wallace could not have known
how right they were on these latter points. Like other 19th
to mid-20th Century biogeographers, their approach to
historical biogeography was limited to a vague understanding
of phylogeny derived from morphology-based taxonomic
lists and Charles Lyell’s geologic model of continental and
oceanic ‘stasis’, or permanence.

(2) The Great American Biotic Interchange and
beyond

When the Isthmian Link emerged ~3Ma in the Late
Pliocene, a ‘Great American Biotic Interchange’ (GABI)
of terrestrial and freshwater species ensued overland,
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yielding increased species turnover and filling of open
niches, and range expansions, speciation, and extinctions
across the Americas (Stehli & Webb, 1985). By elucidating
the sequence of this incredible natural experiment, 20th
Century biogeographers made LCA famous worldwide as
an example of the influence of continental convergence
and land-bridge formation in shaping biotas. Wallace (1876,
p- 131) had hypothesised that South American mammals
invaded North America before the ice ages. However, it
was not until classic studies by George Gaylord Simpson
that detailed GABI histories of many lineages became
fully known. Simpson (1940, 1950) recognised three ‘strata’
of South American land-mammalian fossils and derived
an ecological and biogeographical explanation for their
movements between North and South America before
and after LCA isthmus emergence (reviewed by Stehli &
Webb, 1985; Riddle & Hafner, 2010). Simpson showed that
lineages moved predominantly southward across LCA to
invade South America over Late Miocene—recent, more
than had done so at previous times; however, interamerican
dispersals had started before then and were bidirectional.
For example, South American ‘herald taxa’ suddenly
appeared in the Mid-Miocene mammal record of North
America via (over-water) waif dispersals northward, or
‘island hopping” (Simpson, 1950; Webb, 2006). A host of
large-scale, distribution-based biogeography studies followed
Simpson, including studies of Neotropical plants (Raven
& Axelrod, 1974; Gentry, 1982; Goémez, 1986), insects
(Halffter, 1987; McCafferty, 1998), freshwater fishes (Miller,
1966; Myers, 1966; Rosen, 1975; Bussing, 1976, 1985;
Smith & Bermingham, 2005) and tetrapod amphibians
and reptiles (Savage, 1966, 1982, 2002; Campbell, 1999),
birds (Karr, 1990), and mammals (Marshall, 1979; Marshall
etal., 1979; Kirby & MacFadden, 2005). Drawing on
improved 1960s—1970s field museum collections, plate
tectonics theory, and geological mapping, these studies
inferred historical scenarios, including GABI sequences,
and heavily influenced LCA historical biogeography. Work
through the early 1980s culminated in a synthesis of GABI
histories of many organismal groups, and geological models,
led by S. David Webb, Larry Marshall, and colleagues (Stehli
& Webb, 1985). Over the 1990s to present, this synthesis
has been updated by large-scale analyses of fossil and extant
species records (e.g. Vermeij, 1991; Cadle & Greene, 1993;
Webb & Rancy, 1996; Webb, 1997, 2006; Burnham &
Graham, 1999; Leigh etal, 2014). In contrast to land-
mammalian patterns, the above studies demonstrated that
rainforest plants, mayflies, freshwater fishes, herpetofauna,
and rainforest birds dispersed predominantly northward
from South America (despite bidirectional GABI movements)
to become established in Central America, and beyond, since
the Neogene.

The broad-scale studies mentioned above proposed
numerous testable hypotheses of biogeographic provinces
(e.g. based on areas of endemism) and elements, plus
dates of Mesozoic-recent dispersals into LCA from outlying
arcas and i siu diversification or extinction of clades.
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In particular, Savage (1966, 1982) proposed four Central
American herpetofaunal elements — ‘South American’,
‘Middle American’, ‘Old Northern’ and “Young Northern’.
Savage hypothesised that the older extant lineages of these
elements dispersed into LCA and NCA during the Late
Cretaceous, went extinct in LCA over Eocene—Miocene,
then reinvaded the isthmus during Miocene—Pliocene
times (Savage, 1966, 1982). Bussing (1976) proposed
three biogeographic elements of freshwater fishes and
concluded, similarly to Savage, that South American fish
lineages colonised NCA during the Cretaccous—Palacogene
via a temporary interamerican land bridge (that later
disappeared), diversified in NCA and South America, and
then invaded LCA in a second Miocene—Pliocene wave.
Although LCA was never a Cretaceous land bridge, these
models reconcile with current tectonic models: the proto-
Greater Antilles arc passed through the ocean gap between
North and South America over the Cretaceous—Paleogene
(e.g. Hauff et al., 2000; Hoernle et al., 2002; Mann et al.,
2007). In a later work, Savage (2002) hypothesised that
LCA highland herpetofaunal diversity originated as a result
of Plio—Pleistocene climatic fluctuations (similar to refuge
theory) as montane habitats shifted down in elevation during
glacials, then up (being isolated again) during interglacials.
Raven & Axelrod (1974) identified many northern-continent
plant families thought to have migrated from South America
during the Cenozoic. Likewise, Gentry (1982) hypothesised
the presence of two floristic elements in LCA, ‘Gondwanan’
and ‘Laurasian’, and inferred that their biogeographic history
was dominated by asymmetrical northward dispersals of
South American lineages (lianas, canopy trees) into lowland
plant communities following LCA isthmus emergence. While
many biogeographical hypotheses from the above studies can
be tested using phylogeography, their claims remain seldom
tested by phylogeography studies today (but see, for example,
Dick, Abdul-Salim & Bermingham, 2003; Castoe ¢t al., 2009;
Streicher, Crawford & Edwards, 2009).

(3) Biogeographical paradigms

The 20th Century witnessed confrontations between several
major biogeographical paradigms. In the 1960s, plate
tectonics became accepted then superseded ‘land-bridge
biogeography’ and ‘oceanic dispersal’ as the dominant
theory explaining intercontinental biogeography (Raven
& Axelrod, 1974; Lomolino et al., 2010). MacArthur &
Wilson’s (1967) Equilibrium Theory of Island Biogeography
(ETIB) revolutionised ‘static’ biogeographical thinking by
modelling species diversity as the outcome of a dynamic
balance between migration and extinction. Much subsequent
debate in historical biogeography sought to establish
the primacy of dispersal versus vicariance in explaining
large-scale biogeographical patterns (Lomolino et al., 2010).
While vicariance (or ‘cladistic’) biogeography (e.g. Nelson
& Platnick, 1981), which aligned plate tectonics and
phylogenetics, came to dominate explanations of continental
biogeography, island biogeography remained best explained
by dispersal and related processes (Lomolino et al., 2010).
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Land-bridge/oceanic-dispersal ~theories were generally
abandoned in favour of vicariance; in LCA, however,
available evidence supported land-bridge and oceanic-
dispersal scenarios well before such debates emerged. Even
as vicariance biogeography bloomed, biogeographers easily
maintained the classic view that dispersal along an evolving
land bridge, combined with vicariance and extinction events,
explained LCA biogeography, e.g. species emplacement
and diversification (Simpson, 1940, 1950; Savage, 1966,
1982; Raven & Axelrod, 1974; Marshall etal, 1979;
Gentry, 1982; Bussing, 1985). Geological evidence firmly
supports a Pacific LCA origin, meaning no truly vicariant
divergences (taxa) could even exist between LCA and
outlying continental lineages, sensu Gondwanan vicariance;
and fossils irrefutably show that taxa colonised LCA v
oceanic dispersal. Thus the question in LCA biogeography
is not whether vicariance and dispersal (oceanic or inland)
occur, but what has been the sequence, effects, and relative
importance of these events? Today, island biogeography is
undergoing a paradigm shift setting aside the ETIB and
vicariance biogeography (Heaney, 2007). Biogeographical
data increasingly show that these models are inadequate to
explain island life, and a new island biogeography paradigm
is emerging combining elements of both ecological and
evolutionary dynamics of relevant processes (reviewed by
Heaney, 2007; Lomolino etal., 2010). Species diversity
patterns analysed in light of modern geography typically
upheld ETIB predictions, whereas historical perspectives
from phylogeography have repeatedly challenged this model
[e.g. demonstrating very ancient island lineages (falsifying
predicted high turnover rates), island —island migration, and
intra-island  speciation; Brown & Lomolino, 2000]. The
eco-evolutionary shift also appears directed at remedying
the well-known poor fit between the ETIB and systems
and processes operating over geological timescales (i.e. that
the model sensu stricto was limited to ecological timescales,
assuming equivalent dispersal abilities/probabilities among
species and no speciation; Heaney, 2007). Given its numerous
land-bridge islands (Figs 1 and 2), LCA phylogeography is
primed to contribute to the present period of testing and
reshaping island biogeography theory, although few studies
exist so far (but see below).

(4) The advent of molecular biogeography

Molecular data and analytical tools have assumed enormous
importance in biogeography. Since the 1980s—1990s,
advances in DNA sequencing technologies (e.g. polymerase
chain reaction, automated sequencing, next generation
sequencing) and molecular phylogenetic methods, and
the exploding phylogeographic literature and toolkit, have
fuelled an era of rejuvenated interest and growth in historical
biogeography (Riddle et al., 2008; Knowles, 2009; Hickerson
et al., 2010). Compared with traditional area-based inference
(reviewed by Posadas et al., 2006; Ebach & Tangney, 2007),
DNA-based biogeography provides critical improvements
such as molecular estimates of lineage divergence dates.
Aside from dating species origins, molecular dating
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permits  empirically testing hypotheses (e.g. vicariance
dates), thereby elucidating the timing and mechanisms
underlying biogeographical patterns. Among their many
advantages, molecular analyses provide billions more DNA
characters than morphology/ distribution-based approaches;
explicitly model nucleotide substitution and other processes;
accommodate evolutionary rate heterogeneity (e.g. relaxed
clocks); permit splitting DNA matrices into separately
modelled data partitions (e.g. by gene; no comparably
sophisticated models exist for morphological evolution); and
estimating lineage divergence times (7), with or without
fossil information [best if rates or calibration points are
well established, e.g. by taxonomic group or geological
event (Lomolino et al., 2010)]. With appropriate outgroup
sampling, phylogeographical methods permit testing a
variety of hypotheses, e.g. population demographic models
and topological models, to infer the historical sequence of
dispersal, vicariance, extinction and recolonisation events by
which lineages arrived and diversified in LCA (Bermingham
& Martin, 1998; Crawford et al., 2007). Also, while arca-
based inference relies heavily on endemism (Nelson &
Platnick, 1981), phylogeography infers historical events or
processes (e.g. population expansion) even when spatial-
genetic endemism is absent (Zink, 2002; Garrick, Caccone
& Sunnucks, 2010). As noted above, phylogeography is also
highly synthetic: by the 1990s, improved palacogeographic
models for LCA (Coates & Obando, 1996) and ecustatic
sea-level curves (Haq, Hardenbol & Vail, 1987) became
available, and early studies showed that these could be used
in conjunction with inferred phylogeographic relationships
among populations to derive historical scenarios and test
geological models (Bermingham & Martin, 1998). The
advent of molecular biogeography has also provided impetus
for refining GABI sequences, mainly using higher-level
phylogenies (e.g. Weir, Bermingham & Schluter, 2009;
Cody et al., 2010), and sparked trans-isthmian marine studies
developing LCA as a classical model of allopatric speciation
in the oceans (e.g. Bermingham, McCafferty & Martin, 1997;
Lessios, 2008).

VII. PHYLOGEOGRAPHICAL PATTERNS
EMERGING FROM LOWER CENTRAL AMERICA

Here, we summarise (with select examples) major patterns
emerging from phylogeographic studies of LCA taxa.
Multi-taxon phylogeographical breaks and evidence for
general patterns of dispersal, vicariance and other processes
impacting the assembly and diversification of LCA biotas
are emphasised. Our review draws on a database of 58
phylogeography studies, including 57 studies consistent with
our goals published between 1996 and 2012, in addition to
one of our own unpublished studies of three freshwater fish
species (see online supporting information, Appendix S1).
Studies to date represent ~94 nominal taxa sampled from
multiple sites throughout their ranges, including LCA and
surrounding areas. Mapping sampling localities from 66%
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of studies reveals that phylogeographers have sampled LCA
widely, producing extensive geographical coverage (Fig. 6A).
LCA’s complex earth history and ecological heterogeneity
predicts that generally complex patterns of phylogeographic
congruence and incongruence are likely to be recovered
within and among lineages. Consistent with this prediction,
LCA taxa showcase a diversity of phylogeographical patterns
rivaling the complexity of LCA landscapes (Fig. 6; Tables
S1-S3). Apart from landscape diversity and history, this
probably also reflects the diverse distributions of species
sampled to date (Table S1).

(1) Phylogeographic structuring is common within
LCA taxa and reveals cryptic biodiversity

Most (63.4%) LCA lineages show genetic structuring in
the form of phylogeographic breaks (phylogenetic splits
between mostly distinct geographical lineages). In total, LCA
lineages support 31 major phylogeographic breaks, shown in
Fig. 6B (with further details in Tables S1-S3), most of which
have been recovered from mitochondrial DNA markers (see
online Appendix S2). Apparently, long-term mechanisms
of genetic isolation (physical, reproductive, etc.) have been
at play in many species. Although phylogeographic studies
have recovered clues to some species GABI histories (e.g.
freshwater fishes, Bermingham & Martin, 1998; Reeves
& Bermingham, 2006), these results suggest that isthmian
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environments, not just dispersal into or out of the region,
have contributed significantly to within-LCA diversification.
Results also underscore the point that LCA is more than
a mere biogeographic crossroads between continents, but
harbours unique genetic endemism (Wang et al., 2008). Data
from a synthesis of phylogeographical patterns from eastern
North America show that ~78% of organisms investigated
exhibited clear phylogeographical structuring based mainly
on organellar DNA markers (Soltis et al., 2006; excluding
taxa not analogous to those considered herein, e.g. marine
organisms). Thus, LCA organisms exhibit just slightly less
prevalent phylogeographical structuring than that of a much
older and larger, truly continental area.

In a similar vein, LCA provides a classic, subcontinental-
scale showcase of phylogeography’s ability to make
discoveries that might otherwise go unnoticed, principally

Fig. 6. Sampling and phylogeographical breaks emerging from
lower Central American (LCA) phylogeography studies. (A)
Map summarising geographical coverage of sampling localities,
which were available from most (66%) studies in this review
(see online Appendix S1). (B) Map of phylogeographical breaks
(different coloured lines) discussed in the text, with abbreviations
given for the five major breaks. Breaks (numbers of nominal
taxa/lineages split across each break): 1, ND = Nicaraguan
depression (N=6); 2, BEB=Rio Bebedero (N=1); 3,
SJ1=8an Juan break 1 (NM=1); 4, SJ2=San Juan break
2 (N=1); 5, CC=Central Cordillera (N'=2); 6, SJ3=San
Juan break 3 (N=1); 7, TCMFIl Talamanca Cordillera
montane forest break 1 (N =2); 8, SAV =Rio Savegre break
N=1); 9, FILA=Fila Costefia (N =3); 10, Ll =Limén
(N=3); 11, CVF=Chorotega volcanic front (N'=38); 12,
PB =Piedras Blancas (N=1); 13, TCMIF2=Talamanca
Cordillera montane forest break 2 (N =1); 14, POPA = Popa
Island—mainland (N =2); 15, SIXA = Sixaola—Changuinola
(N=1); 16, BDT1=Bocas del Toro break 1 (N=1); 17,
BDT2 =Bocas del Toro break 2 (N =1); 18, BDT3 = Bocas
del Toro break 3 (NM=1); 19, ESCU=Escudo de
Veraguas Island—mainland (V = 1); 20, BARU = Bart volcano
N=1); 21, WPI=western Panama isthmus (N =09);
22, MOSQ =Mosquito Gulf (N =2); 23, AZUE = Azuero
peninsula (N =2); 24, PNSA=Panama-northern South
America continental divide (N=4); 25, VALLE =El Valle
volcano (N =2); 26, CPI=central Panama isthmus (N =8);
27, PERL=Las Perlas Islands (N=2); 28, CHIC=Rio
Playon Chico basin (V' =2); 29, BT = Bayano—Tuira (N = 3);
30, SAPO = Sapo range (N =1); 31, EPI =ecastern Panama
isthmus (V= 7). (G-F) Typical spatial-genetic splits recovered
within different species, each contributing to major multi-taxon
phylogeographic breaks shown in (B); examples show the (C)
CVF break in Caiman crocodilus crocodiles (Venegas-Anaya et al.,
2008) and Lachesis spp. bushmasters (Zamudio & Greene, 1997);
(D) WPI break in Pimelodella chagresi catfishes (e.g. Bermingham &
Martin, 1998) and Engystomops pustulosus frogs (Weigt et al., 2005);
(E) ND break in Chlorospingus ophthalmicus birds (e.g. Weir et al.,
2008), Cerrophidion godmani pit-vipers (e.g. Castoe et al., 2009),
and Carollia sowelli bats (Hoffmann & Baker, 2003); and (I) CPI
break in the Bryconamericus ‘emperador’ species group (Reeves &
Bermingham, 2006).

Justin C. Bagley and Jerald B. Johnson

cryptic lineage divergences. Overall, approximately 197
genetically distinct evolutionary lineages are recovered
within 94 nominal taxa sampled to date, amounting to, on
average, 2.1 lineages per taxon (Table S1). These patterns
vary widely among taxa and have various biogeographical
and taxonomic implications; however, amphibians and
freshwater fishes harbour particularly exceptional cryptic
diversity that appears informative for testing geological
hypotheses. For example, a study of four nominal freshwater
fish species uncovered ~12-22 novel lineages (~3-5
cryptic lineages/taxon; Bermingham & Martin, 1998). Their
comparative phylogeographical inferences led Bermingham
& Martin (1998) to propose a new model (B/M model)
of landscape evolution for the LCA region. Also, one
poison-dart frog species, Oophaga pumilio, apparently contains
from several to up to 18-19 unique genetic lineages,
depending how you count them (Wang & Shaffer, 2008).
Venegas-Anaya et al. (2008) upheld genetic and geographical
distinctiveness of Caiman crocodile subspecies but also
discovered a novel cryptic lineage representing a new
taxon. Several other studies have also identified cryptic
lineages representing putative new species, or operational
taxonomic unit-level biodiversity (Table S1; e.g. Martin &
Bermingham, 2000; Reeves & Bermingham, 2006; Jones
& Johnson, 2009; Vazquez-Miranda, Navarro-Sigiienza &
Omland, 2009).

(2) Multi-taxon spatial structuring suggests general
evolutionary patterns and highlights importance of
regional processes shaping diversification

“T'o do science is to search for general patterns, not simply
to accumulate facts. ..’ (MacArthur, 1972, p. 1).

Many (N =17; 54.8%) of the phylogeographical breaks
recovered in LCA to date are spatially congruent
across multiple taxa (Fig. 6B; Table S3), over small to
regional scales. This supports the existence of generalised
evolutionary patterns in LCA. Furthermore, congruence
among taxonomically and ecologically divergent but
codistributed lineages indicates historical associations of
genotypes possibly due to shared biogeographic history in
the same local communities (Arbogast & Kenagy, 2001;
Zink, 2002). Notably, multi-taxon breaks are recovered
across the Chorotega volcanic front (CVF, Fig. 6B, C);
western Panamanian Isthmus (WPL, Fig. 6B, D); Nicaraguan
depression (ND, Fig. 6B, E; representing LCA-NCA
divergences); central Panama at or east of the Panama
Canal Zone (CPI, Fig. 6B, I); and eastern Panama (EPI,
Fig. 6B; representing LOA—South America divergences
directly within or in the vicinity of the Darién isthmus). The
striking correlation between these breaks and physiography,
particularly major geographical barriers (Section III),
suggests that regional processes (¢.g. orogeny, oceanic terrane
accretion and uplift, and other geological processes) have
played a major role in shaping intraspecific diversification
across LCA biodiversity, by promoting and maintaining
long-term zoogeographical barriers.
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(3) Low phylogeographic structuring and
incongruent patterns highlight roles of chance,
ecological differences, and local processes shaping
LCA communities

In contrast to the above patterns, a considerable proportion
of LCA lineages (N = 34, or 36.6%j; representing 22 studies)
exhibit zero to limited phylogeographic structure (Table
S1). Around a third of these studies conducted inadequate
spatial or numerical sampling (e.g. coarse sampling grain or
density) of widely distributed taxa (e.g. Uroderma bilobatum
bats; Hoffmann, Owen & Baker, 2003). In such cases,
determining the degree to which the observed lack of
structuring is attributable to actual evolutionary genetic
patterns (e.g. ‘phylogeographic category V’; Avise et al.,
1987) versus sampling artifacts (e.g. inadequate phylogenetic
signal or poor marker selection leading to unresolved
phylogenetic topologies) is problematic. However, species
may exhibit low intraspecific structuring due to high gene
flow (e.g. migration-drift non-equilibrium), hybridisation,
large historical effective population sizes (V; e.g. making
equilibrium and complete lineage sorting hard to attain),
or recent colonisation (e.g. founder events) combined with
low mutation rates (Avise, 2000; Wakeley, 2002). Processes
contributing to lack of phylogeographical structuring within
these species are therefore likely to vary and may reflect
ccological differences.

Ata comparative level, phylogeographic incongruence can
arise from historical differences among species at the same
parameters surrounding the evolutionary circumstances of
zero—low intraspecific phylogeographic structuring discussed
above. However, in comparative phylogeography, spatial
incongruence indicates potentially independent responses of
species to the series of geologic and palacoclimatic changes
that have occurred within an area (Avise, 2000; Arbogast
& Kenagy, 2001; Zink, 2002). With that said, cases of
low phylogeographic structuring in LCA (Table S1) are
incongruent relative to the multi-taxon patterns described
above, suggesting that species may have experienced different
responses to historical events within shared distributions.
Phylogeographic incongruence is commonly inferred from
comparative LCA studies. Phylogeographical comparisons
of codistributed LCA bat (Hoffmann & Baker, 2003; Martins
et al., 2009), frog (Crawford et al., 2007), snake (Castoe et al.,
2009) and freshwater fish species (Bermingham & Martin,
1998; Reeves & Bermingham, 2006; J. C. Bagley & J. B.
Johnson, unpublished data)—in many cases, focal taxa that
combined range throughout much or all of LCA or Central
America—reveal idiosyncratic patterns of area relationships
and gene flow patterns, up to regional scales. This also
supports a potential lack of shared biogeographic history.
Common processes may not have influenced diversification
of some ecological communities at broader spatial scales,
leading to different historical responses by habitat, within
and among taxonomic groups. However, chance, including
stochastic differences in the timing of LCA colonisation
among lineages, might partly account for this. Differential
dispersals into LCA could reflect the influence of extrinsic
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ecological factors (e.g. presence of available suitable habitat in
the target area) or intrinsic ecological differences of lineages
(e.g. dispersal abilities) in shaping biodiversity distributions
(Bermingham & Martin, 1998; Arbogast & Kenagy, 2001;
Zink, 2002).

(4) Deep phylogenetic subdivisions within plants
appear rare in LCA: truth or illusion?

Taxonomic sampling biases have favoured animals over
plant taxa at a 9:1 ratio, precluding robust comparisons
between plant and animal phylogeographies (see online
Appendix S2). Strikingly, however, available data reveal
that no plant species possess deep phylogeographic breaks
or contribute to multi-taxon breaks within LCA. Yet is
this a representative portrait of the evolutionary history of
LCA plant species, or an illusion? It would be tempting to
conclude from these data that LCA plant species share a
congruent lack of phylogeographic structure, suggesting that
they have been largely unaffected by historical barriers and
processes shaping genetic isolation in animal taxa. However,
the observed lack of phylogeographical structure in plants
more likely reflects a combination of (i) low genetic marker
resolution and (i) higher relative dispersal potential of plant
species studied to date, facilitated by intrinsic and extrinsic
ecological factors promoting dispersal to and establishment
in new areas. For example, most plant studies have relied on
chloroplast DNA (cpDNA), which may evolve 10100 times
more slowly than animal mtDNA, limiting the ability of this
marker to detect phylogeographic structure (see Avise, 2000,
and references therein). Moreover, regarding dispersal, most
LCA plants studied to date have been large tree species that
by their nature are more dispersive than other plant types,
a situation which lends itself to less genetic structuring in
these species (Petit & Hampe, 2006). Despite such potential
biases, previous studies have concluded that Neotropical
plant species are more dispersal-prone than animals based
on fossil pollen and molecular phylogenetic data showing that
multiple plant lineages reached LCA before many vertebrate
GABI participants (Raven & Axelrod, 1974; Cody et al.,
2010). Indeed, over-water dispersal apparently has played
a more important role in shaping LCA plant distributions
than anticipated (Cody et al., 2010). Taking one species as an
example, despite water-intolerant seeds, phylogeographical
analyses demonstrate that Symphonia globulifera trees reached
LCA from South America before Late Pliocene isthmus
completion, via long-distance oceanic dispersal (Dick et al.,
2003; Dick & Heuertz, 2008). However, while S. globulifera
demonstrates that over-water dispersal is a mechanism that
has operated during the assembly of the LCA flora, it is
important to note that populations are differentiated based
on genetic data from DNA sequences and microsatellites
(Dick & Heuertz, 2008); therefore, despite containing no
deep phylogeographical structuring, this species apparently
experiences dispersal limitation after it colonises new areas.
This example illustrates the importance of factoring in the
peculiarities of plant species genetics and ecologies when
conducting phylogeographic analyses and highlights how
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incorporating more rapidly evolving markers (e.g. nDNA
or cpDNA microsatellites) could provide better avenues to
geographical inference in future studies of LCA plants.

(5) Other dispersal-demography connections

The previous sections highlight a strength of
phylogeography—its ability to link ecology and demography
to broader macroevolutionary and biogeographical patterns
(Avise et al., 1987). Limited phylogeographical structuring
is expected in superior-dispersing and -colonising species
in the absence of strong physical barriers to dispersal/gene
flow, whereas progressively monophyletic gene tree lineages
are expected across strong environmental gene flow barriers
through time (Avise et al, 1987; Avise, 2000). Phylogeo-
graphic structure should therefore correlate inversely with
behavioural preference and physiological capacity for
dispersal (e.g. high rates, over large distances). Aside from
some of the plant patterns (but see caveats and discussion in
Section VIL.4), patterns from other taxa also support this
prediction. For example, widely distributed Atta leafcutter
ants (Solomon et al., 2008) and bees capable of long-distance
dispersal (Dick ez al., 2004) show limited genetic structuring.
Conversely, dispersal-limited montane salamanders and
frogs show substantial Tertiary—Quaternary diversification
(Garcia-Paris et al., 2000; Streicher et al., 2009). Congruent
with expectations, livebearing ‘secondary’ freshwater fishes
with presumed salt tolerance (Myers, 1938) lack isolation in
Atlantic-coast drainage basins (J.C. Bagley & J.B. Johnson,
unpublished data). Unexpectedly, however, salt-intolerant
‘primary’ freshwater fishes, considered to have relatively
lower dispersal potential (Myers, 1938), display evidence
for rapid deployment across the landscape, recent clades,
and sometimes no phylogeographical signal at all (e.g.
Cyphocharax magdalenae, Reeves & Bermingham, 2006).

(6) Filter barriers: biogeographic province
boundaries and other features are permeable
barriers to dispersal

Whereas Wallace (1876) thought that the LCA isthmus
allowed relatively unimpeded dispersal through the region
(Section VI.1), Simpson (1950) viewed the LCA isthmus as a
historical “filter barrier’ reducing, without eliminating, inland
movements of species. Simpson’s view has since become
widely accepted, and it is supported by phylogeographic pat-
terns, particularly across biogeographic province boundaries
(e.g. Fig. 3). Province boundaries are thought to explain
species turnover and reflect localised vicariant barriers his-
torically limiting gene flow and species distributions (Avise
et al., 1987; Ronquist, 1997). Therefore, historical processes
should have promoted LCA lineage divergence at province
boundaries (Lee & Johnson, 2009); however, evidence for this
prediction is mixed. On the one hand, multi-taxon breaks
span province boundaries (Fig. 3), e.g. the Chorotega volcanic
front (Fig. 6B, C; Table S3). On the other hand, gene flow,
or a mixed phylogeographical structuring, has been inferred
across this and other province boundaries. Freshwater fish
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communities have mixed genetically across the Chorotega
front (Jones & Johnson, 2009; Lee & Johnson, 2009) and the
castern-central Panamanian Isthmus (Reeves & Berming-
ham, 2006), aided by headwater river capture events. Gene
flow has probably also occurred across the West Panama
portion of the CVF in pseudoscorpions (Zeh, Zeh & Bonilla,
2003bb). Additionally, bird data indicate that Chlorospingus
ophthalmicus bush-tanagers possibly exchanged genes across
montane areas of bird endemism (Guatemalan versus Tala-
mancan; Weir, 2009) separated by the Nicaraguan depres-
sion (Bonaccorso et al., 2008), while Glphorynchus spirurus
woodcreepers apparently experienced long-distance disper-
sal/gene flow across the Colombian Andes (Marks, Hackett
& Capparella, 2002), or EPI break area (Fig. 6B). Assuming
these cases represent actual gene-flow events (not incomplete
lineage sorting), then (z) patterns of LCA vicariance, dispersal
and gene flow vary not only across spatial scales (Smith &
Bermingham, 2005), but also according to physiographic
barrier (province boundary) considered; () vicariant barri-
ers have had mixed impacts on community formation and
species distributions; and (z2z) the above examples support the
interpretation that the corresponding province boundaries
represent filter barriers. Building on the third of these points,
a growing list of studies reveals phylogeographic breaks
broadly correlated to Bocas del Toro, Panama (BD'T'; Fig. 2A)
environments, and this indicates that this area presented a
historically important filter barrier in LCA. East of BDT,
phylogenetic splits across the Caribbean Gulf of Mosquitoes
break (MOSQ); 22 in Fig. 6B; Tables S1, S3) are supported
by mtDNA lineages of Caiman crocodilus crocodiles (Venegas-
Anaya et al., 2008) and Pristimantis ridens frogs (Wang et al.,
2008). Phylogeographic breaks correlated with the BDT
region are also recovered in mtDNA variation in catfishes
(Perdices et al., 2002) and frogs (Crawford ez al., 2007; Robert-
son, Duryea & Zamudio, 2009) and differentiated nuclear
ribosomal spacer sequences in trees (Dick & Heuertz, 2008).
Interestingly, these patterns have arisen despite a lack of
obvious geographical barriers (e.g. contiguous Caribbean
wet and mangrove forests dominate the coastline, Iig. 2B).
This illustrates the ability of phylogeography to derive and
test new biogeographical explanations as required when phy-
logeographic breaks fit no known historical events (Riddle,
1996; Gascon et al., 2000). This area is low in elevation and
forms a young, contiguous Limén—Bocas del Toro coast
exposing Neogene sediment and rock formations (Marshall,
2007). The BD'T embayment and mainland were also partly
inundated after a nearby 1991 earthquake (Marshall ez al.,
2003), and our sea level model (Fig. 5B) suggests that this
area could have been extensively affected by Pleistocene
seas. Thus, isolation caused by marine incursions presents an
alternative to tectonic uplift (Venegas-Anaya ¢t al., 2008) and
restricted coastal dispersal corridors (Crawford et al., 2007)
as a potential explanation for this filter barrier.
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(7) Phylogeography and island biogeography theory
in LCA

Traditional island biogeography theory (Section VI.3) makes
several predictions germane to LCA, including that (7)
islands have likely been colonised from nearby mainland
source-pools; (i) due to rapid turnover, island species
should be young; and (uz) larger, more distant islands
should harbour older, more genetically divergent lineages
due to lower extinction (remnants of former radiations
persist). From coastal geology (Section III; Coates &
Obando, 1996), bathymetry (e.g. Fig. 4G), and sea level
dynamics (Figs 4G and 5A; Fleming efal, 1998), we
also predict (@) land-bridge islands located over the LCA
continental shelf originally had species similar to mainland
communities (due to colonisation during low seas, when
exposed shelf habitat created mainland connections; e.g.
as shown in Fig. 4G for the Bocas del Toro archipelago)
whose populations recently became isolated (during high
seas) from mainland populations. Phylogeographic datasets
from several LCA taxa support the above predictions.
For example, poison-dart frog phylogeography does not
fit a vicariance model (sequential mainland—island isolation
events) at Bocas del Toro; these frogs apparently originated
from nearby Costa Rican mainland frogs and achieved their
present distributions through multiple mainland—island,
island —island, and island—mainland dispersal events (Wang
& Shaffer, 2008). These poison-dart frog lincages are
also predictably shallow, or recently isolated (see below).
However, island biogeography prediction 2 above is rejected:
extinction has apparently not been strong enough to
remove many novel insular lineages, e.g. the poison-
dart frog radiation persists and various other frogs, birds,
and freshwater fishes exhibit mainland— or island—island
phylogeographical breaks, e.g. BDT1-3, ESCU, PERL
(Fig. 6B; Tables S1-S3). The data suggest that different
taxa/lineages have colonised LCA islands at vastly different
times and persisted, forming endemic lineages through
genetic drift. The most striking example is the ancient Las
Perlas Islands lineage of salt-tolerant Synbranchus marmoratus
swamp-eels, which possibly colonised the islands > 50 Ma
via ocecanic dispersal (Perdices, Doadrio & Bermingham,
2005; PERL break, Fig. 6B). These data corroborate the
prediction from ‘new’ island biogeography theory that island
biotas are typified by persistence, rather than extinction
(Heaney, 2007).

(8) Temporal patterns suggest a mainly
Plio—Pleistocene timeframe for biotic
diversification in LCA

The largely Late Neogene-recent timing of landscape
evolution (Section III) and interamerican biotic exchange
(e.g. GABI; Section VI.2) in LCA predicts that biotic
assembly and diversification in LCA, and between LCA
clades and sister clades in outlying continental areas,
should coincide with this interval. A meta-analysis (see
online Appendix S1) of divergence times inferred from
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data. Time-range data are presented over major earth history
parameters/events: dashed red line, mean deep-sea oxygen
isotope (8'%0) curve, a temperature proxy mostly controlled by
changes in continental ice-sheet volume (thick black horizontal
bars, permanent ice sheets; thick dashes, times with partial or
melting ice sheets; modified from Zachos et al., 2001); vertical
grey bar, timeframe of LCA isthmus closure (Section III). (B—D)
Exponential increases in speciation/lineage divergence rates, or
possibly declining extinction rates, within LCA (by geological
epoch) over Eocene—Pleistocene, inferred based on divergence
time distributions in (A) (with corresponding colours).

time-calibrated molecular phylogenetic divergences from
studies reviewed herein supports this prediction. Divergence
dates for stem and crown nodes recovered in LCA
phylogeography studies (summarised in Table S2) exhibit an
over 40 Myr range, from 42.1 Ma (max. crown age, Craugastor
podiciferus frogs; Streicher et al., 2009) to a mere 235ka
(LCA—SA divergence within Anopheles albimanus mosquitoes;
Loaiza etal., 2010a). However, most lineage divergence
can be constrained to less than 20 Ma, and a broadly
exponential pattern of lineage diversification since ~14 Ma
is evident in the time ranges of estimated initial lincage
diversification events (Fig. 7A). Most lincage divergences,
including 69% of within-LCA divergences and 57% of
LCA-SA divergences, are constrained to Pliocene—recent,
with maximum divergence dates ranging no later than Early
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Pliocene (5.3 Ma). These results imply potentially higher
speciation rates since the Pliocene, a suspicion corroborated
by rate calculations. Crudely estimating lineage divergence
rates, which presumably reflect speciation rates, shows a
likewise exponential pattern of increase across estimates
over Oligocene—Pleistocene (Fig. 7B—D). This might reflect
marginally higher divergence rates due to redundant samples
in our time-range plots but is unlikely to be due to
variation in sampling, given the large number of lincages we
sampled and that we observed the highest speciation rates
more recently (whereas unsampled lineages are expected
to cause declines in recent speciation rates). Another
potential explanation for the pattern of higher speciation
rates since the Pliocene is the likely extinction of older
lineages. Nonetheless, the observed period of exponentially
increasing diversification rates is synchronous with or just
follows Early Pliocene high-sea stands that, combined with
East Panama microplate vertical positioning, maintained a
partially drowned Panama Isthmus ~7 to 3.7 Ma (Duque-
Caro, 1990; Coates et al., 2004). Subsequent divergences
in our compilation overlap global cooling, LCA land bridge
emergence, GABI exchanges, and Quaternary intensification
of glacio-eustatic cycles. Mirroring similar meta-analyses
based on recent molecular phylogenetic evidence from
Neotropical taxa, these results suggest that Neogene —recent
geological and palaeogeographic events and Quaternary
glacio-eustatic cycles are likely to have been important drivers
of biotic diversification in LCA and surrounding Neotropical
areas (Cody et al., 2010; Rull, 2011, and references therein).

VIII. CHALLENGES: IMPROVING METHODS
AND INFERENCES IN LCA PHYLOGEOGRAPHY

The field of LCA phylogeography must face several chal-
lenges to ensure continued progress and improved histori-
cal biogeographical inferences. First, more phylogeography
studies using better data are needed to elucidate further
the historical origins, assembly, and diversification of LCA
biotas. Conducting phylogeographical analyses of LCA
organisms can be difficult due to landscape complexity and
logistical issues. Still, meeting this challenge through amass-
ing more single-species datasets will enhance our knowledge
of the processes underlying genetic variation within LCA
species. In turn, increasing the number of codistributed
species datasets will permit expanded comparative analyses
needed to test further the generality of the emerging phylo-
geographical patterns herein. However, future studies should
proactively work to improve finer-scale sampling and coun-
teract existing geographical and taxonomic sampling biases.
In particular, more studies sampling plants and taxa with
premontane to montane distributions are needed (Section
VIL4; online Appendix S2), e.g. in the under-sampled Tala-
manca Cordillera (Fig. 6A). Indeed, while few comparative
analyses of highland taxa have been conducted (e.g. Castoe
etal., 2009), filling this gap will likely continue unveiling
distinct lineages that are new to science along with insights
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into how highland diversity is maintained (e.g. Garcia-Paris
et al., 2000; Streicher et al., 2009). On the related issue of
gene sampling, workers have relied principally on single-
locus analyses of mtDNA and cpDNA (see online Appendix
S2); however, the maturation of the field will require devel-
opment of nuclear phylogeography perspectives. Although
mtDNA is highly informative and a robust indicator of
population history and species limits (Avise, 2000; Zink &
Barrowclough, 2008), single gene trees have both historical
and random components and can be discordant topologically
with one another as well as ‘true’ species/population trees,
e.g. due to incomplete lineage sorting (Maddison, 1997).
Thus, sequence data from multiple unlinked loci are needed
to overcome noisy historical gene tree signals and correctly
infer phylogenetic relationships in a species tree framework
(e.g. Liu & Pearl, 2007; Kubatko et al., 2009), and multi-
locus data also provide a robust framework for accurately
estimating divergence times and demographic parameters
(e.g. migration rates) to infer phylogeography (Edwards
& Beerli, 2000; Hey & Machado, 2003). To accelerate
nDNA marker development, we recommend new methods
identifying exon-primed intron-crossing markers and anony-
mous nuclear loci based on genome-enabled approaches
(reviewed by Thomson, Wang & Johnson, 2010). How-
ever, we note that comparative phylogeography (Arbogast &
Kenagy, 2001; Riddle ¢ al., 2008) accounts for the gene tree
variance problem by testing for replicated population diver-
gences across taxa, indicating common historical events in a
region (though inferences are most reliable when congruence
is demonstrated across many taxa).

Developing a more hypothesis-driven and statistically
rigorous research program capitalising on novel advances
in statistical population genetics and geospatial analysis
presents a second, arguably more formidable challenge.
Building just-so’ stories or ad hoc explanations from observed
genetic patterns has been commonplace in LCA studies, and
this is not all bad: exploratory analyses cover ‘scenario space’
and often yield unexpected discoveries (Garrick et al., 2010)
such as the cryptic divergences discussed above. And, aside
from our review, this is supported by previous syntheses of
phylogeographical data from Amazonia (e.g. Patton, Da Silva
& Malcolm, 1994) and the southeastern US Coastal Plain
(Avise et al., 1987; Avise, 2000) that also highlight cryptic
genetic breaks useful for interpreting regional historical
biogeography. However, reliance on pattern discovery and
matching is nonstatistical and embodies the major criticisms
of phylogeography (references in Edwards & Beerli, 2000;
Arbogast & Kenagy, 2001; Knowles & Maddison, 2002;
Posadas et al,, 2006; Hickerson et al., 2010). By contrast,
‘statistical phylogeography’ (Knowles & Maddison, 2002;
Knowles, 2009; Garrick et al., 2010) provides more objective
and statistically rigorous methods to infer demographic
history while taking geography and stochastic population
genetic processes into account. Drawing on coalescent
theory (Wakeley, 2002) and probabilistic simulations, these
sophisticated model-based methods can estimate population
parameters (e.g. Kuhner, 2009) and statistically discriminate
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among a prior. demographic and biogeographic models
while accounting for coalescent variance (e.g. Knowles &
Carstens, 2007). Statistical phylogeographical approaches
naturally lend themselves to developing and testing «
priort hypotheses (e.g. modeling explicit historical scenarios,
with varying population sizes, divergence times, and
migration rates), thus their application will be essential for
developing a more hypothesis-driven focus. And this will
also benefit comparative analyses: as larger comparative
datasets are assembled, approximate Bayesian computation
methods will permit tests of co-dispersal, co-vicariance,
or other patterns of shared demographic histories (versus
multiple divergences) using highly parameterised statistical
phylogeographical models (Hickerson et al., 2006a,b, 2007,
2010; Knowles, 2009; Huang et al, 2011). Perspectives
from other underutilised tools such as geospatial modelling
(e.g. ecological niche models; Kozak etal., 2008) and
phyloclimatic modelling (Yesson & Culham, 2006) should
also be developed and used to enhance phylogeographical
inferences. For example, geospatial-modelling applications
can be used to predict the impacts of historical environments
on species palacodistributions (e.g. range dynamics), and this
information can subsequently aid the generation and testing
of a priors models/hypotheses using statistical phylogeography
(e.g. Kidd & Ritchie, 2006; Richards, Carstens & Knowles,
2007; Chan, Brown & Yoder, 2011).

A third, more general future challenge for LCA phy-
logeography will be integrating insights into organismal
evolutionary history with theory and methods from other dis-
ciplines including ecology, other historical biogeographical
techniques (Posadas et al., 2006), comparative phylogenetics,
palacontology and the geosciences. The general trend of
fragmentation between historical biogeography and ecology,
and among the various sub-fields of historical biogeography,
is widely recognised (Wiens & Donoghue, 2004; Ebach
& Tangney, 2007; Sanmartin, 2010). However, method-
ological integration with other fields will be increasingly
critical as LCA workers address more interdisciplinary
questions, including those surrounding spatial-genetic
analyses of selection, adaptation, functional trait evolution,
community assembly and more. Virtually no studies link
LCA phylogeography and adaptation; yet which came first,
environmental adaptations or phylogeographical lineage
divergences? Also, which lineages more likely diversified
during Pleistocene climatic fluctuations— physiologically
plastic ones or those with higher genotypic diversity (limited
plastic adaptations)? In addition, contributions of adaptive
and phenotypic differences to phylogeographical patterning
are poorly explored; however, if addressed from a genomic
perspective, such questions may also yield insight into the

origins of adaptive and functional diversity.
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IX. PHYLOGEOGRAPHY AND LCA
CONSERVATION

Phylogeography stands to make several critical contributions
to conservation in lower Central America, in light of the
region’s threatened status. First, as illustrated in Section
VII.1, phylogeography is poised to provide the unique service
of uncovering cryptic lineage divergence and speciation
patterns in LCA. This can aid conservation efforts in
several ways. Knowledge of cryptic speciation patterns aids
identifying and refining species limits and therefore regional
species diversity patterns, which may highlight the need to
alter conservation plans (e.g. if today’s most species-rich
areas are not the hottest regional hotspots tomorrow). The
challenges for, and impacts on, systematics and taxonomy
are obvious: it will be critical to formally describe novel
biodiversity as it is revealed, and to determine its place
in the tree of life. Also, conservation strategies typically
prioritise species with various extinction-risk correlates,
including small geographic ranges, low abundances, and
specialised life histories or feeding phenotypes; however,
phylogeographers often discover cryptic lineages by studying
common, widespread species. Detecting natural species
with smaller ranges contained within widespread, non-
target ‘species’ may identify ‘new’ species at greater risk of
extinction, thus warranting conservation resources. Second,
where comparative phylogeography uncovers replicated
cryptic divergences, areas of diversity and endemism can
be better identified—areas where processes generating
biodiversity have acted and presumably still are acting
across multiple taxa to maintain biodiversity (Moritz, 2002).
Sub-areas spanning environmental gradients within those
areas can then be selected to preserve adaptive differences
(Moritz, 2002), and highly threatened sub-areas can be
pinpointed. If multi-taxon breaks are found to occur over
distinct geographical barriers that limit gene flow between
arcas, and one area or the other is most susceptible to
climate change, this may determine primacy of areas due
to increased likelihood of future extirpation or extinctions.
Thirdly, expounding on this latter theme, it will be important
for LCA conservation that phylogeographical inferences are
integrated with predictive niche-based models of the past,
present, and future distributions of lineages. As illustrated
by work on Brazil’s Atlantic Forest by Ana Carnaval,
Craig Moritz, and colleagues identifying areas of high
genetic diversity and environmental stability, integrative
phylogeographical approaches can highlight areas that have
contributed to local endemism and that are most likely
to withstand climate change over the coming centuries
(Carnaval & Moritz, 2008; Carnaval ef al., 2009). A similar
approach combining geographic information systems (GIS)-
based modelling and statistical phylogeography seems to
hold promise for predicting, and explaining, patterns of
LCA biodiversity as well (Chan et al., 2011). Undoubtedly,
the unique physiography and complex earth history of lower
Central America will continue to provide a fascinating
backdrop for addressing integrative questions relevant
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to Neotropical biogeography and diversification, through
phylogeography. However, the above steps may help us
not only understand, but also conserve, the patterns and
processes of diversification in this unique Neotropical
region.

X. CONCLUSIONS

(1) Despite covering only ~0.09% of earth’s land area,
lower Central America is among the most physically
and biologically complex areas worldwide. LCA boasts
distinct landform (Fig. 2A) and biotic assemblages (Fig. 3),
cach reflecting unique histories of landscape versus organic
evolution. Indeed, levels of physiographic variation in
LCA are usually only attained at whole-continental scales
(Marshall ez al., 2003; Marshall, 2007).

(2) Throughout the past 100 Myr, LCA has experi-
enced diverse geographical changes (particularly since
the Miocene) that altered probabilities of biogeograph-
ical processes (e.g. dispersal) and earth surface pro-
cesses (orogeny and sea-level and climatic fluctuations,
plus major earth history events e.g. formation of the
Isthmus of Panama). These undoubtedly figured promi-
nently in structuring modern Neotropical biogeogra-
phy patterns. Combined with the observation that
LCA landscapes are mostly geologically young (many
major physiographic features formed Neogene-recent),
which should limit the complexity of biogeographi-
cal patterns, this makes LCA particularly attractive for
phylogeography.

(3) Whereas the extent of Plio-Pleistocene sea-level rise
and fall remains debated, elevation data and consensus
from sea-level curves suggest that sea-level change
may have significantly impacted LCA biodiversity over
Neogene —recent. However, phylogeographical data have
rarely been used explicitly to address sea-level events as
drivers of LCA diversification (but see Jones & Johnson,
2009). Whether and to what extent marine incursions
have influenced broad-to-fine-scale diversification of
LCA biota should be tested further, and geologically
correlated.

(4) As part of the Mesoamerica biodiversity hotspot,
LCA is of great conservation significance; however,
despite landmark-scale conservation efforts, its biodiversity
remains highly threatened by anthropogenic factors. More
conservation efforts are essential to ensure the persistence of
LCA biota; certain habitats including fresh waters warrant
more recognition and conservation resources.

(5) LCA presents a rare intercontinental and intero-
ceanic land bridge that facilitated massive interamerican
exchanges of species since ~3 Ma, the ‘Great American
Biotic Interchange’ (Stehli & Webb, 1985). GABI histories
of taxa have been a primary focus of historical biogeo-
graphical research in LCA; however, these and other
key biogeographical hypotheses (scenarios) proposed for
Central America, e.g. Savage’s (2002) Pleistocene model,
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warrant more testing. Overemphasising species GABI his-
tories has left finer-scale patterns of colonisation and
post-colonisation diversification lesser known, and more
phylogeographical inquiry is essential to overcome this
knowledge gap.

(6) Most LCA taxa show phylogeographical breaks
indicating that LCA environments apparently have
contributed to within-LLCA diversification. Therefore, LCA
is more than a mere biogeographic crossroads between
continents, but harbours unique genetic endemism.

(7) LCA provides a classic showcase of phylogeography’s
ability to make otherwise unnoticed discoveries, especially
cryptic lineage divergences. Amphibians and freshwater
fishes harbour particularly exceptional cryptic diversity
and appear informative for testing geological hypotheses.
Given the prevalence of cryptic divergences, LCA would
be ideal for studying population divergence/speciation
by comparing multiple diverged lineage pairs; this could
provide robust tests for ‘suture zones’ (Remington, 1968),
which have not been rigorously evaluated.

(8) Comparative phylogeographical patterns reveal at
least 17 multi-taxon phylogeographical breaks in LCA,
highlighting the importance of regional processes in
shaping genetic diversity and composition of LCA
biotic communities. Yet more work is needed (1) to
test the evolutionary generality of these breaks across
biodiversity (e.g. through comparisons with new datasets
from other species), and (7) to evaluate temporal congruence
(e.g. simultancous divergence) versus other patterns, c.g.
pseudocongruence (identical area relationships caused by
different underlying events; Cunningham & Collins, 1994),
and to test more rigorously for underlying causal factors.

(9) A surprisingly large proportion of LCA taxa exhibit
little or no phylogeographical structuring, particularly
plants. Although such patterns could reflect a diversity
of alternative mechanisms, they indicate a role for chance,
ecological differences (e.g. dispersal potential) and local
processes (e.g. ecological interactions) in shaping regional
patterns of biotic assembly and diversification. However,
using more rapidly evolving genetic markers will likely
recover greater levels of genetic structure in LCA plant
species.

(10) Phylogeographic data agree with the long-held view
that LCA, and arcas of the subcontinent (c.g. coastal
headlands, Bocas del Toro), presents biological filter
barriers (e.g. Simpson, 1950; Savage, 1966; Crawford
etal., 2007). More study will be instructive, however, in
determining (¢) which filter barriers have figured most
prominently in shaping LCA biogeographical patterns; (iz)
why LCA environments filter dispersal/gene flow in some
taxa, but not close relatives; and (zz) whether filter barriers
are also areas of secondary contact (creating suture zones,
as per above).

(11) A new metamorphosis of theory is brewing in
the field of island biogeography, resulting in the setting
aside of classic theories (ETIB, vicariance biogeography)
in explaining patterns of island life (e.g. Heaney, 2007;

Biological Reviews 89 (2014) 767790 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society

38



Lower Central American phylogeography

Lomolino et al., 2010). LCA contains land-bridge islands,
and inland habitat ‘islands’ (e.g. Talamancan sky-islands),
that can be used to test island biogeography predictions.
Phylogeographical data from LCA taxa support some
predictions of the traditional models, but suggest that inter-
and intra-island patterns of dispersal, diversification (e.g.
radiation), and persistence deserve more attention (e.g.
Wang & Shaffer, 2008).

(12) Phylogeographical studies recover historical patterns
of dispersal and population divergence coincident with
formation of LCA’s Isthmus and other major physiographic
features, especially since the Pliocene. Quantitatively
summarising the timeline of diversification inferred from
studies to date suggests that both Neogene and Quaternary
events have driven LCA diversification, with an exponential
Pliocene —recent increase in rates of diversification.

(13) Although LCA phylogeography studies are uncover-
ing many novel insights into the assembly and diversification
of this recent Neotropical biota, more phylogeography
studies using (z) better data, including larger numbers of
unlinked molecular markers; (iz) geographically and taxo-
nomically expanded, comparative sampling strategies; (i)
more hypothesis-driven approaches; and (i) the latest statis-
tical phylogeographical methods accounting for coalescent
stochasticity and other potentially confounding processes,
are needed. Adopting these approaches should greatly
improve biogeographical inferences in the region; however,
given the long-recognised state of fragmentation in his-
torical biogeography, future work should also () integrate
phylogeographical inferences with data and methods from
disjunct fields of biogeography (e.g. ecological biogeog-
raphy) and other disciplines, e.g. ecology and geospatial
modelling.

(14) Phylogeography is poised to make critical contribu-
tions to conservation biology in LCA, including the way
we view and prioritize areas and species for conserva-
tion resources. We encourage phylogeographers to apply
their work to conservation; here, inferences into cryptic
intraspecific diversification, genetic endemism, and pre-
dicting past-to-future species persistence and environmental
stability across multiple taxa and arcas scem particularly
promising.
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Table S1. Summary of patterns emerging from lower Central American (LCA) phylogeography studies (N = 58), including phylogeographical breaks shown

in Fig. 6B—F of the main text. In parentheses next to taxon names, the number of nominal LCA taxonomic lineages sampled phylogeographically (left of

slash) is contrasted against the approximate number of genetically distinct evolutionary lineages recovered within LCA (right side of slash). Abbreviations:

Allo., allozymes; BDT, Bocas del Toro; Cp, chloroplast; cpDNA chloroplast DNA sequences; IBD, isolation by distance; microsat., microsatellite DNA; Mt,

mtDNA sequences; N, nDNA sequences; NCA, Nuclear Central America (Guatemala to Honduras); RFLP, mtDNA (animals) or cpDNA (plants) restriction
fragment data; SA, South America. §Studies without explicitly stated a priori geographical or ecological hypotheses.

No. Reference

Demastes et al. (1996) Orthogeomys
mammals (2/5)

Molecular

markers

Mt, RFLP

Patterns

Within Orthogeomys cherriei, two clades exhibit E-W Central Cordillera
split (CC break), no IBD; in O. underwoodi, linear/pectinate
phylogeographic structure and IBD, support for Atlantic-coast Costa Rica
breaks at Rio Savegre (SAV) and Fila Costeiia (FILA).

Zamudio & Greene Lachesis snakes (1/2)
(1997)§

Mt

Sampling Lachesis phylogeographically yielded an E-W Talamanca
Cordillera split (CVF break), with one Lachesis lineage isolated on either
side of Chorotega volcanic front (L. melanocephala—L. stenophrys; but
disjunct distribution).

Bermingham & Roeboides,

Martin (1998) Brachyhypopomus,
Pimelodella fishes
(4/~12-22)

Mt, RFLP

Multiple (~6-9+) clades per genus connected by short internodes; drainage
basin isolation; El Valle volcano break (VALLE break) supported within
Roeboides guatemalensis; western Panama isthmus (WPI) break supported
within R. guatemalensis—R. occidentalis, Brachyhypopomus occidentalis,
and Pimelodella chagresi; LCA-northern SA split (EPI break) supported
within three lineages—Roeboides, B. occidentalis, and P. chagresi; and
Panama—northern SA continental divide break (PNSA) supported in
Roeboides and P. chagresi. Rapid dispersals from SA? Overall, four nominal
taxa contained ~12-22 distinct genetic lineages.

Slade & Moritz Bufo marinus toads
(1998) an

Mt

No LCA structure, although LCA samples fell into same trans-Andes
subclade (along with northwestern Venezuela; but inadequate sampling);
cis—trans Andes divergence. Pre-isthmus LCA dispersal(s)?

Garcia-Paris et al. Bolitoglossa pesrubra
(2000)§ salamanders (2/4)

Mt, Allo.

Significant structure across LCA mountain tops within Talamanca
Cordillera, Costa Rica, resulting in three unique B. pesrubra lineages;
“Salsipuedes” clade versus “Villa Mills” clade split supported the Talamanca
Cordillera break 1 (TCMF1). Overall, four parapatric Talamanca Cordillera
lineages were recovered within two nominal taxa (B. pesrubra, B. sp. B).

46



Martin &
Bermingham (2000)

Pimelodella chagresi
fish (2/~6-9)

Mt, RFLP

Two main mtDNA lineages—first one larger, sister to Magdalena basin,
second smaller and sister to Atrato basin; mtDNA clades with distinct
endonuclease haplogroups (e.g. “AAA” unique to larger lineage; only second
smaller clade had “ECC” and “GDD”), plus additional samples; split
between Osa and Burica peninsulas at Piedras Blancas (PB break); WPI,
Panama—northern SA continental divide (PNSA), CPI, CHIC, and EPI breaks
also supported; drainage basin isolation, interdrainage gene flow. LCA
colonisation from SA by two different lineages at two different times?
Overall, two nominal Pimelodella species sampled phylogeographically
contained about 6-9 genetic lineages (clades/subclades).

Eizirik et al. (2001)

Panthera onca
jaguars (1/1)

Mt,
Microsat.

Mixed result: no LCA structure, mtDNA genome (no well-supported, distinct
sister clades in phylogeny; P. onca control region sequences fell into one
minimum-spanning network); however, Nicaraguan depression split (ND
break) supported by phylogeny of 29 microsatellites (but inadequate
sampling, no internal phylogenetic support values); some geographical
differentiation suggested reduced gene flow across Amazon river and eastern
Panama isthmus (Darién), but, overall, evidence for high historical gene flow
levels.

Marks et al. (2002)

Glyphorynchus
spirurus birds (1/2)

Mt

Panama—northern SA continental divide break supported (PNSA; although
inadequate sampling) by split between clade containing Atlantic LCA plus
Imeri (SA, east of Andes) versus western Panama + Choco (SA).
Colonization from SA following isthmus closure? Overall, G. spirurus
contained about eight unique genetic lineages.

Perdices et al.
(2002)§

Rhamdia catfishes
(3/~4-10)

Mt

Approximately four distinct major LCA (trans-) clades (1-2/lineage; two
substructured); drainage basin isolation within Rio Bebedero (BEB break);
and cis—trans Andes structure; surprisingly, no EPI break strongly supported.
Rapid migration into/through LCA from SA? Overall, three nominal
Rhamdia spp. contained up to ~4—10 unique genetic lineages (up to 23,
including clades plus subclades).

Cavers et al. (2003)§

Cedrela odorata
plants (1/1)

Cp

No LCA structure; limited genetic diversity recovered in three cpDNA
network haplogroups (separated by only <6 mutations), but all recovered in
one minimum spanning network; wet- versus dry-adapted “types”. Pre-
isthmus dispersal of a northern haplotype from NCA, and two post-isthmus
dispersals from SA: one after isthmus formation, the other very recent (post-
Pleistocene, ~13 ka)?

Crawford (2003)

Eleutherodactylus
frogs (3/5)

Mt, N

Three nominal taxa sampled in LCA phylogeographically contained ~5
major lineages. Within E. stejnegerianus, three clades fell into a basal
polytomy; but the split between E. stejnegerianus and E. persimilis
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supported the CVF break; also the interspecific E. bransfordii—E.
polyptychus split supported the L1 break. In addition, a clade of three
populations from Atlantic lowlands/island (La Selva + Fila Carbon + Isla
Colon) were sister to a clade containing the Atlantic montane area plus
Pacific versant (E. persimilis + E. stejnegerianus). However, no LCA
structure within E. polyptychus. Overall, five taxa sampled contained seven
unique genetic lineages.

Dick et al. (2003) Symphonia N No LCA structure; genetic differentiation within (1-9 mutational differences
globulifera plants between haplotypes); cis—trans Andes structure. Pre-isthmus LCA dispersal?
(1/1)

Gonzalez et al. (2003) Thryothorus Mt Two main LCA clades with E-W Panama isthmus structure (BT break);
nigricapillus birds island—mainland substructure at Bocas del Toro; LCA—SA break between
(1/3) eastern Darién (Panama) and Ecuador within “nigricapillus group”. LCA

dispersal around isthmus closure? Overall, three unique genetic lineages
were supported within 7. nigricapillus.

Hoffman & Baker Carollia bats (2/4) Mt Within C. sowelli, a split between one LCA clade with some substructure

(2003)§ sister to a NCA clade from Honduras supported the ND break (although

sampling was inadequate or disjunct); a cis—trans Andes split plus two
separate LCA clades strongly supported the AZUE break at the west-central
Azuero peninsula, Panama within C. castanea; the EPI split is also supported
within C. castanea. Post-isthmus LCA dispersal(s)? Overall, two LCA
Carollia species sampled phylogeographically contained four unique genetic
lineages.

Hoffman et al. (2003) Uroderma bilobatum Mt No LCA structure (probably unrelated to inadequate spatial sampling
bats (1/1) employed), but found evidence for three “chromosomal races”. Post-isthmus

dispersal and diversification?

Novick et al. (2003) Swietenia Microsat. Guanacaste Cordillera differentiation but no phylogeographic breaks, no
macrophylla plants LCA structure (otherwise inadequate sampling); structure within putative
(1/1) Pleistocene refuge; IBD supported. Pre-isthmus LCA dispersal?

Zeh et al. (2003a)§ Acrocinus Mt No LCA structure (most variation within populations); among two Panama
longimanus beetles clades, only one was strongly supported, and internal branching relationships
11 likewise were not strongly supported.

Zeh et al. (20035)§ Cordylochernes Mt Two to three distinct but geographically overlapping clades recovered in
scorpioides LCA, and no clear spatial breaks. Two LCA dispersals from SA?
pseudoscorpions Bermingham/Martin model (Bermingham & Martin, 1998) supported?
(1/~2-3) Overall, about three to four unique Cordylochernes lineages recovered in the

Neotropics.
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Dick et al. (2004)§ Euglossine bees Mt No LCA structure; long-range dispersal (cross-Andes), gene flow, rapid
(12/~13) expansion. Overall, 12 nominal euglossine species sampled within LCA

contained approximately 13 unique genetic lineages.

Cheviron et al. (2005) Lepidothrix coronata Mt No LCA structure; stable demography; cis—trans Andes split. Riverine
birds (1/1) barriers? Overall, despite containing only a single LCA lineage, L. coronata

contained about 4—6 unique genetic lineages throughout the Neotropics.

Hasbun et al. (2005)  Ctenosaura Mt No LCA structure, but LCA-NCA split (Nicaragua + Costa Rica clade was
quinquecarinata sister to Mexico clade). Overall, despite containing only a single LCA
lizards (1/1) lineage, C. quinquecarinata contained three unique genetic lineages

throughout the study area.

Morse & Farrell Stator limbatus Mt North versus South American clades split in LCA, but inadequate sampling;

(2005)§ beetles (1/2) no LCA structure defined because geographical position of split

indeterminate (phylogeographical break occurs somewhere between
Guanacaste in southwest Costa Rica and Azuero peninsula, Panama).
Northward dispersal from SA? Overall, despite containing only two LCA
lineages, S. limbatus contained 3—4 unique genetic lineages throughout
southern North America, the Caribbean and the Neotropics.

Perdices ef al. (2005)  Synbranchus Mt, N This one species sampled phylogeographically throughout LCA yielded three
marmoratus swamp unique genetic lineages based on several complex patterns (e.g. spatially
eels (fish) (1/3) multi-dimensional phylogeographical breaks) that we do not lump but

consider to provide support for individual CVF and WPI breaks (split
between “SyMCA” versus “SyLCA” clades), as well as CPI and BT breaks
(“SyLCA Bayano” clade versus other mtDNA Synbranchus). Pre-isthmus
LCA dispersal(s)? Overall, whereas one species sampled in LCA (S.
marmoratus) contained three genetic lineages, two nominal eel taxa (S.
marmoratus and Ophisternon aenigmaticum eels) sampled contained ~12
unique genetic lineages throughout Central America and the Caribbean.

Weigt et al. (2005) Engystomops Mt, Allo. Four clades were recovered in LCA and data strongly supported the western
pustulosus frogs (1/4) Panama isthmus (WPI), Azuero peninsula (AZUE), and Las Perlas (PERL)

breaks (but inadequate sampling). One split between Costa Rica and Panama
(northern versus southern clades) could not be geographically determined but
corresponded to the basal split within the species. Pre-isthmus dispersal(s)?
Overall, E. pustulosus contained six unique genetic lineages throughout the
Neotropics.

Reeves & Brycon, Mt, RFLP  Multiple clades (approximately six per “major lineage”) within 17 nominal

Bermingham (2006)§ Bryconamericus, taxa sampled phylogeographically in LCA (but minimum evolution trees
Cyphocharax, and presented with no phylogenetic support indices limit confidence in
Eretmobrycon relationships); some drainage basin isolation; SIXA break supported within
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characid fishes
(17/29-31)

“Bryconamericus scleroparius species group”; CPI break supported within
western Brycon major lineage; eastern Bryconamericus—the “emperador
species group”—supported the CPI and Bayano—Tuira (BT) breaks; and the
eastern Brycon major-lineage supported the El Valle (VALLE) and Playon
Chico (CHIC) breaks. Temporally staggered, post-isthmus LCA dispersals?
As noted by McCafferty et al. (2012), this study supports cross-cordillera
exchange/gene flow in the Cocle del Sur/Norte and Chagres/Tuira drainage
pairs, in two lineages—eastern Bryconamericus and Brycon argenteus. No
phylogeographic structuring was observed within Cyphocharax magdalenae
or Eretmobrycon bayano, except for differentiation between the Sixaola and
Changuinola rivers in the latter species. Overall, the authors sampled four
genera and ~17-20 species, and discovered 29-31 unique lineages.

Chacon et al. (2007)§  Phaseolus vulgaris Cp, RFLP  No LCA structure despite three closely related one-step cpDNA clades (but
plants (1/1) inadequate sampling). Post-isthmus divergence?
Crawford et al. Craugastor frogs Mt Three main focal LCA Craugastor species contained ~9—13 unique genetic
(2007) (three spp., main lineages (with 9 being a more conservative estimate); WPI break supported
focus of study) (3/~9) within C. crassidigitus; C. talamancae “Caribbean” clade structure supported
POPA break; Sapo range split (SAPO break), supported within C.
raniformis; E-W Atlantic coast break (either L1 or BDT1) inferred between
Limon headland and BDT in C. fitzingeri (“western PA”—“CR” + “HN”, all
within “Caribbean” clade) but geographical position of split indeterminate
(inadequate sampling). Pre-isthmus dispersal?
Hagemann & Prohl  Oophaga pumilio Mt Three main mtDNA clades recovered in LCA; within one clade, O. pumilio
(2007)§ frogs (1/3) sister to Oophaga arboreus supported the CVF break; the POPA, L1, BDTI,
BDT2, and ESCU breaks were all supported, mostly within O. pumilio;
overlapping sister clades recovered along the Tortuguero lowlands in Costa
Rica, including one clade from Cafio Negro to Pueblo Nuevo lying atop a
second clade from Upala to Tortuguero; in situ LCA diversification? Two
colonisation events?
Nyari (2007)§ Schiffornis turdina Mt Two non-sister LCA clades were recovered within this species. One break
birds (1/2) between clades “1” versus “3” occurred similar to but did not coincide with

the PNSA break—this break corresponds roughly to the eastern Panama
isthmus (EPI) break (despite inadequate sampling), and possibly reflects
replacement or competitive exclusion of lineage “1” by lineage “2” in eastern
Panama. Overall, seven unique genetic lineages from throughout the
Neotropics were recovered within S. turdina.
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Bonaccorso et al. Chlorospingus Mt Among two subspecies taxa sampled in LCA, results supported the
(2008) ophthalmicus birds Nicaraguan depression break (ND break) and a shallow mid-southern
(2/2-3) Talamanca Cordillera split (TCMF2 break). LCA dispersal around or
following isthmus closure? Insufficient phylogenetic signal? While 2-3
major lineages were recovered within the two LCA subspecies of C.
ophthalmicus, ~10 subspecies of C. ophthalmicus were sampled overall and
contained around one unique genetic lineage each.
Dick & Heuertz Symphonia Cp, N, No LCA structure; cis—trans Andes structure; long-distance gene flow.
(2008) globulifera plants microsat. Overall, S. globulifera contained approximately three unique genetic lineages
(1/1) throughout the Neotropics, but only a single LCA clade.
Miller et al. (2008) Mionectes oleagineus Mt, N Cis—trans Andes structure, plus four trans-Andes clades, but no clear
birds (1/4) phylogeographical sister clade relationships, no clear phylogeographic
structure fully within LCA; however, the PNSA break is supported, when
samples from western Ecuador are also taken into account, by the northern
LCA-western Ecuador split (despite a large disjunction). Post-isthmus, three
cross-Andes dispersals from SA? Overall, M. oleagineus contained six
unique genetic lineages distributed throughout the Neotropics, but only four
LCA clades.
Navarro-Sigiienza et  Buarremon Mt No LCA structure, but widely disjunct El Salvador—SA break recovered;
al. (2008)§ brunneinucha birds population expansion inferred. Post-isthmus dispersal(s) into LCA and SA?
/1) Overall, despite containing only a single LCA lineage, B. brunneinucha
contained eight unique genetic lineages throughout the Neotropics.
Ornelas-Garcia ef al.  Astyanax fishes (4/8, Mt N ND break weakly supported, due to sharing of haplotypes across ND clades;
(2008)§ over all LCA taxa) multiple areas of drainage basin isolation. Pre-isthmus LCA dispersal
through Central America? B/M model support? Four nominal species
sampled phylogeographically in LCA contained eight lineages. Overall, five
nominal LCA taxa sampled in LCA—A. aeneus, A. fasciatus, A. nasutus, A.
nicaraguensis, and A. orthodus—contained around nine distinct lineages (~1
clade/lineage; but inadequate sampling in some lineages).
Solomon et al. (2008) Atta ants (1/1) Mt A. cephalotes: no LCA structure; Pleistocene LCA population

diversification; population expansion and riverine model rejected (Amazon
only). Insufficient data? Pleistocene refugia (Amazon only)? Post-isthmus
LCA dispersal from SA? Overall, A. cephalotes, A. sexdens, and A. laevigata
contained eight distinct genetic lineages.
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Venegas-Anaya et al.
(2008)§

Caiman crocidilus
crocodiles (1/2)

Mt

Two main LCA clades, with Talamanca Cordillera (CVF break) and MOSQ
breaks supported by a complex phylogeographical pattern; beyond LCA, cis—
trans Andes split also supported by basal divergence of NCA + LCA lineage
versus east-of-Andes SA lineage. Post-isthmus LCA dispersal? Overall, the
three Caiman subspecies contained five distinct genetic lineages throughout
the Neotropics.

Wang et al. (2008)

Pristimantis ridens
frogs (1/3)

Mt

Three main lineages recovered in LCA within this species; MOSQ break
supported along western Pacific, Panama isthmus supported; CPI break also
supported; Costa Rican haplotypes had Golfo Dulce origin; Tilaran subclade,
population expansion. Pre-isthmus LCA dispersal?

Wang & Shaffer
(2008)

Oophaga pumilio
frogs (1/~7-19)

Mt, N

Four divergent colour morph clades were recovered within LCA, and these
corresponded to phylogeographic breaks within and around Bocas del Toro
supported, including POPA, BDT1, and BDT3 breaks, as well as the ESCU
break supported by island—mainland divergence between Escudo de
Veraguas Island and mainland populations. Overall, at least seven unique
genetic lineages supported in LCA within one nominal taxon.

Weir et al. (2008)

Chlorospingus
ophthalmicus birds
2/3)

Mt

The phylogenetic split between regionalis and punctulatus subspecies along
mid-southern Talamanca Cordillera supported the TCMF2 break; ND break
supported by N-S split within C. o. regionalis; phylogeographic structure
unexpectedly strongest in Central America, not the Andes. Overall, 11 C.
ophthalmicus subspecies sampled contained 12 lineages (~1.1 distinct
genetic lineages per subspecies).

Castoe et al. (2009)

Middle American
pitvipers (LCA
Atropoides and
Cerrophidion: 3/6)

Mt

Three species sampled phylogeographically in LCA (Atropoides picadoi, A.
mexicanus, Cerrophidion godmani) contained six lineages (three lineages
endemic to LCA); ND break supported within C. godmani (although disjunct
distribution/sampling); 4. picadoi and A. mexicanus, no significant
phylogeographic structure in either species. Pre-isthmus LCA dispersal
southward from NCA? One or multiple dispersal-vicariance events? Overall,
across three main genera examined, 17 nominal taxa contained 22 distinct
genetic lineages, and the six species sampled phylogeographically
throughout Central America yielded 12 distinct genetic lineages.

Daza et al. (2009)

Leptodeira

septentrionalis snakes

(1/2)

Mt, N

Primarily sampled L. s. ornata phylogeographically in LCA; recovered two
major L. s. ornata LCA clades supporting CVF break due to Atlantic—Pacific
coast split between Limon (Costa Rica) + BDT (Panama) versus Puntarenas
(Costa Rica) clades; cis—trans Andes LCA—SA break supported. Northward
and southward dispersals into/through LCA, SA? Overall, the 12 main
Leptodeira species/subspecies sampled contained ~15 unique genetic
lineages.
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Hynkova et al.
(2009)§

Boa constrictor
snakes (1/2)

Mt

Two main clades supported—one per subspecies (B. c. constrictor, B. c.
imperator; plus around two differentiated subclades per subspecies)—with
mostly CA—SA basal divergence, but only weak support for CA—SA split due
to shared haplotypes between areas (e.g. Nicaragua sample “NIC2”) and
uncertainty about the geographical origin of samples; EPI break well-
supported by split within imperator clade “3”. LCA dispersal from South
America approximately at time of isthmus formation?

Jones & Johnson
(2009)

Xenophallus
umbratilis fish (1/4)

Mt

Two major lineages within Costa Rica, whose divergence supported SJ2
break; overall, four unique clade/subclade lineages from the San Juan
superbasin, correlated with historical eustatic sea levels. Historical
vicariance/habitat fragmentation due to marine incursion(s)?

Lee & Johnson
(2009)

Poecilia gillii fish
1

Mt, N

The nine shallow subclades within Costa Rica are here considered part of
one major genetic lineage—thus no significant LCA phylogeographic
structure exists; some significant population genetic partitioning across
biogeographic province boundaries; but gene flow across biogeographic
province boundaries also supported, including movements across the
Herradura headland region (e.g. Rio Grande de Tarcoles); evidence for
historical population stasis preceding recent population declines within
provinces.

Martins et al. (2009)

Desmodus rotundus
bats (1/1)

Mt, N

No LCA structure (but inadequate sampling); cis—trans Andes split supported
between LCA (“CA”) and Pantanal (“PAN") clades diverged in the
Pleistocene. Overall, however, D. rotundus contained five unique genetic
lineages.

Robertson et al.
(2009)

Agalychnis callidryas
and Dendropsophus
ebraccatus frogs (2/9)

Mt,

microsat.

Four versus five major lineages recovered within Dendropsophus and
Agalychnis, respectively; both species, phylogeographic breaks supported
across the Fila Costefia (FILA) and western Panama isthmus (WPI), though
FILA only weakly supported in 4. callidryas; CVF break supported within A.
callidryas; Limoén headland (L1) break strongly supported in D. ebraccatus;
IBD supported in both species.

Robertson &
Zamudio (2009)

Agalychnis callidryas
frogs (1/5)

Mt

Five clades, with phylogeographical patterns identical to Robertson et al.
(2009) and CVF, FILA and WPI breaks supported.

Streicher et al.
(2009)§

Craugastor
podiciferus frogs (2/7)

Mt, N

Six clades recovered and CC and TCMF1 breaks supported within C.
podiciferus. Within C. sp. A (clade “G”), the BARU break was supported.
Overall, between two taxa recognised a priori as species-level that were
sampled phylogeographically, seven unique LCA genetic lineages were
recovered.

Vazquez-Miranda et
al. (2009)§

Campylorhynchus
rufinucha birds (1/1)

Mt

LCA phylogeographic breaks could not be rigorously defined for this
species, but evidence for multiple distinct clades and IBD was recovered, and
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they inferred NCA population expansions not shared in LCA. Although the
authors recommended that three species be recognised, C. rufinucha
appeared to contain two, not three, major lineages (one of which occurs in
LCA) that are well supported by multiple phylogenetic analyses, and around
three to five genetically differentiated groups (e.g. including major
subclades).

Arbelaez-Cortés et al.
(2010)

Lepidocolaptes affinis
birds (1/2)

Mt

Allopatric split supported across ND break (but disjunct distribution; sparse
sampling in LCA); significant IBD supported; surprisingly no
phylogeographic structure across Isthmus of Tehuantepec. Long-distance
dispersal? Overall, while eight “haplotype groups” were recovered, L. affinis
contained three well-supported major phylogeographic lineages (two of
which occur in LCA).

Brown et al. (2010)

Oophaga pumilio
frogs (1/1)

Mt

No LCA structure; mtDNA D-loop tree characterised by a widespread lack
of support for inferred relationships; apparently inadequate phylogenetic
signal; used coalescent simulations to test for a significant role of natural
selection over drift in shaping phenotypic divergence; found significant
lineage sorting in colour not attributable to drift; significant incomplete
lineage sorting. Hypothesised in situ Quaternary divergence consistent with

geology?

Daza et al. (2010)§

Middle American
snakes (3/6)

Mt

CVF break supported across Talamanca Cordillera in Leptodeira
septentrionalis and Bothrops asper, with single, ~3.9 Ma diversification
event inferred from simulations; ND break supported by Cerrophidion
godmani (but inadequate sampling); inferred temporally staggered
diversification events across the ND in multiple lineages; LCA-NCA split
within L. nigrofasciata; cis—trans Andes split within Leptodeira; two pulses
of LCA-SA diversification independent of isthmus closure. Results favour
peninsula model? The three lineages sampled phylogeographically in LCA
(Lachesis, two sister species; L. septentrionalis; B. asper) contained six
unique genetic lineages. Overall, six of the sampled lineages yielded relevant
breaks in and around LCA (C. godmani, L. septentrionalis + L. annulata, L.
nigrofasciata, B. asper, Bothriechis schlegelii, and Lachesis), and these
breaks corresponded to approximately 12 unique genetic lineages.

Loaiza et al. (2010a)

Anopheles albimanus
mosquitoes (1/1)

Mt

No significant LCA structure (all haplotypes fell into a single network),
although groups of populations were genetically differentiated east-to-west
within LCA; shallow divergence and population expansion (~22 ka) inferred
in late Pleistocene; no IBD. Post-isthmus dispersals and secondary contact?
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Loaiza et al. 2010b)  Anopheles albimanus Mt, N Weak support for EPI break due to LCA—SA split (this break was rather well
mosquitoes (1/2) supported by mtDNA but not supported by nDNA data); 3—4 presumably

differentiated populations (“haplogroups”), as well as evidence for
population expansions dated within the Pleistocene within each population;
IBD supported within each haplogroup by Mantel tests.

Serrano-Serrano et Phaseolus lunatus Cp, N No LCA structure (all LCA samples fell into a single widely distributed

al. (2010) plants (1/1) clade, “MII”) and no well-supported breaks in the Neotropics; demographic
population expansion within clade containing LCA samples supported by
multiple metrics. Post-isthmus dispersal or diversification? Overall, P.
lunatus contained ~3—5 unique “gene pools”.

Hauswaldt et al. Oophaga pumilio Mt, N, Two geographically overlapping mtDNA lineages, with no clear

(2011) frogs (1/2) microsat. geographical break; population expansions inferred. Coexistence of
divergent haplotype lineages within a single species, rather than
cryptic/incipient speciation?

McCafferty et al. Andinoacara Mt Recovered six major mtDNA lineages (focal taxon paraphyletic); WPI break

(2012) coeruleopunctatus supported; rapid colonisation and diversification of lineages in Panama;

fish (1/6) cross-cordillera exchange (sharing of mtDNA haplotypes) in Rio Cocle del

Sur—Rio Cocle del Norte and Rio Chagres—Rio Tuira drainage pairs.
Dispersal into LCA around time of LCA isthmus in the Pliocene (although
pre-Pliocene dispersal not ruled out)?

J.C. Bagley & J.B. Poeciliid fishes (three Mt Within Alfaro cultratus, three mtDNA lineages recovered, with SJ1 break

Johnson spp-; 3/6) strongly supported and SJ3 break weakly supported; ND break

(unpublished data) approximately supported between A. cultratus and sister lineage (4. huberi)

in Honduras (but inadequate sampling across this break). Within Poecilia
gillii, inferred southeastern (N—S) colonisation history despite incomplete
lineage sorting from coalescent simulations; essentially no LCA structure.
Xenophallus patterns essentially identical to Jones & Johnson (2009).
Patterns influenced by incomplete lineage sorting? Overall, similar timelines
of diversification but spatial incongruence (biogeographic incongruence)
supported potentially different histories within region, across species;
drainage basins not major barrier to gene flow across taxa (e.g. some
evidence for gene flow or stream capture in all three species); some evidence
for Quaternary population expansions.

10

55



Table S2. Summary of molecular dating methods and divergence dates for major lineages recovered in lower Central American phylogeography studies.
Lineage divergence dates correspond to Fig. 7. Reference order corresponds to Table S1. Under Methods, “strict” indicates that a DNA sequence-based rate
calibration was estimated or taken from a previous work, assumed to be a global rate, and used to convert genetic distances to absolute time; clock rates are
presented in parentheses as pairwise per cent per million years (Myr ') or substitutions per site per unit time (e.g. subs. s 'y '). By contrast, “relaxed”
indicates that clock methods were used that account for or incorporate among-lineage rate variation in DNA sequence evolution, or ‘rate heterogeneity’ (rate
het.). Columns F and P indicate that fossil data or palacogeographic data (e.g. geological events, formations), respectively, were used to calibrate molecular
clocks. N indicates that the calibrations were used to constrain one or more nodes of the tree during phylogeny estimation (allows rate calculation), whereas R
indicates that calibrations were used to derive rates of evolution taken as global rates. In the two right-hand columns, asterisks (*) indicate crude divergence
time estimates that we calculated based on pairwise mtDNA sequence divergence (seq div) conversions using the conventional 2% Myr ' vertebrate rate,
unless stated otherwise; corresponding values of approximate sequence divergences are given as percentages in parentheses. Other abbreviations are as in
Table S1, except the following: BEAST, BEAST software program; HKY, Hasegawa-Kishino-Yano model of DNA sequence evolution (Hasegawa, Kishino
& Yano, 1985); IM, isolation with migration software program; K2P, Kimura 2-parameter distance (Kimura, 1980); K, the number of synonymous
substitutions; MDIV, MDIV software program; MRCA, most recent common ancestor; msBayes, the msBayes software pipeline (Hickerson et al., 2007);

MULTI, MULTIDIVTIME software program; NPRS, non-parametric rate smoothing; PL, penalized likelihood; Q, Quaternary period (2.58 Ma to present);

RAGTI, nuclear recombination activating gene 1; T, Tertiary period (2.58—65.5 Ma). See Fig. 6 for definitions of breaks.

Reference Methods F P VWithin-LCA divergence dates LCA-SA (and other) divergence dates
(rates)
Demastes et al. (1996) Orthogeomys Strict 2% — — T—Q: 0.5 Ma basal O. cherriei —
mammals Myr ') divergence (CC break) and 3.6 Ma

interspecific stem.

*We calculated divergence dates at
1.73 Ma for the O. underwoodi FILA
split, 580 ka for the O. underwoodi
SAV split, and 750 ka for basal
divergence within O. cherriei (CC
break) based on seq div; we used these
values in Fig. 7.

Zamudio & Greene Lachesis snakes Strict R R T:4-11 Ma crown (CVF break) T: 6.4-17.9 Ma stem divergence
1997) (0.47-

1.32%

Myr ")
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Slade & Moritz (1998)  Bufo marinus toads Strict (2% — — *Q: we calculated a 235 ka crown for ~ T: 2.7 Ma stem (LCA + SA-SA, cis—

Myr ") the clade containing LCA samples trans Andes)
(0.47% max. within-Costa Rica seq *LCA-NCA (Q): 740 ka (1.48% CR—
div, LCA MRCA) southeastern Mexico seq div, LCA clade

stem)

Martin & Bermingham  Pimelodella fishes Strict — R (T-Q): 1.5 Ma (~2%, PB break), 2.8  (T-Q): 77.2 Ma (9.3%, EPI break,
(2000) (1.3% Ma (~3.6%, WPI break), 1.7 Ma and LCA—Magdalena) and 2.1 Ma (2.7%,
Myr_l) 3.1 Ma (~2.3% and 4%, PNSA breaks), EPI break, LCA—Rio Atrato)

1923 ka (~1.2%, CPI break), and 1.0
Ma (~1.3%, CHIC break) divergences
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Marks et al. (2002) Glyphorynchus — — — *Q:1.0 Macrown (2% LCA-Imeri seq —
spirurus birds div) and 1.3 Ma stem (2.6% seq div,
PNSA break) divergences
Note: PNSA split overlapped LCA and
northern SA.

Cavers et al. (2003) Cedrela odorata — —_ — — —
plants

Dick et al. (2003) Symphonia Strict 7 x N R T-Q: 7.18 Ma trans-Andean crown T: 15 Ma stem (cis—trans Andes)
globulifera plants 10"%subs. R date, and approximately Quaternary
sy ) and within-LCA crown (their Fig. 2)
Relaxed
(NPRS,
PL)

w
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Hoffman & Baker Carollia bats Strict (2.3— *Q: 1.2-2.61 Ma (~6% seq div) C. *T-Q: 1.7-3.6 Ma C. castanea crown
(2003) 5% Myr ') castanea AZUE break, 0.53-1.16 Ma divergence (max. 8.3% seq div within C.
EPI break (2.66% seq div, LCA—west castanea, cis—trans Andes). We
Ecuador split within C. castanea), 0.8— calculated these values using pairwise
1.8 Ma ND break (max. 4.1% seq div rates at left (discussed in Hoffman et al.,
within C. sowelli). We calculated these  2003).
values using the rates at left. Overall (T-Q): 1.04.5 Ma Carollia
crown
Hoffman et al. (2003) Uroderma Strict (2.3— *Q: 260565 ka stem (mean 1.3%, 1-  *Q: Despite no defined phylogeographic
bilobatum bats 5% Myrfl) 1.6% net seq div) and 160-348 ka break between sister lineages across
crown (mean 0.8%, 0.6—1% net seq these regions, we estimated a
div) divergences for the LCA hypothetical 696 ka divergence between
chromosomal race. We calculated these LCA versus SA “races”.
values using rates at left. Overall (Q): 0.2-0.9 Ma stems, across
“races”
Novick et al. (2003) Swietenia — — —
macrophylla plants
Zeh et al. (2003a) Acrocinus Strict Q: 540 ka crown divergence (mean Q: 707 ka divergence (mean 1.06%
longimanus beetles (1.5% 0.81% uncorrected seq div, Panama uncorrected seq div, Panama versus
Myr 1) clades “A” and “B”) Trinidad samples)
Zeh et al. (2003b) Cordylochernes Strict T-Q: 1.7-3.2 Ma crown divergence T: 5.5-6.3 Ma stem (11.7-15.4% K2P)
scorpioides (12.3% (6.2-7.8% K2P, Panama clades “A”
pseudoscorpions Myr ") versus “B”)
Dick et al. (2004) Euglossine bees Strict (1.2— (Q): 0.0-1.42 Ma crown divergences —
1.5% (mean 0—1.9% haplotype seq div)
Myr 1 across 11 bee species (E. cognata/mixta
omitted)
Cheviron et al. (2005) Lepidothrix Strict *Q: 1.19 Ma crown (0-1.91% mean T—Q: 1.3-3.3 Ma divergence (2.3 + 1.0
coronata birds (1.6% seq div, trans-Andean clade) Ma, mean 3.04-5.53% uncorrected cis—
Myr ! trans Andes seq div)
*Mean K2P seq div (3.61-7.32%) was
equivalent to 2.26—4.58 Ma cis—trans
Andes divergence
Hasbn et al. (2005) Ctenosaura Strict *Q: Using the 1.36% rate at left and LCA-NCA (Q): 1.47 Ma divergence
quinquecarinata (1.36— numbers of changes across the tree (mean 2% seq div)
lizards 1.44% (their Fig. 1), we estimated a ~1.17 Ma
Myr ") crown age for the LCA “Southern

lineage” (Nicaragua and Costa Rica

4
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Morse & Farrell (2005)  Stator limbatus
beetles

Strict
(12.3%

Myr )

*T: we calculated a 1.09 Ma crown for T—Q: 4.4 Ma divergence between North
LCA clade (“Mesoamerican American and South American lineages
phylogroup”) using corrected intra- (corrected pairwise seq div)

lineage seq div in their manuscript and

rate at left.

Weigt et al. (2005) Engystomops

pustulosus frogs

Strict
(0.86—
1.38%
Myr ) and
Relaxed
(MULTI)

T-Q: mean ~9 Ma and range 4.1-15.9  T: 98.0-15.8 Ma (E. pustulosus versus
Ma species crown (northern versus Amazonia species, thus cis—trans Andes)
southern clades)
Y[Other estimates: 2.1-9.5 Ma northern
lineage crown, 2.3—10.8 Ma southern
lineage crown, mean 4.4 and range 1.5—
8.8 Ma stem (WPI break), 0.3-5.8 Ma
“Western Panama” crown, mean 2.6
Ma and range 0.6-6.3 Ma “Central
Panama” crown (also basal divergence
for AZUE break), mean 1.1 and range
0.0-3.5 Ma (PERL break)
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Chacén et al. (2007)

Hagemann & Prohl

Phaseolus vulgaris
plants

Oophaga pumilio

Relaxed
(PL)

— — *§Q: 1.2-1.3 Ma (max. 2.4% seq div,

6

Overall (Q): mean 600 ka P. vulgaris
crown (range 300-900 ka), mean 1.3 Ma
stem (range 0.6—1.6 Ma, P. vulgaris—
sister Phaseolus lineage split; NCA +
LCA + Andes—Ecuador + Peru




CVF break), 50-56 ka (max. 0.1% seq
div, POPA break), 450-500 ka (max.
0.9% seq div, L1 break), 2.0-2.2 Ma
(max. 4% seq div, BDT1 break), 450—
500 ka (max. 0.9% seq div, BDT2
break), 1.5-1.7 Ma (max. 3% seq div,
ESCU break), 800-890 ka (max. 1.6%
seq div, “N” clade), 2.2-2.4 Ma (max.
4.4% seq div, “S” clade) crowns. He
also calculated an 800—-890 ka mean
(1.6% seq div) for the CVF break and a
2.25-2.5 Ma LCA stem for Oophaga
sampled in this study (4.5% seq div, O.
pumilio + O. arboreus + O. speciosus).
Estimates above were based on data
presented in the text or their Appendix.

*Q: we calculated a 400 ka stem (mean
0.8% uncorrected p-distance between
clades 1 versus 3; LCA—Chocé SA, EPI
break), and a 4.2 Ma LCA crown (8.4%
uncorrected p-distance between
phylogroups 1 versus 2, MRCA of all
LCA samples).

*T-Q: 2.6-2.7 Ma (5.1-5.4% eastern
Panama—Amazon [cis—trans Andes]
uncorrected p-distance between clades 2
versus 5 and 2 versus 6, respectively),
1.6 Ma (3.1-3.2% clades 1 versus 4 and
3 versus 4 [cis—trans Andes] uncorrected
p-distance)

*Qverall (T): 4.8 Ma species crown
(9.6% max. uncorrected p-distance), 7.5
Ma stem (15% S. turdina—S. major p-
distance)

(2007) frogs

Nyari (2007) Schiffornis turdina
birds

Bonaccorso ef al. (2008) Chlorospingus

ophthalmicus birds

*Q: we calculated a mean 2.55 Ma and
range 2.15-3.1 Ma divergence time for
the Nicaraguan depression break (mean
5.1%, range 4.3-6.2% seq div); and
850 ka or 500 ka (mean 1% or max.
1.7% within-LCA seq div) provide
maximum constraints for the TCMF2
break.

*T: we estimated a 3.0-3.75 Ma (6—
7.5% seq div) LCA—northern SA
divergence date.

Dick & Heuertz (2008)  Symphonia — — — See Dick et al. (2003). See Dick et al. (2003).
globulifera plants
Miller et al. (2008) Mionectes Strict(2% N N — Q: 1.6 Ma crown (PNSA break)
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oleagineus birds Myr Yand ? ? T—Q: 1.0 Ma and 200 ka cis—trans Andes
Relaxed divergences
(NPRS)
Navarro-Sigiienza et al. Buarremon — — — *Q:250-400 ka crown (0.5-0.8% max. *Q: 1.7 Ma (3.4% max. likelihood-
(2008) brunneinucha birds likelihood-corrected seq div) corrected seq div)
*NCA-SA (Q): 1.5 Ma (3% max.
likelihood-corrected seq div)
Ornelas-Garcia et al. Astyanax fishes Strict (0.8— N N  *Q: For 4. nicaraguensis, we T: 6.4-12.2 Ma (LCA + NCA-SA).
(2008) 1.1% R R calculated a 0.7 Ma crown (1.4% seq
Myr ') and div, ND break).
Relaxed
(NPRS,
PL)
Solomon etz al. (2008) Atta ants Strict(9.5 N N — T—Q: 1.42 Ma (95% Cls: 0.82—4.893
subs. s ! R R Note: shallow mtDNA gene tree Ma) basal divergence within 4.
Myr '; ? 7  structure suggested a most likely cephalotes (including populations from
coalescent, Quaternary MRCA for LCA samples Mexico, Belize, LCA, and SA)
M)
Venegas-Anaya et al. Caiman crocodilus  Strict R — T-Q: 1.6-1.8 Ma (this split supported  T:2.9-6.7 Ma
(2008) crocodiles (0.69-0.8% both CVF and MOSQ breaks, and it LCA-NCA (T-Q): 2.5-2.9 Ma
Myr ! also represents the basal divergence of  Overall (T): 5.7-6.7 Ma species crown
all LCA samples) (this node represents a cis—trans Andes
split between a clade including NCA +
LCA versus a clade of east-of-Andes SA
populations)
Wang et al. (2008) Pristimantis ridens  Strict — R T-Q: 10-22 Ma species crown —
frogs (1.91% (MRCA, NCA-LCA), 0.66-5.3 Ma
Myr ") and Costa Rica crown (all Costa Rica
Relaxed samples), 0.08-3.4 Ma Tilaran—
(NPRS) Tortuguero lowlands divergence

*Using the rate at left, we calculated
~2.77 Ma divergence across the MOSQ
break, and ~733 ka divergence across
the CPI break.

Wang & Shaffer (2008)

Oophaga pumilio
frogs

*§T—Q: ~100-111 ka (0.2%, POPA
break stem), 1.65—1.8 Ma (3.3%, Bocas
del Toro—Puerto Viejo divergence,
BDT]1 break stem), 250-278 ka (0.5%,
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BDT3 break stem), 4.94 Ma (8.9%,
ESCU break stem), and 4.95-5.5 Ma
(9.9%, species crown) (all based on
max. net corrected seq div)

Weir et al. (2008) Chlorospingus Strict 2%  — Q: mean ~0.9 Ma (~95% ClIs: 0.7-1.0  T-Q: mean 4.7 Ma (95% Cls: 4.2-5.3,
ophthalmicus birds Myr_l) Ma, TCMEF2 break) and ~500 ka (ND NCA + LCA versus SA) and 3.2 Ma (C.
break, their Fig. 4) divergences 0. honduratius—C. o. regionalis, NCA
versus LCA) divergences
Castoe et al. (2009) Middle American Relaxed N T: mean 4.39 Ma (95% Cls: 3.06-6.03) Overall (T-Q): mean 8.56 Ma (95%
pitvipers (two (MULTI, C. godmani split across the ND break Cls: 6.77-10.61) A. picadoi stem, mean
Atropoides species, PL) ~1.0 Ma (95% Cls: 0.5-1.5) 4.
and Cerrophidion mexicanus crown, mean 3.05 Ma (95%
godmani) CIs: 2.18-4.15, LCA-NCA divergence)
A. mexicanus stem (to MRCA with other
Mexican Atropoides), mean 5.73 Ma
(95% Cls: 4.31-7.37) C. godmani crown,
mean ~6.5 Ma (95% Cls: 5.1-8.1) C.
godmani stem
Daza et al. (2009) Leptodeira Relaxed N Q: mean 1.89 Ma (95% Cls: 1.05— T—Q: mean 3.26 Ma (95% Cls: 2.12—
septentrionalis (BEAST, 2.82) CVF break divergence (L. s. 4.6) L. s. ornata stem (L. s. ornata—L. a.
snakes MULTTI) ornata Atlantic versus Pacific Costa annulata divergence, cis—trans Andes)
Rica population divergence, LCA LCA-NCA (T): mean 6.37 Ma (95%
lineage crown) Cls: 3.86-9.22) L. nigrofasciata species
crown (Mexico versus Costa Rica
divergence)
Hynkova et al. (2009) Boa constrictor Strict 2% — — T—Q: ~0.95-3.05 Ma divergence within
snakes Myr ") imperator clade “3” consistent with EPI
break, 2.5-3.5 Ma basal divergence (5—
7% uncorrected seq div) major clades
mostly distributed in CA and SA
Jones & Johnson (2009) Xenophallus Strict (1- — T-Q: 4.4 Ma (95% Cls: 2.3-7.1 Ma) —
umbratilis fish 2% Myr '; crown, SJ2 break
coalescent,
BEAST)
Lee & Johnson (2009) Poecilia gillii fish — — *Q: ~2.4 Ma (4.8% max. uncorrected —

seq div)

Martins et al. (2009)

Desmodus rotundus
bats

Strict (2.6- R
5% Myrfl,

*Q: We calculated a ~337-648 ka
(1.68% seq div) divergence date for the

Q: 0.69-1.6 Ma stem (“CA”—PAN”
split, cis—trans Andes)

9
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Robertson et al. (2009)

Streicher et al. (2009)

Agalychnis
callidryas and
Dendropsophus
ebraccatus frogs

Craugastor
podiciferus frogs

Strict
(0.22—
0.75%
Myr !
coalescent,
BEAST)
and
Relaxed
BEAST

— —  *§T:~3.33-3.69 Ma (6.65%, A.
callidryas FILA break) and ~3.82—4.24
Ma (7.63%, D. ebraccatus WPI break)
crown divergences; ~245-272 ka
(0.49%, D. ebraccatus) and ~2.03-2.25
Ma (4.05%, A. callidryas)
“Northwestern CR”—“Northeastern
CR” divergences; ~1.73-1.92 Ma
(3.46%, D. ebraccatus FILA break)
and ~3.07-3.41 Ma (6.14%, 4.
callidryas CVF break) “Northwestern
CR”—“Southwestern CR” divergences;
~3.13-3.47 Ma (6.25%, A. callidryas
WPI break) clade divergences against
“Central Panama” samples; and ~1.11—
1.23 Ma (2.21%) D. ebraccatus L1
break divergence

N N T: overall ~14.4 Ma mean (range 4.70—
42.11) C. podiciferus crown and overall
~12 Ma mean (range 3.61-35.63)
crown for “Group I” clade west of Baru
volcano (west of BARU break); ~3.7
Ma (range 0.6-17.69) C. sp. A (clade
“G”) crown divergence; and ~19.7 Ma
mean (range 6.64—51.48) C.

odiciferus—C. sp. A divergence
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Myr_l)

and small or medium forms”)

Note: Given the lack of resolution of
the internal branching order of major
lineages in this study, this estimate also
applies as a maximum constraint on
LCA-NCA divergence.

Arbelaez-Cortés et al. Lepidocolaptes 2.1% — — *Q:~857 ka L. affinis crown (max. *Qverall (T): ~3.52 Ma Lepidocolaptes
(2010) affinis birds Myr ' rate 1.8% seq div from uncorrected p- crown (7.4% max. seq div)

cited but distances, ND break)

not applied

Brown et al. (2010) Oophaga pumilio — — = = —
frogs

Daza et al. (2010) Middle American Strict N N T-Q:mean~4.1 Ma (95% Cls: 2.4— T-Q: mean ~5.4 Ma (95% Cls: 3.4-7.9)
snakes (coalescent 5.9) C. godmani ND break, mean ~2.5  Lachesis crown (L. stenophrys—L.

, msBayes) Ma (95% ClIs: 1.4-3.6) L. melanocephala stem), mean ~4.0 Ma

and septentrionalis CVF break, mean ~2.8  (95% Cls: 2.4-5.3) L. s. ornata-L. a.

Relaxed Ma (95% Cls: 1.7-3.9) B. asper CVF annulata split (cis—trans Andes, this is

(BEAST) break, mean ~2.8 Ma (95% ClIs: 1.3— the stem of Costa Rican L.

3.2) Lachesis CVF break septentrionalis), overall 0.8-22.8 Ma

(LCA-SA, seven splits)
LCA-NCA (T): mean 6.8 Ma (max. 9.9
Ma) LCA-NCA split within L.
nigrofasciata
Other (T): max. 11.9 Ma (upper 95%
CI) interspecific ND break within
Atropoides (genus crown), mean ~4.2
Ma (95% Cls: 3.4-6.0) C. godmani
crown, max. 5.4 Ma (upper 95% CI)
interspecific break across CVF in
Porthidium

Loaiza et al. (2010a) Anopheles Strict (1.0 — — Q:~200 ka (95% CIs: 165-235 ka) —
albimanus x 107 crown (0.4% net seq div)
mosquitoes subs. s '

)

Loaiza et al. (2010b) Anopheles Strict (1.2 — — Q: 250 ka (95% CIs: 215-285) crown  Q: 827 ka (95% ClIs: 702-952) EPI
albimanus x 1078 (“NCRWP” versus “CEPCO”) break divergence (“CEPCO” versus
mosquitoes sullas. s divergence “PCOLE”)

y )
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Serrano-Serrano et al. Phaseolus lunatus  Relaxed N Q: 413 ka (95% ClIs: 350-530) stem —

(2010) plants (PL) for “MII” clade (which contained LCA

samples); thus an at most middle
Pleistocene basal divergence of LCA
genes

Hauswaldt ef al. (2011)  Oophaga pumilio — — *§(T): 3.85-4.28 Ma species crown —
frogs (7.7% max. uncorrected intraspecific p-

distance)

McCafferty et al. (2012) Andinoacara Relaxed — T-Q: 3.4 Ma crown (95% Cls: 1.5— T: 5.9 Ma (2.7-10.5 Ma), crown also
coeruleopunctatus  (BEAST, 5.5) containing Rio Atrato samples of A.
fish 1.3% *T-Q: ~2.02 Ma WPI break coeruleopunctatus as well as A. pulcher

Myr ') divergence (max. ~2.63% seq div,
“G"—“H” split; estimated from their
Fig. 2 using rate at left)

J.C. Bagley & J.B. Poeciliid fishes Strict — T-Q: mean 3.66 Ma (95% CIs: 1.59—  LCA-NCA (T): ~6.0 Ma 4. cultratus—A.

Johnson (unpublished (0.68— 6.74) Alfaro cultratus crown, mean 4.1  huberi stem (ND break)

data) 1.52% Ma (95% Cls: 1.84-7.51) Poecilia gillii

Myr '; crown, mean 4.81 Ma (95% Cls: 2.31—
coalescent, 8.81) Xenophallus umbratilis crown
BEAST)

TDates we estimated from sums of pairwise HKY distances presented in Martin & Bermingham’s (2000) Fig. 2; other dates were estimated from their Fig. 3.

1“Arthropod clock’, global substitution rate estimated by regression using arthropod rate data from multiple sources (e.g. some biogeographic or fossil data;

Brower, 1994).

YApproximate maximum divergence times estimated by eye from the upper 95% Cls presented in Fig. 4 of Weigt et al. (2005).

§Dates estimated using the conventional 2% Myr ' rate and a pairwise 1.8% Myr ' “frog clock’ rate derived from Mongolian toads (Macey et al., 1998).

7Rate calibration or topological constraint used, but basis for choice unclear or lacking, other than citing previous studies.
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Table S3. Summary of species contributions to phylogeographic breaks recovered in LCA.

Species (no. lineages containing break)

References

1. ND, Nicaraguan depression break

tPanthera onca jaguars (1)

Carollia sowelli bats (1)
tChlorospingus ophthalmicus birds (1)
tAstyanax nicaraguensis fish (1)
Chlorospingus ophthalmicus birds
Cerrophidion godmani pitvipers (1)
Lepidocolaptes affinis birds (1)
Cerrophidion godmani snakes

Eizirik et al. (2001)
Hoffman & Baker (2003)
Bonaccorso et al. (2008)
Ornelas-Garcia et al. (2008)
Weir et al. (2008)

Castoe et al. (2009)
Arbelaez-Cortés et al. (2010)
Daza et al. (2010)

2. BEB, Rio Bebedero break

Rhamdia guatemalensis catfish (1)

Perdices et al. (2002)

3. SJ1, San Juan break 1

Alfaro cultratus fish (1)

J.C. Bagley & J.B. Johnson
(unpublished data)

4. SJ2, San Juan break 2

Xenophallus umbratilis fish (1)

Jones & Johnson (2009)

5. CC, Central Cordillera break

Orthogeomys cherriei pocket gophers (1)
Craugastor podiciferus frogs (1)

Demastes et al. (1996)
Streicher et al. (2009)

6. SJ3, San Juan break 3

tAlfaro cultratus fishes (1)

J.C. Bagley & J.B. Johnson
(unpublished data)

7. TCMF1, Talamanca Cordillera montane forest break 1

Bolitoglossa pesrubra salamanders (1)
Craugastor podiciferus frogs (1)

Garcia-Paris et al. (2000)
Streicher et al. (2009)

8. SAV, Rio Savegre break

Orthogeomys underwoodi pocket gophers (1)

Demastes et al. (1996)

9. FILA, Fila Costefia break

Orthogeomys underwoodi pocket gophers (1)
Dendropsophus ebraccatus frogs (1);
tAgalychnis callidryas frogs (1)

tAgalychnis callidryas frogs

Demastes et al. (1996)
Robertson et al. (2009)

Robertson & Zamudio (2009)

10. L1, Limon break

Eleutherodactylus dirt frogs (1)
Oophaga pumilio frogs (1)
Dendropsophus ebraccatus (1)

Crawford (2003)
Hagemann & Prohl (2007)
Robertson et al. (2009)

11. CVF, Chorotega volcanic front break

Lachesis snakes (1)
Eleutherodactylus dirt frogs (1)
Synbranchus swamp eels (fishes; 1)
Oophaga frogs (1)

Caiman crocidilus crocodiles (1)

Leptodeira septentrionalis ornata snakes (1)
1

Zamudio & Greene (1997)
Crawford (2003)

Perdices et al. (2005)
Hagemann & Prohl (2007)
Venegas-Anaya et al. (2008)
Daza et al. (2009)
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tAgalychnis callidryas frogs (1)
tAgalychnis callidryas frogs
Bothrops asper snakes (1);
Leptodeira s. ornata snakes;
Lachesis snakes

Robertson et al. (2009)
Robertson & Zamudio (2009)
Daza et al. (2010)

12. PB, Piedras Blancas break Pimelodella chagresi fishes (1) Martin & Bermingham (2000)

13. TCMF2, Talamanca Cordillera montane forest break  Chlorospingus ophthalmicus birds (1) Bonaccorso et al. (2008)

2 Weir et al. (2008)

14. POPA, Popa Island—mainland break Craugastor talamancae frogs (1) Crawford et al. (2007)
tOophaga pumilio frogs (1) Wang & Shaffer (2008)

15. SIXA, Sixaola—Changuinola break Bryconamericus tetras (fish; 1) Reeves & Bermingham (2006)

16. BDT1, Bocas del Toro break 1 Oophaga pumilio frogs (1) Hagemann & Pr6hl (2007)
Oophaga pumilio frogs Wang & Shaffer (2008)

17. BDT2, Bocas del Toro break 2 Oophaga pumilio frogs (1) Hagemann & Prohl (2007)

18. BDT3, Bocas del Toro break 3 Oophaga pumilio frogs (1) Wang & Shaffer (2008)

19. ESCU, Escudo de Veraguas Island—mainland break Oophaga pumilio frogs (1) Hagemann & Prohl (2007)
Oophaga pumilio frogs Wang & Shaffer (2008)

20. BARU, Baru volcano break Craugastor frogs (1) Streicher et al. (2009)

21. WPI, Western Panama isthmus break Roeboides tetras (fishes; 1); Bermingham & Martin (1998)
Brachyhypopomus (Hypopomus) occidentalis
knifefishes (1);
Pimelodella chagresi catfish (1)
Pimelodella chagresi catfish Martin & Bermingham (2000)
Synbranchus swamp eels (fishes; 1) Perdices et al. (2005)
Engystomops pustulosus frogs (1) Weigt et al. (2005)
Craugastor crassidigitus frogs (1) Crawford et al. (2007)
Dendropsophus ebraccatus frogs (1); Robertson et al. (2009)
Agalychnis callidryas frogs (1)
Andinoacara coeruleopunctatus fish (1) McCafferty et al. (2012)

22. MOSQ, Mosquito Gulf break Caiman crocidilus crocodiles (1) Venegas-Anaya et al. (2008)
Pristimantis ridens frogs (1) Wang et al. (2008)

23. AZUE, Azuero peninsula break Carollia castanea bats (1) Hoffman & Baker (2003)
Engystomops pustulosus frogs (1) Weigt et al. (2005)

24. PNSA, Panama—northern South America continental  Roeboides occidentalis—R. guatemalensis tetra fishes Bermingham & Martin (1998)

divide break (1)

Pimelodella chagresi catfish (1)
Pimelodella chagresi catfish

2

Martin & Bermingham (2000)
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Glyphorynchus spirurus birds (1)
Mionectes oleagineus birds (1)

Marks et al. (2002)
Miller et al. (2008)

25. VALLE, El Valle volcano break

Roeboides guatemalensis tetras (fish; 1)
Brycon obscurus—B. petrosus tetra fishes (1)

Bermingham & Martin (1998)
Reeves & Bermingham (2006)

26. CPI, Central Panama isthmus break

Pimelodella chagresi catfish (1)
Pimelodella chagresi catfish

Synbranchus swamp eels (fishes; 1)
Engystomops pustulosus frogs (1)

Brycon (western) tetras (fishes; 1)
Bryconamericus (eastern) tetras (fishes; 1)
Pristimantis ridens frogs (1)

Leptodeira cat-eyed snakes (1) and Bothrops
pitvipers (1)

Bermingham & Martin (1998)
Martin & Bermingham (2000)
Perdices et al. (2005)

Weigt et al. (2005)

Reeves & Bermingham (2006)

Wang et al. (2008)
Daza et al. (2010)

27. PERL, Las Perlas Islands break

Synbranchus swamp eels (fishes; 1)
Engystomops pustulosus frogs (1)

Perdices et al. (2005)
Weigt et al. (2005)

28. CHIC, Rio Playon Chico basin break

Pimelodella eutaenia catfishes (1)
Brycon (eastern) tetras (fishes; 1)

Martin & Bermingham (2000)
Reeves & Bermingham (2006)

29. BT, Bayano—Tuira break

Thryothorus nigricapillus birds (1)
Synbranchus swamp eels (fishes; 1)
Brycon (eastern) tetras (fishes; 1)

Gonzalez et al. (2003)
Perdices et al. (2005)
Reeves & Bermingham (2006)

30. SAPO, Sapo range break

Craugastor raniformis frogs (1)

Crawford et al. (2007)

31. EPI, castern Panama isthmus

Roeboides tetras (fishes; 1);

Brachyhypopomus (Hypopomus) knifefishes (1);

Pimelodella chagresi catfishes (1)
Pimelodella chagresi catfishes
Carollia castanea bats (1)

Schiffornis turdina birds (1)

Boa constrictor snakes (1)
tAnopheles albimanus mosquitoes (1)

Bermingham & Martin (1998)

Martin & Bermingham (2000)
Hoffman & Baker (2003)
Nyari (2007)

Hynkova et al. (2009)

Loaiza et al. (2010b)

TWeakly supported due to either (7) sharing of haplotypes between sister clades supporting the break [e.g. possibly reflecting gene flow in birds (Bonaccorso

et al., 2008); reflects some para-/polyphyly of areas], or because (ii) the break was supported by one dataset and not another within the same study (e.g.

jaguars; Eizirik et al., 2001). The number of lineages (no. lineages) containing a break refers to the number of parent lineages, i.e. nominal taxa or stem

groups, containing the split.
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biogeography of the lower Central American Neotropics: diversification between two continents

and between two seas. Biological Reviews.

APPENDIX S1: MATERIALS AND METHODS

(1) Literature survey

From 2011 to 2012, we compiled a database for this review based on IS Web of Knowledge All
databases were searched (>8700 research journals; last accessed September 19, 2012). We
looked for broad phylogeographical patterns; therefore, we considered studies with experimental
designs including phylogenetic analyses and multiple (at least two) geographical sampling sites
throughout a single lower Central American (LCA) species range to constitute phylogeographic
analyses. J.C.B. read research article titles and abstracts retrieved from multiple searches (e.g.
using terms “phylogeograph*” and “Central America”) and pruned papers with insufficient
sampling (zero or one LCA samples) or topics beyond the scope of this review. Topics
considered beyond the scope of our review of the LCA phylogeography literature included other
reviews, as well as studies focused primarily on interspecific phylogenetic relationships,
population genetics, sympatric and ecological speciation, landscape genetics (primarily
microsatellite-based studies of landscape effects), marine ecology and evolution, and virus or
disease biology. We then obtained recently published articles from premier phylogeography
journals Molecular Ecology and Molecular Phylogenetics and Evolution, which publish the most
studies (Beheregaray, 2008). To this database, we added results from one of our unpublished
comparative phylogeography studies of three LCA freshwater fish species (J.C. Bagley & J.B.
Johnson, unpublished data).

Studies in this refined database were scored for taxonomic focus (binning taxa into seven
groups discussed below), sampling design, and methods used. We recorded, or georeferenced,
geographical coordinates of sampling localities from 38 studies with accessible sampling
information. When recording details on genome sampling, we grouped ribosomal DNA with
nuclear DNA (nDNA). For genetic marker sampling, we recorded the numbers and names of
genes and loci sampled. Where necessary, we converted geographical coordinate data printed in
the articles from other formats into decimal degrees, using the UTM & Lat/Lon Conversions tool
of the Montana State University Research Coordination Network

(http://www.rcn.montana.edu/resources/tools/coordinates.aspx/). However, for a select number

of studies with legible maps and few sampling localities that did not report geographical
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sampling coordinates (e.g. Demastes, Hafner & Hafner, 1996), J.C.B. georeferenced sites using
the software program ArcMap 10 (Environmental Systems Research Institute, Redlands, CA) or

DIVA-GIS (http://www.diva-gis.org/) based on locality details and map figures. We summarised

sampling coverage by mapping available coordinate data from these studies in ArcMap 10.

(2) Evaluating phylogeographic patterns

We recorded the major qualitative and quantitative phylogeographic findings of each study.
These included phylogenetic and network patterns. We also recorded information on the
presence-absence, number, taxonomic composition, and geographical patterning of genetic
lineages. Genetic lineages are synonymous with ‘clades’: reciprocally monophyletic groups that
include an ancestor and all of its descendants. The first step in a comparative phylogeographical
analysis is to identify the major lineages present in a set of molecular datasets from different
species codistributed in an area (Zink, 2002). We identified major lineages in two principal
ways. First, major lineages were identified from well-supported bifurcations or ‘splits’ in
phylogenies (see Nei & Kumar, 2000, and Felsenstein, 2004, for reviews of phylogenetic
methods). Phylogenetic splits with nonparametric bootstrap proportions >50 (usually, >70; Hillis
& Bull, 1993) or Bayesian marginal posterior probabilities (BPP) >95 (Larget & Simon, 1999)
were considered to provide superior internal support; however, nodes with Bayesian posterior
probabilities 89-94.9 were considered positive support. An attempt was made to give priority to
BPP values when available, because their interpretation is straightforward: Bayesian trees, thus
BPPs, reflect posterior probabilities of clade support given the DNA data and model of DNA
sequence evolution (Larget & Simon, 1999). Second, we also identified major lineages where
genetic samples (e.g. haplotypes) split into two or more distinct networks. For example, clades
are separated at 95% parsimony probability (connection limits) during statistical parsimony
analysis in the commonly used software program TCS (Clement, Posada & Crandall, 2000),
which infers relationships among a set of genetic samples reflecting phylogenetic and population
genetic processes. Although the number of the mutational steps representing the maximum
number of connection steps at 95% will vary among studies and datasets, clades are often distinct
at >95% parsimony probability when distinguished by many unsampled mutations (e.g. >10) in
parsimony networks of large datasets [e.g. with >100 samples and >600—1000 base pairs (bp)
mitochondrial DNA (mtDNA) matrix length]. For example, in a recent TCS analysis a dataset of
601 bp of mtDNA from 355 individuals, including 55 haplotypes, of the Central American
livebearing fish Alfaro cultratus had 10 maximum mutational connection steps at 95%

parsimony probability (J.C. Bagley & J.B. Johnson, unpublished data). This means that a
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connection of 10 mutational steps was the maximum justified between pairs of sequences by the
parsimony criterion. If, however, all of the DNA sequence samples fell into a single clade during
a network analysis (in parsimony or median-joining networks, with few mutations between
them), then we concluded that no structure was present in the dataset (e.g. Anopheles albimanus
mosquitoes; Loaiza et al., 2010a).

The second step in a comparative phylogeographical analysis is to determine whether the
major lineages recovered are sister clades, and their geographical patterning (i.e. whether sister
clades exhibit geographical overlap versus structuring in the form of phylogeographic breaks). In
turn, phylogeographic breaks are most commonly interpreted as at least some mechanism of
physical/genetic isolation having been at play within species (Zink, 2002). It is particularly
important to determine whether sister clades in multiple species exhibit geographically congruent
breaks i.e. comparative ‘phylogeographical congruence’ (Avise, 2000; Zink, 2002). This step is
critical, because comparative phylogeographical congruence indicates a potentially shared
history of responses to physiographic and palaeoclimatic changes that have occurred within an
area (Bermingham & Martin, 1998; Avise, 2000; Arbogast & Kenagy, 2001; Zink, 2002). We
identified phylogeographic breaks as phylogenetic breaks separating mostly distinct geographical
lineages. Here, we allowed some para-/polyphyly of areas: phylogeographic breaks were still
deemed present when up to ~5 samples/populations created an interdigitating pattern of areas
between sister clades. We mapped the position of the (mostly unambiguous) phylogeographic
breaks recovered within lineages. We evaluated correspondence of LCA phylogeographic breaks
to geographical barriers marked by major physiographic features (Fig. 2) and biogeographical
province boundaries (Fig. 3). We also tested for comparative phylogeographic congruence—
whether congruent breaks across multiple taxa corresponded to predicted features/boundaries.
Congruence across multiple codistributed taxa would provide evidence that general patterns of
evolutionary diversification exist in LCA. Moreover, we examined phylogeographic congruence

among plant versus animal species.

(3) Molecular clocks and divergence dating
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Terms Fig. S1. Crown nodes and basal nodes, and examples of
& g phylogeographical nodes of interest in the present study. The box
phylogeny stem e crown on top illustrates that two sister clades share a common ancestor,
node represented by a ‘basal’ node. Basal, or ancestral, node
—l E:;E divergences are synonymous with “stem node” divergences and
e basal we use these terms interchangeably. Furthermore, a ‘crown’
node group refers to a collection of phylogenetic tip taxa (distal tips of
phylogenetic trees, which in most phylogeography studies stem
Exam ples from individuals representing populations of living organisms)
within-LCA together with their ancestors back to their most recent common
outgroup ancestor (MRCA) and all of that ancestor’s descendants. Below
6= LCA the box, we provide several examples. The hypothetical within-
Py LCA phylogeographical split shows the nodes of interest for
o~ [CA which divergence dates might be recorded; where possible, we
would have recorded or estimated crown and basal node dates. In
LCA-SA LCA-NCA the LCA—SA example, obtaining crown divergence date

outgroup estimates as well as the stem age for the two cis—trans Andes

outgroup
SA (cis) & NeA clades would be desirable. The LCA—Nuclear Central America
S ° (NCA) example is similar to the LCA-SA split, but shows

¢~ LCA (trans-) e LCA lipeages diverged bﬁetweet'l Nicaragua and LCA, e.g. across the
Nicaraguan depression (Fig. 2A).

To summarise temporal patterns of LCA assembly and diversification, including correlations
between the timeline of phylogeographic diversification and earth history, we collated
divergence time estimates from each study that inferred unambiguous phylogenetic splits.
Phylogenetic splits with strong internal support values (see above) were emphasised, especially
estimates for species ‘crown’ nodes and ‘basal’ or ‘stem’ nodes (Fig. S1), and splits
corresponding to phylogeographic breaks. Three at times overlapping categories of divergence
time estimates were collated: (i) splits within and among LCA lineages (Fig. S1; Within-LCA
estimates); (i) splits between LCA and South American lineages (Fig. S1; LCA—SA estimates;
including splits representing the EPI break, Fig. 6B), interpreted as representing potential
dispersal events followed by genetic drift in LCA versus South American areas; and (ii7) splits

between LCA and Nuclear Central American (NCA) lineages across the Nicaraguan depression

or ND break (LCA-NCA estimates), interpreted as vicariance of montane taxa due to ND graben

formation, and interpreted as dispersal followed by isolation in other taxa. Where available, we
recorded divergence time estimates and their ranges or 95% confidence intervals (Cls) directly
from the literature. If multiple calibrations were used, we recorded the ranges of resulting
estimates to capture the full interval of the ages and obtain the oldest estimated dates.
Quantitative divergence time estimates were not always reported and, when they were,
they were not always stated explicitly. Where clear divergence time (7) estimates were
unavailable for nodes of interest (species crowns and stems, phylogenetic splits representing

phylogeographic breaks), we applied a molecular clock to pairwise DNA sequence divergence
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(d) data gleaned from the studies to roughly estimate T values. The conventional 2% Myr ' rate
of vertebrate mtDNA evolution (Brown, George & Wilson, 1979; Wilson et al., 1985; see
references in Miller et al., 2008) was used unless other more suitable rates were available e.g.
referenced in the studies. The 2% rate is equivalent to 1 x 10™° substitutions site”' year ' (subs.

s 'y or 1% change Myr ' lineage ', where site(s) refers to a single nucleotide position in a
DNA sequence matrix (Brown et al., 1979; Wilson et al., 1985; also see references in Miller et
al., 2008). Assuming that genetic divergences are pairwise, the simplest calculation for the time
(7) of divergence in Ma for a given lineage is calculated by taking dyy, the mean number of
nucleotide substitutions per site between two clades/populations of sequences, dividing by the
nucleotide-substitution rate (i; global rate of evolution), and dividing by 2, so that 7= (dy,/p)/2
(Nei, 1987). Given a per-lineage estimate of sequence divergence (d), divergence time is simply
calculated as 7' = d/p. Where necessary, we estimated 7 for unambiguous phylogenetic splits of
interest using these equations. We used these crude methods (i) for comparative purposes, and
(if) because a full re-analysis of the many datasets unearthed in our survey was beyond the scope
of our review.

T estimates in the resulting database were interpreted as representing maximum or
potential maximum divergence dates, thus they represented maximum initial constraints on the
corresponding lineage divergence events. This is because, in all cases, divergence date estimates
were derived from gene trees or gene divergences and not species trees (e.g. Maddison, 1997;
Kubatko, Carstens & Knowles, 2009), and a well-known property of divergence date estimates
calculated from gene trees/divergences is that they are likely to overestimate the actual timing of
speciation or population divergence events (reviewed by Edwards & Beerli, 2000). Thus,
regardless of the actual estimate obtained (mean, max., efc.), estimated divergence dates herein
reflect potential maximum ages, and thus they allow us to place approximate upper bounds on
the ages of the splits considered.

We ranked each T estimate as Tertiary (2.58—65.5 Ma) or Quaternary (0-2.58 Ma) and
matched to its corresponding geological epoch (Gibbard ef al., 2009). We also matched each
estimate to its corresponding phylogeographic break(s). We summarised the temporal and
taxonomic structures of the divergence times, thus the inferred origins and diversification of
modern LCA lineages, by creating time ranges for each split using the maximum 7 available and
a 0 ka lower bound; for example, we set the upper bound of the range based on upper 95% Cls or
estimate ranges where available, instead of means. We plotted these time ranges chronologically

in order of ascending maximum 7 (e.g. Rull, 2007, 2008). Each time range graphically depicted
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the estimated initial divergence events within each of the lineages sampled to date in LCA
phylogeography studies (for which data were available). We did this separately for three
geographical classes of T estimates: (i) within-LCA, (ii) LCA-SA, and (iii) LCA-NCA
divergences (Fig. 7). However, some clades with LCA samples contained samples from other
areas, e.g. South America; therefore, we summarised within-LCA time ranges a second time,
factoring in this added level of complexity (Within-LCA max. divergence 2; Fig. 7). We
estimated rates of lineage divergence, for comparative purposes, by dividing the number of
lineage divergence time ranges whose maximum recorded values fell within each epoch by the
length of that epoch in millions of years, for the Oligocene—Pleistocene (Gibbard et al., 2009;
Walker & Geissman, 2009), assuming that 7" estimates registered in the LCA literature reflected
random lineage sampling. These rate calculations are likely to reflect errors in the structure of the
divergence time estimates (which were derived from various analyses of different DNA regions,
with different mutational tendencies, using various methods), and errors due to the finite
sampling of lineages reflected in the literature database, thus the presence of unsampled lineages.
Unsampled lineages produce spurious declines in speciation rates nearer to the present
(documented in related analyses; see references and discussion in Rabosky & Lovette, 2008);
however, our results show little sign of this trend, as highest speciation rates inferred were those
of more recent epochs (see main text). Nonetheless, rate calculations allowed us to capture what
the present LCA phylogeography literature says about relative rates and magnitude of differences

in diversification in different geological epochs, across areas.

76



APPENDIX S2: LITERATURE SEARCH RESULTS

(1) Sampling and hypotheses testing in LCA phylogeography studies

In our database, the first phylogeography study published for LCA found contrasting patterns of phylogeographical structure (supporting two different breaks)
and genetic structure (e.g. isolation by distance) in two species of Orthogeomys mammals with non-overlapping distributions in Costa Rica based on mtDNA
restriction fragment data (Demastes ef al., 1996; Table S1). Subsequent studies revealed a growing and maturing field, yet the growth of the literature has not
been exponential (Fig. S2) and disparities are evident in taxonomic focus, sampling and study design.

Taxonomically speaking, studies have largely (90%) focused on animals (Fig. S2), and herpetofauna have been the most popular before birds and
fishes, plants and insects, mammals, and non-insect invertebrates. There have been no phylogeographic studies of inland fungi. These taxonomic biases mirror
trends in unglaciated eastern North America (Avise, 1998; Soltis ef al., 2006) and partly are due to practical limitations. For example, plant chloroplast DNA
(cpDNA) may evolve 10-100 times more slowly than animal mtDNA (see main text), whereas plant mtDNA evolve even slower and are often confounded by
intramolecular recombination. Moreover, fungi studies are limited by low-rate evolving nDNA (e.g. nuclear ribosomal internal transcribed spacer, or ‘ITS”)
and confounding factors such as mobile mtDNA genetic elements (Bergemann et al., 2009). Bias against inland invertebrates might also reflect preference for
marine invertebrates, e.g. living and fossil foraminifera and calcareous nannofossils (e.g. Coates et al., 2004) and echinoids (e.g. Hickerson et al., 2006a).
Lower Central American phylogeography studies have also been biased towards single species (70.7%, N = 41 studies). While 29.3% of studies analyzed
multiple (mean = 4) ingroup lineages, only around 47.1-58.8% of these (13.8—17.2% of all studies) would be considered comparative phylogeography (sensu
Arbogast & Kenagy, 2001; Avise, 2000; Bermingham & Martin, 1998; Bermingham & Moritz, 1998), as several studies analysed species complexes or did

not evaluate phylogeographic congruence.
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Fig. S2. Patterns of taxonomic sampling as well as annual versus cumulative growth of the literature base of LCA phylogeography studies to date. Pie charts show the
percentage of the total number of studies filled by studies of each of three major taxonomic groups (left) or for a more detailed scheme including all seven taxonomic groups
considered in this study (right). Growth has not been exponential.

Spatial sampling varied widely among studies. Broad-scale spatial sampling strategies were prevalent; for example, 12 studies represented in Fig. 6A
sampled very few LCA populations (only 1-7 populations). Sampling has been spatially biased towards west-central and coastal Panama lowlands e.g. Bocas
del Toro, reflecting access and focus on colonisation patterns of species from putative South American source populations. As a result, highland areas have
been relatively poorly sampled. Variable sampling strategies reflect practical trade-offs as well as the diverse set of goals and objectives addressed by LCA
phylogeographers. Yet previous sampling strategies have rendered post-colonisation diversification lesser known (Jones & Johnson, 2009). Within-LCA
diversification is increasingly addressed at finer spatial scales (Robertson, Duryea & Zamudio, 2009; Robertson & Zamudio, 2009; Jones & Johnson, 2009;
Streicher, Crawford & Edwards, 2009; J.C. Bagley & J.B. Johnson, unpublished data); yet more work clearly remains to be done to improve sampling. Of
course, sampling grain and extent will continue to vary according to species distributions and ecology, as well as the different questions addressed in
phylogeography studies; however, sampling greater percentages of species ranges at higher densities probably increases the likelihood of inferring
phylogeographical breaks and is likely to uncover many additional insights over and beyond that attainable with only broad spatial sampling strategies.

In terms of character sampling, the kinds of genetic markers used in each study varied widely, and molecular marker choices are summarised for each

study in Table S1. Fully 75.9% of studies used mtDNA or cpDNA alone, and a minority of studies analysed multi-locus organellar and nuclear DNA markers
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(20.7%) or nDNA alone (3.4%). About two genes were amplified, on average, and mtDNA cytochrome b (cytb; 44.8% of studies) and cytochrome oxidase I

(COI; 31%) and nDNA recombination activating gene 1 (RAG1; 8.6%) were the most common sequences analysed.

(2) Divergence dating methods in LCA phylogeography

Molecular dating methods (reviewed by Rutschmann, 2006) have been common in LCA phylogeography, being used in 65.5% of studies (Table S2). Strict
and relaxed molecular clocks were frequently employed together (~18.4% of the time); however, strict clocks were used in 51.7% of studies, and most
(71.1%) studies with clocks used strict clocks alone. Molecular clocks increased in popularity, with historical precedence of strict clocks followed by an influx
of alternatives, e.g. nonparametric rate smoothing (Sanderson, 1997) and relaxed clock methods (e.g. Drummond ef al., 2006, and references therein). Around
24% of LCA phylogeography studies calibrated their molecular clocks with fossils. Other calibrations relied on assumptions about absolute evolutionary rates,
or palacogeographic calibrations such as a Pliocene date for final LCA isthmus closure and trans-isthmian divergence [e.g. Martin & Bermingham (2000) used
a rate calculated from geminate marine fishes that they published previously (Bermingham, McCafferty & Martin, 1997)] or the age of strata modern
populations occur on. Although the best methods for estimating divergence times remain a topic of research and controversy (reviewed by Rutschmann,
20006), these estimates provide a key source of information for comparing the timing of lineage multiplication events and historical (e.g. geological) events to

evaluate the validity of biogeographical hypotheses (e.g. Hoorn et al., 2010).
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Chapter 2: Testing for shared biogeographic history in the lower Central
American freshwater fish assemblage using comparative phylogeography:

concerted, independent, or multiple evolutionary responses?
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Introduction

Comparative phylogeographic studies provide an impor-
tant means of elucidating the relative influence of shared

1686

Abstract

A central goal of comparative phylogeography is determining whether codistrib-
uted species experienced (1) concerted evolutionary responses to past geological
and climatic events, indicated by congruent spatial and temporal patterns
(“concerted-response hypothesis”); (2) independent responses, indicated by
spatial incongruence (“independent-response hypothesis”); or (3) multiple
responses (“multiple-response hypothesis”), indicated by spatial congruence but
temporal incongruence (“pseudocongruence”) or spatial and temporal incon-
gruence (“pseudoincongruence”). We tested these competing hypotheses using
DNA sequence data from three livebearing fish species codistributed in the
Nicaraguan depression of Central America (Alfaro cultratus, Poecilia gillii, and
Xenophallus umbratilis) that we predicted might display congruent responses
due to co-occurrence in identical freshwater drainages. Spatial analyses recov-
ered different subdivisions of genetic structure for each species, despite shared
finer-scale breaks in northwestern Costa Rica (also supported by phylogenetic
results). Isolation-with-migration models estimated incongruent timelines of
among-region divergences, with A. cultratus and Xenophallus populations
diverging over Miocene-mid-Pleistocene while P. gillii populations diverged
over mid-late Pleistocene. Approximate Bayesian computation also lent substan-
tial support to multiple discrete divergences over a model of simultaneous
divergence across shared spatial breaks (e.g., Bayes factor [Byo] = 4.303 for ¥
[no. of divergences] > 1 vs. ¥ = 1). Thus, the data support phylogeographic
pseudoincongruence consistent with the multiple-response hypothesis. Model
comparisons also indicated incongruence in historical demography, for exam-
ple, support for intraspecific late Pleistocene population growth was unique to
P. gillii, despite evidence for finer-scale population expansions in the other taxa.
Empirical tests for phylogeographic congruence indicate that multiple evolu-
tionary responses to historical events have shaped the population structure of
freshwater species codistributed within the complex landscapes in/around the
Nicaraguan depression. Recent community assembly through different routes
(i.e., different past distributions or colonization routes), and intrinsic ecological
differences among species, has likely contributed to the unique phylogeographi-
cal patterns displayed by these Neotropical fishes.

earth history events on contemporary biodiversity. By
comparing spatial-genetic divergences, divergence times,
gene flow, and population dynamics (e.g., N,, effective
population size) across multiple codistributed species,

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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comparative studies provide critical assessments of phylo-
geographical congruence, forming a basis for historical
inferences (Bermingham and Martin 1998; Avise 2000;
Arbogast and Kenagy 2001; Hickerson et al. 2010). Any
of several outcomes may result, embodied by at least
three general competing hypotheses with unique biogeo-
graphical implications. The first hypothesis, the “con-
certed-response hypothesis” predicts that codistributed
species responded in lockstep fashion to geological and
palaeoclimatic events, and correlated habitat shifts, within
their overlapping distributions (Sullivan et al. 2000). Con-
certed responses are supported by congruent genetic
breaks across taxa in space and time (Donoghue and
Moore 2003), which should be common among ecologi-
cally and phylogenetically similar taxa due to codepen-
dence on similar habitats (Bermingham and Martin 1998;
Feldman and Spicer 2006). Congruent responses point to
causal factors underlying diversification and are consistent
with long coassociations in local communities resulting in
similar evolutionary trajectories (Avise 2000). Compara-
tive phylogeographic congruence also predicts similar pat-
terns in codistributed yet un-sampled taxa (Avise 2000;
Sullivan et al. 2000).

One alternative to the concerted-response hypothesis,
the “independent-response hypothesis”, predicts codistrib-
uted species will bear genetic signatures of independent
evolutionary responses to regional historical processes
(Sullivan et al. 2000). This hypothesis is supported by
phylogeographical incongruence in space, not time. This
is because “incongruence” is identified when different
spatial-genetic breaks derive from synchronous diversifica-
tion (Cunningham and Collins 1994; Donoghue and
Moore 2003). Incongruence thus occurs because species
show different responses to the same earth history events
or to the same deterministic biological factors (e.g., pre-
dation environment), and such independent but synchro-
nous evolutionary trajectories are thought most likely to
arise due to intrinsic differences in biological attributes
among the species sampled (Cunningham and Collins
1994; Bermingham and Martin 1998; Avise 2000; Arbo-
gast and Kenagy 2001; Donoghue and Moore 2003).

In contrast with the two competing hypotheses above,
which propose temporal congruence, “pseudocongruence”
and “pseudoincongruence” arise when spatial-genetic
divergences are respectively congruent or incongruent but
asynchronous, reflecting different responses correlated to
different events (Cunningham and Collins 1994; Don-
oghue and Moore 2003). We refer to these scenarios
defined by temporal incongruence as variations of a “mul-
tiple-response hypothesis”. Complex pseudocongruent or
pseudoincongruent patterns indicate little or no history of
community coevolution; rather, different past distribu-
tions and recent community assembly, or stochastic
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dispersal or lineage sorting events, best explain such phy-
logeographic patterns (e.g., Donoghue and Moore 2003;
Nielsen and Beaumont 2009). Biological factors also influ-
ence multiple-response scenarios, for example, to the
extent that ecological differences determine species pro-
pensities or rates of dispersing into and becoming estab-
lished in novel areas.

The lower Central American (LCA) isthmus is famous
worldwide as an example of a land-bridge formation that
has shaped continental Neotropical biotas by facilitating
widespread dispersals, speciation, and extinctions in North
and South America (Marshall et al. 1979; Stehli and Webb
1985). However, the LCA subcontinent is also increasingly
appreciated as a system of highly endemic assemblages with
interwoven histories of community assembly and species
diversification (Bermingham and Martin 1998; Reeves and
Bermingham 2006; Bagley and Johnson 2014). Much of our
understanding of this history comes from studies of LCA
species phylogeographic histories conducted in recent years
(reviewed by Bagley and Johnson 2014). The LCA freshwa-
ter fish assemblage presents a particularly interesting model
for phylogeography. This group is composed of >170 spe-
cies from ecologically and morphologically diverse clades,
including a wide representation of the teleost families
Cichlidae (33 species) and Poeciliidae, that is, “livebearing
fishes” (~28 species) (Bussing 1998; Smith and Berming-
ham 2005). Many species in this assemblage occupy identi-
cal river systems, making them well suited to test for
concerted evolutionary responses, as they were potentially
affected by the same past environmental changes (Berming-
ham and Martin 1998; Smith and Bermingham 2005). Pre-
vious studies indicate that freshwater fishes colonized LCA
in multiple waves, mostly during the Pliocene—Pleistocene,
but were more restricted than terrestrial taxa in tracking
habitat disturbances as orogeny and drainage boundary for-
mation progressed (Bermingham and Martin 1998; Strei-
cher et al. 2009; Loaiza et al. 2010). This led to cryptic
dispersals, vicariance, drainage isolation, and speciation
within the assemblage (e.g., Martin and Bermingham
2000). For example, mtDNA phylogeography studies have
recovered complex, but spatially correlated, genetic breaks
across multiple fish species in Panama and between LCA
and northwestern South America (e.g., Bermingham and
Martin 1998; Martin and Bermingham 2000; Perdices et al.
2005; Reeves and Bermingham 2006), suggesting potential
commonalities of evolutionary history (reviewed by Bagley
and Johnson 2014). However, a limited subset of species
phylogeographies have been inferred to date, compared
with the total species diversity of the LCA fish assemblage.
Thus, the question of whether LCA freshwater fish commu-
nities experienced common spatial, temporal, and demo-
graphic responses to past environmental changes, or not,
remains an open one, particularly for northern LCA (Costa
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Rica), where few phylogeography studies to date have sam-
pled freshwater fishes (Bagley and Johnson 2014).

Here, we conduct a comparative analysis of three spe-
cies from the LCA freshwater fish assemblage, in order to
empirically evaluate predictions of the concerted-, inde-
pendent-, and multiple-response hypotheses. Within LCA,
we focus on the Nicaraguan depression (NDj; Fig. 1A)
and surrounding uplands of the San Juan biogeographical
province (Bussing 1985, 1998; Smith and Bermingham
2005), where a unique history of factors likely influenced
species evolution (discussed below) and several livebear-
ing fish species ranges overlap (Bussing 1998). Phylogeog-
raphy studies have been conducted on two livebearers
from this area: X. umbratilis (Meek 1912) (monotypic,
hereafter “Xenophallus”), and molly, P. gillii (Kner 1863).
Within Xenophallus, Jones and Johnson (2009) discovered
two deeply-diverged mitochondrial (mt) DNA lineages in
the upland San Carlos basin, and the ND lowlands
(Fig. 1) presumably correlated with sea-level dynamics;
genetic diversification since the Pliocene (~4.5 Ma); and
significant genetic partitioning by drainages. In contrast,
Lee and Johnson (2009) found evidence for shallow hap-
lotype divergences, limited among-region differentiation,
and complex gene flow between populations of P. gillii
from the same area. However, Bayesian demographic
models published by Jones and Johnson (2009) and Lee
and Johnson (2009) seemingly indicate overlapping Pleis-
tocene-recent population bottleneck events in these taxa,
assuming similar mtDNA substitution rates. These studies
denote progress toward comparative perspectives on the
evolutionary history of northern LCA freshwater commu-
nities. However, these species phylogeographies have
never been rigorously compared using identical analyses.
Thus, their degree of spatial and temporal congruence,
and whether their genetic patterns represent general
evolutionary patterns, remains unclear. By combining
phylogeographical analyses of new DNA sequences from
knife-edged livebearer, A. cultratus (Regan 1908), with
analyses of existing data from P. gillii and Xenophallus

Figure 1. Study area. Major physiographic elements include: (A) the
Nicaraguan depression (ND), Lakes Managua (LM), and Nicaragua
(LN), the Rio San Juan superbasin (SJ), Lake Arenal (LA), the Valle
Central (VC), and Quaternary stratovolcanoes (black triangles with
white trim); inset map: position relative to greater Central American/
Caribbean realm. Drainages subdivide into two a priori drainage
groups (B): tributaries connected through freshwater in the San Juan
superbasin (dark lines), and Caribbean “back-arc” drainages (light
gray shading, dotted black borders). Palaeogeographic reconstructions
(C; after Coates and Obando 1996; Coates et al. 2004) indicate that
the study area was partly inundated by marine corridors (arrows) over
Miocene-Pliocene (brown, land; diagonal lines, abyssal depths;
stippling, neritic depths). Digital elevation layers were derived from
NASA Shuttle Radar Topography Mission image PIA03364.
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populations codistributed in the ND, we test two predic-
tions of the concerted-response hypothesis, against the
independent- and multiple-response hypotheses. These
predictions include (1) that these fishes should exhibit
congruent spatial-genetic structuring and (2) that spatial
subdivisions should be temporally congruent, due to co-
occurrence in drainages correlated with LCA geomorphol-
ogy (Marshall et al. 2003; Smith and Bermingham 2005).
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Additionally, coalescent theory predicts that genetic
variation changes with historical N,, for example, during
population growth, decline, or range shifts (Wakeley
2000, 2003). Thus, to enhance our understanding of
potential connections between historical biogeography
and demography in these species, we also evaluate intra-
specific DNA polymorphism and neutrality, and then
compare historical-demographic responses among species.

Materials and Methods

Study area and sampling

The study area encompasses ~18,000 km” in and around
the ND in southern Nicaragua and northern Costa Rica
(Fig. 1). Here, our focal species co-occur in five major
drainages at elevations ranging from 35 to 346 m. Based
on geomorphology, these drainages subdivide into two a
priori groups shown in Figure 1B: (1) the Rio San Juan
superbasin, including lakes Managua and Nicaragua and
tributaries to the southeast associated with Pliocene—
Holocene formations of the Chorotega volcanic front
(Fig. 1A); and (2) four Caribbean drainages along the
LCA “back-arc” isolated from each other by saltwater,
whose headwaters are associated with the Miocene—recent
Talamanca Cordillera (Marshall 2007). The ND is a long,
fault-bounded rift valley spanning El Salvador’s Median
Trough to the Tortuguero lowlands basin, Costa Rica.
The ND formed by extensional forces at LCA’s northern
boundary, resulting in southeast—northwestward opening
since 10 Ma (Mann et al. 2007; Funk et al. 2009). Sedi-
mentary records show that, during Miocene—Pliocene
high seas ~50-100 m above present sea level and even
moderate late-Pliocene seas (Haq et al. 1987; Miller et al.
2005), a marine corridor inundated the ND until at least
late Pliocene (Fig. 1C; Coates and Obando 1996; Coates
et al. 2004). This corridor limited dispersal of many
organisms between Nicaragua and Costa Rica, including
freshwater fishes (Bussing 1976). Subsequently, the ND
study area was above water (had surface freshwaters) by
~3.0-2.1 Ma (Coates and Obando 1996; Marshall et al.
2003). Proto-Chirripé drainage headwaters were redi-
rected to the Pacific during creation of the Valle Central
~0.8-0.3 Ma (Fig. 1A; Marshall et al. 2003). The nearby
Central Cordillera formed by Late Pleistocene, leaving
active volcanoes amid drainage headwaters (Fig. 1A; Mar-
shall et al. 2003), a source of periodic local extinctions.
Because the steep Caribbean continental shelf restricts
river anastomosis, over 100 m drops in sea level during
Pleistocene glacial maxima (Lambeck et al. 2002) proba-
bly altered coastal freshwater connectivity minimally in
this area (Smith and Bermingham 2005). Thus drainages
modulated in length and elevation during Pleistocene

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 2. Geographical sampling localities. Sites where Alfaro
cultratus (circles, 1-20), Poecilia gillii (dotted circles), and Xenophallus
umbratilis (diamonds) were sampled are shown, including sites where
we sampled all three species (stars) and combinations of two species
(indicated by 1 and § symbols next to site numbers). Sites correspond
to exact localities and sample sizes listed in Table S1.

sea-level cycles associated with glacial stages. Whereas
Pleistocene—recent patterns of sea-level fall are widely
agreed upon, the extent of eustatic sea-level highstands of
the Quaternary remains debated among geologists; how-
ever, available data indicate large correlated spikes >20—
30 m above present sea level ~2.4-1.8 Ma and 1.3 Ma
(Miller et al. 2005) and ~550 ka (Hearty et al. 1999), that
probably inundated LCA lowlands. Each of these Plio-
cene—Holocene environmental disturbances might have
importantly shaped ND species phylogeographies, produc-
ing range fragmentation, upland isolation, or extinction-
recolonization dynamics.

We sampled A. cultratus from 18 localities (sites 3-20
in Fig. 2) in four of the five study area drainages
(Fig. 1B). We obtained samples of Alfaro huberi (Fowler
1923), the allopatric sister species to A. cultratus, from
five sites in Honduras. Specimens were preserved in 95%
ethanol in the field. We augmented data from these sam-
ples with published mtDNA cytochrome b (cytb)
sequences from A. cultratus [N = 3, sites 1-2; from Hrbek
et al. (2007), Doadrio et al. (2009)] and codistributed
P. gillii and Xenophallus populations (Jones and Johnson
2009; Lee and Johnson 2009), including 19 P. gillii locali-
ties and 23 Xenophallus localities (Fig. 2). There were six
sites in the San Juan and Tortuguero drainages where we
sampled all three species. Table S1 provides detailed sam-
pling data and GenBank accession numbers. Outgroups
used in the analyses below are described in Appendix S1.
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Laboratory methods

We collected DNA sequence data from A. cultratus and
A. huberi samples. After isolating DNA using the Qiagen
DNeasy96 tissue protocol (Qiagen Sciences, Germantown,
MD, USA), we amplified cytb fragments for each sample by
PCR using forward primer GLU31 (Unmack et al. 2009)
and reverse primer HD (15680; Schmidt et al. 1998).
Amplification and sequencing reactions, clean up, and
sequence visualization followed Lee and Johnson (2009).
We aligned mtDNA sequences manually in SEQUENCHER
4.8 (Gene Codes Corporation, Ann Arbor, MI, USA) and
checked amino acid coding for errors (stop codons) while
viewing electropherograms. We collapsed identical cytb
sequences into unique haplotypes using DnaSP 5.10 (Libra-
do and Rozas 2009). We obtained a total of 355 A. cultratus
and seven A. huberi sequences of a cytb fragment 601 bp in
length. Cytb data encompassed 46 A. cultratus haplotypes,
37 P. gillii haplotypes (from 143 sequences; 1140 bp), and
29 Xenophallus haplotypes (from 131 sequences; 1140 bp),
plus additional outgroup sequences.

Analyzing multiple unlinked loci can improve phylogeo-
graphical inferences, including population divergence-time
and summary-statistics estimates (Edwards and Beerli
2000; Wakeley 2003), and provide perspective on putative
sex-based asymmetries in gene flow and population
structure (e.g., Avise 2000; Zink and Barrowclough 2008).
Thus, we additionally screened nuclear ribosomal protein
S§7 (RPS7; N = 72) introns 1 and 2 from multiple A. cultra-
tus populations. Unfortunately, these sequences were unin-
formative in pilot analyses (e.g., star phylogeny, ~0.8%
overall pairwise divergence), so we excluded them from
our analyses. One limitation of basing our phylogeographi-
cal inferences on the matrilineal signal of mitochondrial
DNA is that our results may not necessarily be congruent
with patterns of population history in nuclear genomes.
Despite such concerns, we are confident that our mtDNA
analyses are appropriate for the questions we have
addressed; for example, mtDNA is a robust indicator of
population history and species histories, especially across
multiple codistributed taxa, and thus has been a workhorse
of comparative phylogeography (e.g., due to high informa-
tion content, faster coalescence, etc., Avise 2000; Zink and
Barrowclough 2008). Moreover, our use of mitochondrial
markers makes our results comparable to several other
LCA studies (e.g., Sullivan et al. 2000; Jones and Johnson
2009; Lee and Johnson 2009).

Genetic diversity and neutrality

We compared intraspecific genetic diversity levels across
taxa by calculating segregating sites (S), haplotype diver-
sity (Hd + SE [standard error]), nucleotide diversity (m),
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and Watterson’s (1975) 0,, (per site) for each locality and
species using DnaSP. We calculated the same summary
statistics in DnaSP for each population group (see BAR-
RIER Results, Fig. 3). We also computed summary-statis-
tic averages across localities within drainages. Patterns
captured by these statistics may reflect sampling differ-
ences, for example, denser within-locality sampling in
A. cultratus; however, Hd and 7 are less sensitive to such
sampling effects (Li 1997). We assessed selective neutrality
of each cytb dataset—an assumption of most of our analy-
ses—using Hudson-Kreitman-Aguadé (HKA; Hudson et al.
1987) tests, testing significance using 10* coalescent simu-
lations in DnaSP; these tests used outgroups identical to
phylogenetic outgroups below.

Spatial patterns

To test for spatial-genetic congruence, as predicted under
the concerted-response hypothesis, we evaluated genetic
structuring and breaks across the study area while taking
spatial sampling patterns into account, but without prior
knowledge of population structure or genetic barriers. First,
we used the simulated annealing algorithm implemented in
SAMOVA 1.0 (Dupanloup et al. 2002) to define genetically
homogeneous, maximally differentiated spatial population
clusters (K). We modeled K = 2-10 groups, drawing from
100 initial conditions, and noted fixation index (®cr)
trends. Second, we identified genetic barriers among popu-
lations using BARRIER 2.2 (Manni et al. 2004a,b). In BAR-
RIER, we laid Delaunay triangulation networks over
sampling sites (based on Voroni tessellation). We then used
Monmonier’s (1973) algorithm to sequentially identify
genetic “barriers” as locations of maximum pairwise Tam-
ura and Nei (Tamura and Nei 1993; TrN) genetic distances
between localities across each network, calculated in ARLE-
QUIN 3.5 (Excoffier and Lischer 2010; 1000 nonparametric
permutations). We assessed relative support for barriers by
calculating bootstrap proportions (BP) from 100 boot-
strapped barriers, generated by supplying BARRIER with
bootstrapped TrN distance matrices (resampling the origi-
nal datasets within populations, using PopTools; Hood
2008); we considered it strong support when BP > 50. We
did not apply this procedure to Xenophallus, because low
within-site genetic diversity rendered bootstrapping inef-
fective. We independently tested spatial configurations
inferred in SAMOVA and BARRIER using analyses of
molecular variance (AMOVA) performed in ARLEQUIN
(1000 nonparametric permutations). When faced with iso-
lation-by-distance, SAMOVA and Monmonier’s algorithm
are more likely to misidentify populations and genetic bar-
riers between them (Dupanloup et al. 2002). Thus, we
tested correspondence between linearized genetic distance
[Fsr/(1-Fsr)] and natural log-transformed geographic
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Figure 3. Incongruent spatial-genetic
structuring among Nicaraguan depression
livebearing fish species, based on mtDNA cytb
variation. Solid black lines indicate genetic
barriers (iiii) delimiting distinct population (A)
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distance between localities using standard regression, and
Mantel tests (Mantel 1967) with significance tested using
10* permutations in PASSAGE 2 (Rosenberg and Anderson
2011). Details of SAMOVA and BARRIER analyses and
interpretation are given in Appendix S2.

We also tested for congruent hierarchical genetic parti-
tioning among San Juan basin tributaries and drainage
groups using two a priori biogeographic AMOVAs. These
AMOVAs were similar to those employed by Jones and
Johnson (2009), except we grouped localities using drain-
age and drainage groups as defined in Figure 1B. We quali-
tatively tested for similar population groups (SAMOVA,
BARRIER), genetic barriers between major drainages
(BARRIER, AMOVAS), and among-drainage partitioning
across taxa (AMOVAS) to identify shared effects of drain-
age boundaries as historical barriers to gene flow.

We compared phylogenetic relationships (haplotype
gene trees) and nodal support among cytb haplotypes

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

inferred for each focal species using maximum likelihood
tree searches and bootstrap (500 pseudoreplicates)
searches in GARLI 0.97 (Zwickl 2006). Likelihood analy-
ses relied on substitution models (Table S2) selected using
a decision theory algorithm, DT-ModSel (Minin et al.
2003), and partitioned data by codon position, ([1 + 2],
3). We independently inferred relationships among phylo-
genetic clades using statistical parsimony analyses in TCS
1.21 (Clement et al. 2000; 95% Connection Limit). We
estimated sequence divergence over haplotype pairs
among clades as pairwise maximum composite likelihood
means in MEGA5 (Tamura et al. 2011).

Temporal patterns

We evaluated temporal congruence, the second prediction
of the concerted-response hypothesis, by using the Bayes-
ian coalescent dating approach implemented in IMa2
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(Hey 2010) to estimate divergence times () among adja-
cent population groups from BARRIER. While we were
mainly interested in estimating ¢, IMa2 also estimates
population migration rates (#1;, m,) and sizes of current
(01, 0) and ancestral populations (04) using Hey and
Nielsen’s (2004) “isolation-with-migration” model. We
conducted several pilot runs to estimate appropriate Mar-
kov chain Monte Carlo (MCMC) sampling chain lengths
and priors. Subsequently, we ran three final runs per pop-
ulation pair starting from different random seeds, with 10
chains each. After logging 10° states discarded as “burn-
in”, we ensured chain mixing and convergence, judged by
(1) 210% update rates for t, (2) appropriate chain-swap-
ping rates, and (3) runs converging on similar parameter
estimates. Fossil data and species-specific substitution
rates were unavailable to us, thus we specified uniform
mutation rate (u) priors spanning lower and upper
per-lineage mutation rates published for teleost fish
protein-coding mtDNA, 1.7 x 10" and 1.4 x 10~® sub-
stitutions/site/year (subs/site/year) [refs. in Waters and
Burridge (1999), Burridge et al. (2008)]. See Appendix S3
for details of our IMa2 runs, for example, prior settings.
Resulting t estimates were converted to absolute time
(T4iv) using the equation Ty;, = #/uk (where k = sequence
length), assuming species generation times equivalent to
1 year/generation (Winemiller 1993). To cover a range of
possible mutation rates, we estimated Ty;, twice per pop-
ulation pair, setting u equal to (1) the standard 2% rate
(1.0 x 107 subs/site/year, per lineage) for vertebrate
mtDNA (Brown et al. 1979; Wilson et al. 1985) and (2) a
“slower” 0.9% pairwise rate (4.5 x 107° subs/site/year,
per lineage) estimated for trout species mtDNA (Salmoni-
dae; Martin and Palumbi 1993) that has previously been
applied to higher-order teleosts (e.g., Waters and Burridge
1999).

We further tested the temporal congruence of shared
genealogical breaks within northwestern Costa Rica (see
Results) using hierarchical approximate Bayesian compu-
tation as implemented in the bioinformatics pipeline,
MTML-msBayes (Huang et al. 2011). Using MTML-
msBayes, we tested for simultaneous divergence among
three population-group pairs diverged in this area under
a finite sites coalescent model, allowing lineages to
diverge, experience different migration patterns, and
change population sizes () independently while account-
ing for coalescent gene-tree stochasticity (Huang et al
2011; refs. therein). After calculating a vector of observed
summary statistics for each population pair, we used coa-
lescent simulations to generate 5 x 10° simulated DNA
datasets for three population pairs. Simulations assumed
no migration or recombination, consistent with general
IMa2 and neutrality test results (see Results). We gener-
ated hyper-posteriors for the mtDNA, representing 1000
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random draws from the joint posterior distribution, by
comparing the observed versus simulated summary statis-
tics vectors using the pipeline’s standard rejection/accep-
tance algorithm. Posterior estimates of the number of
discrete co-divergences (¥) were obtained via polychoto-
mous regression; posterior estimates of population diver-
gence time (E[t]; units of u/generation) and (2 (dispersion
index representing the ratio of variance to the mean diver-
gence times across Y taxon pairs) were obtained by local
linear regression (Beaumont et al. 2002). To evaluate the
“weight of evidence” in favor of simultaneous divergence,
we calculated Bayes factors (Bj) to compare the level of
posterior support for simultaneous versus nonsimulta-
neous divergence (=1 vs. ¥>1; and (2= 0.05 vs.
£2>0.05), using Jeffreys’ (1961) criteria for By “weight of
evidence”. We also used By values to evaluate support for
continuous divergence (¥ =3 vs. ¥ < 3). Bayes factor
calculations accounted for prior support for each hypo-
thesis. To explore our data, we conducted multiple msBayes
runs across a range of prior values (upper 0 = 0.005-0.05;
upper ancestral 0 = 0.25-0.5; Nm = 0) to evaluate the
effects of the prior on the models, and we conducted
Bayes factor hypotheses testing using each model.

Historical demographic patterns

We qualitatively evaluated historical demographic congru-
ence by comparing estimates of past population size fluc-
tuations through time captured using the Bayesian skyline
plot method (Drummond et al. 2005) implemented in
BEAST 1.7.5 (Drummond et al. 2012). Pilot runs
(MCMC=10°) showed that marginal relaxed clock stan-
dard deviations (“ucld.stdev” parameter) clumped at zero,
indicating highly clock-like data. Therefore, we conducted
Bayesian skyline model runs wusing strict clocks
(MCMC=2 x 10% burn-in=2 x 107; “Piecewise-constant”
skyline model; “Coalescent: Constant Size” tree priors).
We specified uniform priors spanning teleost mtDNA
mutation rates (see IMa2 methods) and substitution
models selected by DT-ModSel (Table S2). We parti-
tioned sites by codon position ([1 + 2], 3), unlinking
parameters across subsets. We calculated posterior distri-
butions of N.t through time, and node ages (fyrcaS),
and their 95% highest posterior densities (HPD) using
TRACER 1.5 (Rambaut and Drummond 2009). We then
tested whether Bayesian skyline plots were more appropri-
ate than constant-size (Hudson 1990), exponential
growth, or logistic growth models run with equivalent
priors. The best model had the highest smoothed mar-
ginal likelihood (In L + SE, 1000 bootstrap pseudorepli-
cates) and was compared to alternatives using log Bayes
factors (logiop Bjo) calculated in TRACER (Suchard et al.
2001), and established support criteria (Drummond et al.
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2005). To complement our BEAST analyses, we estimated
Ramos-Onsins and Rozas’ (2002) R, and Tajima’s (1989)
D neutrality statistics and their 95% confidence intervals
using coalescent simulations in DnaSP (10* replicates).
To distinguish population expansions from purifying or
positive natural selection, we tested for neutrality using
similar simulations of Fay and Wu’s (2000) H statistic.
Agreement across methods (support for skylines showing
expansions; positive, significant R,; negative, significant D;
and nonsignificant H estimates) and taxa would provide
strong evidence for congruent past population dynamics.

Results

Genetic diversity and neutrality

Among localities, mtDNA genetic diversity was highly spa-
tially variable: 7 ranged from 0 to 0.0244, Hd ranged 0 to 1,
and 0,, ranged 0 to 25.92 (Table S1). When averaged over
local subpopulations, intraspecific Hd (range = 0.384—
0.539; cross-species mean~0.473), 7© (range = 0.0004—
0.0076), and 6., (range = 0.733-5.586) varied from low to
moderate, but were much higher in A. cultratus and P. gillii
than X. umbratilis (Table S1). MtDNA genetic diversity
also varied greatly among population groups (see below): 1
ranged from 0.541 to 7.505, Hd ranged 0 to 0.944, and 0,,
ranged 0.542 to 12.074 (Table 1). However, diversity
peaked in groups located in the southeast of the study area
in all three species. Haplotype diversity and 0,, peaked in
the southeastern P. gillii population group, the southeast-
ern A. cultratus group displayed the highest 7, and Xeno-
phallus diversity peaked in the lower San Juan-Tortuguero
group (Table 1; see group designations below). Likewise,
genetic diversity was higher within back-arc drainages than
the San Juan, although local A. cultratus subpopulations
had slightly higher mean intradrainage diversity relative to
the other taxa (Table S3). Cytb variation met expectations
of neutral evolution in all three species (HKA test: A. cult-
ratus ;> = 0.004, P = 0.951; P. gillii y* = 0.256, P = 0.613;
Xenophallus ;(2 = 0.244, P = 0.622).

Overall spatial incongruence

Overall, mtDNA analyses recovered incongruent spatial-
genetic structuring among the three focal species in this
study. The best SAMOVA grouping schemes partitioned
the sampling area into two A. cultratus groups (K = 2,
Oer = 0.709), six P. gillii groups (K =6, ®cp = 0.543),
and seven Xenophallus groups (K = 7, ®cr = 0.973), indi-
cating differing numbers and positions of spatial subdivi-
sions between homogeneous populations within species
(Figs. S1, S2, and Appendix S2). Genetic barriers detected
using Monmonier’s algorithm were similar but not
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Table 1. Summary statistics and neutrality test results for Alfaro cultratus, Poecilia gillii, and Xenophallus umbratilis and homogeneous populations inferred within species using BARRIER.

Xenophallus

P. gilli

A. cultratus

PAG All

COG

LSITOG

All NWG

SEG

SEG All NWG FRPOG

NWG

Parameter

131

30

61

24

143

103

24

16

355

208

147

24
96
29

13

19
98
37

15
93
29

20
58
46

12
52
33

8
44
20

No. localities

20
12

Central American Fish Phylogeography

0.843
(+£0.027)

0.679
(+£0.122)

0.424 0.404 0.892 0.000
(+£0.079) (+£0.031)

(£0.113)

0.880 0.924 0.717 0.707 0.939 0.946
(+£0.007) (+£0.095) (+£0.082) (+£0.010) (+£0.007)

(+£0.016)

0.811
(+£0.021)

Hd (£SE)

(40.000)

NA
NA
NA
NA
NA

0.0286

0.0155

0.088*
—0.110 ns

0.0007
0.0007

0.0061
0.0044

0.0005

0.0017

0.116*
—0.017 ns
—0.001 ns

0.0005
0.0009

0.0093

0.0155

0.087*
—0.117 ns
—0.063 ns

0.0101

0.0012

0.0026

0.139%
—0.046 ns
—0.009 ns

0.0018

0.0016

0.155*
—0.058 ns

0.0217

0.0150

0.075*
—0.119 ns
—0.027 ns

0.0125

0.0146

0.081*
—0.112 ns
—0.034 ns

0.0063

0.0132

0.086*
—0.082 ns
—0.032 ns

0.00157
0.089*
—0.098 ns
—0.064 ns

0.241 ns
—0.018 ns

0.119 ns
—0.080 ns
—0.076 ns

0.156 ns
—0.027 ns

Rz

Tajima’s D
Fay and

0.323 ns

0.018 ns

0.002 ns

0.028 ns

Wu's H

NA, not available; ns, not significant.

Significant results are shown in bold (*P < 0.01).
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Table 2. AMOVA tests of models reflecting the best grouping schemes inferred using SAMOVA and BARRIER, plus two a priori biogeographical

hypotheses of hierarchical genetic structuring within/among drainages.

Source of variation (percentage) d-statistics
Among
Among subpopulations, Within
Comparison (number of groups) groups within groups subpopulations Dcr Doc Doy
Alfaro cultratus
SAMOVA / BARRIER model (K = 2) 70.9 9.0 20.1 0.71%* 0.31%** 0.80%**
1. Rio San Juan vs. back-arc drainages (2) 17.7 54.9 27.4 0.18 ns 0.67** 0.73%*
2. Rio San Juan trib. by trib. (6) 15.8 58.7 255 0.16 ns 0.70%** 0.75%*
Poecilia gillii
SAMOVA model (K = 6) 54.3 13.7 32.0 0.54%* 0.30%* 0.68**
BARRIER model (K = 3) 17.8 47.4 34.8 0.18* 0.58%** 0.65%*
1. Rio San Juan vs. back-arc drainages (2) 221 44.0 339 0.22%* 0.56%* 0.66%*
2. Rio San Juan trib. by trib. (6) —24.1 79.0 45.0 —0.24 ns 0.55%%* 0.647%*
Xenophallus
SAMOVA model (K = 7) 97.3 1.4 1.3 0.97%* 0.52%* 0.99%*
BARRIER model (K = 5) 95.0 4.1 0.9 0.95%* 0.82%* 0.99%*
1. Rio San Juan vs. back-arc drainages (2) 22.7 76.2 1.2 0.23 ns 0.99* 0.99*
2. Rio San Juan trib. by trib. (5) 93.0 6.0 1.0 0.93+** 0.86** 0.99%**

ns, not significant.

“Comparisons” are models (trib., tributary) and “number of groups” corresponds to population groups compared under each model. Sources of
variation are percentages representing hierarchical partitioning of diversity across levels (negative percentages are interpreted as not significantly
different from zero), and ®-statistics range from 0, indicating no genetic structure, to 1, indicating complete isolation. ®cr is the correlation of
random haplotypes within a group relative to the whole dataset (i.e., among groups), with significant results bolded (see Appendix S2 for further

details).
*P < 0.05; **P < 0.01.

identical to SAMOVA results; for example, BARRIER
yielded two A. cultratus groups that were identical to those
from SAMOVA, but fewer P. gillii and Xenophallus groups
(Fig. 3 and Table 2). Still, grouping schemes resulting
from both methods yielded matching barriers within each
species, and were supported by independent AMOVAs
(Table 2). Together, these results suggested that a signifi-
cant barrier to gene flow (mean BP = 88.2%, across five
segments) divided A. cultratus range into northwestern
(NWG) and southeastern groups (SEG) in the lowlands
between Rio Frio and Rio Pocosol flanked by Tenorio and
Arenal volcanoes (Fig. 3A). This barrier separated Lake
Nicaragua tributaries (e.g., Rio Frio) from others, includ-
ing the nearby San Carlos basin where we sampled all
three taxa at site 8 (Fig. 2 and Table S1). In P. gillii, a sim-
ilar well-supported break (mean BP = 79.3%, six seg-
ments) occurred just east of Rio Pocosol, dividing Frio
and Pocosol rivers subpopulations (FRPOG) from a
southeastern group (SEG) of lower San Juan and Rio Tor-
tuguero samples (Fig. 3B), including the San Carlos site. A
strongly supported P. gillii break (BP = 97%) between
Sabalo and Frio rivers formed a northwestern group
(NWG) of westernmost Lake Nicaragua-tributary subpop-
ulations (Rio Sapoa, Rio Sabalo). In Xenophallus (Fig. 3C),
three barriers delimited an upland group (UG) confined
to upper San Carlos tributaries separated from a large
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group localized in low-elevation San Juan and Rio Tor-
tuguero tributaries (LSJTOG), and two smaller groups
confined to the Corinto (COG; Rio Chirripé drainage)
and Parismina rivers (PAG). The UG-LSJTOG barrier sep-
arated higher-elevation Xenophallus sites from low-eleva-
tion ones. Combined, SAMOVA and BARRIER results
supported a similar pattern delimiting a fifth, northwest-
ern Xenophallus group (NWG) divided from the other
groups just northwest of the active Arenal volcano within
the Guanacaste Cordillera highlands (Fig. 3C).

Mantel tests supported isolation-by-distance in Xeno-
phallus (normalized Mantel coefficient = 0.307, t = 3.512,
P =0.003) but not the other species (A. cultratus: nor-
malized Mantel coefficient = 0.0394, t = 0.464, P = 0.320;
P. gillii: normalized Mantel coefficient = 0.138, ¢ = 1.428,
P = 0.0752). Likewise, Xenophallus genetic and In-geo-
graphic distances showed a positive regression relation-
ship not recovered in A. cultratus or P. gillii (Fig. S3).

Based on biogeographical AMOVA results, we rejected
congruent genetic structuring across taxa within and
among a priori drainage groups and San Juan tributary
drainages (Table 2). Consistent with gene flow of alleles
among demes in different drainages, A. cultratus showed
nonsignificant genetic structuring among San Juan—back-
arc drainage groups (AMOVA model 1) and A. cultratus
and P. gillii had nonsignificant structuring among San Juan

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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tributaries (AMOVA model 2). However, P. gillii were sig-
nificantly differentiated between San Juan and back-arc
drainage groups. In contrast, Xenophallus AMOVA 2 indi-
cated San Juan tributaries were distinct from one another,
but that San Juan—back-arc drainage structuring was non-
significant (Table 2).

Gene tree analyses further highlighted phylogeographic
incongruence. Alfaro cultratus was monophyletic with
three well-supported clades (Figs. 3A, S4) diverged on
average 3.2% at cytb. Alfaro cultratus clades were mostly
overlapping mosaics of subpopulations that mapped
poorly to drainages but closely matched population
groups inferred using SAMOVA/BARRIER: with few
exceptions, haplotypes comprising clades I-III were con-
fined to the SEG group, while those of clade IV fell into
the NWG. Located respectively west versus east of the
NWG-SEG barrier, clades I and IV were maximally
diverged (4.2%). Clades III and IV had star-like networks
with ancestral Sapoa, San Carlos, and Sixaola drainage
haplotypes possibly indicating recent population expan-
sions in these regions, and we estimated a San Carlos ori-
gin for the network root (haplotype 1). Poecilia gillii
(Figs. 3B, S4) displayed two geographically overlapping
mtDNA clades, limited spatially isolated or genetically dis-
tinct variation, ~2—4% divergences at cytb (max. diver-
gence: 4.6%, clades I versus II), and small well-supported
San Juan and back-arc drainage subclades (subclade II-a:
haplotypes 38-39, mainly San Carlos; II-b: 40—42, mainly
Sapoa, Sabalo and Frio; and II-c: 59-61, Matina). Haplo-
type 24 (San Carlos) was ancestral, sister to all other
P. gillii haplotypes; however, haplotype 62 (Parismina)
was the network root and showed a star-like pattern con-
sistent with recent expansion. While the SEG harbored
most P. gillii alleles, haplotypes 13 and 3841 were con-
fined to the NWG group. Xenophallus differed from the
other species in having four well-supported, nonallopatric
clades mostly isolated in drainage basins. The Xenophallus
cytb topology contrasted deep (6.0%) divergence of San
Carlos (clade I) haplotypes (e.g., haplotype 29, the net-
work root), from all others, against shallow intradrainage
variation (Figs. 3C, S4). As in the other species, Xenophal-
lus gene tree and network results also supported the
genetic barriers inferred in BARRIER, with UG samples
largely constituting clade I, COG and PAG samples largely
constituting clade II, and clade III presenting a mixture of
NWG, UG, and LSJTOG haplotypes. A star-like network
pattern was only recovered among Xenophallus UG haplo-
types, consistent with intradrainage expansion (Fig. 3C).

Finer-scale spatial congruence

Whereas the above results indicated overall spatial incon-
gruence, congruent genetic structuring was supported

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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over finer spatial scales in one area. SAMOVA, BARRIER,
and phylogenetic results revealed genetic differentiation in
the same subregion of northwestern Costa Rica in all
three species, with common differentiation just west of
the San Carlos basin or between lowland-to-upland Frio
and San Carlos sites, but all along the western edge of the
San Carlos (Figs. 3, S1, S4). The pertinent breaks split the
A. cultratus NWG-SEG, Xenophallus UG-LSJTOG, and
P. gillii FRPOG-SEG groups (Fig. 3). These “northwest
Costa Rica breaks” corresponded to species main pairwise
population divergences, including BP-supported barriers,
or barriers with the highest TrN distances identified in
BARRIER.

Temporal incongruence

Coalescent-based dating analyses in IMa2 yielded reliable
estimates of BARRIER population group sizes (0) and
divergence times (f) in most runs, indicated by likelihood
surface peaks (Fig. 3, Table 3, and Appendix S3). Obtain-
ing confidence intervals for ¢ was difficult, however,
because some runs peaked at lower values before converg-
ing to positive values at larger f, representing infinite
migration; thus, we accepted likelihood peaks as the best
parameter estimates. So, although we found congruent
northwestern Costa Rica spatial breaks, peak posterior t
estimates revealed temporal incongruence for the three
species overall and at the shared break (Fig. 3 and
Table 3). Miocene—mid-Pleistocene divergences in north-
west Costa Rica were much more likely in A. cultratus
(NWG-SEG: Tgy;, range = 3.583-1.612 Ma) and Xenophal-
lus (UG-LSJTOG: Ty, range = 13.731-2.334 Ma) than
P. gillii. All divergences within P. gillii ranged over mid-late
Pleistocene, including the FRPOG-SEG population pair
(Tgiy range = 0.130-0.0221 Ma). A similar pattern of
incongruence arose when comparing all Tg;, estimates
together. Whereas we estimated nonzero migration rates in
A. cultratus, posterior m distributions peaked at the lower
limit of resolution or 95% HPDs included zero in P. gillii
and Xenophallus, indicating no ongoing gene flow.

Akin to IMa2 results above, tests for simultaneous
diversification at a finer-scale level within northwestern
Costa Rica using approximate Bayesian computation
models also revealed a striking pattern of temporal incon-
gruence. MTML-msBayes results were nearly identical
across four models with slightly different priors; therefore,
we present results from one representative model (M2,
upper 0 = 0.01, upper E[t] =2, Nm = 0), though prior
settings and results for all models can be found in Table
S4. The ¥ (mean = 2.291) and (2 (mean = 0.269, 95%
HPD range = 0.000-0.657; Bayesian posterior probability
of one divergence event from polychotomous regres-
sion = 0.149) parameter estimates indicated that a model
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Table 3. Coalescent divergence time analysis parameter estimates.
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Comparison Taive 2% Taiv, 0.9%
Species (1-2) 04 0, mi_o, my_q t rate (Ma) rate (Ma)
Alfaro NWG-SEG 14.920 39.560 0.348 0.166 9.690 1.612 3.583
cultratus 95% HPDs 7.720, 24.280  27.160, NA 0.108, 0.923 0.178, 0.438 3.013, NA  0.953, NA 2.119, NA
Poecilia NWG-SEG 6.750 53.25 0.0005 0.528 1.278 0.112 0.659
gillii 95% HPDs 1.750, NA 29.250, 85.750  0.000, NA 0.257, NA - - -
NWG-FRPOG 7.350 5.850 0.00171 0.341 1.468 0.129 0.757
95% HPDs 1.770, 25.410 1.410, 18.570  0.000, 2.359 0.000, 2.349 0.755, NA  0.0662, NA 0.390, NA
FRPOG-SEG 4.750 45.250 0.000 0.000 0.253 0.0221 0.130
95% HPDs 1.250, 14.250  22.250, 82.250 — - 0.0975, 0.0009, 0.050,
0.548 0.0480 0.283
Xenophallus  UG-LSJTOG 9.750 29.750 0.000 0.000 26.610 2.334 13.731
95% HPDs 3.750, 21.750  16.250, 49.750 - — 5.850, 0.513, 3.019,
35.550 3.118 18.344
LSITOG-PAG 29.500 3.500 0.000 0.000 11.140 0.977 5.748
95% HPDs 14.500, 50.500 0.000, NA - - 4537, NA  0.398, NA 2.341, NA
COG-UG 0.500 9.500 0.0004 0.0004 2.138 0.188 1.103
95% HPDs 0.000, 11.500 3.500, 23.500 0.000, 0.6764  0.000, 0.301 0.613, NA  0.0537, NA 0.316, NA
COG-LSITOG 0.250 28.750 0.000 0.000 10.190 0.894 5.258
95% HPDs 0.000, NA 16.250, 49.250 - - 4.388, 0.385, 2.264,
16.860 1.479 8.700

Estimates of population sizes (04, 0,); migration rates (m); mutation-scaled population divergence times (t); and absolute divergence times (T4y,) in
millions of years ago, inferred in IMa2 are shown for pairwise comparisons of diverged population groups (regions) from BARRIER (see Results,
Fig. 3). Estimates were similar across three final runs using different random seeds, so results from best runs are presented. In brackets, 95%
highest posterior density intervals (HPDs) are given where complete posterior distributions appeared to be estimated; whereas bounds that could
not be estimated are listed as not available (NA), and zeros (with no density intervals) are given for m estimates in models for which pilot runs
recovered zero migration hence m priors were set to zero in final runs. We calculated Ty, using different mutation rates (u), including the stan-
dard 2% rate for vertebrate mtDNA genes (Brown et al. 1979; Wilson et al. 1985), and a more slowly evolving 0.9% salmonid mtDNA rate

(Martin and Palumbi 1993).

of multiple discrete divergences, rather than simultaneous
divergence, was supported by the data (Fig. 3 and Table
S4). This was also supported by hypotheses testing: based
on Bayes factors of 4.303 for ¥ > 1 versus ¥ = 1, the data
provide substantial support for a model with multiple
divergences. In contrast, Bayes factors of 0.930 and 0.947
indicated only marginal weight of evidence (Jeffreys 1961)
for simultaneous divergence (¥ =1 vs. ¥ > 1) and con-
tinuous divergence (¥ =3 vs. ¥ < 3) respectively. Based
on a Bayes factor of 1.535 for 2 > 0.01 vs. {2 < 0.01, dis-
persion index {2 also indicated evidence against a simulta-
neous divergence model; however, the weight of the
evidence was marginal, suggesting a potentially weaker
ability of (2 to reject simultaneous divergence for our
data. Modal divergence time estimates across the three
population pairs from MTML-msBayes were similar to
T4y estimates from IMa2 falling mostly within the Plio-
cene—Pleistocene (Table S4).

Historical-demographic incongruence

The P. gillii data provided substantial support for broadly
incongruent historical demography. The data supported
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the P. gillii Bayesian skyline plot over the other competing
demographic models based on Bayes factors (Table 4), and
plotting the skyline reconstruction of population dynamics
through time revealed P. gillii late Pleistocene growth fol-
lowing slight population bottlenecking ~40 ka (Fig. S5).
Poecilia gillii population expansion was also supported by
significant (P < 0.01) and positive R, statistics (Table 1),
as well as a star-like pattern of haplotypes radiating from
the network root (Fig. 3B); however, the expansion signal
was not recovered by Tajima’s D, which was negative but
nonsignificant. Alfaro cultratus results were intermediate to
those of P. gillii: whereas Bayes factors strongly supported
the constant model over the other competing models
(Table 4), significant and positive R, statistics supported
expansions overall and within A. cultratus population
groups despite negative and nonsignificant Tajima’s
D values (Table 1). This was surprising, given parsimony
networks showed evidence for finer-scale A. cultratus
expansions within regions (see above, Fig. 3A). Contrasting
patterns in the other taxa, essentially all Xenophallus results
pointed to a constant population size over time. Bayes fac-
tors less than 0.5 indicated that Xenophallus models were
indistinguishable (Jeffreys 1961); thus, by parsimony, the

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 4. Bayes factor tests comparing Bayesian coalescent demographic models.

Central American Fish Phylogeography

Smoothed In likelihood

Bayes factors (Iog1o B1o)

Species Model tmrea (Ma) (L) &+ SE BSP Constant Exponential Logistic
Alfaro cultratus BSP 1.358 [0.448, 4.193] —1508.083 + 0.188 - —1.586 —1.793 —1.826
Constant 1.398 [0.460, 4.272] —1504.432 + 0.185 1.586* - -0.207 —0.240
Exponential 1.086 [0.423, 2.863] —1503.955 + 0.186 1.793* 0.207 - —-0.033
Logistic 1.329 [0.449, 4.061] —1503.879 + 0.159 1.826* 0.240 0.033 -
Poecilia gillii BSP 1.937 [0.677, 5.859] —2335.298 + 0.119 - 1.978* 1.682* 1.971*
Constant 1.842 [0.656, 5.605] —2339.853 £+ 0.135 -1.978 - —0.296 —0.006
Exponential 1.472 [0.628, 3.827] —2339.172 + 0.137 —1.682 0.296 - 0.289
Logistic 1.740 [0.633, 5.219] —2339.838 + 0.134 —1.971 0.006 —0.289 -
Xenophallus BSP 1.937 [0.677, 5.859] —2263.109 + 0.094 - 0.008 —-0.208 0.079
Constant 1.842 [0.656, 5.605] —2263.128 + 0.099 —0.008 - -0.216 0.071
Exponential 1.597 [0.735, 4.217] —2262.630 £ 0.093 0.208 0.216 - 0.287
Logistic 1.823[0.716, 5.507] —2263.291 + 0.092 -0.079 -0.071 —0.287 -

Geometric mean tyrea estimates based on sufficient MCMC-chain mixing in Beast (ESS > 400) are shown in millions of years ago with 95% HPDs
in brackets, followed by In-likelihood estimates from Tracer (£standard error [SE]). Bayes factors are presented as row-by-column comparisons.

Best-fit models based on Jeffreys' (1961) “weight of evidence” criteria (*strong support) are presented in bold.

constant model (model with the fewest parameters) is the
most likely best-fit Xenophallus model. Consistent with
population stasis, most Xenophallus networks suggested
stable population structuring, and most groups had nonsig-
nificant R, and Tajima’s D values (Fig. 3B and Table 1).
However, the finer-scale Xenophallus UG population
expansion in the San Carlos basin revealed by the network
(above) was supported by a positive and significant R,
(Table 1). Results of Fay and Wu’s H tests supported a
scarcity of high frequency variants suggesting that the
historical demographic inferences above do not reflect
purifying or positive natural selection (P > 0.05; Table 1).
Demographic models in Beast yielded intraspecific fyrcas
that were comparable to IMa2 and MTML-msBayes
estimates, peaking ~1.9-1.4 Ma around early Pleistocene,
with overlapping Miocene-mid-Pleistocene confidence
intervals (Table 4).

Discussion

The paradigm view in historical biogeography holds that
congruent spatial-genetic subdivisions among codistributed
taxa are most parsimoniously explained by a shared biogeo-
graphic history, whereas spatially incongruent patterns
reflect independent responses owing to biological differ-
ences (Arbogast and Kenagy 2001; Avise 2000; Bermingham
and Martin 1998; Hickerson et al. 2010; Sullivan et al.
2000; Donoghue and Moore 2003; Feldman and Spicer
2006; Bagley and Johnson 2014; refs. therein). Moreover,
temporally incongruent patterns are thought to reflect mul-
tiple divergences in response to different events (Cunning-
ham and Collins 1994; Donoghue and Moore 2003). Thus,
a key question in historical biogeography is whether testing

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

for shared biogeographic history supports concerted, inde-
pendent, or multiple evolutionary responses. From empiri-
cal tests for spatial and temporal phylogeographic
congruence among three livebearing fish species from the
Nicaraguan depression of Central America, we find consid-
erable evidence that the evolution of these taxa has not
been concerted. Instead, these fishes display strikingly
incongruent spatial-genetic structuring (Figs. 3, S1-S4,
Appendix S2, and Table 2) and temporal population diver-
gences (Fig. 4, Tables 3, 4, S4)—an overall pattern of
pseudoincongruence. We therefore reject the concerted-
and independent-response hypotheses. Our results suggest
that our focal species have neither responded solely in lock-
step fashion nor solely individualistically to long-term
effects of shared biogeographic history, but that multiple
geological or climatic events within the complex Nicara-
guan depression landscape have shaped their population
structuring. Multiple responses during recent community
assembly involving different geographical distributions or
colonization routes appear to have played a role in shaping
the phylogeographic and community composition of the
northern lower Central American freshwater fish assem-
blage. While drawing more robust conclusions about the
precise number and underlying causes of population diver-
gences inferred herein using mtDNA will require additional
data from multiple unlinked nuclear loci, our study repre-
sents an important first step toward unraveling the history
of the fish communities in this region. Indeed, ours is the
first comparative analysis establishing a geographical and
temporal framework for understanding diversification of
northern LCA freshwater biota. Our results also provide
some evidence that multiple evolutionary responses across
these species were overlaid by incongruent demographic
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Figure 4. Posterior distributions and temporal incongruence of divergence times among northwest Costa Rican population pairs. The first three
panels display marginal posterior probabilities of t parameters estimated by IMa2 for Alfaro cultratus (A), Poecilia gillii (B), and Xenophallus
umbratilis (C), with probabilities estimated from two separate substitution rates. The two lower panels present results from MTML-msBayes
analyses, including a comparison of the prior distribution versus the posterior densities of the number of divergence times across population pairs,
v (D), as well as a surface plot of the joint posterior probability densities of E[z] (E).

histories (Tables 1, 4 and Fig. S5). Here, we explore each
level of incongruence among our results—temporal, spatial,
and demographic, as well as ecological factors that, in addi-
tion to a multiple-response scenario, potentially explain the
patterns we observed.

Statistical phylogeography studies have repeatedly
underscored the importance of testing for temporal
congruence while accounting for potentially confounding
factors influencing divergence time estimates, such as
mutational and coalescent gene-tree stochasticity (e.g.,
Edwards and Beerli 2000; Wakeley 2003; Nielsen and
Beaumont 2009). We empirically tested for temporal con-
gruence across multiple codistributed species while using
methods that explicitly model isolation processes, demo-
graphic events, and coalescent variance, for example,
Bayesian simulations sampling many coalescent gene gene-
alogies. At the broadest temporal scales relevant for our
data (i.e., thousands to millions of years), we inferred Mio-
cene—mid-Pleistocene divergences between regions in
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A. cultratus and X. umbratilis, but mid-late Pleistocene
divergences across barriers in P. gillii (Fig. 3 and Table 3),
using full-Bayesian IMa2 analyses. Their different time-
scales of diversification are in greatest accord with the
interpretation that these ND livebearing fishes represent
possibly ancient but asynchronously evolved lineages that
did not disperse into the study area at the same time. In
other words, a parsimonious explanation of these patterns
is that these species had different past distributions, thus
experienced different dispersal and vicariance events at dif-
ferent times. Our results preclude a scenario of ancient dis-
persal or vicariance in P. gillii, however, because regional
divergence estimates agree with a possibly recent origin of
this species in the study area. This is consistent with sub-
stantial evidence for a late Pleistocene bottleneck-expansion
event in P. gillii (Fig. S5 and Tables 1, 4) that may have
occurred during recent recolonization, or post-colonization
expansion. Nevertheless, the well-known limitations of

single-locus  phylogeography studies warrant careful
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consideration of the effects of potential sources of uncer-
tainty while interpreting these results. In particular, it is
difficult to estimate demographic parameters from
mtDNA, from which we should expect wider confidence
intervals reflecting (1) the inherent stochasticity of coales-
cent processes (Hudson 1990; Edwards and Beerli 2000)
and (2) the influence of varying levels of N, or m across
ancestral populations (Wakeley 2003; Nielsen and Beau-
mont 2009). While our IMa2 runs converged for most
parameter estimates and estimated error in the inferences,
chance events have likely influenced our results. Estimating
confidence in population divergence times was problem-
atic and gave broad, overlapping confidence intervals
(Table 3). Moreover, approximately flat likelihood surfaces
yielded large ancestral population size estimates, possibly
indicating retained polymorphisms or that gene flow
occurred between the ancestral population and other
populations not included in the simple 2-population IMa2
models we employed. However, independent estimates of
divergence times converged on similar results supporting
conclusions drawn from the IMa2 analyses: multi-popula-
tion coalescent models (i.e., Bayesian skyline plots) inferred
intraspecific fy;rcas wWhose confidence intervals bracketed
the majority of the IMa2 t-estimate probability densities,
and we also estimated similar Pliocene—Pleistocene regional
divergences in MTML-msBayes (Fig. 3 and Tables 4, S4).
Hypotheses tests using Bayes factors to compare divergence
models based on approximate Bayesian computation
simulations also provided moderate to strong support for
temporal incongruence (Table S4). Thus, despite potential
issues with mtDNA time estimates, different methods sup-
port the inferred pattern of multiple evolutionary responses
over a Miocene—Pleistocene timescale of diversification.
Qualitatively similar patterns of idiosyncratic temporal
divergences have been reported in other comparative phy-
logeographic studies, including analyses of three codistrib-
uted freshwater fish lineages from southern LCA
(Bermingham and Martin 1998; Reeves and Bermingham
2006), Mesoamerican rodents across the Isthmus of Tehu-
antepec (Sullivan et al. 2000), and California herpetofa-
una (Feldman and Spicer 2006). Our results therefore add
to a growing body of evidence from different study sys-
tems worldwide supporting a commonality of temporally
incongruent phylogeographic patterns in codistributed
taxa. The divergence time estimates we report also closely
approximate levels, thus the potential timing, of popula-
tion divergences found in previous studies of lower Cen-
tral American taxa. For example, a mtDNA-RFLP study
of Orthogeomys cherriei pocket gophers found haplotypes
were up to 1.5% diverged in the Costa Rican Central
Cordillera (Demastes et al. 1996), which roughly corre-
lates to mid-Pleistocene assuming the standard 2% pair-
wise vertebrate mtDNA rate (Bagley and Johnson 2014).
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A study of Rhamdia guatemalensis catfishes found that
western Costa Rican populations isolated in the Rio Bebe-
dero basin diverged from all other haplotypes just prior
to the final closure of the LCA isthmus ~3 Ma (Perdices
et al. 2002). And multiple studies along the Panamanian
Isthmus in southern LCA show that various lineages of
electric knifefishes (Hypopomidae), seven-spine catfishes
(Heptapteridae), and tetras (Characidae) also display Plio-
cene-late Pleistocene divergences similar to our findings
(Bermingham and Martin 1998; Martin and Bermingham
2000; Reeves and Bermingham 2006). Combined with our
results, these examples show that the relatively recent
(~7-0 Ma) geological history of emergent LCA isthmus
lands (e.g., Fig. 1C) appears to have significantly con-
strained regional patterns and processes of evolutionary
divergence, and this is consistent with a recent meta-
analysis of divergence times reported in LCA phylogeog-
raphy studies (Bagley and Johnson 2014).

Given we used the same locus (similar mutation rates)
to compare the phylogeographies of closely related species
with overlapping ranges, inadequate phylogenetic signal
cannot account for the broad-scale pattern of spatial
incongruence among A. cultratus, P. gillii, and Xenophal-
lus (e.g., Figs. 3, S1). Instead, while our tests of temporal
congruence show that the incongruent spatial-genetic sub-
divisions in these taxa arose during responses to different
events at different times, other factors also potentially
explain the observed spatial differences, including species-
specific responses driven by different biological attributes
(¢f. Burney and Brumfield 2009; Fouquet et al. 2012). The
livebearing fishes we studied share complex ecological
adaptations for viviparity, benthopelagic habits, and non-
superfetating reproduction (Winemiller 1993; Reznick and
Miles 1989; Johnson and Bagley 2011; J. C. Bagley and
J. B. Johnson, unpubl. data). Still, these species differ
along key ecological axes indicating potentially superior
dispersal propensity and wider physiological tolerances in
P. gillii and A. cultratus, relative to Xenophallus. Most
notably, P. gillii achieve larger maximum body size
(105 mm; compared with 45-65 mm), a broader range of
elevations (0-1220 m; compared with 0-590 m) and ther-
mal environments (J. B. Johnson, pers. obs.), and a much
larger geographic range (Guatemala through Panama,
except southwestern Panama) than the other species (Bus-
sing 1998; Smith and Bermingham 2005; but see Alda
et al. 2013). Alfaro cultratus also display a much larger
range (northern Nicaragua to western Panama) than
Xenophallus, which is endemic to the study area (Bussing
1998) and is usually more abundant at the upper eleva-
tions of its range (J. C. Bagley and J. B. Johnson, pers.
obs.). Furthermore, consistent with salinity tolerance and
propensity for movement into peripheral habitats in other
Poecilia (e.g., P. mexicana; Schlupp et al. 2002), P. gillii
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occur in brackish water, while our other focal species do
not (Bussing 1998). These differences at ecological traits
correlated to dispersal propensity, population size, and
competitive ability have likely influenced unique phyloge-
ographic signals in these species. Indeed, our results,
combined with available ecological data, are consistent
with the general prediction that phylogeographic structure
within species should correlate inversely with behavioral
preference or potential for dispersal (e.g., dispersal rates,
distances) (Avise 2000; Bagley and Johnson 2014). This is
best illustrated in Xenophallus, which displays evidence
for relatively lower dispersal propensity, yet a higher
degree of phylogeographic structuring indicated by deep
phylogenetic divergences, haplotypes/clades mostly iso-
lated in drainages (Figs. 3C, S4), and zero ongoing gene
flow (Table 3) consistent with limited inter-drainage and
-population migration. Mantel tests and regression analy-
ses also supported isolation-by-distance only in Xenophal-
lus (Fig. S3). Thus, landscape barriers and geographical
distances have influenced phylogeographical structuring
to a greater degree in Xenophallus than the other taxa
most likely due to lower dispersal propensity. That Xeno-
phallus AMOVA model 1 supported no structuring
between the San Juan and Tortuguero rivers conflicts with
this view (Table 2). However, this may reflect a recent
stream capture event unrelated to dispersal ecology, or an
artifact of limited Xenophallus sampling (N =9) and
genetic diversity (e.g, S =2) within Rio Tortuguero
(Table S1).

Population-level processes may also have contributed to
the spatially incongruent subdivisions among the ND live-
bearers in this study. Because gene flow among demes,
incomplete lineage sorting, and demographic fluctuations
can produce similar genetic imprints (e.g., converging due
to chance, or regional extinctions), teasing these processes
apart is difficult. However, nonequilibrium statistical phy-
logeography tools such as IMa2 that jointly estimate
demographic parameters while modeling coalescent and
mutational stochasticity, implicitly test whether alleles
shared between populations reflect gene flow versus
incomplete lineage sorting (assuming uniform priors with
m # 0, as in all of our pilot IMa2 runs and several of our
long runs). If marginal distributions of m parameters
include 0, gene flow can be rejected in favor of incomplete
lineage sorting; otherwise, there is sufficient information
to resolve migration as influencing the data. In IMa2 we
inferred discordant migration rates between regions
among taxa, with nonzero migration between A. cultratus
groups while other results suggested no ongoing gene flow
(Table 3; Appendix S3). Thus shared alleles between
diverged populations (Figs. 3, S4) are best explained by
gene flow in A. cultratus, but appear more consistent with
incomplete lineage sorting in the other taxa. While
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multiple unlinked loci are needed to obtain more accurate
parameter estimates to test this initial mtDNA character-
ization, our migration estimates generally agree with the
ecological context above (e.g., zero gene flow within pre-
sumably poorer dispersing Xenophallus). Moreover, we
expect that samples from demes with higher m should be
more polymorphic than those from demes with lower m
(Wakeley and Aliacar 2001), and this is met by the polar-
ized genetic variation displayed in A. cultratus (higher ©
and Hd) and Xenophallus (much lower n and Hd,;
Tables 1, S1). Zero-gene-flow inferences in P. gillii are
exceptional to this (Table 3), as other data suggest this
taxon may be a stronger disperser; however, low m esti-
mates may indicate insufficient data for estimating migra-
tion in this species while fitting a six-parameter model.
Alternatively, the small (<1) nonzero peak m estimates
between P. gillii population groups (e.g., SEG and FRPOG
into NWG) may simply indicate a trivial number of
migrants relative to overall population size (Tables 1, 3).

Natural selection is another process with consequences
for population genetic variation that can cause spatially
incongruent phylogeographic breaks across codistributed
species (Irwin 2002). However, while selection can play a
role in shaping mtDNA genetic patterns (e.g., Machado
and Hey 2003), it has unlikely influenced major patterns
among our results. Coalescent simulations of neutrality
test statistics demonstrate that our data conform to
expectations of selectively neutral evolution (Table 1).
Furthermore, we evaluated spatial phylogeographic con-
gruence based on tests of whether genetic barriers were
supported by bootstrapping (a randomization procedure)
in BARRIER, which allows us to rule out a random pat-
tern of barriers due to natural selection. Despite the util-
ity of this approach, other studies drawing similar
conclusions (e.g., Fouquet et al. 2012), have not evaluated
this possibility; however, doing so seems more important
in cases such as ours where broad-scale spatially incon-
gruent patterns are recovered than in other cases.

In addition to temporally and spatially incongruent
phylogeographic histories, we find evidence for incongru-
ent patterns of historical-demographic fluctuations over
recent timescales among ND livebearers (Figs. 3, S5 and
Tables 1, 4). Our results support recent broad-scale
expansion in P. gillii and overall stasis despite finer-scale
expansions within regions in A. cultratus and Xenophallus.
However, while Bayes factors strongly rejected the null
model in P. gillii and strongly supported it in A. cultratus,
they could not distinguish between skyline, constant,
exponential and logistic demographic models in Xeno-
phallus. Clearly, failing to reject the null model (size-con-
stancy) provides a weaker basis for making inferences
about past population dynamics than rejecting the null

model would. However, size-constancy rather than
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bottleneck-expansions or other growth trends still appears
to be the most likely historical demographic scenario for
Xenophallus based on a parsimonious interpretation of
Bayes factors (Table 4). The gene tree and network pat-
terns (Figs. 3, S4) and neutrality test results (Table 1) also
support size-constancy in Xenophallus.

Notwithstanding the many points of incongruence
among our focal taxa, we have established that these species
share genetic breaks just north of present-day Lake Arenal
in northwestern Costa Rica, in between two large Rio San
Juan tributaries, the Frio and San Carlos rivers (Figs. 1, 3).
Considering the ecological and geological heterogeneity of
LCA landscapes in and around the Nicaraguan depression
(e.g., Fig. 1; reviewed in Bagley and Johnson 2014; Funk
et al. 2009; Mann et al. 2007; Coates and Obando 1996;
Coates et al. 2004), as well as the incongruent temporal,
spatial, ecological, and demographic patterns discussed
above, the fact that we find evidence for such congruent
spatial breaks at such a fine spatial scale (<~25 km) is
rather astonishing. This spatial-genetic subdivision has also
never been observed in other Costa Rican taxa aside from
the livebearing fishes in this study (Bagley and Johnson
2014). Whereas paleoclimatic effects are often cited as the
cause of phylogeographic breaks in terrestrial taxa (e.g.,
Avise 2000; Hewitt 2000), the geographical distributions of
LCA freshwater fishes are principally controlled by drainage
basin geomorphology and connectivity, (e.g., Bermingham
and Martin 1998; Bussing 1998; Smith and Bermingham
2005). Thus, the observed Frio-San Carlos break most likely
reflects a direct influence of different geological and sea
level events on the drainage networks of the southern San
Juan superbasin. As shown in Fig. 1C, LCA has experienced
radical geological transitions and landscape changes (e.g.,
Coates and Obando 1996; Coates et al. 2004) and is physio-
graphically defined by northwest-southeast-trending volca-
nic cordilleras of Quaternary age (e.g., Marshall et al. 2003;
Marshall 2007). In the vicinity of the shared break, the
upper reaches the Frio and San Carlos rivers and nearby
drainages interact with the Guanacaste Cordillera; the Plio-
Pleistocene activity of volcanoes within this part of the
Central American volcanic arc seems most likely to have
triggered vicariance or extinction-recolonization events
responsible for the Frio-San Carlos break. Modern topogra-
phy may also have contributed to a common pattern of
genetic divergence between tributaries and drainages in
this region, including the maintenance of isolation, for
example as steep drainage gradients limited connectivity.
Given evidence for finer-scale population expansions
within the San Carlos basin in all three taxa, the present
position of this barrier may reflect an ongoing process of
secondary expansion following genetic drift in moderate to
long-term isolation.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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In summary, through multiple empirical tests for con-
gruence, our study has demonstrated that spatially and
temporally incongruent phylogeographic and demo-
graphic patterns are evident in three species of livebearing
fishes that are codependent upon freshwater habitats
within the Nicaraguan depression landscape. The majority
of our results point to multiple evolutionary responses
among these taxa, and we have statistically shown that
these corresponded to multiple historical dispersal and
vicariance events, possibly suggesting waves of dispersion
through the area. Despite overall pseudoincongruence
supporting a “multiple-response hypothesis”, however,
landscape history appears to have promoted commonali-
ties of phylogeographical structuring, albeit over fine
spatial scales. More nuclear loci and expanded spatial
sampling covering the entire species ranges are necessary
to better tease apart the exact histories responsible for the
varying evolutionary trajectories in these taxa. However, a
comparative perspective has afforded us a view of the
lower Central American freshwater fish assemblage that
has provided insights into historical as well as ecological
influences on population structure, and which permits
drawing several future predictions. First, additional stud-
ies of individual taxa similarly confined to these freshwa-
ter habitats of the Nicaraguan depression should show
similar phylogeographic patterns, although it is likely that
even further evidence for a multiple-response scenario
will be uncovered. And, secondly, we predict that addi-
tional comparative studies will yield many new insights
into the relative roles of concerted, independent, and
multiple responses in shaping the assembly and diversifi-
cation of species rich and endemic Central American eco-
systems.
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Figure S1. SAMOVA maps with maximally genetically
differentiated groups of samples separated by thick red
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lines. Dotted (thin) lines are Voroni diagram edges used
during calculations. All models produced statistically sig-
nificant fixation indices confirmed by independent
AMOVAs (P < 0.001; Table 2).

Figure S2. Fixation index scores (®cr) from SAMOVA
analyses plotted against the K value imposed during each
run.

Figure S3. Regressions showing relationships between
genetic distances and geographical distances [(In) km]
across all sampling sites (Fig. 2) for three species of LCA
livebearing freshwater fishes.

Figure S4. “Best” maximum likelihood gene tree topolo-
gies with nodal support.

Figure S5. Bayesian skyline plots of effective population
size changes. Historical skyline reconstructions of popula-
tion size (N.t, converted to N. using generation time)
through time for each species, correlated with the late
Pleistocene eustatic sea level curve of (Lambeck et al.
2002; cited in the main text).
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Table S1. Locality details, population group assignments,
GenBank accession numbers, and DNA polymorphism
levels across subpopulations.

Table S2. DNA substitution models selected using DT-
ModSel.

Table S3. Cytb DNA polymorphism levels within and
among drainage basins.

Table S4. Model priors, estimated number and timing of
divergence events, and Bayes factors from MTML-msBa-
yes. Results are presented for four coalescent models
(M1-M4) run in MTML-msBayes. Bayes factors were
used to conduct hypotheses tests of posterior support for
simultaneous divergence (e.g.,
hypotheses.

Appendix S1. Sampling and outgroups details.

Appendix S2. SAMOVA and BARRIER methods and
results.

Appendix S3. Coalescent divergence time estimation:
IMa2 methods.
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Table S1 Locality details, population group assignments, GenBank accession numbers, and DNA polymorphism levels across sub-populations

NOTE TO EDITOR: GenBank accession numbers for new sequence data generated in this study are pending (denoted "XXXXXXXX").

ARRIER

Species [Ref.] Drainage ID CODE population group / Country
Alfaro cultratus 355
A. cultratus [1] NA NA — — 1 — — Costa Rica EF017531 NA NA NA NA NA NA 1
A. cultratus [2] Lake Nicaragua (LN) San Juan (1) 1 LN NWG 2 11.9240  -85.9423  Nicaragua FI178773, FI178772 NA NA NA NA NA NA 2
A. cultratus [2] Rio El Monje (Lake Managua, LM) San Juan (1) 2 MONJE NWG 1 11.6333 -86.3000  Nicaragua FI178774 NA NA NA NA NA NA 1
A. cultratus (this study) Rio Sapoa (Sapoa) San Juan (1) 3 SAPF NWG 49 11.0444 -85.6159  Costa Rica XXXXXXXX 2 3 0.232 0.076 0.0004 0.453 47§
A. cultratus (this study) Rio Sabalo (Sabalo) San Juan (1) 4 SABF NWG 54 11.0428 -85.4892  Costa Rica XXXXXXXX 31 7 0.335 0.082 0.0056 6.803 54
A. cultratus (this study) Rio Zapote (Zapote) San Juan (1) 5 ZAPF NWG 12 10.8665 -85.0339  Costa Rica XXXXXXXX 2 3 0.439 0.158 0.0008 0.662 12
A. cultratus (this study) Rio Salto (Zapote) San Juan (1) 6 SALF NWG 20 10.7982 -85.0233 Costa Rica XXXXXXXX 25 3 0.511 0.091 0.0047 7.047 20
A. cultratus (this study) Rio Venado (Frio) San Juan (1) 7 VENF NWG 9 10.6448 -84.8222  Costa Rica XXXXXXXX 0 1 0.000 0.000 0.0000 0.000 9
A. cultratus (this study) Quebrada Perez (San Carlos) San Juan (1) 8 PERF SEG 21 10.4735 -84.8223 Costa Rica XXXXXXXX 5 3 0.567 0.056 0.0022 1.390 21
A. cultratus (this study) Rio Chimurria (Pocosol) San Juan (1) 9 CHIF SEG 27 10.7274  -84.5582  Costa Rica XXXXXXXX 29 6 0.708 0.066 0.0206 7.857 23§
A. cultratus (this study) Quebrada Piecueca (San Carlos) San Juan (1) 10 PIEF SEG 7 10.3861 -84.5790  Costa Rica XXXXXXXX 27 3 0.524 0.209 0.0132 11.020 7
A. cultratus (this study) Rio Infernito (San Carlos) San Juan (1) 11 INFF SEG 19 10.6180 -84.4842  Costa Rica XXXXXXXX 0 1 0.000 0.000 0.0000 0.000 19
A. cultratus (this study) Rio Cafo Negro (San Carlos) San Juan (1) 12 CANF SEG 4 10.3728 -84.2782  Costa Rica XXXXXXXX 2 2 0.500 0.265 0.0017 1.091 4
A. cultratus (this study) Rio Sarapiqui (Chirrip6) San Juan (1) 13 SARF SEG 20 10.5245  -84.0313  Costa Rica XXXXXXXX 24 7 0753 0.079 0.0077 6.765 20
A. cultratus (this study) Rio Isla Grande (Chirripo) San Juan (1) 14 ISLF SEG 19 10.3930 -83.9682  Costa Rica XXXXXXXX 7 5 0.591 0.118 0.0037 2.003 19
A. cultratus (this study) Rio Corinto (Chirrip6) San Juan (1) 15 CORF SEG 21 102119 -83.8865  Costa Rica XXXXXXXX 30 4 0.681 0.059 0.0096 8.339 21
A. cultratus (this study) Upper Rio Tortuguero Tortuguero (2) 16 TORS SEG 12 10.2594 -83.8122  Costa Rica XXXXXXXX 27 6 0818 0.084 0.0162 8.941 12
A. cultratus (this study) Unnamed river Parismina (2) 17 PARS SEG 20 10.1977  -83.6521  Costa Rica XXXXXXXX 7 4 0575 0.115 0.0034 2.110 16§
A. cultratus (this study) Rio Herediana Parismina (2) 18 PARS SEG 16 10.1242  -83.5562  Costa Rica XXXXXXXX 8 4 0617 0.096 0.0049 2411 16
A. cultratus (this study) Unnamed river Sixaola (2) 19 SIXS SEG 19 9.6209 -82.8577  Costa Rica XXXXXXXX 33 7 0854 0.043 0.0178 9.442 19
A. cultratus (this study) Rio Carbon Sixaola (2) 20 SIXS SEG 3 9.6231 -82.8552  Costa Rica XXXXXXXX 22 3 1.000 0.272 0.0244  14.667 3

Means: 16.952 15.611 4 0539 0.104 0.0076 5.056  16.476
Alfaro huberi 7 — — — — — — —
A. huberi (this study) — Lis Lis — — — 2 15.6659 -86.5802 Honduras XXXXXXXX — — — — — — —
A. huberi (this study) — Cangrejal — — — 1 15.6530 -86.0600  Honduras XXXXXXXX — — — — — — —
A. huberi (this study) Patuca 2 14.8475 -88.8749 Honduras XXXXXXXX
A. huberi (this study) — Motagua — — — 1 14.9054 -89.1618  Honduras XXXXXXXX — — — — — — —
A. huberi (this study) Unnamed tributary Unnamed tributary ~ — — — 1 14.9978 -89.1321  Honduras XXXXXXXX — — — — — — —
Poecilia gillii 143
P. gillii 3] Rio Sapoa (Sapoa) San Juan (1) 3 PG725 NWG 8 11.0444  -85.6159  Costa Rica — 5 4 0768 0.113 0.0020 1.928 8
P. gillii [3] Rio Sabalo (Sabalo) San Juan (1) 4 PG726 NWG 8 11.0428  -85.4892  Costa Rica — 0 1 0.000 0.000 0.0000 0.000 8
P. gillii [3] Rio Venado (Frio) San Juan (1) 7 PG719 FRPOG 16 10.6448  -84.8222  Costa Rica — 7 5 0450 0.151 0.0008 2.110 16
P. gillii 3] Rio Sabalito (San Carlos) San Juan (1) — PG608 SEG 5 10.5486  -84.9808  Costa Rica — 1 2 0.600 0.175 0.0005 0.480 5
P. gillii 3] Rio Chiquito (San Carlos) San Juan (1) — PG612 SEG 5 10.4377  -84.8682  Costa Rica — 22 4 0.900 0.161 0.0109  10.560 5
P. gillii [3] Lake Arenal (San Carlos) San Juan (1) — PG603 SEG 2 10.4721 -84.7693  Costa Rica — 12 2 1.000 0.500 0.0105 12.000 2
P. gillii [3] Rio La Palma (San Carlos) San Juan (1) — PG602 SEG 5 10.4988  -84.6890  Costa Rica — 0 1 0.000 0.000 0.0000 0.000 5
P. gillii 3] Rio Infernito (San Carlos) San Juan (1) 11 PG715 SEG 8 10.618 -84.4842  Costa Rica — 3 2 0250 0.180 0.0007 1.157 8
P. gillii 3] Rio Chimurria (Pocosol) San Juan (1) 9 PG716 FRPOG 8 10.7274  -84.5582  Costa Rica — 6 3 0464 0.200 0.0013 2314 8
P. gillii [3] Rio Sarapiqui (Chirripd) San Juan (1) 13 PG713 SEG 13 10.5246  -84.0313  Costa Rica — 21 6 0872 0.054 0.0066 6.767 13
P. gillii [3] Rio Isla Grande (Chirripo) San Juan (1) 14 PG636 SEG 1 10.3930 -83.9682  Costa Rica — NA NA NA NA NA NA 1
P. gillii [3] Rio Tortuguero (Tortuguero) Tortuguero (2) 16 PG712 SEG 15 10.2594 -83.8122  Costa Rica — 18 5 0.705 0.088 0.0037 5.536 15
P. gillii [3] Unnamed tributary Parismina (2) 17 PG710 SEG 7 10.1977 -83.5687  Costa Rica — 0 1 0.000 0.000 0.0000 0.000 7
P. gillii 3] Rio Herediana Parismina (2) 18 PG703 SEG 5 10.1242  -83.5562  Costa Rica — 54 3 0.800 0.164 0.0214 25920 5
P. gillii [3] Rio Reventazon Parismina (2) — PG701 SEG 5 9.8723 -83.6332  Costa Rica — 18 2 0.400 0.237 0.0063 8.640 5
P. gillii [3] Rio Toro Matina (2) — PG708 SEG 8 10.0168  -83.2102  Costa Rica — 46 30679 0.122 0.0106 17.741 8
P. gillii [3] Unnamed lagoon Matina (2) — PG707 SEG 8 9.8926 -82.9723 Costa Rica — 2 3 0.464 0.200 0.0004 0.771 8
P. gillii 3] Rio Carbon Sixaola (2) 20 PG706 SEG 8 9.6231 -82.8552  Costa Rica — 12 3 0.607 0.164 0.0054 4.628 8
P. gillii [3] Rio Sixaola Sixaola (2) — PG704 SEG 8 9.6320 -82.8192  Costa Rica — 0 1 0.000 0.000 0.0000 0.000 8

Means: 7.526 12.611 3 0498 0.139 0.0045 5.586 7.526
Xenophallus umbratilis 131
X. umbratilis [4] Rio Zapote (Zapote) San Juan (1) — Xu0625 NWG 8 10.7242 -85.0664  Costa Rica — 1 2 0.429 0.169 0.00038 0.386 8
X. umbratilis [4] Rio Bijagua (Zapote) San Juan (1) — Xu0620 NWG 8 10.7277  -84.0313  Costa Rica — 3 3 0464 0.200  0.00066 1.157 8

107



X. umbratilis [4] Unnamed tributary (Zapote) San Juan (1) — Xu0621 NWG 8 10.7314 -85.0553 Costa Rica — 1 2 0.429 0.169 0.00038 0.386 8
X. umbratilis [4] Rio Venado (Frio) San Juan (1) 7 Xu0719 LSJITORG 4 10.6448 -84.8222  Costa Rica — 1 2 0.500 0.265 0.00044 0.545 4
X. umbratilis [4] Rio Chimurria (Pocosol) San Juan (1) 9 Xu0635 LSITORG 8 10.7274  -84.5582  Costa Rica — 1 2 0250 0.180  0.00022 0.386 8
X. umbratilis [4] Rio Sarapiqui (Chirrip6) San Juan (1) 13 Xu0713 LSITORG 1 10.5245  -84.0313  Costa Rica — NA NA NA NA NA NA 1
X. umbratilis [4] Rio Isla Grande (Chirripd) San Juan (1) 14 Xu0636 LSJTORG 8 10.3930 -83.9682  Costa Rica — 5 4 0.643 0.184 0.00110 1.928 8
X. umbratilis [4] Rio Corinto (Chirrip6) San Juan (1) 15 Xu0637 COoG 8 102119 -83.8865  Costa Rica — 0 1 0.000 0.000  0.00000 0.000 8
X. umbratilis [4] Upper Rio Tortuguero Tortuguero (2) 16 Xu0712 LSITORG 8 10.2594 -83.8122  Costa Rica — 2 2 0.536 0.123 0.00094 0.771 8
X. umbratilis [4] Upper Rio Tortuguero Tortuguero (2) — XuCar LSITORG 1 10.3553 -83.7375  Costa Rica — NA NA NA NA NA NA 1
X. umbratilis [4] Unknown tributary Parismina (2) — Xulimez PAG 2 10.2894 -83.6100  Costa Rica — 1 2 1.000 0.500 0.00088 1.000 2
X. umbratilis [4] Unnamed tributary Parismina (2) — Xu0710 PAG 6 10.1978  -83.6519  Costa Rica — 1 2 0533 0.172 0.00047 0.438 6
X. umbratilis [4] Quebrada Piecueca (San Carlos) San Juan (1) 10 XuTigra UG 2 10.3517 -84.5881 Costa Rica — 0 1 0.000 0.000 0.00000 0.000 2
X. umbratilis [4] Lake Arenal (San Carlos) San Juan (1) — Xu0631 UG 8 10.5486  -84.9808  Costa Rica — 1 2 0250 0.180  0.00022 0.386 8
X. umbratilis [4] Lake Arenal (San Carlos) San Juan (1) — Xu0607 UG 8 10.5597 -84.9697  Costa Rica — 3 4 0.750 0.139 0.00081 1.157 8
X. umbratilis [4] Lake Arenal (San Carlos) San Juan (1) — Xu0632 uG 8 10.5603 -84.9403 Costa Rica — 1 2 0.536 0.123 0.00047 0.386 8
X. umbratilis [4] Lake Arenal (San Carlos) San Juan (1) — Xu0633 UG 4 10.5064  -84.8458  Costa Rica — 0 1 0.000 0.000  0.00000 0.000 4
X. umbratilis [4] Lake Arenal (San Carlos) San Juan (1) — Xu0604 UG 3 10.5014  -84.8406  Costa Rica — 0 1 0.000 0.000  0.00000 0.000 3
X. umbratilis [4] Lake Arenal (San Carlos) San Juan (1) — Xu9821 UG 8 10.4922 -84.8358  Costa Rica — 2 3 0.464 0.200 0.00044 0.771 8
X. umbratilis [4] Unknown tributary (San Carlos) San Juan (1) — Xu9829 uG 8 NA NA Costa Rica — 1 2 0250 0.180 0.00022 0.386 8
X. umbratilis [4] Lake Arenal (San Carlos) San Juan (1) — Xu0634 UG 4 10.4736  -84.8222  Costa Rica — 0 1 0.000 0.000  0.00000 0.000 4
X. umbratilis [4] Rio Agua Caliente (San Carlos) San Juan (1) — Xu0717 UG 4 10.4350 ~ -84.7233  Costa Rica — 1 2 0.500 0.265 0.00044 5.450 4
X. umbratilis [4] La Vuelta del Borracho (San Carlos) San Juan (1) — Xu0718 UG 4 10.4275 -84.7522  Costa Rica — 0 1 0.000 0.000 0.00000 0.000 4
Means: 5.696 1.190 2 0359 0.145  0.00038 0.740 5.696
Overall minimum value: 0 1 0 0 0 0 1
Overall maximum value: 54 7 1 0.5 0.0244 25.92 54

This table presents detailed sampling information for all three species in our study, including site names (with bodies of water that each sampled tributary flows into given in parentheses) where local sub-populations were

sampled, site IDs corresponding to map numbers in Fig. 2, population group membership as inferred from BARRIER analyses (Fig. 3), number of samples (N), and latitude and longitude data in decimal degrees. For

each site, we also list GenBank accession numbers (nos.) corresponding to sequences generated and/or analyzed for all individuals from that site. Numbers of segregating sites (S) determining the number of haplotypes

(h), haplotype diversity (Hd) and its standard error (s.e.), nucleotide diversity (), Watterson's theta (6,, an estimator of population mutation rate), and N used for summary statistics calculations are presented. At the

bottom of each species list, intraspecific mean values are given in bold for N and summary statistics (see text for further details). The overall ranges (min. and max. across sites within species, across taxa) of each statistic

are summarized at the bottom of the table in bold. Symbols and abbreviations: §, indicates some samples were removed prior to analyses for a given site (e.g., due to missing data) and this explains discrepancies between

overall Ns (column 7) and sample sizes summary statistics were calculated from; dr., drainage(s); NA, not available.
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Table S2 DNA substitution models selected using DT-MODSEL

Best

model

Species DNA dataset N bp Analysis

Alfaro cultratus

BEAST (BSP), DNASP,

Full cyth database 355 601 HKY+/ TCS (network)
1* codon pos. 355 201 K80 BEAST (BSP)
2" codon pos. 355 200  F8l BEAST (BSP)
3" codon pos. 355 200  TrN+I'  BEAST (BSP)

A. cultratus cytb
haplotypes (N=46)+1A4. 47 601 HKY+I" GARLI (ML)
huberi outgroup sequence

1* codon pos. 47 201  TrNef  GARLI (ML)
2" codon pos. 47 200 F8l GARLI (ML)
3" codon pos. 47 200 HKY+I' GARLI (ML)

Poecilia gillii

BEAST (BSP), DNASP,

Full cyth database 143 1140 TrN+/
TCS (network)
1* codon pos. 143 379 K80 BEAST (BSP)
2" codon pos. 143 379  F81 BEAST (BSP)
3" codon pos. 143 379  TiN+I'  BEAST (BSP)
P. gillii cytb haplotypes (N
=37)+ 1 P. mexicana 38 1140 TrN+/ GARLI (ML)
outgroup sequence
1* codon pos. 38 379 K80 GARLI (ML)
2" codon pos. 38 379  F81 GARLI (ML)
3" codon pos. 38 379 TiN+/  GARLI (ML)
Xenophallus umbratilis
Full cyth database 131 1140 TeN+T  BEAST (BSP), DNASP,
TCS (network)
1* codon pos. 131 379 K80 BEAST (BSP)
2" codon pos. 131 379  F81 BEAST (BSP)
3" codon pos. 131 379 TiIN BEAST (BSP)

Xenophallus cytb
haplotypes (N =36) + 1
Priapichthys annectens
outgroup sequence

37 1140 HKY+T GARLI (ML)

1* codon pos. 37 379 SYM GARLI (ML)
2" codon pos. 37 379 HKY GARLI (ML)
3" codon pos. 37 379 TiN GARLI (ML)

Model selection analyses using the decision theory algorithm in DT-MODSEL [1] supported
different best-fit models of DNA evolution for different datasets across taxa, including
datasets filtered by codon positions. This table lists model selection results for intraspecific
cyth datasets analyzed in this study, as well as the analyses that each dataset (thus
molecular model) was used in. Symbols and abbreviations: I', gamma-distributed rate variation;
bp, number of nucleotide base pairs; BSP, Bayesian skyline plot and associated demographic
modeling and Bayes factor analyses; DNASP, DNA polymorphism, mismatch distribution, and
neutrality statistics analyses conducted in the program by the same name; I, parameter
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representing proportion of invariable sites; ML, phylogenetic maximum likelihood analyses
estimating haplotype gene trees; IV, sample size. Although different model selection algorithms,
such as MODELTEST [2] and JMODELTEST [3], are available that have historically been
more widely used than DT-MODSEL, we preferred to use this software for our substitution
model selection analyses because DT-MODSEL has been shown to recover better models
than these other programs [1].
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Table S3 Cytb DNA polymorphism levels within and among drainage basins

Species Drainage

A. cultratus
San Juan 14.154 3.692 0.449  0.097 0.005 3.242 4.110 22.250
Tortuguero  27.000 6.000 0.818 0.084 0.016 9.758 8.941 12.000
Parismina 7.500 4.000 0.596 0.106 0.004 2.492 2.261  16.000
Sixaola 27.500 5.000 0.927 0.158 0.021 12.676 12.055 11.000
mean: 19.038 4.673 0.698 0.111 0.012 7.042 6.842 15.313
P. gillii
San Juan 7.700 3.000 0.530 0.153 0.0033 3.795 3.732 7.182
Tortuguero 18.000 5.000 0.705 0.088 0.0037 4.210 5.536 15.000
Parismina 24.000 2.000 0.400 0.134 0.0092  10.533 11.520 5.667
Matina 24.000 3.000 0.572 0.161 0.0055 6.286 9.256 8.000
Sixaola 6.000 2.000 0.304 0.082 0.0027 3.072 2314 8.000
mean: 15.940 3.000 0.502 0.124 0.0049 5.579 6.472 8.770
Xenophallus
San Juan 1.176  2.000 0307 0.122  0.00033 0.372 0.761 5.889
Tortuguero 2.000 2.000 0.536 0.123  0.00094 1.071 0.771 4.500
Parismina 1.000 2.000 0.767 0.336  0.00068 0.767 0.719 4.000
mean: 1.392 2.000 0.536 0.194 0.00065 0.736 0.750 4.796

Refer to text for description of DNA polymorphism statistics. Xenophallus samples from
Rio Tempisque, while included in our other analyses for this species (e.g., of the full cyth
dataset; see Table S1), are excluded here because this drainage does not occur in the main
study area (thus, data from this drainage are excluded from mean back-arc drainage group
comparisons in the text).
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Table S4. Model priors, estimated number and timing of divergence events, and Bayes
factors from MTML-msBayes. Results are presented for four coalescent models (M1-M4) run
in MTML-msBayes. Bayes factors were used to conduct hypotheses tests of posterior support
for simultaneous divergence (e.g., ¥=1) versus other hypotheses.

Model: M1 M2 M3 M4 mean
Prior settings
upper 0 0.0049 0.01 0.05 0.0049 —
lower 0 4x10° 4x10° 4% 10 4x10" —
upper t 2 2 2 2 —
no. T classes () '0 0 0 0 =
Nm 0 0 0 0 -
up. ancestral 6 0.5 0.5 0.5 0.25 =
constrain= 0 0 0 —
Posterior estimates
mean ¥’ 2.582 2.291 2.132 2.157 2.219
BPP ¥=1 0.0859 0.149 0.218 0.203 0.211
mode E[t] 0.644 1.173 0.395 1.0497 0.815
E[t] 95% Cis [0.000,1.312] [0.445,1.527] [0.0208,0.585] [0.270,1.652] —
Div. time (Ma)® 0.644 1.173 0.395 1.0497 0.815
Div. time 95% ClIs [0.000,1.312] [0.445,1.527] [0.0208,0.585] [0.270,1.652] —
Div. time (Ma)* 1.431 2.607 0.878 2.333 1.812
Div. time 95% ClIs [0.000,2.916] [0.989,3.393] [0.0462,1.300] [0.600,3.671] —
mean Q2 0.626 0.269 0.312 0.481 0.367
Q 95% HPDs [0.252,1.218] [0.000,0.657] [0.000,0.734] [0.104,1.0001] —
Bayes factors (B19)
Comparison
=1 vs. P>1 0.9955 0.9296 0.7634 1.0181 1.0175
P>1 vs. P=1 4.018 4.3028 5.2391 3.9287 4.0771
2>0.01 vs. 2<0.01 1.535 1.525 1.539 1.558 1.539
=3 vs. ¥<3 0.9643 0.9469 1.0833 1.009 0.960

The population mutation parameter 6 is in units of per site per generation. In the mean
divergence time hyper-parameter E[t], T is the mean divergence time of the population
pairs (calculated from 7, ..., Ty population pairs), in coalescent time units of 4NV
generations. In the Nm parameter representing the effective number of migrants per
generation, m denotes the probability of symmetric post-divergence migration between
sister lineages. Results given in this table are based on coalescent simulations (5 x 10°
iterations) of Y=3 population pairs, following which an accept/reject algorithm with
tolerance set to 0.0002 was used to create a distribution of 999 draws from the prior, to
approximate the joint posterior distribution. The only exceptions are the 2 Bayes factor
comparisons (Bj9), which were based on 9,999 draws from the prior. Estimated 95%
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confidence intervals are given in brackets. B;)Bayes factors >2 are presented in bold, and
By values indicating ‘substantial’ support in favor of the alternative hypothesis (values
>3.2; based on guidelines in Jeffreys [1]) are further underlined. Abbreviations: BPP,
Bayesian posterior probability; Cls, confidence intervals; Div. time, divergence time; Ma,
millions of years ago (assuming generation time = 1 yr/generation); no., number of; up.,

upper.

'Here, zero specifies that ¥ were drawn from a set of 1-3, or up to the total number of
taxon pairs.

posterior probability estimated from polychotomous regression (i.e., local multinomial
logit regression).

3Calculated as Div. time = E[t] x [(0.5 x upper 6)/p], assuming the standard pairwise 2%
vertebrate mtDNA rate [2,3].

Similar to 3, but calculated assuming the pairwise 0.9% salmonid mtDNA rate [4].
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Appendix S1: Sampling and outgroups details
In addition to sampling information provided in the main text and figures, we provide detailed
information on collection localities for each of our focal species in Table S1 of the Supporting
Information, including site names and geographical coordinates. Geographical coordinates are
given in decimal degrees format (these were used during SAMOVA and BARRIER analyses; see
Appendix S2) and should be highly accurate as we took them from the ground in Costa Rica
using hand-held GPS devices (Honduran samples were similarly derived on-site by W.
Matamoros, who provide the samples). Table S1 also lists GenBank accession numbers for new
Alfaro cultratus sequences generated in this study, as well as those for sequences of Poecilia
gillii (from Lee and Johnson [1]) and Xenophallus umbratilis (from Jones and Johnson [2]) used
in this study.

As noted in the main text, we used one or more Alfaro huberi samples collected for this
study as outgroups during our 4. cultratus analyses. For maximum likelihood (ML)
phylogenetic analysis in GARLI, we used one A. huberi sample (GenBank accession no.:
XXXXXXX, haplotype 47, Table S1), while for the Hudson-Kreitman-Aguadé test (HKA; [3])
conducted in DNASP, we used as data for the outgroup species all seven 4. huberi samples listed
in Table S1, which collapsed into three distinct cytbh haplotypes (H47-H49). Outgroups added to
the other species cytb alignments during GARLI analyses included published cyth sequences for
two additional species of livebearing fishes (Poeciliidae) obtained from GenBank. Specifically,
based on phylogenetic hypotheses of Hrbek et al. [4] and Ptacek and Breden [5], Priapichthys
annectens (GenBank no: EF017542, genotype/isolate ID “Panne” from Hrbek et al. [4]) was the
outgroup for Xenophallus, and Poecilia mexicana (GenBank no: FJ178776, genotype/isolate ID
“3211MEX”, locality “Col River, Veracruz” Mexico, from Doadrio et al. [6]) was the outgroup
for P. gillii. These same sequences served as outgroups during HKA tests conducted on the full

cytb databases of P. gillii and Xenophallus used in this study.
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Appendix S2: SAMOVA and BARRIER methods and results

The SAMOVA algorithm [1] and Monmonier’s [2] algorithm, as implemented for studying
phylogeographic data in BARRIER [3,4], comprise two recent and widely used methods for
detecting the presence of genetic barriers and population structure. Several previous single
species phylogeography studies have used BARRIER and SAMOVA to identify groups of
populations, which were then used for further statistical population genetics analyses of the same
datasets (e.g., to conform to the expectation of the methods/models that there is no underlying
population structure in the data influencing the results), and to estimate areas where important
landscape features or environmental changes may have historically isolated local populations or
impeded gene flow (e.g., [5]). It is also clear from the literature that these methods are well
suited for comparative analyses. In-line with our study, comparative phylogeographical analyses
such as a well-known review and meta-analysis of eastern North American phylogeography by
Soltis et al. [6], and a recent analysis by Poelchau and Hamrick [7] of three codistributed lower
Central American tree species that today share overlapping distributions relative to our study
taxa, have used Monmonier’s algorithm to identify important genetic barriers within multiple
codistributed taxa, in order to test for spatial phylogeographical congruence.

Genetic ‘barriers’ are areas of maximum rates of genetic change across a landscape
(discussed in [1]), and while both SAMOVA and BARRIER use Voroni network-based methods for
defining genetic barriers, these methods are different and therefore highly complementary. For
example, because SAMOVA directly estimates population structure (positions of homogeneous,
maximally genetically differentiated groups or “populations”) while taking spatial sampling
positions into account and indirectly defining genetic barriers as areas between the inferred
populations, whereas Monmonier’s algorithm directly reconstructs genetic barriers and thus
indirectly identifies population grouping schemes [1]. In either case, both of these methods
permit recovering an estimate of the spatial positions of the unknown number, K, of actual
(presumably panmictic) homogeneous breeding populations within a species. Dupanloup et al.
[1] showed, through population genetics simulations, that SAMOVA performs best out of the two
methods at identifying maximally genetically diverged groups, whereas BARRIER is more
proficient at finding the actual number of K population groupings.

We implemented both of these methods as a combined test of spatial-genetic congruence

among our three focal freshwater fish taxa, to evaluate whether these species exhibited shared
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patterns of genetic barriers reflecting potentially shared evolutionary history. We used each
method because it is not firmly established which method is best for identifying comparative
phylogeographical congruence. Thus we preferred to look for cross-validation across methods as
evidence that our comparative inferences were ‘strongly supported’, i.e., repeatable and robust to
different underlying assumptions of different methods. Here, it is important to note, as pointed
out by Garrick ef al. [8], that seeking cross-validation in this way is only valid when results are
compared across methods that have similar underlying purposes, as in our study. In our study,
comparative phylogeographical congruence would be strongly supported by similar geographical
positions of inferred population groups and barriers across all three species. However, we
assumed that rigid spatial congruence (of inferred barriers/populations) across taxa along all
network edges was not a requirement for arriving at a basis for biologically meaningful
interpretation of the data. Instead, we recognized that identifying partial spatial-genetic
congruence in a limited part of the study area would still present an opportunity for making
further inferences, if only over smaller spatial scales than the entire sampling extent.

Population genetic simulations suggest the largest mean Fcr value among a series of
SAMOVA models with different initial settings may accurately recover the unknown number of
groups (K), and that the point at which increasing Fcr values asymptote often represents a
meaningful estimate of K [1]. Our rationale behind interpreting the ‘best” number of groups
determined from our SAMOVA model results stemmed explicitly from these findings. However,
we used D¢y, the Fer analog for DNA sequences analyzed under the analysis of variance
framework [9], as the basis of our interpretations. Both of these “cr’-subscripted statistics
represent the amount of molecular genetic variance present in the overall sample that is
explained by among-group variation. It is also noteworthy to point out that Xenophallus and P.
gillii SAMOVA results conformed to the expectation that ¢z increase with K [1], with ®-value
plateaus respectively supporting K =9 and K = 6 distinct groups (Fig. S2). However, this
behavior was not observed in 4. cultratus. In light of the inferred patterns of phylogenetic clades
of A. cultratus and their relationships based on maximum-likelihood phylogenetic gene tree
analyses and network analyses, which corresponded to the inferred K =2 SAMOVA groups (and
thus also to the barriers inferred by running Monmonier’s algorithm on the A. cultratus data), it
seemed highly appropriate to interpret this deviation in 4. cultratus as a natural outcome of K = 2

being the best model. In other words, our interpretation in light of additional evidence is that 4.
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cultratus likely deviates from the expectation that @7 increase with K, as a consequence of @¢r
peaking at K = 2 groups.

To round out our discussion of ®-statistics above and in the main text, we note here that
in contrast to @¢r, Osc is the correlation of the diversity of random haplotypes within sub-
populations (localities) relative to random pairs from the same group of sub-populations (within
regions); whereas ®gr is the correlation of random haplotypes within sub-populations relative to
random pairs drawn from the entire dataset (analogous to Fsr). In addition to ®¢r, we also report
®gcand Ogr from independent AMOVASs testing what we determined to be the best grouping

schemes inferred from our SAMOVA/BARRIER models (see Table 2).
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Appendix S3: Coalescent divergence time estimation: IMA2 methods

The ‘isolation-with-migration’ model implemented through the MCMC procedure available in
IMA2 uses a procedure that samples many coalescent genealogies, uses them to capture what the
data says about the parameters in the model (m,, ma, 61, 62, 04, f), and then uses the genealogies
to estimate the posterior density of the parameters [1-3]. IMA2 also estimates the TMRCA from
the many genealogies sampled. We ran IMA2 with simple two-population models, although the
program accommodates >1 ancestral population thus >2 modern populations, because we
analyzed a single locus, and these other more complicated models require much more data [4]. It
is important to note that, despite providing reliable methods for modeling population history
while accounting for potentially confounding processes (e.g., migration, mutational
stochasticity), coalescent-genealogy sampling methods including IMA2 make several limiting
assumptions and have their own peculiarities. Because space was not permitting in the main text
we briefly discuss (i) the assumptions and limitations of this program here, and we also give
more detailed information on our IMA?2 (ii) analyses and (iii) results.

The first assumption that IMA2 makes is (1) that the data being analyzed are neutrally
evolving DNA markers and not influenced by the effects of directional selection or purifying
selection (e.g., selective sweeps) [2]. We tested this assumption and found that our mtDNA data
met the expectation of neutrality, e.g., based on HKA tests (see “Genetic diversity and
neutrality” section, Results). (2) IMA2 also assumes no recombination, and our data meet this
criterion: mtDNA are not subject to detectable recombination events. (3) The model
implemented in IMA2 also assumes that the populations are not exchanging migrants with any
other populations than those modeled and that migration, and that gene flow occurs at a constant
rate following population splitting events [2]. Several of the genetically meaningful population
groups that we conducted IMA2 analyses on (see BARRIER results) are allopatrically distributed
and bounded on their southwestern sides by the North American continental divide (Figs. 1-3);
thus these groups seem to fit assumption 2 above, as the next proximal populations sampled
seem sufficiently geographically close and isolated as to exclude the possibility of exchange with
other (e.g., unsampled) populations. (4) IMA2 also (unlike its predecessor, IM) assumes constant
population sizes following initial population splitting (assuming a two-population case or
model). Given that our mismatch distribution and neutrality tests generally inferred a shared

pattern of population size-constancy for each BARRIER-inferred population group that we
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modeled in IMA2, our data are also well suited for IMA2 analysis because they fit this
assumption (see “Historical demographic congruence” section, in Results). Moreover, even at
the species level, there was only strong evidence for past population dynamics (e.g., in Bayesian
skyline models) in P. gillii, not the other species (Table 4).

Another relevant point to note is that IMA2 and similar programs cannot identify the
timing of migration (whether it occurred before during or after population splitting, or only at
present, etc.), although coalescent-inferred migration events most likely occur (or are observed)
near the present [5]. As a result, we did not attempt to infer, or test hypotheses based on,
posterior-derived estimates of migration timing, although developing methods to address such
questions would be a worthwhile endeavor for future research.

In terms of settings, our IMA2 runs employed Hasegawa-Kishino-Yano (HKY)
substitution models [6,7]. We used this model because it is the most appropriate model
implemented in IMA2 for DNA sequence data, allowing for multiple substitutions and different
transition and transversion rates. In contrast, other models selected for the data by DT-MODSEL
for our population groups (data not shown) are not implemented in the IMA2 program. Using
burn-in periods of 10° steps followed by 3 x 10° post-burn-in steps yielded reliable estimates of
most parameters in most cases, based on sufficient convergence (e.g., stable trendline plots) and
swapping rates of chains (e.g., splitting times were updated at higher rates in higher numbered
chains, suggesting acceptable update rates).

In terms of results, our finding that the posterior distributions of ¢ values (and estimates of
other parameters, but usually only when m was not set equal to zero) often peaked at relatively
lower ¢ values, dropped, and then converged to approximately constant non-zero values is
unremarkable. This pattern in the posterior is a common result of single-locus analyses that,
despite being non-optimal, still allows excluding the equilibrium migration hypothesis in many
cases [8], including our study. In other words, this pattern in our data indicates the peak
likelihood represents a model with diverged populations, and this model was more likely than
infinite, equilibrium migration, allowing us to exclude this latter hypothesis. Space was also
prohibiting in the main text to permit some discussion of other results. For example, whereas we
estimated non-zero m in A. cultratus, peak posterior m values or HPD ranges indicated that on-
going gene flow was effectively zero in P. gillii and Xenophallus. Here, a practical point of note

is that, in such cases, uniform m priors (the default) are ‘truly’ non-informative in IMA2. Thus,

120



for ‘zero-migration’ population pairs found in P. gillii and Xenophallus, we conducted additional
runs specifying m = 0 and these allowed us to achieve better convergence and # and ¢ parameter
estimates, which we report. To account for this issue while permitting low levels of migration,
JCB re-ran the IMA2 models for these zero-migration pairs under exponential m priors (-j7
option), modeling migration as a decreasing function with a peak at zero. Results of these
exponential-migration runs did not substantially alter or depart from results inferred in the other

runs (unpublished data).
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Chapter 3: Assessing species boundaries using multilocus species delimitation
in a morphologically conserved group of Neotropical freshwater fishes, the

Poecilia sphenops species complex (Poeciliidae)
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Abstract (265/300 words)

Accurately delimiting species is fundamentally important for understanding species diversity and
distributions and devising effective strategies to conserve biodiversity. However, species
delimitation is problematic in many taxa, including ‘non-adaptive radiations’ containing
morphologically cryptic lineages. Fortunately, coalescent-based species delimitation methods
hold promise for objectively estimating species limits in such radiations, using multilocus
genetic data. Using coalescent-based approaches, we delimit species and infer evolutionary
diversification in a morphologically conserved group of Central American freshwater fishes, the
Poecilia sphenops species complex. Phylogenetic analyses of multiple genetic markers
(sequences of two mitochondrial DNA genes and five nuclear loci) from 10/15 species and
genetic lineages recognized in the group support the P. sphenops species complex as
monophyletic, with eight mitochondrial ‘major-lineages’ diverged by >2% pairwise genetic
distances. From general mixed Yule-coalescent models, we discovered (conservatively) 10
species within our concatenated mitochondrial DNA dataset, 9 of which were strongly supported
by subsequent multilocus Bayesian species delimitation and species tree analyses. Results
suggested species-level diversity is underestimated and overestimated by at least ~15% in
different lineages in the complex. Nonparametric statistics and coalescent simulations indicate
genealogical discordance among our results has mainly derived from interspecific hybridization
in the nuclear genome. However, mtDNA show little evidence for introgression, and our species
delimitation results appear robust to effects of these processes. Overall, our findings support the
utility of combining multiple lines of genetic evidence and broad phylogeographical sampling to
discover and validate species using coalescent-based methods. Our study also highlights the
importance of testing for hybridization versus incomplete lineage sorting, which aids inferring

not only species limits but also evolutionary processes influencing genetic diversity.
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Introduction

Species are widely used as fundamental units of analysis in biogeography, ecology, and
evolutionary biology [1-3]. Species taxa also figure prominently in biodiversity assessments and
conservation recovery programs [4]. Therefore, species delimitation, the practice of determining
species boundaries and discovering new species, is of fundamental importance for understanding
species diversity and distributions, and devising effective strategies to conserve biodiversity [5-
7]. By contrast, inaccurately classifying individuals or populations to species could result in
erroneous inferences in any analysis requiring a priori designation of species limits, such as
comparative analyses of diversification [8,9], or misallocation of conservation resources and loss
of species (e.g. under the U.S. Endangered Species Act of 1973; [5]).

Although species are universally recognized as metapopulation lineages distinct from
other such aggregates (‘general lineage concept’, or GLC; [10-12]), determining which
operational criteria should be used to assign individuals to species is a major problem in species
delimitation. Independently applying operational criteria with different philosophical bases often
yields incongruent species boundaries [5,13,14]. In turn, inconsistent application of operational
species concepts creates unstable taxonomy, injecting taxonomic uncertainty into efforts at
species enumeration e.g. [6]. In light of practical difficulties presented by applying alternative
operational criteria, there is a growing consensus that multiple perspectives from different data-
types or analyses are necessary to accurately delimit species, through ‘integrative taxonomy’,
e.g. uniting classical morphology, phylogenetics, and ecological data and modeling [15-17].

The present surge of interest in integrative taxonomy has shifted biologists’ focus away
from using single operational criteria to sampling multiple lines of evidence, which ideally yields
more robust species delimitations [5,17]. However, integrating morphology with genetic data is

notoriously difficult in a variety of contexts. Some examples include: (1) morphologically
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conserved, ‘non-adaptive radiations’ containing cryptic species [18-21]; (2) systems with high
taxonomic uncertainty; (3) recently assembled communities of relatively young landforms, e.g.
oceanic island archipelagos [22]; (4) rapid and recent adaptive radiations e.g. [23]; and (5) taxa
with porous species boundaries e.g. [24]. In the former two cases, morphological methods often
fail to detect cryptic species and are prone to underestimate species diversity [8]; thus,
integrative taxonomic approaches combining morphology with other data will likely yield
discordant inferences promoting subjective interpretations. Reliance on morphology can also
produce spurious phylogenetic inferences due to disruptive natural selection or insufficient
character variation [5,25]. In the latter three cases, speciation can be incomplete or in its early
stages, yielding limited genetic variation and higher likelihood of gene tree discordance due to
introgressive hybridization e.g. [26] or incomplete lineage sorting (ILS; e.g. [27]). Also in such
cases, ‘DNA barcoding’ and single-locus gene trees may fail to establish clear phylogenetic
support for fixed geographical differences in morphology e.g. [22].

Recently, the growth of methods for analyzing DNA sequence data in a coalescent-based
framework capable of accounting for confounding processes such as ILS [28] has sparked a
‘Renaissance’ in empirical species delimitation (reviewed by [5,29]). Various coalescent-based
methods are now available that address different goals in species delimitation, including de novo
species discovery [30-34], species validation [25,35,36], and assignment of unknown individuals
to species e.g. [37]. However, these methods are united in using algorithms modeling
evolutionary processes, including likelihood and Bayesian analyses, to identify independent
evolutionary lineages as distinct species based on multilocus data and species trees or ‘guide
trees’ [29,34]. Indeed, the rapid growth of these methods owes partly to the incorporation of

new methods for species tree inference using the multispecies coalescent e.g. [38,39], which has
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also revolutionized phylogenetics [40]. Overall, the new wave of coalescent-based species
delimitation methods greatly improves the rigor and objectivity of species delimitation, and
holds promise for meeting the need for rapid biodiversity assessment and species descriptions
[41-43] in light of the current global biodiversity crisis [44].

Although the field of coalescent-based species delimitation is in its infancy, its tools
provide solutions to the problems of delimiting species in radiations at the extremes of
morphological or genetic divergence (sensu [21], their Fig. 1; at least cases 2 and 4 above). For
example, aside from delimiting species in “easy-delimitation” scenarios (e.g. deeply diverged
lineages with small population sizes; [45]), coalescent-based methods have proven useful for
resolving species limits in studies of more difficult cases of morphologically cryptic radiations
including trapdoor spiders [46], cave fishes [20], kingsnakes [47], sun skinks [21] and water
monitors [48]. In particular, the ‘chimeric approach’ developing preliminary species hypotheses
using parametric or heuristic methods often applied to mitochondrial DNA (mtDNA), then
validating these using Bayesian species delimitation with multiple genetic loci [25], appears to
be a fruitful way forward (pioneered by Leaché & Fujita [43]; also see [20,21,49]). Under this
approach, working hypotheses of species distributions are established and tested using multilocus
data and methods taking ILS into account, and the results provide bases for subsequent tests of
species morphological and ecological distinctiveness in an integrative taxonomy framework [5].

In this study, we use a coalescent-based chimeric approach to delimit species and expand
on previous knowledge of the patterns and processes of diversification in a morphologically
conserved radiation—Ilivebearing freshwater fishes in the Poecilia sphenops species complex
(family Poeciliidae) [50,51]. Despite being among the most common members of regional fish

communities in the Mesoamerica biodiversity hotspot [52-54], species limits and taxonomy are
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incompletely resolved in the group (reviewed by [55]). Here, we develop the most
comprehensive geographical sampling and multilocus sequencing from across the distribution of
the P. sphenops species complex to date, to delimit species and evaluate their evolutionary
genetic relationships. Our objectives were (1) to develop preliminary species delimitation
hypotheses using mtDNA; (2) to infer the species tree and timing of lineage diversification using
relaxed molecular clocks; (3) to test species validity using multilocus Bayesian species
delimitation; and (4) to test model fit and potential sources of gene tree discordance. We use our
results to evaluate the validity of cryptic genetic lineages and nominal taxa currently recognized

in this group, and to clarify species present distributions.

Materials and Methods

Systematic Background

The systematics of the genus Poecilia Bloch & Schneider 1801 has had a tumultuous
history, with multiple changes since its initial description, including redescriptions and
synonymizations. The currently accepted taxonomy of Poecilia recognizes four subgenera:
Limia, Pamphorichthys, Lebistes, and Poecilia, also known as Mollienesia (sensu [56]).
Mollienesia contains 15 to 25 species distributed from North to South America that fall into two
species groups distinguished by differences in dorsal fin size and behavior—*‘sail-fin’ and ‘short-
fin’ species [50,51,56-58]. However, much taxonomic confusion in Mollienesia owes to their
conserved morphology, which obscures interspecific variation; for example, diagnostic
characters may overlap, and species display plasticity such that intraspecific phenotypic variance
can outpace divergence between species [59,60]. Indeed, the morphologically conserved nature
of Mollienesia led early workers to conclude that all short-fins represented ‘races’ or local

variants of a single polytypic taxon, P. sphenops Valenciennes 1864, ranging from the Rio
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Grande drainage in northeastern Mexico to coastal Venezuela [61-63]. However, another more
widely accepted view is that the short-fin group is composed of biological species with partially
overlapping ranges that constitute the ‘P. sphenops species complex’ [51,55,64,65].

The P. sphenops species complex is a monophyletic group of ~13 described species that
is widely distributed along Atlantic and Pacific slopes throughout Mexico and the Central
American Neotropics, from the Rio Grande through Panama [51,55]. Some authors suggest that
this complex can be further sub-divided into two sub-complexes: a ‘P. sphenops complex’
including species from the Pacific slope of Mexico through Central America, and a ‘P. mexicana
complex’ including species from Atlantic coastal Mexico to Nicaragua [64,65]. Over their
range, these two otherwise morphologically confusing complexes are distinguished in having
tricuspid and unicuspid inner jaw teeth, respectively [50,55]. Also, recent molecular
phylogenetic and biogeographic analyses of the group recovered the two complexes as well-
supported mitochondrial clades within the P. sphenops species complex [55].

Table S1 summarizes the proposed taxonomic arrangements, tooth morphology, and
currently recognized geographical distributions of species in the P. sphenops species complex.
Although some species (e.g. P. catemaconis in Lake Catemaco, Mexico) are local endemics with
restricted distributions, several others (e.g. P. sphenops) have relatively large ranges and occur
along Atlantic and Pacific slopes (Table S1). Indeed, the large distribution of some species
hinders taxonomic identification because intraspecific morphological gradients or local
differentiations are common, and this has been hypothesized to promote character displacement

when taxa in the complex occur in sympatry with one another [66].

Ethics Statement

Permission to undertake fieldwork for this study was obtained through permits issued to
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JCB and JBJ in Nicaragua by MARENA (Ministerio de Ambiente y Recursos Naturales;
DGPN/DB-IC-009-2012; DGPN/DB-21-2012) and in Costa Rica by SINAC-MINAET
(Ministerio de Ambiente Energia y Telecomunicaciones; Resolucion No. 030-2010-SINAC,
Resolucion No. 134-2012-SINAC). New specimens were obtained through these collections
under Brigham Young University Institutional Animal Care and Use Committee (IACUC)
approval #12-0701. By contrast, numerous samples were obtained through government-

authorized fieldwork conducted in our previous studies ([55,67]; supplementary Data S1).

Taxon Sampling and Sequencing

We sampled populations of Poecilia through field expeditions conducted in Central
America, and from the fish tissue archives of our laboratories, the STRI Neotropical Fish
Collection (NFC-STRI) and the Monte L. Bean Life Science Museum Fish Collection (BYU). In
total, we sampled 873 Poecilia individuals from 260 localities (Fig. 1; Data S1). We identified
samples to species taxa based on their different combinations of morphology and geographic
distributions, following published taxonomy and biogeography studies [50,55,68]. Voucher
specimens are deposited at NFC-STRI and BYU.

Of the 13 described species in the P. sphenops species complex sensu lato, we sampled
eight species, including two P. sphenops complex species (P. catemaconis and P. sphenops) and
six P. mexicana complex species (P. butleri, P. gillii, P. hondurensis, P. mexicana, P. orri, and
P. salvatoris) (Table S1). Additionally, we sampled two exclusive mtDNA lineages, or
‘operational taxonomic units’ (OTUs), identified from recent molecular phylogenetic analyses by
Alda et al. [55]: “sphenops” sp. 1 from Honduras and Nicaragua and “gi/lii” sp. 2 from Rio Acla,
Panama. Our own sampling was augmented with sequences of P. sulphuraria, P. thermalis, and

the subspecies P. mexicana limantouri from previous studies (see below) and tested each of these
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taxa as species-level OTUs. Taking the general lineage concept of species and reconsidering
morphology and genetics using a phylogenetic criterion for species identification [11,12], we
considered “P. orri” samples forming an exclusive genetic lineage from Rio Patuca, Honduras in
[55] to be a novel OTU, or ‘candidate species’, that we refer to as P. sp. “Patuca”. One
motivation for this was that P. sp. “Patuca” males possess hooks on their gonopodia (anal fins
modified into intromittent organs), whereas a lack of such hooks is a diagnostic character for P.
orri [69]. We tested this hypothesis by also including in our analyses samples confidently
assigned to P. orri from Roatan, the next major island adjacent to (~10 km from) the original
type locality of P. orri at Bonacca Island off the northern Honduras coast [69]. Instead of
rigorously evaluating species boundaries using morphological data, we used species diagnoses
based on current taxonomy and our interpretation of published phylogenetic relationships as our
null hypotheses. This study design amounts to testing hypotheses of species limits based on
morphological (e.g. [70]) and/or phylogenetic criteria (genealogical or diagnostic, as in [10,12])
for empirical recognition of species. Our final dataset encompassed 10 out of 15 putative
species-level lineages or OTUs recognized in the group (Table S1), including 10 described taxa
(species and subspecies) and most of the geographic range of the complex. We also sampled
four poeciliid outgroups: P. latipinna, P. latipunctata (Mexico), Limia perugiae (Hispaniola),
and P. caucana (Panama) samples; yet we analyzed up to 15 outgroup taxa, including samples
from genomic repositories, to obtain phylogenetic calibration points. Detailed outgroup data,
including outgroups for each analysis, are given in the text or in supplementary Appendix S1.
We extracted whole genomic DNA from tissue samples using Qiagen DNeasy Tissue
Kits (QIAGEN Sciences, Maryland, USA) and sequenced the protein-coding mitochondrial

cytochrome b (cyth) gene for every individual, except problematic P. orri and P. salvatoris
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samples, using two primers flanking the gene, listed in Table 1. To obtain additional mtDNA
characters for analysis, we sequenced the mtDNA cytochrome oxidase 1 (cox/) gene for
individuals chosen to maximize geographic and phylogenetic coverage of mtDNA major-
lineages, using fish ‘barcode’ primers (Table 1). In pilot analyses, cox/ subsampling improved
the mtDNA gene tree topology (data not shown); however, it appeared that sequencing every
individual for cox/ would not provide any added benefit, as expected when subsampling linked
mitochondrial genes [24,71]. We also sequenced five nuclear DNA (nDNA) loci: ribosomal
protein S7 (RPS7; introns 1 and 2 and exon 2); muscle-type lactate dehydrogenase (/dh-A);
tyrosine-kinase class oncogenes, X-src and X-yes; and glycosyltransferase (Glyt). Because they
showed restricted genetic variation and we could not sequence every individual for each locus,
we sequenced the nuclear loci for subsamples chosen to maximize geographic and phylogenetic
coverage, which we used for species tree and species validation analyses. We attempted to
sequence the nuclear loci for 1-5 individuals from each major-lineage identified in our mtDNA-
haplotype parsimony networks. With the exception of /dh-A, we amplified nuclear loci via
nested polymerase chain reactions (PCR), as described in Table 1 and [72]. We purified PCR
products using a Montage PCR 96 plate (Millipore, Billerica, MA, USA). Sequences were
obtained via cycle sequencing with Big Dye 3.1 dye terminator chemistry using 1/16™ reaction
size and the manufacturer’s protocol (Applied Biosystems, Foster City, CA, USA). We purified
sequenced products using Sephadex'™ columns (G.E. Healthcare, Piscataway, NJ, USA) and ran
them on an automated Applied Biosystems 3730x/ capillary sequencer. We edited sequences
using Sequencher v4.10.1 (Gene Codes Corporation, Ann Arbor, MI, USA). GenBank accession
numbers are provided for all sequences in supplementary Data S1.

Mitochondrial DNA sequences contained no gaps and were aligned by visual inspection
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in Sequencher; however, nuclear sequences were aligned in MAFFT v6.850 [73] using the local
pair FFTS algorithm with a gap opening penalty of 1.53, a tree rebuilding number of 10, and
MAXITERATE = 50. We used PHASE v2.1 [74,75] to determine the most probable pair of
alleles for each of the nuclear loci, by resolving heterozygous sites. We ran PHASE in DnaSP
v5.10 [76] for 100 iterations with thinning interval = 1 and ‘burn-in’ = 100. We ran three
PHASE trials per locus to ensure consistency among phased allelic positions over the output
probability threshold, and we used phased alleles in our analyses wherever possible (Appendix
S1).

We collated four datasets used in our analyses. First, we created a ‘full-cyth’ dataset of
941 Poecilia sequences by augmenting our database with 68 Mexican cytb sequences (37
haplotypes) from Palacios et al. [77]; this increased our ingroup (with P. sulphuraria, P.
thermalis, P. butleri, P. mexicana mexicana, and P. m. limantouri) and outgroup (P. latipinna
and P. latipunctata) sampling. Using TCS v1.21 [78], we collapsed identical ingroup cytb
sequences into haplotypes, then generated a statistical parsimony network of ingroup haplotype
clades (95% connection limit; data not shown) that we used as a basis for selecting individuals to
sequence for subsampling at cox/ and nuclear loci. A second ‘concatenated mtDNA’ dataset
was comprised of 171 mtDNA cytb (n = 155) and cox! (n = 115) subsamples spanning all
mtDNA major-lineages, taxa, and OTUs that we sampled. Third, a ‘concatenated nDNA”’ dataset
contained 50 ingroup samples for up to 5 nuclear loci. Last, a fourth ‘concatenated mtDNA +
nDNA’ dataset contained 80 ingroup (n = 50) and outgroup (n = 30) samples sequenced from 6
loci, including the mtDNA locus and up to 5 nuclear loci. We included sequences from [77] that

formed exclusive mtDNA major-lineages in each dataset, except the concatenated nDNA dataset.
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Neutrality and Recombination

We evaluated the selective neutrality of each mtDNA gene in our analysis using Hudson-
Kreitman-Aguadé tests (HKA; [79]) in DnaSP, testing significance using 1000 coalescent
simulations. We ran HKA tests using P. caucana sequences as outgroups, following [55]. We
tested each nuclear locus for recombination using six tests implemented in RDP3 v3.44 [80] and
described in Appendix S1. We also tested for recombination using 1000 coalescent simulations
of the minimum number of recombination events (Ry), assuming the empirical per-gene level of
recombination estimated in DnaSP. All parameters were simulated in DnaSP given mutation
parameter 0 (=4N.u for autosomal nuclear loci; for mtDNA, 6 = 2Ng1). We considered evidence

for recombination significant if a majority of the seven methods detected recombination events.

Gene Tree Analyses and Sequence Divergence

We estimated gene trees for P. sphenops species complex haplotypes and outgroup
sequences in the concatenated mtDNA, concatenated nDNA (overall, and for each locus), and
concatenated mtDNA + nDNA datasets using maximum-likelihood (ML) tree searches in
GARLI v2.0 [81]. In GARLI, we partitioned the mtDNA data by codon position ({1+2}, 3) and
the nDNA into data subsets by gene. We assigned each data subset its best-fit nucleotide
substitution model (Table S2) selected using the decision-theory algorithm DT-ModSel [82], and
we unlinked parameters across data subsets. We evaluated nodal support using 500 ML
bootstrap pseudoreplicates, considering nodes with bootstrap proportions (BP) >70 well
supported [83]. We also estimated gene trees, divergence times, and evolutionary parameters
(e.g. substitution rates) for each locus using Bayesian inference analyses. To obtain an
ultrametric time tree for species delimitation analyses below, we conducted a coalescent-dating

analysis of the concatenated mtDNA dataset in BEAST v2.0.2 [84]. We linked tree and clock
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models but partitioned the data into codon position subsets ({1+2}, 3) and unlinked site
parameters across subsets. To ensure convergence, we ran three replicate searches (MCMC =
10%, sampled every 4000 generations; burn-in = 10%) using relaxed, uncorrelated lognormal
(ULN) molecular clocks. Birth-death tree priors were selected for each run, since this process is
well suited for multispecies datasets with varying degrees of lineage divergence. We set uniform
priors on ULN clock rates spanning protein-coding mitochondrial gene substitution rates for
teleost fishes (“fish rate’ = 0.017-0.14 x 10°® substitutions/site/yr, per-lineage; refs. in [85,86]).
Including Poecilia (subgenus Limia) outgroups in these analyses provided a calibration point
constraining the split between P. (L.) domicensis from Cuba and P. (L.) vittata from Hispaniola
to 17—14 million years ago (Ma), based on phylogenetic data [87] and dates for the geological
separation of Cuba and Hispaniola, following [55] and refs. therein. We calibrated this node
using a lognormal prior (mean in real space = 1, log standard deviation = 1.25, offset = 14). We
used a similar calibration to constrain the tree’s root age to 39.9 Ma with an extended tail (log
standard deviation = 2.5), based on the oldest fossil poeciliids available from the Maiz Gordo
and Lumbrera formations, Argentina [88]. We also estimated a gene tree for each nuclear locus
in BEAST using short runs (MCMC = 20 million, sampled every 1000 generations; burn-in =
10%) specifying ULN clocks and birth-death tree priors. We summarized posterior parameter
distributions and ensured that effective sample sizes (ESS) were >200 in Tracer v1.5 [89]. We
summarized the posterior distribution of trees from each run by calculating a maximum clade
credibility (MCC) tree annotated with median node ages from a sample of 5000 post-burn-in
trees in TreeAnnotator v2.0.2 [84].

We estimated evolutionary sequence divergences between major-lineages in the

concatenated mtDNA gene trees, and between distinct genetic lineages identified as species in
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our species delimitation analyses below, using genetic distances. Mean among-clade p-distances
were calculated in MEGAS [90] as the number of base differences per site, averaged over all
corresponding sequence pairs between groups in the full-cytbd dataset. We evaluated variance in
the p-distances by estimating their standard errors using 500 bootstrap replicates. For
comparison, we also estimated divergence between each of these ingroup clades and the two
outgroup ‘sail-fin’ molly species (P. latipinna and P. latipunctata). We archived our sequence

alignments and ML and Bayesian gene tree results in Dryad (doi:10.5061/dryad. XXX).

Coalescent-based Species Delimitation

We delimited species in the P. sphenops species complex using a multi-tiered Bayesian
approach involving an initial species discovery step, followed by species validation. We base
this ‘chimeric’ approach on previous studies [21,43,49], and recognition that the accuracy of
species validation methods relies critically on accurate a priori species assignments, as well as
guide trees (see below). First, we used the general mixed Yule-coalescent model (GMYC;
[30,34]) to assign individuals to species and develop a preliminary set of hypothesized species
limits. The GMYC identifies the transition point between speciational and coalescent branching
processes on an ultrametric time tree derived from single-locus data [30]. Importantly, the model
makes standard coalescent assumptions (neutrality, constant population size and mutation rate,
no extinction) but no a priori assumptions about species boundaries. We used the Bayesian
GMYC model implemented in the R package bGMYC [34] to discover species in the MCC tree
from the concatenated mtDNA matrix. By accounting for phylogenetic error and allowing
multiple threshold points across the tree (cf. [31]), bGMYC overcomes two main shortcomings
of Pons et al.’s [30] original ML model. As bGMYC is prone to over-split trees containing

identical alleles (i.e. zero-length branches) into species [34], we dropped any zero-length tips
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from the MCC tree prior to analyses, then ran bGMYC using the single- and multiple-threshold
models. For conservativeness and increased statistical power at species discovery (lower false
positive, or Type I error, rate), we interpreted results as significant at a modified o = 0.10 level.
Tree depth heavily influences GMYC results so that transition points may not be detectable when
speciation and coalescence rates are similar [34]. Thus, we checked speciation and coalescence
rates in the MCC tree empirically using the python script “PTP.py” [91]. We also tested the
assumption that the MCC tree contained two classes of branching processes, by performing
likelihood-ratio tests comparing single- and multiple-threshold ML GMYC models against null
models with one branching process (implying either that all tips are species, or the data represent
a single species) in the R package SPLITS v2 [92].

Next, we used two Bayesian methods to validate and better infer the evolutionary history
of the GMY C-delimited species: we estimated a multilocus species tree and divergence times
and then independently tested the validity of each (originally mtDNA-inferred) species by
estimating its Bayesian posterior probability (PP) on the species tree using only nuclear loci. We
inferred the species tree and divergence times for the delimited species using the multispecies
coalescent *BEAST method [39] implemented in BEAST. We ran *BEAST using all loci in the
concatenated mtDNA + nDNA dataset and assigning individual sequences to 25 species,
including delimited ingroup species plus 15 outgroup taxa (see Results, Appendix S1).
Outgroups permitted setting two calibration points on the same nodes using lognormal priors
identical to those in the calibrated BEAST analyses above. We ran *BEAST for five runs of 200
million generations each, sampling every 5000 generations, using Yule tree priors. Log files
from each run were combined using LogCombiner v2.0.2 [84] and we visually checked the final

log for proper MCMC convergence and mixing and ensured that ESS scores were >200 in
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Tracer. Tree files were reduced in size and combined before a MCC tree was computed from
5000 post-burn-in trees in TreeAnnotator.

We tested the validity of the GMY C-delimited species using the Bayesian species
delimitation method implemented in BP&P v2.1 [25], which uses a reverse-jump MCMC
(yMCMC) algorithm to generate marginal posterior probabilities for species-delimitation models
using multilocus genetic data. BP&P accounts for gene tree variance and ILS, and calculates
mutation-scaled population size (¢) and divergence time (7) estimates. BP&P also assumes that
no gene flow occurs following speciation, analogous to the biological species criterion of Mayr
[93]. We ran BP&P on the concatenated mtDNA + nDNA dataset fully partitioned by gene,
using the *BEAST species tree as a guide tree, and specifying a Dirichlet distribution (a = 2) to
account for variation in mutation rates among loci. Because BP&P is sensitive to the choice of
priors [94], we assessed the impact of prior specification on our results by conducting runs using
three different combinations of gamma-distributed priors for ancestral 8 and root age (7o) [43]:
large ancestral populations and deep divergences, € ~ G(1, 10) and 7o~ G(1, 10); small ancestral
populations and shallow divergences, 8 ~ G(2, 2000) and 7o~ G(2, 2000); and a highly
conservative prior with large ancestral populations and recent divergences, € ~ G(1, 10) and 7o~
G(2, 2000). We made three replicate runs (ffMCMC = 10°% burn-in = 25,000) of each prior
combination using algorithm 0 (default fine-tuning parameter, ¢ = 15) and algorithm 1 (a =2, m
=1). We conservatively accepted daughter lineages from nodes with speciation probabilities

>0.95 across all three priors as strongly supported species.

Hybridization Versus Incomplete Lineage Sorting
Our analyses indicated several points of discordance between gene trees derived from

different loci (see Results), which is often caused by hybridization-mediated introgression, or
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ILS arising from the retention of ancestral polymorphisms [38,95]. Whereas these two
confounding genetic processes are difficult to tease apart, a recent molecular study of the P.
sphenops species complex by Alda et al. [55] inferred hybridization at the nuclear RPS7 locus
between two pairs of lineages in the complex that we also sampled in this study, P. catemaconis-
P. sphenops and P. mexicana-*gillii” sp. 2, but no evidence for mtDNA hybridization. Thus,
available data suggest that incongruences we observed among gene trees, particularly between
mtDNA and nDNA gene trees, may be due to introgression in the nuclear genome. We
conducted multiple analyses to determine whether the source of gene tree discordance was more
likely due to gene flow versus ILS. First, we estimated the degree of exclusive ancestry of
individuals of species as quantified by the genealogical sorting index (gsi; [96]). The gsi spans
values normalized to the interval [0, 1], with 1 indicating monophyly, <1 indicating paraphyly,
and 0 indicating non-exclusive ancestry in relation to other sampled species. We calculated gsi
for delimited species based on ML gene trees derived from the concatenated mtDNA dataset,
each nuclear locus, and the concatenated mtDNA + nDNA dataset. We also calculated an
‘ensemble’ gsi statistic (gsir) as the weighted sum of gsi across all five nuclear gene trees.
Cummings et al. [96] showed that, by integrating across multiple loci, gsiy has sufficient power
to detect significant genealogical divergence well before monophyly is reached, even using small
numbers of loci. Analyses were run on the gsi web server (http://www.genealogicalsorting.org)
while assigning individuals to delimited species, and testing significance using 10* permutations.
Second, we used Joly et al.’s [95] method for detecting hybridization from species trees,
as implemented in JML v1.0.2 [97]. JML uses posterior predictive checking to detect
hybridization by testing the fit of a null model with no hybridization (but ILS) to sequence data,

through simulations conducted on a posterior sample of species trees from *BEAST (thereby

139



accounting for phylogenetic error). We supplied JML with 1000 post-burn-in species trees from
a *BEAST analysis consisting of five independent runs similar to those above (assigning
individuals to delimited species, MCMC = 200 million, burn-in = 10%, birth-death tree priors,
and a constant multispecies coalescent population function) but using ingroup samples. We then
simulated gene trees and DNA sequence datasets on each species tree under a neutral coalescent
model with no migration. For simulations, we specified ML estimates of model parameters from
GARLI, evolutionary rates estimated in * BEAST, and appropriate heredity scalars (2 for nDNA,
0.5 for mtDNA) for each locus. We ran separate simulations drawing on ingroup mtDNA
sequences from the concatenated mtDNA + nDNA dataset, plus the three nDNA loci with the
most sampling (/dh-A, RPS7, and X-src). For each simulated dataset, we computed distributions
of the minimum pairwise sequence distance between sequences of two species (minDist), a good
predictor of hybridization events [95]. We evaluated fit of the ILS model (i.e. adequacy of
*BEAST model fit to the data) by comparing minDist for the observed data to that of the
simulated datasets, to calculate the probability that observed distances were due to hybridization.
Using a one-tailed test, we rejected the ILS model at the a = 0.05 level in favor of hybridization
being the most likely explanation for observed DNA polymorphism patterns between species
pairs [97]. For nDNA loci, we only considered significant results meaningful for taxa with
observed sequence data, rather than simulated data alone (e.g. the case of clade 7), because while
observed sequences are optional for JML an observed pair of aligned sequences is required to

calculate exact probabilities of minDist values.

Results

Neutrality and Recombination

Based on HKA tests, DNA polymorphism levels in the mtDNA data were consistent with
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expectations of neutral evolution, which was assumed in each of our analyses (P > 0.05; details
in Appendix S1). Likewise, an outstanding majority of tests (91.4%) recovered no evidence for
recombination in any of the nuclear loci analyzed (Appendix S1): six tests of each of five loci in
RDP3 inferred a total of only three recombination signals (all in X-yes), and coalescent

simulations showed no evidence of recombination based on Ry values (P > 0.05; Appendix S1).

Gene Tree Analyses and Sequence Divergence

The concatenated mtDNA dataset consisted of 1770 nucleotide base pairs (bp), including
a 1086 bp fragment of cyth and 684 bp of the partial cox/ gene and flanking serine tRNA (Table
S3). The ML gene tree derived from this dataset had a In L of —12419.3689 and generally
recovered well supported relationships among ingroup lineages, with BP >70% for most tip
clades and internal nodes (Fig. 2). However, mtDNA lineages in the gene tree provided a
variable fit to nominal taxonomy and currently recognized OTUs [51,55]. Haplotypes of P.
butleri, P. gillii, “gillii” sp. 2, P. hondurensis, and P. sp. “Patuca” were recovered as highly
supported monophyletic groups, and relationships among these lineages received moderate to
high bootstrap support. Members of the P. sphenops complex sensu stricto, including P.
catemaconis, P. sphenops, and “sphenops” sp. 1, were also monophyletic, although P. sphenops
monophyly was poorly supported. By contrast, P. mexicana was polyphyletic, with samples
from Rio Tipitapa, Nicaragua between Lake Managua and Lake Nicaragua (Fig. 1) recovered in
a monophyletic group at the base of the complex sensu lato; and P. orri and P. salvatoris were
each paraphyletic, nested within the principal P. mexicana clade. The position of the Tipitapa
lineage was poorly resolved by mtDNA, and its sister relationship to all other P. sphenops
species complex lineages received marginal support, yet given its genetic distinctiveness we

refer to this P. mexicana-like lineage as a ‘candidate species’, P. sp. “Tipitapa”. We also
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recovered P. thermalis in a clade containing P. sulphuraria; however, these taxa shared identical
cytb haplotypes. For convenience of presentation and discussion, we identified eight mtDNA
major-lineages (clades 1-8) in the gene tree differentiated by >2% mean among-clade p-
distances (range 2.3-9.9%), which we visualized with distinct colors. We also identified 17
exclusive, moderate to strongly supported ‘subclades’ contained within these major-lineages (2-a
to 8-j) in the mtDNA gene tree.

The BEAST relaxed clock analysis of the concatenated mtDNA dataset converged on a
mean L of —12,590.73 and had good sampling properties (e.g. ESS > 316). From this run, we
generated a MCC time tree (highest log clade credibility = —139.6855; Fig. S1A) that recovered
ingroup relationships identical to the mtDNA ML gene tree, but with higher nodal support values
(e.g. PP =0.95-1 for most ingroup tip clades and internal nodes; Fig. 2). Unlike the mtDNA ML
gene tree, however, we recovered one Lake Nicaragua tributary sample (172554) sister to other
clade 2 samples with strong support (Fig. S1A). Nuclear genes in the concatenated nDNA
dataset (3484 bp), and also in the concatenated mtDNA + nDNA dataset, were on average 685 bp
long (range 191-967 bp), and averaged 59.6 variable characters, 45 parsimony informative
characters, and 0.017 overall mean d based on p-distances (Table S3). Phylogenetic structuring
in the ML gene tree derived from the concatenated mtDNA + nDNA dataset (In L =
—-21,978.2011) mirrored relationships recovered in the concatenated mtDNA gene trees, except
P. sp. “Tipitapa” was recovered sister to the P. sphenops complex sensu stricto (clade 2) with
high support, clade 8-j was recovered in a monophyletic group with representatives of clades 8-a
and 8-b, and while phylogeographical sub-structuring in clade 8-c was well supported the
monophyly of clade 8-c itself was poorly supported (Fig. 3A). The concatenated nDNA gene

tree was relatively less resolved than the other gene trees but also placed P. sp. “Tipitapa” sister
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to clade 2 with moderate support, and strongly supported the monophyly of clades 1-4 (Fig. 3B).
Evaluating each nuclear locus separately also indicated lower resolution, and along with varying
degrees of genetic variation we observed differing degrees of species monophyly at different loci
(Fig. S2; Table S3). Although different methods and datasets varied in the levels of support
assigned to nodes in the tree, all of the analyses essentially identified the same major-lineages

and recovered P. orri, P. salvatoris, and P. thermalis as paraphyletic (Fig. 2; Figs. S2 & S3).

Coalescent-based Species Delimitation

Separate bGMYC runs specifying different models gave very similar preliminary
hypotheses of species boundaries, although the multiple-threshold model estimated finer
groupings leading to slightly higher species diversity than the single-threshold model. Running
the single-threshold model gave a pattern of 11 species that met our criteria (Fig. S3A), eight of
which corresponded to mtDNA major-lineages identified using the gene tree and p-distances
(Fig. 2). Similarly, the multiple-threshold model supported 14 species (Fig. S3B). Both models
assigned species status to the single tip sample 172554 from clade 2 and sample 23082 from
clade 5; however, such low allele sampling is non-optimal for bGMYC, and sample 172554 was
consistently recovered within clade 2-b in the mtDNA ML gene tree analysis with strong
support, so we conservatively considered only the subclades in these groups/clades defined by
multiple individuals as potential species (subclades 2-a and 2-b; ¢f. [21]). Thus, we accepted a
more conservative number and arrangement of clusters of 10 species with multiple individuals
from the single-threshold bGMYC analysis as our preliminary species delimitation hypothesis.
Rate calculations indicated that the GMYC results were unlikely to be confounded by proximal
speciation and coalescence rates, which diverged widely (speciation rate per substitution, A, =

19.64; coalescent rate per substitution, A, = 508.67). Moreover, likelihood-ratio tests performed
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in SPLITS confirmed that the two classes of branching processes assumed in the model were
present in the tree (single-threshold test: null In L = 637.54, max. In L = 644.70, likelihood ratio
=14.32, P <0.01; multiple-threshold test: null In L = 637.54, max. In L = 646.08, likelihood
ratio = 16.93, P <0.01).

The relaxed clock *BEAST species tree (mean L =-21,865.97, ESS = 1,382.69) inferred
relationships among the P. sphenops species complex that were identical to those recovered in
the concatenated mtDNA + nDNA ML tree, placing a strongly-supported monophyletic group
containing clades 1 and 2 sister to all other members of the P. sphenops species complex sensu
lato with strong support (Fig. S1B). Predictably, subsamples representing phylogeographic
structuring within clades 2 and 8 were recovered as monophyletic. However, the monophyletic
group containing clades 3—8 differed from the concatenated mtDNA gene tree in placing clade 6
sister to clades 5 + 7-8, rather than clade 5 sister to clades 68 (as in Figs. 2, 3A), although
relationships among these clades were poorly supported. Based on the time to the most recent
common ancestor (fmrca) estimated by *BEAST for the stem node splitting a P. caucana +
‘short-fin” mollies clade and the ingroup, we inferred a maximally early-mid Miocene origin for
the ancestral ingroup population in Central America [median age = 16.4 Ma, 95% highest
posterior density (HPD) = 23.2-11.1]. Moreover, the ingroup ftvrca indicated the diversification
of the P. sphenops species complex sensu lato most likely began 17. 6-8.1 Ma (median age =
12.2) in the Miocene and continued to the present. Poecilia sp. “Tipitapa” was the oldest species
(median age = 9.2 Ma, 95% HPD = 14.4-5.4), whereas P. sphenops complex clades 2-a and 2-b
were the youngest delimited species, with a Plio-Pleistocene tvrca (median age = 2.4 Ma, 95%
HPD = 4.7-0.54).

Running BP&P with algorithm 1 under priors reflecting different historical scenarios
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strongly supported each of the 9 delimited species examined with high speciation probabilities
(Fig. 4). However, the clade 8 crown nodes containing phylogeographical structuring between
subclades 8-a—8-c and subclades 8-e—8-j received significant support from the models with large
and small ancestral sizes and deep divergences (PP = 1), but no support from the small ancestral
size, shallow divergence model (PP = 0). Quantitatively and qualitatively similar results were
obtained in identical runs using algorithm 0 (Fig. S4). Given uncertainty in the internal nodes of
our species tree, we also ran BP&P on the concatenated mtDNA + nDNA ML gene tree
topology, and this yielded near-identical results. Thus, multilocus Bayesian species delimitation
based on the present sampling strongly supports recognizing clades 1, 2-a, 2-b, and 3-8 as
distinct species with 95% Bayesian posterior probability, but indicates that phylogeographical
lineages within clade 8 receives substantial but not definitive support and cannot be treated as
distinct species. Clade 7 was only evaluated in BP&P using mtDNA sequences from [77];
however, its monophyly and significant nodal support in the ML and Bayesian gene trees (Figs.
2 & 3), high Bayesian PP in the GMYC results, and the mtDNA gsi results below, indicate that
clade 7 would likely have been strongly supported as a distinct species in BP&P had nDNA loci

been available for this lineage.

Hybridization Versus Incomplete Lineage Sorting

Permutation tests of the gsi calculated from the mtDNA ML gene tree in Fig. 2 supported
each bGMY C-delimited species as a monophyletic lineage in relation to other delimited species,
with approximate to complete lineage sorting (P < 0.001; Table 3). Likewise, gsi tests supported
all delimited species monophyly in the concatenated mtDNA + nDNA gene tree. We also
detected significant genealogical divergence and sorting at different nDNA loci for most species,

despite a lack of monophyly (18/27, or 67% of cases; Table 3). However, gsi values expectedly
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fluctuated across nDNA loci, with values for loci with more variable characters tending to be
higher, and with delimited species being consistently significantly sorted at RPS7 and X-src but
less consistently so at other loci (Tables 2 & 3). Still, all taxa with nuclear data had significant
ensemble gsi scores (mean gsir = 0.384) across the nuclear gene trees (P < 0.05; Table 3).

We detected no instances of introgression in ingroup mtDNA based on 1000 coalescent
simulations in JML. Thus, we conclude that post-speciation hybridization at mtDNA is unlikely,
and that the multispecies coalescent model in *BEAST provides a good fit to the mtDNA data.
Therefore, the mtDNA are also consistent with assumptions of BP&P [25]. By contrast, JML
simulations consistently detected introgressed sequences between P. butleri-P.
catemaconis/sphenops (clade 2-a) species pairs across all three nuclear loci examined, based on
significant departures of observed minDist values from the posterior predictive distributions (/dh-
A, P=0.001; RPS7, P=0.001; and X-src, P = 0.001; additional results in Appendix S1). These
results suggest that the *BEAST model provides an inadequate fit to these three nuclear markers
because it assumes that all gene tree discordance is due to ILS. Overall, our JIML results indicate
that the probability of obtaining para-/polyphyletic nDNA gene trees but monophyletic mtDNA
gene trees is high, and that gene tree discordances observed in this study have likely resulted
from hybridization instead of ILS in the nuclear genome. In particular, the low PP for the

placement of P. butleri in the species tree (Fig. S2) seems likely due to hybridization.

Discussion

A growing number of empirical studies suggest that newly developed coalescent-based
species delimitation methods [29] provide effective tools for delimiting species in
morphologically conserved groups with cryptic species, using independent genetic loci e.g.

[9,20,21,43,46-48]. Indeed, these methods are recommended to overcome the limited utility of
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morphology to delimit species in these systems, e.g. few diagnostic characters distinguishing
species [21,43,46]. One advantage of coalescent-based methods is that, whereas earlier species
delimitation approaches based solely on phylogenetic criteria (‘phylogenetic species concepts’)
required strict assumptions of monophyly and fixed allelic differences at one or more genetic loci
(reviewed by [12]), coalescent species delimitation relaxes these constraints, given such patterns
are not expected in multilocus datasets [26,38,98]. Thus, coalescent-based species delimitation
methods can identify independently evolving lineages representing distinct species through
probabilistic tests of alternative speciation hypotheses (e.g. different resolutions of species tree
branches) while allowing for gene tree discordance and ILS (reviewed by [29]). Using a
“chimeric approach” [46] combining coalescent methods for single-locus species discovery
without assuming species boundaries a priori (i.e. Bayesian GMYC modeling; [34]), and
Bayesian species delimitation using multiple independent loci (i.e. BP&P; [25]), we set out to
delimit species and infer evolutionary relationships in a morphologically conserved group of
Central American freshwater fishes, the Poecilia sphenops species complex [50,51]. Other
studies have used similar approaches to delimit terrestrial and freshwater species, and served as
bases for new species descriptions in several cases [9,20,43,46,47,49]. Yet ours is the first
attempt to resolve taxonomic uncertainties in the Central American freshwater biota using
coalescent-based species delimitation. Overall, our results provide compelling evidence for
incongruence between genetically delimited species and nominal taxonomy indicating diversity
is underestimated and overestimated in different lineages of the P. sphenops species complex,

with important implications for taxonomy and conservation.

Species Delimitation in the P. sphenops Species Complex

Many previous systematic studies of poeciliid livebearing fishes, and of the P. sphenops
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species complex in particular, have relied solely on classical morphology
[50,51,59,60,63,68,99,100]. This has imposed an important limitation on studies of Poecilia ,
given the “confusingly variable” nature of morphology in the P. sphenops species complex [50],
and that fishes in genus Poecilia (particularly subgenus Mollienesia) may exhibit ample
intraspecific variation to swamp interspecific variation, especially at morphometric variables
[59,60]. Indeed, after studying Poecilia including members of the P. sphenops species complex,
Rivas [60] concluded, “there is considerable variation in [morphometric] characters individually,
ontogenetically, seasonally, geographically, and environmentally and, therefore, they are of little
or no value in distinguishing species” (our clarification in brackets). Also, very few meristic or
external morphological characters are useful for diagnosing species in the P. sphenops species
complex, except a handful of characters related to inner jaw tooth dentition, fin-ray counts, and
preorbital head pores [50,59,99,100]. Perhaps not surprisingly, morphology-based taxonomy has
been extremely confused in the group, with different authors synonymizing up to 34 taxa into P.
sphenops [63] at one extreme, and recognizing at least six subspecies between P. mexicana [68]
and P. gillii [59] at another. Aside from destabilizing taxonomy in the group, earlier
morphological studies also suffered drawbacks of limited spatial sampling, and restricted
taxonomic and phylogenetic perspectives focused on one species or species group e.g. [50,67].
Our results from applying coalescent models to genetic data from an extensive
geographical sample of 8 of 13 species, one subspecies, and 2/2 molecular OTUs previously
recognized in the P. sphenops species complex (Fig. 1; Table S1) strongly support at least 9
lineages as distinct ‘species’. These include: (1) P. butleri (clade 6); (2) P.
catemaconis/sphenops (including P. catemaconis and “sphenops” sp. 1 samples, clade 2-a); (3)

P. gillii (clade 5-b and 5-¢); (4) P. hondurensis (clade 4); (5) P. mexicana (clade 8); (6) P.
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sphenops (clade 2-b); (7) clade 7, including multiple Mexican taxa; (8) the P. sp. “Tipitapa”
lineage (clade 1), discovered in this study and identified in the field as P. mexicana; and (9) the
“gillii” sp. 2 lineage (clade 3), initially discovered and identified in the field as P. gillii by Alda
et al. [55]. Figure 4 summarizes the placement and inferred taxonomy of each lineage in the
species tree, and Fig. 1 provides a map of each lineage’s distribution in a regional context. Each
species delimited by our full analysis is supported by multiple lines of evidence, including
substantial nodal support in gene trees from the mtDNA or combined analyses, high Bayesian
posterior probabilities (PP = 0.9-1) of conspecificity during bGMYC modeling, and high
Bayesian speciation probabilities (PP = 0.95-1) in coalescent analyses using BP&P (Figs. 2, 3, 4,
S1 & S4). Moreover, putative species are distinct from one another by >2% and more frequently
>3% mean pairwise mtDNA genetic distances (Table 2) agrees with expectations derived from
worldwide data on divergences between marine and freshwater fish species pairs [101]. That
said, the ‘cryptic’ candidate species in clades 1 and 3 are highly distinct, being the only taxa
except their sister lineages (clades 2 and 4) that are both deeply diverged from other lineages by
>5% mtDNA genetic distances (Table 2) and strongly supported as monophyletic in all gene tree
and species tree analyses (Figs. 2, 3, 4). We also inferred no instances of mtDNA hybridization
and only one instance of nuclear hybridization involving either of these taxa (the P.
hondurensis—P. sp. “Tipitapa” RPS7 comparison in JML; Appendix S1), which if valid appears
to represent ancient introgression since these species ranges are presently allopatric, separated by
the Chortis Highlands of Nicaragua. In light of this, our findings demonstrate that species-level
diversity within the P. sphenops species complex is underestimated by at least ~15%, relative to
the 13 currently described species (Table S1).

However, we suspect that current diversity within the P. sphenops species complex is
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underrepresented by our results, most likely in clades 2-a, 5, and 7. The two lineages lumped
into clade 2-a, two lineages in clade 5 (P. sp. “Patuca” in 5-b, and 5-c), and two lineages in clade
7 (subclades 7-a and 7-b) respectively diverged from one another fairly recently ~0.86, ~1.14,
and ~0.71 thousand years ago during the early-mid Pleistocene (Fig. S1). Given recent lineage
divergences may cause Bayesian GMY C modeling to undersplit data into species (discussed
below), bGMYC may have generated invalid species designations by lumping tips in into one
species in these cases (Fig. 2). Clearly, resolving taxonomy in these clades will require
additional sampling and analyses of multiple nuclear loci, and a coalescent approach similar to
ours is recommended. Our ability to draw conclusions about clade 7 seems particularly limited,
as we could not obtain analogous nuclear sequences for samples from Palacios et al. [77]. Still,
[77]’s multilocus phylogeny recovered clades analogous to subclades 7-a and 7-b (with sub-
structuring within 7-a), suggesting future analyses will likely recover these lineages as distinct
species.

We have shown that earlier morphological treatments underestimated species-level
diversity in the P. sphenops species complex and particularly within P. mexicana and P. gillii
e.g. [59,102]. By contrast, our finding that P. orri and P. salvatoris are paraphyletic with respect
to P. mexicana, nested within a larger clade otherwise exclusively comprised of P. mexicana in
the mtDNA gene trees (Figs. 2 & S1), suggests nominal taxonomy likely overestimates diversity
in clade 8, possibly by up to ~15%. Poecilia orri and P. salvatoris were recovered in a well-
supported clade in the concatenated mtDNA + nDNA gene tree (Fig. 3A), but P. salvatoris was
nested within P. orri sequences in this clade, and neither of these species was reciprocally
monophyletic in our mtDNA or nDNA gene trees (Figs. 2, 3B). Thus, one or both of these taxa

may not constitute distinct species, and this is also supported by the fact that neither taxon was
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recovered as a distinct species during our species discovery analyses. In fact, bGMYC gave P.
orri and P. salvatoris samples 95% Bayesian posterior probabilities of conspecificity with P.
mexicana (Fig. S3). Therefore, we suggest that a formal taxonomic revision examining

morphological and genetic data be undertaken to determine the status of these taxa.

Combining Species Discovery and Validation: Limitations and Sampling Considerations

Through our use of a “chimeric approach” [46] to coalescent-based species delimitation
combining species discovery and validation methods, this study highlights key interactions
between phylogenetic and statistical population genetic (coalescent) analyses typically integrated
during such analyses e.g. [20,21,43]. Such integration is essential for statistically evaluating
evolutionary patterns and processes at the species boundary, the interface between micro- and
macroevolution [30]. The particular combination of developing preliminary species delimitation
hypotheses through single-locus GMYC modeling, then testing these using multilocus Bayesian
species tree and species validation analyses herein also has several strengths. For example, it
accounts for gene tree discordance using the multispecies coalescent [39], avoids confounding
gene trees with species trees, and also objectively arrives at a priori species assignments using
coalescent methods implemented before conducting separate species validation analyses in
BP&P [43,46]. Still, the multiple steps of such chimeric approaches are, overall, subject to
several potential limitations, the most important of which we discuss below.

First, uncertainty associated with the topology and branch lengths of ultrametric
phylogenies supplied for GMYC modeling can be high because trees are usually derived from
single-locus mtDNA datasets. Thus, running GMYC models on a single phylogenetic point
estimate could yield inaccurate results, leading to erroneous preliminary hypotheses of species

limits [30,34]. Despite this, we consider our GMYC results reasonably accurate, because
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bGMY C accounts for phylogenetic and modeling error by integrating over uncertainty in the
parameters using Bayesian MCMC simulations. It is also important to note that we supplied
bGMYC with a valid ultrametric MCC tree generated from a coalescent-dating analysis in
BEAST using appropriate priors, including biogeographic and fossil calibration points (Figs. S1,
S3). And our results seem unlikely to reflect confounding effects of branch length uncertainty:
analyzing the concatenated mtDNA gene tree (Fig. 2) using a Bayesian application of a method,
PTP [91], similar to GMYC but analyzing substitution patterns along gene trees with non-
ultrametric branches gave species delimitations comparable to our b(GMYC results (unpublished
data; details in Appendix S1). This demonstrates that our mtDNA data are robust to the varying
assumptions and quantitative approaches of different species discovery methods [30].

Second, recent lineage divergences are also problematic for Bayesian GMYC inference
because they induce greater uncertainty into the model and are more likely to occur more
recently than inferred threshold points [34]. In our study, the fact that multiple genetic lineages
in clades 2-a, 5 and 7 were relatively recently diverged, more so than delimited species, suggests
this situation may have caused bGMYC to inaccurately lump these lineages together. This
would mean that bGMYC effectively treated actual species-level diversity as intraspecific
genetic structuring in these clades. More sampling is necessary to test this hypothesis; however,
it may be unrealistic to expect the youngest of these Pleistocene-evolved lineages to fare well in
subsequent multilocus validation in BP&P: such recently evolved lineages may not have
accumulated enough mutational differences to have high speciation probabilities.

Three additional limitations arise because Bayesian species delimitation using coalescent
analyses in BP&P is subject to misspecifications of species limits, guide tree relationships, and

model priors [43,94]. Due to the difficulty of confidently establishing species limits a priori in

152



non-adaptive radiations with uncertain taxonomy such as the P. sphenops species complex, it is
essential that species discovery analyses used to set up BP&P runs be conducted as rigorously as
possible [21]. Whereas, as noted above, we feel our bGMYC results are robust, our analyses do
not permit us to know whether a multilocus species discovery step, e.g. employing Bayesian
assignment tests as per [20,43], would have improved our initial hypotheses of species limits.
However, our BP&P results do not seem susceptible to misspecifications of the guide tree or
model priors. This is supported by the fact that running BP&P on the species tree as well as the
topology from the concatenated mtDNA + nDNA gene tree (unpublished data) gave similar
results, and that we obtained consistent results across priors. Based on coalescent theory and
previous studies, priors specifying large ancestral s and recent divergences (7) are expected to
favor the recovery of fewer species in BP&P [25,43]. Moreover, if multiple prior combinations
support the one species delimitation while another prior scenario does not, then this may indicate
that the data provide a poor fit to the latter prior, and vice versa e.g. [48]. Following Leaché &
Fujita [43], we varied the prior distributions of population parameters estimated by BP&P by two
orders of magnitude, and found that all models unambiguously supported the same nine species.
Last, coalescent-based species delimitation approaches, like all species delimitation
methods [5], are subject to the peculiarities of each study’s geographical, taxonomic, and
character sampling strategies. Of particular concern are potentially negative effects of uneven
sampling across distinct genetic lineages, as happens to be the case in our results (e.g. the large
bias toward sampling P. mexicana in clade 8 versus other clades), or missing data on coalescent-
based species delimitations. Our sampling is the most comprehensive for the complex to-date at
multiple levels, and we sampled most species recognized in the P. sphenops species complex

prior to this study (Table S1), except for four species with relatively restricted distributions,

153



known from only 1 to 2 drainage basins in subregions of Mexico (P. chica, P. marcellinoi, P.
maylandi) and Belize (P. teresae). We acknowledge our phylogenetic inferences are therefore
subject to potential effects of missing species. However, lacking some ingroup taxa does not
impact coalescent-based inferences of distinct species e.g. [48]; rather, undetected variation from
un-sampled species and populations can, at best, only influence inferred phylogeographical
patterns and the positions of un-sampled taxa within gene trees and species trees in our data.
Nevertheless, the wide geographical-sampling approach employed herein has permitted us to
avoid pitfalls of more-limited taxon sampling, and to identify multiple independent evolutionary

lineages, including two novel ‘cryptic’ species.

Hybridization Versus Incomplete Lineage Sorting

Identification of the species tree and species limits is a necessary prerequisite for
understanding evolutionary genetic processes of hybridization-mediated introgression and
incomplete lineage sorting, which are increasingly recognized in natural systems and thought to
play a defining role influencing population genetic structure, speciation, and gene tree
discordance [2,38,95]. Indeed, studies of these processes are vulnerable to the ‘species problem’,
as they rely on defining species a priori before attempts are made to distinguish interspecific
versus intraspecific processes [24]. Coalescent-based species delimitation provides a sound,
objective basis for defining species for such analyses, which can provide important information
reciprocally illuminating the nature of the species examined and conservation efforts [29]. Based
on these methods, our study demonstrates a distinct pattern of nuclear, but not mitochondrial,
hybridization and introgression, rather than ILS, as the main factor likely influencing gene tree
discordance in the P. sphenops species complex. The presence of clear hybrid zones formed by

post-speciation range expansion and secondary contact is a relatively common pattern in natural

154



populations [2,5,19], but is not indicated in our results. Instead, we infer that some admixture
has occurred in the past between species that today are sympatric and/or allopatric, as evidenced
by smaller minimum pairwise nuclear genetic distances than that expected from posterior
predictive distributions generated using coalescent simulations on species trees in JML [95].
Evidence seems especially complete for P. butleri hybridization (e.g. with P.
sphenops/catemaconis in clade 2-a), as we detected introgression between P. butleri and other
taxa at all nuclear loci analyzed (Appendix S1). The available genetic evidence also apparently
confirms previous morphological evidence for natural P. butleri—P. sphenops hybridization,
including Schultz & Miller’s [50] description of a hybrid P. butleri x P. “sphenops” individual.
Moreover, whereas P. mexicana has traditionally been considered to hybridize rarely with other
Poecilia [50,51], our results support hybridization between this very widespread species (clade 8,
Fig. 1) and several other ingroup taxa (Appendix S1).

Whereas maternally inherited mtDNA genomes are thought to generally introgress more
rapidly and therefore to present poor bases for single-locus phylogenetics in various taxa
including some fishes [103], our results overwhelmingly support cytonuclear discordance
indicating the opposite is true for the P. sphenops species complex. This finding agrees with the
expectation that nuclear gene flow and hybridization should be higher in systems with female-
based dispersal, which is somewhat counterintuitive but supported by theory and empirical
review by Petit & Excoffier [104]. Therefore, we hypothesize that a pattern of sexual asymmetry
prevails in the P. sphenops species complex, with female-biased dispersal promoting
intraspecific gene flow that blocks interspecific mtDNA introgression (cf. [104], refs. therein).
This is the most plausible explanation for the patterns in our results, and underscores a

contributing factor as to why mtDNA provide an excellent basis for species delimitation in the
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complex (as we have shown). In light of the above findings, that we observed consistency across
our results and across species delimitation algorithms suggests that our species delimitations are
robust to the effects of hybridization; we have also explicitly incorporated the effects of ILS

during multiple modeling procedures, including species discovery and validation analyses.

Phylogenetics and Biogeography

Though a more detailed comparison of our phylogenetic results and those of previous
studies is beyond the scope of this study, we note that our findings agree with and expand on
previous molecular hypotheses of phylogenetic relationships, hence inferred biogeography and
diversification patterns, in the P. sphenops species complex [55,58,67,77]. For example, within
the complex sensu lato, previous molecular and morphological studies recognized two
monophyletic sub-complexes that correlated well with inner jaw tooth morphology—the P.
sphenops complex and P. mexicana complex [55,64] (Table S1). Likewise, our multilocus
phylogenies support each of these sub-complexes as monophyletic (Figs. 3, 4, SIB).
Morphological analyses are needed to determine whether the sub-complexes are reciprocally
monophyletic, however, given we recover the undescribed species P. sp. “Tipitapa” with
morphological affinities for P. mexicana but undocumented dentition patterns as sister to the P.
sphenops complex. Similar to Alda et al. [55], we found it difficult to obtain strongly supported
relationships at some internodes of our species tree (e.g. resolving relationships among clades 5—
8), but results presented here and in [55] are congruent in suggesting that this has resulted from
gene tree discordance caused by hybridization in the nuclear genome. By contrast, our six-gene
dataset allowed us to obtain a species tree with better support for several relationships (with PP
>80-90) than [55]’s species tree. Moreover, we present the first multilocus species tree analysis

strongly supporting the monophyly of the P. sphenops species complex and relationships within
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the P. sphenops complex (clades 1 and 2) (Figs. 4 & S1B).

There are several major biogeographical implications of this study that go hand-in-hand
with the taxonomic implications discussed below. First, our results clarify the geographical
range limits of several taxa and thus aid combating the “Wallacean shortfall”, or gaps in our
understanding of species distributions, in biodiversity studies (see [3]). Whereas others have
considered P. sphenops to meet its southern range limit in eastern Guatemala or western
Honduras [50,51,55,57], our results suggest that its range (e.g. of clade 2-b) extends further
south, terminating at the lake district of Nicaragua, in Lake Nicaragua and its northern tributaries
(Figs. 1, 4). Our results also clarify the distribution of ‘true’ P. gillii in clade 5 (the clade
corresponding to the original type locality for this species, Rio Chagres; see [55]), which it no
longer makes sense to consider as spanning from Guatemala to Panama and perhaps into
Colombia e.g. [59,66,99,102]. Instead, we recommend researchers and managers to consider the
range of P. gillii as extending mainly from Rio Playén Chico, Panama to Rio Parismina, Costa
Rica on the Atlantic versant, and from Rio Bayano, Panama to around the western limit of the
Rio Térraba basin, Costa Rica on the Pacific versant (Figs. 1, 2). As in [55], we also find P.
mexicana (clade 8) to have a much wider geographical distribution than previously thought e.g.
[50,51]; however, given the uncertain status of Mexican populations in clade 7, we consider P.
mexicana to extend from at least the Lake Petén Itza drainage, Guatemala southward to Rio
Cuango, Panama on the Atlantic versant, and from Rio Goascoran (the El Salvador-Guatemala
border) to the western Rio Bayano basin, Panama on the Pacific versant (Figs. 1, 2).

Second, the timing of diversification of the P. sphenops species complex inferred herein
(Figs. 4, S1A) is congruent with the results of previous fossil- and biogeography-calibrated,

multilocus divergence time analyses by Alda et al. [55]. Particularly, our results based on
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expanded geographical and character sampling also show that lineage diversification has
occurred in situ within Central America, and that all major-lineages diversified within the
complex prior to the completion of the Isthmus of Panama, which connected North and South
America ~3—1.8 Ma (reviewed in [105]). All nine delimited ‘species’ in our results fit this
pattern (Fig. 4), which is consistent with emplacement of the ancestral population of the complex
through dispersal into the region from outlying areas of North or South America well before the
full development of the Central American Isthmus landscape. We also inferred that the P.
mexicana and P. sphenops complexes initially speciated during the Miocene (17.8-8.1 Ma; Figs.
S1, 4), whereas multiple analyses with slightly different calibrations in [55] place the most recent
common ancestor of these lineages in a slightly earlier Oligocene-Miocene range (~38—13 Ma),
but overlap with our age estimates. These results correspond well to the results of [106], thus
multiple datasets are apparently converging on a similar picture of the evolution of this group.
Yet our discovery and coalescent-dating of the origin of the ‘cryptic’ species P. sp. “Tipitapa”
from Nicaragua provides a unique insight: in situ evolution of this species ~9.2 Ma (Figs. 4,
S1A) correlates very closely with the origin of the Nicaraguan depression, which formed through
southeast-northwestward opening of a rift valley between the Tortuguero lowlands of Costa Rica
through the El Salvador Median Trough over 10-0 Ma (reviewed in [105]). This suggests that
isolation in the Nicaraguan depression may have caused the initial divergence of this taxon.
Third, and more generally, we find evidence for both widespread and often-sympatric
lineages (e.g. clades 2, 5, 8), as well as highly endemic lineages and phylogeographic units (e.g.
clades 1, 2-a, 3, 4, and 5-a) (Figs. 1, 2). This suggests several contrasting biogeographical
processes have been at play in shaping present-day distributions of species in the P. sphenops

species complex. In particular, barriers between drainage basins (e.g. mountain ranges bounding
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the Nicaraguan depression) have apparently generated prolonged genetic isolation facilitating the
development of distinct populations and endemic species within some regions, e.g. isolation of
clade 1 within the Rio San Juan basin. At the same time, dispersal barriers have been
sufficiently negligible and time has been sufficiently great for some taxa, including P. mexicana
and P. gillii, to obtain relatively extensive distributions across multiple biogeographical areas
and physiographic provinces (reviewed in [105]), providing many opportunities for local
adaptation and low levels of gene flow with sympatric congeners. These widespread lineages
also inhabit very similar habitats [51,53,102], reflecting similar levels of phenotypic plasticity,
and/or potentially large-scale ecological adaptation to similar environments. Extinctions have
also undoubtedly played a role so that species that were once widespread now have widely
disjunct, endemic populations; here, the principal case in point is the wide disjunction between
the distributions of differentiated clades 5-c in Honduras, versus 5-a and 5-b largely restricted to
Panama (Figs. 1, 2). Likely, intervening extinctions created such patterns as a result of the
combined effects of marine transgressions, landscape evolution (e.g. orogeny), and climate
change at different times in the past, but especially during regional and global upheavals in

climate and sea levels during the Plio-Pleistocene (reviewed in [105]).

Taxonomic and Conservation Implications

Coalescent-based analyses such as those employed here should reduce investigator-
driven biases in species delimitation, creating more stable and transparent taxonomy [29,43]. In
making taxonomic interpretations based on our results, we follow a general lineage concept of
species [10-12] and consider genealogical and statistical evidence from multiple unlinked genetic
loci sufficient to diagnose independently evolving lineages representing distinct species

[9,29,43]. This is considered best practice and is most consistent with recent progress in the
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conceptualization of species [12]. However, we acknowledge that evidence from species
distributions indicating geographical isolation (e.g. allopatric ranges; [21]) and evidence for
fixed morphological or ecological differences relative to other species can also support
independent lineages as valid species (cf. [14-17,47]), though such differentiation is less likely to
be observed in morphologically cryptic taxa.

Our coalescent-based species delimitation results support the distinctiveness of several
existing Poecilia species. Most of the 9 lineages within the P. sphenops species complex
delimited as strongly supported species correspond exclusively to nominal taxa and thereby
support their continued recognition as distinct species. Specifically, we recognize P. butleri, P.
hondurensis, and P. mexicana, as distinct species, as presently defined, with the exception of
considering P. mexicana to possess a more extensive range reaching Rio Bayano, Panama (Figs.
1 & 4, Table S1). Coalescent species delimitation also non-subjectively delimits at least two
undescribed candidate species within P. mexicana, including one new species in clade 1, and two
species within P. gillii, including the new species in clade 3, all of which are diagnosable based
on molecular data including analyses of six independent loci. Figure 4 summarizes the
placement of each of these lineages in the species tree, and Fig. 1 provides a map of each
lineage’s distribution in a regional context. Our interpretation that at least two species exist
within P. gillii is conservative, given the species we consider ‘true’ P. gillii in clade 5 contains
three sub-lineages, each of which was strongly supported in phylogenetic analyses of the mtDNA
and concatenated mtDNA + nDNA datasets, though not delimited during GMYC species
discovery analyses. Although P. mexicana and P. gillii vary substantially in pigmentation and
dorsal fin coloration throughout their ranges [59,102], we are aware of very few morphological

characters or ecological attributes distinguishing the two new candidate species within P.
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mexicana, and aware of no such attributes distinguishing the two species within P. gillii.
However, as these species are already strongly supported by multilocus molecular data, studies
exploring their distributions, ecological niches, and morphology in further detail would provide
additional support for their validity (cf. [43]). Thus, we recommend that a formal morphological
description of each candidate species be undertaken, including an analysis of all related type

material and morphological comparisons with closely related species.

Conclusions

Overall, our findings contribute to a growing appreciation of the utility of combining multiple
lines of genetic evidence and broad phylogeographical sampling to discover and validate species
limits using coalescent-based methods [29,43,92]. Our study also contributes to a more accurate
accounting of the biodiversity and geographical distributions of Poecilia mollies (subgenus
Mollienesia), as well as Central American freshwater fishes in general, through objectively
delimiting species in the P. sphenops species complex using molecular data. The importance of
testing for hybridization versus ILS on multilocus species trees is also highlighted by our results:
distinguishing between these factors allowed us to infer not only species boundaries but also
evolutionary processes influencing genetic diversity in the complex, as well as our inferences. In
particular, our data support the hypothesis that cytonuclear discordance arises in this complex as
a result of female-biased dispersal (although we cannot rule out at least some mtDNA
introgression). We recommend additional sampling of P. sphenops species complex populations
at additional unlinked genetic loci to further improve the taxonomy and biogeography of the
group and achieve a phylogenetic analysis with more complete ingroup sampling; however, we
highlight the importance of our findings to understanding the biogeographical processes

influencing this group, as well as their significance for taxonomy and conservation.
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Tables

Table 1. PCR primers and annealing temperatures used to amplify mitochondrial and nuclear markers in this study.

T (annealing

Gene Primer Sequence (5'- to -3') ft(ej]?s§ temperature, Reference
OC)
cytb L14725 GAYTTGAARAACCAYCGTTG Single PCR 48 Hrbek et al. [106]
H15982 CCTAGCTTTGGGAGYTAGG Single PCR 48 Hrbek et al. [106]
coxl FISH-F1 TCAACCAACCACAAAGACATTGGCAC Single PCR 48-49 Ward et al. [107]
FISH-R1 TAGACTTCTGGGTGGCCAAAGAATCA  Single PCR  48-49 Ward et al. [107]
ldh-A  LDHAGF2 GYGGAGAGCATCSWKAAGAACMTGC  Single PCR  48-49 Quattro & Jones [108]
LDHAG6R* GCTSAGGAASACCTCRTCCTTCAC Single PCR  48-49 Quattro & Jones [108]
RPS7 1F TGGCCTCTTCCTTGGCCGTC 1"PCR 52 Chow & Takeyama [109]
3R GCCTTCAGGTCAGAGTTCAT 1"PCR 52 Chow & Takeyama [109]
1F.2 CTCTTCCTTGGCCGTCGTTG 2MPCR-1 52 Unmack et al. [72]
2R.67 TACCTGGGARATTCCAGACTC 2MPCR-1 52 Unmack et al. [72]
2F.2.cat GCCATGTTCAGTACCAGTGC 2MPCR-2 52 Unmack et al. [72]
3R.10 TCAGAGTTCATCTCCAGCTC 2MPCR-2 52 Unmack et al. [72]
X-src SRC.E7.1F TGACAGACGTTTGTCCCGTACTGAAGC 1" PCR 52 Peter J. Unmack
SRC.E10.endR  ATGAGKCGAGCCAGACCGAAATCAGC 1*PCR 52 Peter J. Unmack
SRC.E8&.1F CTGAAGCCTGGCACCATGTC 2"PCR 52 Peter J. Unmack
SRC.E10.end2R CCGAAATCAGCCACTTTACAMACCAG 2"PCR 52 Peter J. Unmack
X-yes YesF1 GAGAGAATGAACTACATCCATAG 1"PCR 52 Peter J. Unmack
Yes R1 GACCACACGTCTGATTTGATTGTGAA I*PCR 52 Peter J. Unmack
Yes F2 GACAACCTGGTCTGTAAGATCGC 2"PCR 52 Peter J. Unmack
Yes R2 GATTTGATTGTGAAGCGACCGTACA 2"PCR 52 Peter J. Unmack
Glyt Glyt F559 GGACTGTCMAAGATGACCACMT 1"PCR 55 Lietal [110]
Glyt R1562 CCCAAGAGGTTCTTGTTRAAGAT 1"PCR 55 Lietal [110]
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Glyt F577 ACATGGTACCAGTATGGCTTTGT 2" PCR 62 Lietal [110]
Glyt R1464 GTAAGGCATATASGTGTTCTCTCC 2" PCR 62 Lietal [110]

§Single PCR, only one PCR performed; 1* PCR or 2" PCR, indicates the sequence in a nested set. Note also that a number n

preceded by a dash in this column (e.g. “~2”) indicates the nth second PCR step in a set of nested reactions.
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Table 2. Mean pairwise genetic distances among 10 clades accepted as preliminary species hypotheses based on Bayesian general

mixed Yule-coalescent (GMYC) results in Fig. 2.

Clade1l Clade2-a Clade2-b Clade3 Claded4 Clade5-a Clade5-b Clade6 Clade7 Clade8

Clade 1 — 0.0080 0.0081 0.0087 0.0089 0.0087 0.0087 0.0082 0.0082 0.0082
Clade 2-a  0.085 — 0.0044 0.0069 0.0072 0.0071 0.0070 0.0072 0.0072 0.0068
Clade 2-b  0.082 0.031 — 0.0072 0.0075 0.0075 0.0076 0.0072 0.0074 0.0071
Clade 3 0.091 0.070 0.070 — 0.0065 0.0068 0.0066 0.0068 0.0067 0.0064
Clade 4 0.086 0.070 0.071 0.052 — 0.0064 0.0064 0.0066 0.0062 0.0057
Clade 5-a  0.094 0.071 0.073 0.060 0.057 — 0.0030 0.0062 0.0050 0.0051
Clade 5-b  0.096 0.074 0.077 0.060 0.058 0.013 — 0.0062 0.0053 0.0051
Clade 6 0.099 0.075 0.074 0.061 0.059 0.055 0.059 — 0.0054 0.0052
Clade 7 0.090 0.078 0.075 0.061 0.051 0.041 0.046 0.049 — 0.0031
Clade 8 0.089 0.071 0.072 0.056 0.048 0.040 0.043 0.046 0.023 —

Below the diagonal, mean among-clade p-distances based on the full-cyth sequence database; above the diagonal, corresponding

standard error values.
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Table 3. Genealogical sorting index (gsi) scores and significance test results for GMY C-delimited species of the Poecilia sphenops

species complex.

nDNA loci
Concatenated Ensemble Concatenated
Delimited species miDNA Ldh-A  RPS7 X-sre X-yes Glyt score mtDNA +
(gsir) nDNA

Clade 1, P. sp. “Tipitapa” [** 0.039ns 0.488* 0.488* — — 0.203* I*
Clade 2-b [** 0.029ns  1** I* — — 0.406* [**
Clade 2-c, “sphenops” sp. 1 [** 0.083ns 1** 0.463* 0.472ns 1* 0.603** [**
Clade 3, “gillii” sp. 2 [** 0.035ns 0.488* [** — — 0.305* I*
Clade 4, P. hondurensis 1%* 0.024ns 1% 0.488* — — 0.302* 1*

*
Clade 5, P. gillii e 0.180ns 1%* 0.351% " 0367¢  0250ns 0470%* 1%
Clade 6, P. butleri 1%* — — — — — — 1*
Clade 7, “limantouri” clade 1%* — — — — — — 1*

*
Clade 8, P. mexicana clade e 0279% 0.688** 042" 0336x  0205ns 0.396%F 1%

*P <0.05; **P <0.001; ns, not significant
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Figure Legends

Figure 1. Poecilia sphenops species complex sampling localities and phylogeographical structuring throughout Central
America. Sampling localities (dots) correspond to collections data in supplementary Data S1 and are colored according to
phylogenetic clades or ‘major-lineages’ in Fig. 2 and the upper right legend. Some localities for clades 2-a and 6 are shown in
the overview map (bottom left). The legend also lists clades corresponding to two monophyletic sub-complexes within the
complex sensu lato, supported here (see Results) and in previous studies [55,64]. The locality for one sample whose
phylogenetic position fluctuated during analyses (172554) is indicated on the map. Regional context is given by geopolitical
boundaries (country names in red) and the continental divide (red line).

Figure 2. Results of bGMYC analysis for developing preliminary species delimitation hypotheses. Results presented are based
on the concatenated mtDNA (cyth, cox!, serine tRNA) dataset and represented on the gene tree resulting from maximum-
likelihood (ML) analysis in GARLI. Nodal support values are ML bootstrap proportions (BP; >50%)/Bayesian posterior
probabilities (PP; >0.95). Colored bars to the right of the phylogeny represent hypothesized species groupings based on >0.9
Bayesian posterior probability of conspecificity (calculated from Bayesian MCMC analysis of 100 post-burn-in trees from the
concatenated mtDNA BEAST analysis), compared with bars demarcating clades meeting genetic distance thresholds (1-2%,
3%) and nominal taxonomy (NTAX).

Figure 3. Gene trees derived from maximum-likelihood analyses of the concatenated mtDNA + nDNA dataset (A) and the

concatenated nDNA dataset (B) in GARLI. Numbers along branches indicate the level of nodal support from ML bootstrap
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proportions (BP) >50%. Clade names at tips and colored bars representing delimited/nominal species correspond to those
shown in Fig. 2.

Figure 4. Species tree inferred for the P. sphenops species complex showing speciation probabilities for each node. Bayesian
speciation probabilities are posterior probabilities that a node is fully bifurcating and are shown for each node under each
combination of priors in BP&P (top, large ancestral 6 and deep root divergence, 7p; middle, small ancestral 8 and shallow 7;
bottom, large ancestral 8 and shallow 7j). The red line distinguishes between species that were strongly supported (PP >0.95)
using all three arbitrary prior combinations, and those with non-significant speciation probabilities. Results are presented for
algorithm 1 runs and species that we could evaluate in BP&P. Fig. S4 shows speciation probabilities estimated using BP&P

algorithm0.

Supporting Information
Data S1 Taxon list and locality (sub-population) details.

Appendix S1 Supplementary methods and results.

Table S1 Summary of the taxonomy, tooth morphology, and distributions of species the Poecilia sphenops species complex.
Table S2 DNA substitution models selected using DT-ModSel.

Table S3 Sequence attributes and DNA polymorphism levels in each of the datasets analyzed in this study, overall and by gene.

Fig. S1  BEAST MCC tree derived from the concatenated mtDNA dataset.
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Fig. S2

Fig. S3

Fig. S4

Gene trees of nuclear DNA loci sampled for gene tree, species, tree, and species delimitation analyses. Each delimited
species is coded the corresponding clade color from Fig. 2. Scale bars are in units of substitutions per site.

Matching tree and posterior probability matrix from Bayesian general mixed Yule-coalescent bGMYC analyses. The
phylogeny is the BEAST MCC tree (Fig. S1) and the tables at right of each tree provide sequence-by-sequence
visualizations of the posterior probability that each species/sequence pair is conspecific. (A) Results from the single-

threshold model. (B) Results from the multiple-threshold model.

Species tree showing posterior probabilities of species for each node under each combination of priors using algorithm 0 in

BP&P. The red line and nodal values correspond to the same criteria and priors described in Fig. 4.

177



Gulf of
Mexico

Mexico

N
A

RO
G
~

0

uatemala ®

15°N t 9,

km
100

continental divide

4 85°W

Caribbean
Sea

80°W

Clades:
A 1 @ 5-b
[ 2-a A 5-c
A2b O6
A 3 ® 7
A 4 @ 8
B 5-a

1, 2: “P. sphenops complex”
3-8: “P. mexicana complex”

Lake Nicaragua

Pacific
Ocean

Panama
Canal

Atlantic

Pacific
Ocean

85°W

Colombia

75°W

Figure 1

178



To other 4/% P lati ot P. caucana
outgroups on. atipunctata
|_s1x m P. latipinna Outgroups
98/*
HE ok
-/ns X = ]
? 100/
E 87l 2-a
93/x o7t
Clade 2
P. sphenops o
complex 51 ik
Poecilia
sphenops *

. Ins Clade 3
species Clade 4
complex

92/x| 9-C
P. mexicana 83
complex 1%
0.05 substitutions/site

Nodal support values

50-100 BP
* PP=0.95-1
ns PP=0.9-0.94

Clade 8-d

—~ Clade 8-e

Clade 8-f
Clade 8-g
Clade 8-
Clade 8-i
64/*

74 Clade 8-j
85

[ [ (0 ] (S0 ) Y (F (O (N (N [ [ [y . [ T O 2%

Figure 2

E e | e i — |k

s | [ [ S O BT T e myc

NTAX

P. sp. “Tipitapa”
P. catemaconis
“sphenops” sp. 1

P. sphenops

“gillii” sp. 2
P. hondurensis

P. gillii +
P. sp. “Patuca”

P. butleri
P. sulphuraria +
P. thermalis

P. mexicana limantouri

P. salvatoris
P. orri

P. mexicana
mexicana

179



92

60 100
100 .
98 P. latipunctata
190 P. latipinna
— 0 | Clade1

100

0.10 substitutions/site

2-a
Clade 2

2-b

Clade 4
Clade 3

5-b

Clade 5

5-c

Clade 8-j
P. mexicana

Clade 8

P. orri

P. orri
P. salvatoris

P. i
" Clade 8-c

99p P. mexicana
79

{ P. caucana

Outgroups

B P. sp. “Tipitapa”
P. catemaconis +
“sphenops” sp. 1

I:I P. sphenops

[l P. hondurensis

O “gillii’ sp. 2

P. gillii +
P. sp. “Patuca”

[ P butleri

I P. sulphuraria
9 + P. thermalis

P. mexicana
mexicana

+ P. salvatoris
+ P. orri

98

P. latipunctata

100

+ P. m. limantouri

{ P. latipinna

Clade 8-c

65
Clade 4
100

Clade 2

Clade 3

—| | P. orri

P. salvatoris
P. orri
P. salvatoris
Clade 6
2-a

Clade 5-c

Clade 5-b

Clade 8-b

Clade 8-a
98

Clade 6
Clade 8-j

0.25 substitutions/site

Figure 3

]
O°
p.ori Clade 8-c I
[m}
0
i

F. caucana

Outgroups

—

Clade 8-j

P. mexicana

P. hondurensis
P. sp. “Tipitapa”
P. catemaconis +
“sphenops” sp. 1

P. sphenops
“gillii” sp. 2

P. orri

P. orri +
P. salvatoris

P. butleri
P. catemaconis

P. gillii +
P. sp. “Patuca”

P. gllii

P. mexicana

butleri
mexicana

180



Clades Taxonomy

K
1.00
1.00
1.00 Yy | 22
999
.999
1 2-b
1.00
1.00
1.00 999 3
1.00
.999 M.
1.00
1.00
1.00 6
0[0
00 M 5
0[0)
—— Species
at 0.95-1 00 ol
posterior ::
speciation 00 4. 8-a-8-c
probability ::
—— 8-e-8-j
T T |
10.0 Time (Ma) 0.0
Figure 4

P. sp. “Tipitapa”

P. catemaconis (catemaconis
+ “sphenops” sp. 1)

P. sphenops

“gillii”’ sp. 2 (P. gillii)
P. hondurensis

P. butleri

P. gillii (P. gillii, P. sp.

“Patuca”)

uncertain (P. sulphuraria,
P. thermalis, P. m. limantouri)

P. mexicana (P. mexicana,
P. orri, P. salvatoris)

181



Chapter 3 — Supplementary Material

182



Data S1 Taxon list and locality (sub-population) details.

bGMYC-based

Species Locality Country Latitude Longit taxonomy Reference
Belonesox belizanus  Bbeliz N/A N/A Hrbek et al. (2007)
(0G)
Limia dominicensis Ldom - - N/A N/A - Hrbek et al. (2007)
(0G)
Limia heterandria Lheteran - - N/A N/A - This study
(0G)
Limia melanogaster Lmela - - N/A N/A - Hrbek et al. (2007)
(0G)
Limia tridens (OG) Ltrid = = N/A N/A = Hrbek et al. (2007)
Limia vittata (OG) LvitCU153, - - N/A N/A - Doadrio et al.
LvitC197 (2009)
Micropoecilia picta Ppict - Trinidad N/A N/A - Michael Tobler; this
(0G) study
Poecilia “sphenops” 8806 Rio Goascoran ~2.2 km southwest of Goascoran Honduras 13.58928 -87.76212 P. sphenops This study
sp. and 0.7 km south of El Amatillo
Poecilia butleri Pbut - Mexico N/A N/A P. butleri Zuniga-Vega et al.
(2014)
P. butleri Pbutl Estero San Cristobal at San Blas, Nayarit Mexico 21.54474 -105.27380 P. butleri Tobler et al. (2011);
Palacios et al.
(2013)
P. butleri Pbut4-0, Pbut1-0 Laguna de San Pedro Lagunillas at San Pedro Mexico 21.21412 -104.73820 P. butleri Palacios et al.
Lagunillas, in Nayarit state (2013)
P. butleri Pbut2 Rio Marabasco at Mexico Hwy 200, just east of Mexico 19.23647 -104.55400 P. butleri Tobler et al. (2011);
Cihuatlan, Jalisco Palacios et al.
(2013)
Poecilia catemaconis  Pcat-0, Pcat3 Lago Catemaco Mexico 18.38327 -95.12275 P. catemaconis Palacios et al.
(catemaconis + (2013)
“sphenops” sp. 1)
P. catemaconis Pcatemac Lago Catemaco Mexico N/A N/A P. catemaconis This study
Poecilia caucana Pcauc - Trinidad N/A N/A P. caucana Michael Tobler; this
(0G) study
Poecilia gillii PG603.01, Lago Arenal Costa Rica 10.47208 -84.76933 P. mexicana Lee & Johnson
PG603.02 (2009)
P. gillii PG611.01-05 Quebrada Homiguera, trib. to Rio Tenorio Costa Rica 10.69090 -85.08365 P. mexicana Lee & Johnson
(2009)
P. gillii PG805.01-03 Quebrada La Canela Costa Rica 9.851510 -84.52766 P. mexicana Lee & Johnson
(2009)
P. gillii PG517.01, Rio Barrigones at Costa Rica Hwy 245, Osa Costa Rica 8.593230 -83.42181 P. mexicana Lee & Johnson
PG517.02 Peninsula, Golfo Dulce (2009)
P. gillii 1205, 1206 Rio Cafias (trib. to Rio Tenorio) appxoimately 2 Costa Rica 10.34825 -85.16882 P. mexicana This study
km southeast of town of Bebedero, ~10 km west of
CAl
P. gillii PG723.01 Rio Carrisal Costa Rica 10.39501 -85.58688 P. mexicana Lee & Johnson
(2009)
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P. gillii PG806.01-05 Rio Centeno at Rd 131, approximately 1.6 km west ~ Costa Rica 9.941310 -84.53886 . mexicana Lee & Johnson
of San Mateo (2009)
P. gillii PG716.01-08 Rio Chimurria Costa Rica 10.72740 -84.55823 . mexicana Lee & Johnson
(2009)
P. gillii PG612.01-05 Rio Chiquito Costa Rica 10.43770 -84.86815 . mexicana Lee & Johnson
(2009)
P. gillii 13308 Rio Ciruelas Costa Rica 10.05913 -84.75919 . mexicana This study
P. gillii PG808.01-06 Rio Congo at Pan American Hwy (CA 1), ~2.2km  Costa Rica 10.23998 -84.99171 . mexicana Lee & Johnson
east of Matapalo (drains to Golfo de Nicoya) (2009)
P. gillii PG4814.01-02 Rio General Costa Rica 9.38944 -83.66361 . mexicana Lee & Johnson
(2009)
P. gillii PGB706.01-04, Rio Hatillo Viejo Costa Rica 9.62311 -82.8552 . mexicana Lee & Johnson
PG706.01-08 (2009)
P. gillii PG703.01-05 Rio Herediana at Costa Rica Hwy 32, Costa Rica 10.12416 -83.55616 . mexicana Lee & Johnson
approximately 3 km northwest of Siquirres (2009)
P. gillii 2119 Rio Higueron Costa Rica 10.34270 -85.07594 . mexicana This study
P. gillii PG715.01-08 Rio Infiernito Costa Rica 10.61801 -84.48418 . mexicana Lee & Johnson
(2009)
P. gillii PG724.01-15 Rio Irigary at Pan American Hwy (CA 1), at Costa Rica 10.72340 -85.51038 . mexicana Lee & Johnson
Irigary (2009)
P. gillii PG636.01 Rio Isla Grande Costa Rica 10.39300 -83.9682 . mexicana Lee & Johnson
(2009)
P. gillii PG617.01-03 Rio Javilla, trib. to Rio Canas Costa Rica 10.37208 -85.0974 . mexicana Lee & Johnson
(2009)
P. gillii PG602.01-05 Rio La Palma Costa Rica 10.49875 -84.689 . mexicana Lee & Johnson
(2009)
P. gillii PG616.01-03 Rio Magdalena Costa Rica 10.47945 -85.07811 . mexicana Lee & Johnson
(2009)
P. gillii PG722.01-16 Rio Marole at Costa Rica Hwy 21, Nicoya Costa Rica 10.05828 -85.26201 . mexicana Lee & Johnson
Peninsula, trib. to Golfo de Nicoya (2009)
P. gillii PG807.01-05 Rio Naranjo, trib. to Rio Barranca, at CA 1, ~4.2 Costa Rica 10.02263 -84.73441 . mexicana Lee & Johnson
km northwest of Barranca (2009)
P. gillii 1231, 1232 Rio Nosara, approximately 5 km west of Costa Costa Rica 10.04833 -85.54520 . mexicana This study
Rica Rd 150, Nicoya Peninsula
P. gillii PGB714.01, Rio Nuevo Costa Rica 8.64102 -82.95297 . mexicana Lee & Johnson
PGB714.02 (2009)
P. gillii PG801.01-05 Rio Pacacua Costa Rica 9.91960 -84.24130 . mexicana Lee & Johnson
(2009)
P. gillii PG710.01-07 Rio Parismina Costa Rica 10.19771 -83.56873 . mexicana Lee & Johnson
(2009)
P. gillii PG4810.01-15 Rio Pejibaye Costa Rica 9.15694 -83.57527 . mexicana Lee & Johnson
(2009)
P. gillii 2170 Rio Pizote Costa Rica 10.90839 -85.21126 . mexicana This study
P. gillii PG719.01-16 Rio Queques, trib. to Rio Frio, which drains to Costa Rica 10.64481 -84.82223 . mexicana Lee & Johnson
Lago Nicaragua (2009)
P. gillii PG809.01-05 Rio Rosales Costa Rica 10.02978 -84.32581 . mexicana Lee & Johnson
(2009)
P. gillii PG608.01-05 Rio Sabalito, trib. to Lago Arenal (west side),1.5 Costa Rica 10.54858 -84.98080 . mexicana Lee & Johnson
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km southeast of Sabalito on Costa Rica Rd 142 (2009)
P. gillii PG726.01-08 Rio Sabalo Costa Rica 11.04283 -85.48921 P. mexicana Lee & Johnson
(2009)

P. gillii 2051 Rio Salama Nuevo, 1 km south of Carretera Costa Rica 8.90425 -83.43932 P. mexicana This study
Interamericana (Costa Rica Hwy 2) and 1 km east
of Finca Doce

P. gillii 2171 Rio San Juan Costa Rica 10.90839 -85.21126 P. mexicana This study

P. gillii PG614.01, Rio Santa Rosa Costa Rica 10.46113 -85.07438 P. mexicana Lee & Johnson

PG614.02 (2009)

P. gillii PG725.01-08 Rio Sapoa just north of Costa Rica Hwy 4, Costa Rica 11.04436 -85.61590 P. mexicana Lee & Johnson
approximately 2 km southeast of La Cruz (2009)

P. gillii 1245, 1246 Rio Sarapiqui Costa Rica 10.47225 -83.99195 P. mexicana This study

P. gillii PG713.01-13 Rio Sarapiqui Costa Rica 10.52455 -84.03133 P. mexicana Lee & Johnson

(2009)

P. gillii 1291 Rio Sixaola, ~6 km southeast of Bribri, 1 km south  Costa Rica 9.59872 -82.80247 P. mexicana This study
of Costa Rica Hwy 36

P. gillii PG804.01-03 Rio Grande de Tarcoles at Costa Rica Rd 137, Costa Rica 9.87980 -84.52780 P. mexicana Lee & Johnson
west of San Juan de Mata (EI Llano) (2009)

P. gillii 2073 Rio Terraba Costa Rica 9.28493 -83.64566 P. gillii This study

P. gillii PG708.01-08 Rio Toro, trib. to Rio Matina, just off Costa Rica Costa Rica 10.01678 -83.21021 P. mexicana Lee & Johnson
Hwy 32 approximately 24 km west of Limon (2009)

P. gillii PG708.03 Rio Toro, trib. to Rio Matina, just off Costa Rica Costa Rica 10.01678 -83.21021 P. gillii (P. sp. Lee & Johnson
Hwy 32 approximately 24 km west of Limon “Patuca”) (2009)

P. gillii PG712.01-13, Rio Tortuguero Costa Rica 10.25941 -83.81223 P. mexicana Lee & Johnson

PG712.14-16 (2009)
P. gillii PG610.01-03 Small ditch at Hwy 927, trib. to Rio Corobici Costa Rica 10.62406 -85.05811 P. mexicana Lee & Johnson
(2009)

P. gillii 2074 Trib. (Rio Peje?) to Rio General just east of Costa Rica 9.28493 -83.64566 P. mexicana This study
Carretera Interamericana (Costa Rica Hwy 2)

P. gillii PGB701.01-04, Trib. to Rio Reventazon at Rd 232 across from Costa Rica 9.87230 -83.63320 P. mexicana Lee & Johnson

PG701.01-05 Angostura Lagoon (2009)

P. gillii PG707.01-08 Unnamed lagoon, trib. to Rio Bananito, ~11.2 km Costa Rica 9.89258 -82.97228 P. mexicana Lee & Johnson
southeast of Limon on Costa Rica Hwy 32 (2009)

P. gillii PGB702.01-04 Unnamed trib at Costa Rica Hwy 239, in between Costa Rica 9.53697 -84.38588 P. mexicana Lee & Johnson
Las Lomas and Finca La Palma, ~0.25 km (2009)
northwest of Finca La Palma

P. gillii PGB704.01-04 Unnamed trib. to Rio Sixaola at Costa Rica Hwy Costa Rica 9.63203 -82.81921 P. mexicana This study
36, ~3.2 km northeast of Bribri

P. gillii PG704.01-08 Unnamed trib. to Rio Sixaola, ~3 km northeast of Costa Rica 9.63203 -82.81921 P. mexicana Lee & Johnson
Bribri, on Costa Rica Hwy 36 (2009)

P. gillii 834344, 835558 Rio Ulua at Cucuyagua Honduras 14.65096 -88.88144 P. mexicana This study

P. gillii 8350 Rio Ulua at Cucuyagua Honduras 14.65096 -88.88144 P. gillii This study

P. gillii 8364, 8365 Rio Tio Higuito, trib. to Rio Motagua, at cuenca Honduras 14.83940 -89.16819 P. mexicana This study
near Higuito

P. gillii 172455, 172459-62  Lago Jiloa Nicaragua 12.21858 -86.31194 P. mexicana This study

P. gillii 173003-08 Rio Caracol at Nicaragua Hwy 7, trib. to Rio Nicaragua 12.35116 -85.88870 P. sphenops This study

Malacatoya
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P. gillii 17421416 Rio Esteli in Esteli Nicaragua 13.10663 -86.35710 P. mexicana This study
P. gillii 17243946 Rio La Conquista Nicaragua 11.72472 -86.18469 P. mexicana This study
P. gillii 17286768 Rio Malacatoya Nicaragua 12.32661 -85.95552 P. mexicana This study
P. gillii 173271-74 Rio Mayales Nicaragua 12.05663 -85.40814 P. mexicana This study
P. gillii 173336, 173337, Rio Mayales main stem Nicaragua 12.06679 -85.40375 P. mexicana This study
173339
P. gillii 173340 Rio Mayales main stem Nicaragua 12.06679 -85.40375 P. sphenops This study
P. gillii 173341 Rio Mayales main stem Nicaragua 12.06679 -85.40375 P. mexicana This study
P. gillii 173343 Rio Mayales main stem Nicaragua 12.06679 -85.40375 P. sphenops This study
P. gillii 17253942 Rio Ochomogo Nicaragua 11.65663 -85.97319 P. mexicana This study
P. gillii 174259-62 Rio Telica at Telica, just west (downstream) of Nicaragua 12.51656 -86.86542 P. mexicana This study
Nicaragua Hwy 12, ~12 km north of Leon
P. gillii 172695, 172696, Rio Tipitapa Nicaragua 12.20267 -86.10208 P. sp. “Tipitapa” This study
172698-702
P. gillii 172869 Rio Tipitapa/Laguna de Tisma Nicaragua 12.32661 -85.95552 P. mexicana This study
P. gillii 13417-20 Rio Viejo (afluente Lago de Managua) Nicaragua 12.90702 -86.1283 P. mexicana This study
P. gillii 167949 Trib. to Rio Grande at La Trinidad Nicaragua 12.97132 -86.2372 P. sphenops This study
P. gillii 17432731 Trib. to Rio Grande Viejo (Rio Viejoio) at Nicaragua 12.89324 -86.17908 P. mexicana This study
Nicaragua Hwy 26 ~4.5 km northwest of El Jocote
(between Esteli and Ledn)
P. gillii 173020-22, Trib. To Rio Malacatoya at Teustepe ~27 km Nicaragua 12.41159 -85.79172 P. sphenops This study
173024, 173026-27  southwest of Boaco, Departamento Boaco
P. gillii 173273 Trib. to Rio Mayales about 6 km southwest of Nicaragua 12.05663 -85.40814 P. mexicana This study
Juigalpa on Nicaragua Hwy 37
P. gillii 172553, 172554, Unnamed drainage ditch trib. 1 km north of Nicaragua 11.67886 -85.98816 P. sphenops This study
172558, 172559 Ochomogo
P. gillii 173459, 173460, Unnamed trib. to Rio Rama south of Nueva Guinea  Nicaragua 11.67838 -84.45622 P. mexicana This study
173464, 173465,
173468-70,
P. gillii 173680-85 Unnamed trib. to Lago Nicaragua Nicaragua 11.74923 -84.55819 P. mexicana This study
P. gillii 167955-58 Unnamed trib. to Rio Esteli, thus a trib. to Rio Nicaragua 13.05866 -86.35114 P. mexicana This study
Coco
P. gillii 168900-02 Unnamed trib. to Rio Malacatoya at Teustepe, just ~ Nicaragua 12.41825 -85.79299 P. sphenops This study
off rd to Rama (Nicaragua Hwy 7), southwest of
Boaco
P. gillii 173959, 173960 Unnamed trib. to Rio Ojucuapa at San Roque Nicaragua 11.82942 -85.20479 P. mexicana This study
(Comarca Santa Marta) off unnamed road, ~2 km
southwest of Hwy 25
P. gillii 173961, 173963 Unnamed trib. to Rio Ojucuapa at San Roque Nicaragua 11.82942 -85.20479 P. sp. “Tipitapa” This study
(Comarca Santa Marta) off unnamed road, ~2 km
southwest of Hwy 25
P. gillii 173964 Unnamed trib. to Rio Ojucuapa at San Roque Nicaragua 11.82942 -85.20479 P. mexicana This study
(Comarca Santa Marta) off unnamed road, ~2 km
southwest of Hwy 25
P. gillii 173966 Unnamed trib. to Rio Ojucuapa at San Roque Nicaragua 11.82942 -85.20479 P. sp. “Tipitapa” This study

(Comarca Santa Marta) off unnamed road, ~2 km
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southwest of Hwy 25

P. gillii 174109-14, 174116 ~ Unnamed trib. to Rio Ojucuapa at San Roque Nicaragua 11.87992 -85.13156 P. mexicana This study
(Comarca Santa Marta) off unnamed road, ~2 km
southwest of Hwy 25

P. gillii 174511-15 Unnamed trib. to Rio Tamarindo, ~5 km northwest =~ Nicaragua 12.28114 -86.75105 P. sphenops This study
of El Tamarindo (around 20 km southeast of Ledn)

P. gillii 16977 Two quebradas before Big Creek, Isla Colon, Panama 9.35711 -82.25322 P. mexicana This study
Bocas del Toro

P. gillii 16423 Between Piriati and Quebrada Cali on the IAH to Panama 9.05266 -78.64700 P. gillii This study
Darien

P. gillii 16197 Creek trib. to Rio Guarimo near Punta Pefa, Rio Panama 8.94608 -82.15711 P. mexicana This study
Punta Agua Real

P. gillii 6826 South side of Escudo de Veraguas, Bocas del Toro ~ Panama 9.10222 -81.56166 P. mexicana This study

P. gillii 16419 First bridge east of Palenque, Colon Panama 9.57052 -79.35833 P. gillii This study

P. gillii 18620 Lago Gatin Panama 9.15688 -79.96405 P. gillii This study

P. gillii 16421 Nombre de Dios Panama 9.57066 -79.43641 P. gillii This study

P. gillii 6803 Old Gamboa Rd Creek Panama 9.11000 -79.68000 P. mexicana This study

P. gillii 12428 Quebrada by Almirante to Changuinola Rd Panama 9.31469 -82.45036 P. mexicana This study

P. gillii 18683 Quebrada Chiriquisito Panama 8.68802 -82.29172 P. mexicana This study

P. gillii 16149 Quebrada Congal Panama 8.91411 -80.13405 P. mexicana This study

P. gillii 11120, 11162 Quebrada El Nance, trib. to Rio Santa Maria Panama 8.41316 -81.04850 P. gillii This study

P. gillii 17114 Quebrada El Nance, trib. to Rio Santa Maria Panama 8.41322 -82.04800 P. gillii This study

P. gillii 17120 Quebrada El Nance, trib. to Rio Santa Maria Panama 8.41322 -82.04800 P. mexicana This study

P. gillii 16781-86 Quebrada en Mateo, at Pueblo Nuevo near Palmas Panama 9.22580 -80.08588 P. mexicana This study
Bellas

P. gillii 18812, 18801 Quebrada Garay at Rambala-Almirante Rd, near Panama 9.19575 -82.34311 P. mexicana This study
Isla Pastores, Bocas del Toro

P. gillii 16843 Quebrada Jobito Panama 9.06355 -80.18802 P. mexicana This study

P. gillii 15423, 15424 Quebrada Jobito Panama 9.06394 -80.18597 P. mexicana This study

P. gillii 10048 Quebrada La Candelaria, Rio Jobo, Rio Indio de Panama 9.13011 -80.17155 P. mexicana This study
Anton

P. gillii 11517 Quebrada La Fe on new Punta Pefia-Almirante Rd Panama 9.06769 -82.29166 P. gillii This study

P. gillii 16123, 16131 Quebrada Los Uveros Panama 8.94719 -80.13825 P. mexicana This study

P. gillii 7417, 7421, 7363, Quebrada Mandingo, Chagres Panama 9.02530 -79.69890 P. mexicana This study

7364

P. gillii 7447, 7448 Quebrada Mandingo, Rio Velasque Panama 8.96260 -79.59010 P. gillii This study

P. gillii 18782, 18787 Quebrada Nigua Panama 9.27894 -82.41525 P. mexicana This study

P. gillii 12442 Quebrada on Almirante to Changuinola Rd Panama 9.39686 -82.50058 P. mexicana This study

P. gillii 12473 Quebrada at km 26 on Punta Pefia Almirante Rd Panama 9.06627 -82.29911 P. mexicana This study

P. gillii 12481 Quebrada at km 34 on Punta Pefia-Almirante Rd Panama 9.11697 -82.29019 P. mexicana This study

P. gillii 15532 Quebrada Platanal Panama 8.87988 -80.27688 P. mexicana This study

P. gillii 9030 Quebrada San Juan at Cuango Panama 9.55080 -79.30920 P. mexicana This study

P. gillii 15271 Quebrada Tolu Panama 9.04113 -80.35497 P. mexicana This study
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P. gillii 15655 Quebrada Tortuguita Panama 8.88127 -80.39088 P. mexicana This study
P. gillii 18791, 18792 Quebrada Traicionera Panama 9.13891 -82.30694 P. mexicana This study
P. gillii 3871, 1736-38 Rio Acla Panama 8.84306 -77.68361 P. “gillii” sp. 2 This study
P. gillii 4161, 4163 Rio Acla-Quebrada 2 Panama 8.79578 -77.67334 P. “gillii” sp. 2 This study
P. gillii 12290 Rio Aguas Claras Panama 9.27380 -78.68133 P. gillii This study
P. gillii 1118, 1119 Rio Anton Panama 8.39680 -80.25851 P. mexicana This study
P. gillii 18589 Rio Anton in Anton Valley Panama 8.59719 -80.13775 P. mexicana This study
P. gillii 3706, 3709, 3710 Rio Azucar Panama 9.41167 -78.64583 P. gillii This study
P. gillii 937, 938 Rio Bayano-B Panama 9.17700 -78.74566 P. gillii This study
P. gillii 4979, 4980, 4992, Rio Bongie Panama 9.35990 -82.61000 P. mexicana This study
4993
P. gillii 16497, 16498 Rio Botija Panama 8.81200 -80.57972 P. mexicana This study
P. gillii 4796, 4799 Rio Caimito, Quebrada Mano de Piedra Panama 8.85083 -79.96056 P. mexicana This study
P. gillii 6885, 6886, 6888, Rio Calovebora Panama 8.74777 -81.22310 P. mexicana This study
6890,
P. gillii 736 Rio Canaveral just south of Laguna Samani Panama 8.92858 -81.71180 P. mexicana This study
P. gillii 11625 Rio Canazas at Chiriqui Grande Rd, trib to Rio Panama 8.87333 -82.17444 P. mexicana This study
Guarumo
P. gillii 18613 Rio Canita Panama 9.20000 -78.91670 P. gillii This study
P. gillii 16809, 16810, Rio Caiio Rey Panama 9.13358 -80.29422 P. mexicana This study
16820, 16823
P. gillii 15863, 15864 Rio Cardenas Panama 9.00116 -79.57277 P. mexicana This study
P. gillii 4533, 4334, 4536 Rio Cascajal ~2.5 km east of Portobelo Panama 9.54722 -79.63040 P. mexicana This study
P. gillii 12609, 12610, Rio Cascajal ~2.5 km east of Portobelo Panama 9.54722 -79.60400 P. mexicana This study
12614
P. gillii 2956 Rio Cascajal ~5 km east of Portobelo Panama 9.54642 -79.60625 P. mexicana This study
P. gillii 16216, 16223, Rio Chagres Panama 9.35963 -79.27877 P. gillii This study
16244
P. gillii 15184, 15185 Rio Chagres Panama 9.36008 -79.32225 P. gillii This study
P. gillii 16256, 16260 Rio Chagres Panama 9.36727 -79.26055 P. gillii This study
P. gillii Rio Chagres Panama 9.36727 -79.26055 P. gillii This study
P. gillii 2887, 16935 Rio Chichebre Panama 9.15888 -79.15638 P. gillii This study
P. gillii 11373 Rio Chichebre Panama 9.16083 -79.15416 P. gillii This study
P. gillii 11374 Rio Chichebre Panama 9.16083 -79.15416 P. mexicana This study
P. gillii 18684 Rio Chiriqui Panama 8.68802 -82.29172 P. sp. “Patuca” This study
P. gillii 111,112 Rio Chiriqui Viejo Panama 8.76443 -82.82712 P. mexicana This study
P. gillii 1347 Rio Cocle del Norte Panama 8.81867 -80.55302 P. mexicana This study
P. gillii 1367, 1368 Rio Cocle del Norte Panama 8.81867 -80.55302 P. gillii This study
P. gillii 16529 Rio Cocle del Norte Panama 8.82147 -80.53355 P. mexicana This study
P. gillii 12375, 12376 Rio Cricamola Panama 8.91727 -81.87725 P. mexicana This study
P. gillii 12377 Rio Cricamola Panama 8.91727 -81.87725 P. gillii This study
P. gillii 9395 Rio Cuango Panama 9.51820 -79.28480 P. mexicana This study
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P. gillii 9020 Rio Cuango, ~2 km southwest of Playa Chiquita Panama 9.55080 -79.30920 P. mexicana This study
P. gillii 2875, 2879 Rio Garrapata Panama 9.22670 -79.03027 P. gillii This study
P. gillii 18627 Rio Gatuncillo Panama 9.30816 -79.63335 P. gillii This study
P. gillii 642 Rio Guartimo Panama 8.87250 -82.18933 P. mexicana This study
P. gillii 12521 Rio Guarumo Panama 9.00000 -82.18333 P. mexicana This study
P. gillii 15445, 15446 Rio Guasimo Panama 8.99125 -80.27441 P. mexicana This study
P. gillii 16043, 16045 Rio Guasimo Panama 8.99133 -80.27433 P. mexicana This study
P. gillii 3610, 3615 Rio Ipeti Panama 8.97944 -78.50556 P. gillii This study
P. gillii 16615, 16616 Rio La Jacinta Panama 8.96863 -80.52950 P. mexicana This study
P. gillii 11203 Rio Mamoni Panama 9.22361 -79.09222 P. mexicana This study
P. gillii 132022 Rio Mandinga at Golfo de San Blas Panama 9.46995 -79.12415 P. gillii This study
P. gillii 16722, 16723 Rio Membrillar Panama 9.17388 -80.18500 P. mexicana This study
P. gillii 18720 Rio Mensabé, Azuero Peninsula Panama 7.70497 -80.27813 P. mexicana This study
P. gillii 15281 Rio Miguel de la Borda Panama 9.04113 -80.35497 P. mexicana This study
P. gillii 16479, 16483 Rio Moreno Panama 8.76666 -80.53613 P. mexicana This study
P. gillii 15319 Rio Moreno Panama 8.77941 -80.53447 P. mexicana This study
P. gillii 9780, 9788, 9791 Rio Moreno on road to Coclesito Panama 8.77450 -80.52783 P. mexicana This study
P. gillii 2703, 2704 Rio Pacora, ~3 km west of Paso Blanco off Av. Panama 9.12306 -79.26250 P. gillii This study
Jose Agustin Arango (~1.6 km above highway)
P. gillii 11337 Rio Parti Panama 9.05600 -78.65950 P. gillii This study
P. gillii 15849 Rio Pedro Miguel Panama 9.08066 -79.62508 P. mexicana This study
P. gillii 15854 Rio Pedro Miguel just off Av. Madden Panama 9.08066 -79.62508 P. gillii This study
P. gillii 16272, 16300 Rio Piedras Panama 9.30155 -79.33152 P. gillii This study
P. gillii 16438-40 Rio Piedras Panama 9.37422 -79.35866 P. gillii This study
P. gillii 18632 Rio Playa Alta, ~3 km east of Nombre de Dios Panama 9.57069 -79.43613 P. mexicana This study
P. gillii 6846, 6847 Rio Robalo Panama 9.04055 -82.28583 P. mexicana This study
P. gillii 23082 Rio San Bartolo Panama 8.28333 -82.85000 P. sp. “Patuca” This study
P. gillii 9768, 9773, 9774, Rio San Juan at Coclecito Panama 8.80416 -80.58083 P. mexicana This study
9776
P. gillii 12345 Rio San Pedro at San Pedro Panama 8.72680 -80.21938 P. gillii This study
P. gillii 16957, 16958 Rio San San (Quebrada just east of Rio Negro) 1 Panama 9.47563 -82.53805 P. sp. “Patuca” This study
km west of Finca 6
P. gillii 1292 Rio Sixaola Panama 9.59872 -82.80247 P. mexicana This study
P. gillii 4969 Rio Teribe at El Silencio, confluence of Teribe and  Panama 9.37000 -82.54000 P. mexicana This study
Changuinola Rivers
P. gillii 15365 Rio Toabré Panama 8.91544 -80.50058 P. mexicana This study
P. gillii 16679, 16686 Rio Toabre at Quebrada Patatilla Panama 8.91533 -80.50066 P. mexicana This study
P. gillii 16695, 16718 Rio Toabre at Quebrada Tortuguita Panama 8.87861 -80.39047 P. mexicana This study
P. gillii 4518, 4519 Rio Tranca Panama 9.13805 -79.20916 P. gillii This study
P. gillii 16094, 16096 Rio Uracillo Panama 8.88086 -80.21983 P. mexicana This study
P. gillii 2851 Rio Utive Panama 9.16417 -79.34000 P. mexicana This study
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P. gillii 15409 Rio Victoria Panama 8.92499 -80.55138 P. mexicana This study

P. gillii 16562, 16578 Rio Victoria Panama 8.92513 -80.55172 P. mexicana This study

P. gillii 17945 Rio Zahino, trib. to Rio Viento Frio, ~2.5 km west =~ Panama 9.57055 -79.38250 P. mexicana This study
of Palenque

P. gillii 2589 Side Lagoon lhr upstream of Rio Playon Chico Panama 9.26611 -78.22556 P. gillii This study

P. gillii 12459 Small creek at km 41 on Punta Pefia Almirante Rd ~ Panama 9.14752 -82.31766 P. mexicana This study

P. gillii 11540 Small creek on Punta Pefia-Almirante Rd Panama 9.01666 -82.30933 P. gillii This study

P. gillii 16414 Stream between Sardinilla and Salamanca Panama 9.32644 -79.61188 P. mexicana This study

P. gillii 6380 Stream trib. to Rio Guarumo near Punta Pefia Panama 8.92853 -82.18027 P. mexicana This study

P. gillii 16199 Trib. to Rio Guaramo near Punta Pefia Panama 8.87594 -82.17461 P. mexicana This study

P. gillii 15330, 15331 Unnamed trib. Panama 8.80463 -80.53327 P. mexicana This study

P. gillii 16536 Unnamed trib. Panama 8.82147 -80.53355 P. mexicana This study

P. gillii 6379 Unnamed trib. to Rio Guariimo just off Hwy 10 1.2  Panama 8.92853 -82.18027 P. mexicana This study
km north of Punta Pefia (draining to Chiriqui
Lagoon, Bocas del Toro)

P. gillii 3141, 3148 Unnamed trib. to Rio Santa Maria, Azuero Panama 8.35278 -80.79923 P. mexicana This study
Peninsula

Poecilia hondurensis 8520 Quebrada de Chicho between communities of Honduras 15.53480 -86.21170 P. hondurensis This study
Achiote and Cholomena

P. hondurensis 8568 Rio Taujica at Taujica Honduras 15.68100 -85.93930 P. hondurensis This study

Poecilia hondurensis 8479 Rio Camalote 1 km north of Macuelizo near Honduras 15.32656 -88.66264 P. sphenops This study

- P. “spheops” sp. in Guatemala-Honduras border

Alda et al. (2013)

P. hondurensis - P. 8859 Rio Goascoran at Caridad Honduras 13.8277 -87.69480 P. sphenops This study

“spheops” sp. in

Alda et al. (2013)

P. hondurensis - P. 8409 Rio Naco at Ulua Honduras 15.34147 -88.62480 P. sphenops This study

“spheops” sp. in

Alda et al. (2013)

Poecilia latipinna Plat4, Plat5, Plati-0 - - N/A N/A P. latipinna Palacios et al.

(0G) (2013)

P. latipinna (OG) PlatJBLee - Costa Rica N/A N/A - Lee & Johnson

(2009)

P. latipinna (OG) 8112 - Mexico N/A N/A P. latipinna This study

P. latipinna (OG) Platip Ciudad Mante, Rio Panuco Mexico Mexico N/A N/A - Hrbek et al. (2007)

Poecilia latipunctata  Platipun - Mexico N/A N/A P. latipunctata Michael Tobler; this

(0G) study

Poecilia mexicana 8722 Quebrada Carrizal, trib. to Rio Patuca, at Terrero Honduras 14.41290 -86.04006 P. sp. “Patuca” This study
Blanco

P. mexicana 8770-72 Quebrada San Jose, trib. to Rio Guayape, at San Honduras 14.62763 -86.14237 P. sp. “Patuca” This study
Francisco de Becerra

P. mexicana 8676-78 Rio Guayambre, trib. to Rio Patuca, La Cieniguita Honduras 14.28718 -86.10293 P. sp. “Patuca” This study

P. mexicana 8607 Rio Medina, trib. to Rio Aguan, at Coyoles Honduras 15.48380 -86.66600 P. mexicana This study
Centrales

P. mexicana 8747 Rio Tepemechin, trib. to Rio Patuca, at Honduras 14.40185 -85.93010 P. sp. “Patuca” This study

Tepemechin
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P. mexicana 8618-20 Rio Yojoa at Ulua Honduras 15.03480 -87.92870 P. mexicana This study
P. mexicana Pmmex34, Cueva del Azufre, Tabasco state Mexico 17.43843 -92.77476 P. mexicana Palacios et al.
PmmxCDA (2013)
P. mexicana Pmmex31, Puyacatengo Springs, in Tabasco state Mexico 17.45800 -92.88900 P. mexicana Palacios et al.
PmmxPysp (2013)
P. mexicana PmmxIxt2-0, Rio Ixtapangajoya, Chiapas state Mexico 17.49500 -92.99800 P. mexicana Palacios et al.
PmmxIxt3, (2013)
PmmxIxta
P. mexicana Pmmex29 Rio Nututun, Palenque Mexico 17.48416 -91.97376 P. mexicana Palacios et al.
(2013)
P. mexicana Pmmex28 Rio Oxolotan, Tapijulapa Mexico 17.46443 -92.77430 P. mexicana Palacios et al.
(2013)
P. mexicana Pmmex25 Rio Pichaculco, Arroyo Rosita Mexico 17.48500 -93.10400 P. mexicana Palacios et al.
(2013)
P. mexicana Pmmex14 Rio Pichucalco, Bafios del Azufre Mexico 17.55200 -92.99900 P. mexicana Palacios et al.
(2013)
P. mexicana Pmmex15, Rio Pichucalco, Bafios del Azufre Mexico 17.55225 -92.99859 P. mexicana Palacios et al.
Pmmex16 (2013)
P. mexicana Pmmex33 Rio Puyacatengo, Bafios del Azufre Mexico 17.55225 -92.99859 P. mexicana Palacios et al.
(2013)
P. mexicana Pmmex21-23 Rio Puyacatengo, La Lluvia Mexico 17.46400 -92.89500 P. mexicana Palacios et al.
(2013)
P. mexicana Pmmex19, Rio Puyacatengo, La Lluvia, Puyacatengo Springs Mexico 17.45761 -92.88892 P. mexicana Palacios et al.
Pmmex20 (2013)
P. mexicana Pmmex24 Rio Puyacatengo, Rio Pichucalco, La Joya, Santa Mexico N/A N/A P. mexicana Palacios et al.
Ana (2013)
P. mexicana Pmmex17, Rio Puyacatengo, Vicente Gurrero Lerma Mexico 17.51008 -92.91448 P. mexicana Palacios et al.
Pmmex18, (2013)
Pmmex32
P. mexicana Pmmex26, Rio Tacotalpa, Arroyo Bonita Mexico 17.42685 -92.75213 P. mexicana Palacios et al.
Pmmex27 (2013)
P. mexicana Pmmex30 Rio Tacotalpa, Arroyo Tres Mexico 17.48400 -92.77600 P. mexicana Palacios et al.
(2013)
P. mexicana PmmxNSS2, Tributary to Rio Ixtapangajoya, Chiapas state Mexico 17.51000 -92.98000 P. mexicana Palacios et al.
PmmxNSSm-0 (2013)
P. mexicana 13887 Rio Pantasma Nicaragua 13.34163 -85.95636 P. mexicana This study
P. mexicana 168807-14 Unnamed trib. to Lago de Apanas Nicaragua 13.11843 -86.01022 P. mexicana This study
P. mexicana 168168-74 Unnamed trib. to Rio Grande de Matagalpa, at Nicaragua 13.25769 -85.45440 P. mexicana This study
stream just west of km marker 226
P. mexicana 16881522 Unnamed trib. to Rio Grande de Matagalpa, east of ~ Nicaragua 13.35260 -85.35108 P. mexicana This study
Waslala (road to Siuna)
P. mexicana 167943, 168899 Unnamed trib. to Rio Malacatoya at Teustepe, just ~ Nicaragua 12.41825 -85.79299 P. mexicana This study
off rd to Rama (Nicaragua Hwy 7), southwest of
Boaco
Poecilia mexicana PmImPep Pepeyocatitla, in Hidalgo Mexico 20.91282 -98.39198 uncertain (P. Palacios et al.

limantouri

sulphuraria, P.
thermalis, P. m.
limantouri)

(2013)
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P. mexicana Pmlim6-11 Rio Soto la Marina at Mexican Hwy 180, Soto la Mexico 23.76063 -98.20607 uncertain (P. Palacios et al.
limantouri Marina, Tamaulipas sulphuraria, P. (2013)
thermalis, P. m.
limantouri)
P. mexicana PmlSnPe San Pedro, in Hidalgo state Mexico N/A N/A uncertain (P. Palacios et al.
limantouri sulphuraria, P. (2013)
thermalis, P. m.
limantouri)
Poecilia orri 08.2060, 08.2061, Island of Roatan, Bay Islands, off northern coast of ~ Honduras N/A N/A P. mexicana N/A
08.2066 Honduras
Poecilia reticulata Pret - Trinidad N/A N/A P. reticulata Michael Tobler; this
(0G) study
P. reticulata (OG) 4289 Guanapo River Trinidad 10.61743 -61.39936 P. reticulata This study
P. reticulata (OG) 4290 Guanapo River Trinidad 10.61743 -61.39936 P. reticulata This study
Poecilia salvatoris Psalv - Honduras N/A N/A P. salvatoris Michael Tobler; this
study
Poecilia sp. 168888-90 Rio Barbilla at province road just west of B-Line,a  Costa Rica 10.04416 -83.33383 P. mexicana This study
few km west of the road to Matina (dirt road, off
northeast side of big road to Puerto Limon)
Poecilia sp. 168891 Rio Barbilla at province road just west of B-Line, a  Costa Rica 10.04416 -83.33383 P. sp. “Patuca” This study
few km west of the road to Matina (dirt road, off
northeast side of big road to Puerto Limon)
Poecilia sp. 168892-95 Rio Barbilla at province road just west of B-Line,a  Costa Rica 10.04416 -83.33383 P. mexicana This study
few km west of the road to Matina (dirt road, off
northeast side of big road to Puerto Limon)
Poecilia sp. 168696702 Rio Cabuyo at unnamed province road to la Costa Rica 10.48961 -85.38555 P. mexicana This study
Reserva Biologica Lomas Bardudal
Poecilia sp. 168800-06 Rio Diria at CA1 approximately 2-3 km north of Costa Rica 10.26677 -85.59261 P. mexicana This study
Santa Cruz, Nicoya Peninsula
Poecilia sp. 167887, 16788, Rio Liberia at outskirts of Liberia, Nicoya Costa Rica 10.62745 -85.43412 P. mexicana This study
167890-94, Peninsula
Poecilia sp. 167904-06, Rio Salto at CA1 southeast of Liberia, Nicoya Costa Rica 10.56106 -85.39192 P. mexicana This study
167908-10 Peninsula
Poecilia sp. 167895-902 Rio Sardinal at Sardinal, on Costa Rica Rd 151 Costa Rica 10.51508 -85.65166 P. mexicana This study
approximately 5 km from 21
Poecilia sp. 168792-98 Rio Tempisque on road between Guardia and Costa Rica 10.57220 -85.39192 P. mexicana This study
Comunidad, Nicoya Peninsula
Poecilia sp. 167933, 16734 Unnamed trib. to Rio Tempisque drainage Costa Rica 10.39076 -85.59045 P. mexicana This study
approximately 2 km south of Belén, Nicoya
Peninsula
Poecilia sp. 7957, 7958, 7960 Arroyo Comiston at La Pasion Guatemala 16.55440 -90.19270 P. mexicana This study
Poecilia sp. 8084 Arroyo Sal Si Puedes, Belize Guatemala 16.95730 -89.35930 P. mexicana This study
Poecilia sp. 7826, 7827, 7833 Las Conchas, Pueblo Canhuinic Guatemala 15.83227 -90.33377 Poecilia sp. This study
Poecilia sp. 8181, 8184-86 Rio Amatillo at Lago Izabal near Venta de El Guatemala 15.53910 -88.89830 P. mexicana This study
Amatillo
Poecilia sp. 8288-90, 8294 Rio Chaguacal, trib. to Rio Polochic Guatemala 15.31617 -89.85556 P. mexicana This study
Poecilia sp. 8241, 8245, 8246, Rio Dona Maria, trib. to Rio Motagua, near Guatemala 15.20910 -89.24810 P. mexicana This study
8248 Motagua
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Poecilia sp. 7995, 7996, 7999 Rio La Pasion Guatemala 16.55060 -90.23010 . mexicana This study

Poecilia sp. 8222, 8230, 8232 Rio Lobo, trib. to Rio Motagua, near Motagua Guatemala 15.18160 -89.29940 . mexicana This study

Poecilia sp. 7906, 7914, 7915, Rio Sebol at Finca Sebol Guatemala 15.80630 -89.94480 . mexicana This study

7925

Poecilia sp. 7839, 7854, 7855 Rio San Simon Guatemala 15.84110 -90.28920 . mexicana This study

Poecilia sp. 8111, 8113, 8114 Zona Militar Estanque, locality approximated Guatemala 16.90290 -89.72929 . mexicana This study

Poecilia sp. 8719, 8720 Quebrada Carrizal, trib. to Rio Patuca, at Terrero Honduras 14.41290 -86.04006 . sp. “Patuca” This study
Blanco

Poecilia sp. 8534, 8541 Quebrada de Chicho between Comunidades de Honduras 15.53480 -86.21170 . mexicana This study
Achiote and Cholomena

Poecilia sp. 8705, 8706 Quebrada de Mercado at Rio Guayambre, trib. to Honduras 14.35633 -86.06521 . sp. “Patuca” This study
Rio Patuca, near La Cruz

Poecilia sp. 8901-03, 8906 Quebrada Las Marias, trib. to Rio Choluteca, at Honduras 13.34770 -87.17430 . sphenops This study
Orocuina

Poecilia sp. 8774 Quebrada San Jose at Guayape San Francisco de Honduras 14.62763 -86.14237 . sp. “Patuca” This study
Becerra

Poecilia sp. 8475 Rio Camalote 1 km north of Macuelizo near Honduras 15.32656 -88.66264 . sphenops This study
Guatemala-Honduras border

Poecilia sp. 8470, 8471 Rio Camalote 1 km north of Macuelizo near Honduras 15.32656 -88.66264 . mexicana This study
Guatemala-Honduras border

Poecilia sp. 8872 Rio Chiquito, trib. to Rio Nacaome, in Nacaome Honduras 13.54170 -87.47880 . sphenops This study
200 m downstream from CA 1

Poecilia sp. 8873, 8875 Rio Chiquito, trib. to Rio Nacaome, in Nacaome Honduras 13.54170 -87.47880 . mexicana This study
200 m downstream from CA 1

Poecilia sp. 8917 Rio Chiquito, trib. to Rio Choluteca, just off Honduras 13.48270 -87.09900 . sphenops This study
Carretera N-85 ~3 km west of Apacilagua, near
Orocuina

Poecilia sp. 8914-16 Rio Chiquito, trib. to Rio Choluteca, just off Honduras 13.48270 -87.09900 . mexicana This study
Carretera N-85 ~3 km west of Apacilagua, near
Orocuina

Poecilia sp. 8463, 8465, 8466 Rio El Sauce (Amarillo), trib. to Rio Santa Rita Honduras 14.86603 -89.06783 . mexicana This study

Poecilia sp. 8375 Rio El Sauce (Amarillo), trib. to Rio Motagua, at Honduras 14.85589 -89.12355 . sphenops This study
Copan Ruins

Poecilia sp. 8372-74 Rio El Sauce (Amarillo), trib. to Rio Motagua, at Honduras 14.85589 -89.12355 . mexicana This study
Copan Ruins

Poecilia sp. 8858, 8860 Rio Goascoran at Caridad Honduras 13.82770 -87.69480 . mexicana This study

Poecilia sp. 8823 Rio Goascoran ~2.2 km southwest of Goascoran Honduras 13.58928 -87.76212 . sphenops This study
and 0.7 km south of El Amatillo

Poecilia sp. 8805, 8807, 8815 Rio Goascoran ~2.2 km southwest of Goascoran Honduras 13.58928 -87.76212 . mexicana This study
and 0.7 km south of El Amatillo

Poecilia sp. 8636-39 Rio Humuya, trib. to Rio Ulua, at Comayagua Honduras 14.45370 -87.65230 . sphenops This study

Poecilia sp. 8311, 8312, 8314, Rio Lempa at Nueva Ocotepeque Honduras 14.39417 -89.20816 . sphenops This study

8316

Poecilia sp. 8408, 8411 Rio Naco, trib. to Rio Ulta Honduras 15.34147 -88.62480 . mexicana This study

Poecilia sp. 8558, 8565 Rio Taujica at Taujica Honduras 15.68100 -85.93930 . mexicana This study

Poecilia sp. 8628 Rio Yojoa at Ulua Honduras 15.03480 -87.92870 . sphenops This study
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Poecilia sp. 8362, 8363 Rio Tio Higuito, trib. to Rio Motagua, at cuenca Honduras 14.83940 -89.16819 P. mexicana This study
near Higuito
Poecilia sp. PsIBan3, PslBan2, Barios del Azufre Mexico 17.55200 -92.99900 uncertain (P. Palacios et al.
PsIBafios sulphuraria, P. (2013)
thermalis, P. m.
limantouri)
Poecilia sp. PslLaGl3, La Gloria Mexico 17.53201 -93.01513 uncertain (P. Palacios et al.
PslLaGl1.0 sulphuraria, P. (2013)
thermalis, P. m.
limantouri)
Poecilia sp. Psp28S.0, Psp1T.0 Suchiapa, in Chiapas Mexico 16.61077 -93.08451 P. catemaconis Palacios et al.
(catemaconis + (2013)
“sphenops” sp. 1)
Poecilia sp. 13876 Quebrada Venquilla, trib. to Rio Pantasma Nicaragua 13.33811 -85.94880 P. mexicana This study
Poecilia sp. 14172 Rio Babasca, trib. to Rio Tuma Nicaragua 13.25611 -85.54452 P. mexicana This study
Poecilia sp. 14722 Rio Cardenas, trib. to Lago Nicaragua Nicaragua 11.19033 -85.51783 P. mexicana This study
Poecilia sp. 14137 Rio Ceperna Nicaragua 13.93861 -84.82472 P. mexicana This study
Poecilia sp. 14145, 14146 Rio Chico Smith Nicaragua 13.55500 -84.86333 P. mexicana This study
Poecilia sp. 14100 Rio Danli Nicaragua 13.82027 -85.04444 P. mexicana This study
Poecilia sp. 13313-15 Rio de las Calabazas Nicaragua 12.67075 -86.09138 P. mexicana This study
Poecilia sp. 13921-24 Rio El Cua Nicaragua 13.51294 -85.80986 P. mexicana This study
Poecilia sp. 14256 Rio El Guineo, trib. to Rio Labu Nicaragua 13.50305 -84.84472 P. mexicana This study
Poecilia sp. 13666 Rio Espavel, trib. to Rio Chimalate Nicaragua 12.01288 -84.66830 P. mexicana This study
Poecilia sp. 13429-31 Rio Esteli Nicaragua 13.09797 -86.36033 P. mexicana This study
Poecilia sp. 13838, 13845, Rio Jiguina, trib. to Lago Apanas Nicaragua 13.15058 -85.92922 P. mexicana This study
13846
Poecilia sp. 1404143 Rio Juan Blanco Nicaragua 13.77111 -85.64833 P. mexicana This study
Poecilia sp. 14070-72 Rio Kum Nicaragua 13.63583 -85.36500 P. mexicana This study
Poecilia sp. 14060 Rio La Lana Nicaragua 13.67611 -85.79611 P. mexicana This study
Poecilia sp. 13450, 13451, Rio Macuelizo Nicaragua 13.60944 -86.47483 P. mexicana This study
13456
Poecilia sp. 13997, 13998 Rio Milan Nicaragua 13.42472 -85.98500 P. mexicana This study
Poecilia sp. 13986-88 Rio Orosal Nicaragua 13.33335 -86.20416 P. mexicana This study
Poecilia sp. 14131, 14132 Rio Pia Nicaragua 13.73222 -84.51472 P. mexicana This study
Poecilia sp. 13972-74 Rio Sacramento Nicaragua 13.29133 -86.18027 P. mexicana This study
Poecilia sp. 13969-71 Rio San Gabriel Nicaragua 13.17450 -86.28527 P. mexicana This study
Poecilia sp. 14110-12 Rio Sangsangwas Nicaragua 13.91666 -84.56333 P. mexicana This study
Poecilia sp. 14154, 14155 Rio Santa Rita Nicaragua 13.46000 -84.91444 P. mexicana This study
Poecilia sp. 14195, 14196 Rio Yaoska, trib. to Rio Tuma Nicaragua 13.26233 -85.43922 P. mexicana This study
Poecilia sp. 14231, 14232 Rio Yaoya Nicaragua 13.69575 -84.69794 P. mexicana This study
Poecilia sp. 16793542 Trib. to Rio Grande de Matagalpa at Puente de Nicaragua 12.68476 -85.54708 P. mexicana This study
Tierra Azul on road to Rio Blanco (town)
Poecilia sp. 168159-66 Trib. to unnamed trib. of the Rio Grande de Nicaragua 12.82341 -85.44279 P. mexicana This study

Matagalpa, ~32 km west of Rio Blanco (town) on
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road between Matagalpa and Rio Blanco (town)

Poecilia sp. 14294 Unnamed trib. (Rio Blanco?) ~5 km southwest of Nicaragua 12.87886 -85.21286 P. mexicana This study
Rio Blanco (town at Nicaragua Hwy 21B)
Poecilia sp. 167960, 167962, Unnamed trib. to Lago Managua between Esteli Nicaragua 13.22797 -86.55272 P. mexicana This study
167964 and Leon
Poecilia sp. 167927, 167930— Unnamed trib. to Lago Nicaragua just east of mile Nicaragua 11.50538 -84.83956 P. mexicana This study
32, 168708-10 marker km 238 on road to San Miguelito,
Chontales
Poecilia sp. 167961, 167963 Unnamed trib. to Quebrada de Pedernal, 300 m Nicaragua 13.22797 -86.55272 P. sphenops This study
south of Pedernal
Poecilia sp. 167952-54, 167959  Unnamed trib. to Rio Esteli, thus a trib. to Rio Nicaragua 13.05866 -86.35114 P. mexicana This study
Coco
Poecilia sp. 168175-82 Unnamed trib. to Rio Grande de Matagalpa, west Nicaragua 13.22058 -85.72626 P. mexicana This study
of La Mora and slightly further west of La Dalia
Poecilia sp. 168896-68 Unnamed trib. to Rio Malacatoya at Teustepe, just ~ Nicaragua 12.41825 -85.79299 P. mexicana This study
off road to Rama (Nicaragua Hwy 7), southwest of
Boaco
Poecilia sp. 168151-58 Unnamed trib. to Rio Tuma northwest of Rio Nicaragua 12.93613 -85.23434 P. mexicana This study
Blanco (town; flowing from Mt. Musun)
Poecilia sp. 167928, 16729 Unnamed trib./headwater of Rio Mico northeast of ~ Nicaragua 12.13630 -85.04597 P. mexicana This study
San Pedro de Lovago
Poecilia sphenops 7731 Rio Pachipa, San Antonio Suchitepeque Guatemala 14.50340 -91.40770 P. “sphenops” sp. 1 This study
P. sphenops 7780 Rio Sinacapa, 9 km from Guanagasapa Guatemala 14.20190 -90.70760 P. “sphenops” sp. 1 This study
P. sphenops 4303 Rio Agua Buena Honduras 15.76611 -86.99889 P. mexicana This study
P. sphenops Psphe35 Rio Coatzocoalcos, Arroyo Prieto Mexico N/A N/A P. catemaconis Tobler et al. (2011);
(catemaconis + Palacios et al.
“sphenops” sp. 1) (2013)
P. sphenops Psphe36 Rio La Venta, Rio Ninguillo, Pomposa Castellano,  Mexico N/A N/A P. catemaconis Tobler et al. (2011);
Valle Morelos (catemaconis + Palacios et al.
“sphenops” sp. 1) (2013)
P. sphenops 13327 Rio Grande de Matagalpa just off CA 1, ~0.5 km Nicaragua 12.84516 -86.10272 P. mexicana This study
southwest of Sebaco
Poecilia sulphuraria  Psulp38-41 La Gloria, Rio Pichucalco Mexico 17.53201 -93.01513 uncertain (P. Tobler et al. (2011);
sulphuraria, P. Palacios et al.
thermalis, P. m. (2013)
limantouri)
Poecilia thermalis PthrL3.0, PthrL.2.0, La Esperanza large spring Mexico 17.51100 -92.98300 uncertain (P. Palacios et al.
PthrLa.0 sulphuraria, P. (2013)
thermalis, P. m.
limantouri)
P. thermalis PthrS3.0, PthrS2.0, La Esperanza small spring Mexico 17.51100 -92.98000 uncertain (P. Palacios et al.
PthrSm.0 sulphuraria, P. (2013)
thermalis, P. m.
limantouri)
Xiphophorus helleri Xhell - Mexico N/A N/A - Hrbek et al. (2007)
(0G)
Xiphophorus Xmac - Mexico N/A N/A - Hrbek et al. (2007)

maculatus (OG)
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Abbreviations: N/A, not available; OG, outgroup; sp., species; trib., tributary.
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Appendix S1 Supplementary methods and results.

Taxon sampling and sequencing, and outgroup details

Here, we provide additional sequence data and outgroup descriptions relevant to our
analyses but not listed in the main text. As noted in the manuscript, our individual analyses
utilized up to 21 tips representing outgroup taxa, and the sample data for each outgroup are given
in table format in supplementary Data S1. However, the pool of outgroup taxa spanned 23
‘outgroup’ tips representing 15 nominal poeciliid taxa, including (1) Poecilia caucana, the sister
taxon to the members of the P. sphenops species complex (based on analyses by Alda et al. [1]);
the sail-fin mollies (2) P. latipinna and (3) P. latipunctata; the South American guppies (4)
Micropoecilia picta and (5) Poecilia reticulata; the Mexican swordtails (6) Xiphophorus helleri
and (7) X. maculatus; the Central American Pike Killifish, (8) Belonesox belizanus; and six
species of fishes from the genus Limia, a closely related genus whose members were formerly
included within Poecilia subgenus Limia: (9) L. dominicensis, (10) L. melanogaster, (11) L.
melanonotata, (12) L. tridens, (13) L. vittata, (14) L. heterandria, and (15) L. perugiae.
GenBank numbers for the sequences we used to represent these outgroup taxa are provided in
Data S1. A total of 21 outgroup samples representing the first 13 of these outgroup taxa were
used in phylogenetic analyses of our ‘concatenated mtDNA’ dataset, including the BEAST
relaxed clock analysis whose results are presented in supplementary Fig. SIA. However, our
‘concatenated nDNA’ dataset included only 7 outgroup tips representing the following five
species: P. latipinna, P. latipunctata, M. picta, P. reticulata, and L. perugiae; thus, concatenated
gene trees from analyses of this dataset included up to five outgroup species, though only
Poecilia are shown in the resulting figures (e.g. Fig. 3). As mentioned in the main text, our
*BEAST analyses of the ‘concatenated mtDNA + nDNA’ dataset included outgroup samples
from 15 species. These 15 outgroup lineages consisted of all 15 of the outgroup species listed
above; again, most of these outgroups except selected Poecilia were pruned from the trees
resulting from such analyses before finalizing our figures (e.g. Fig. S1B).

Regarding PHASE analyses, G/yt and X-yes alignments could not be completely resolved
due to multiple positions with >2 variants per position, so we analyzed phased alleles for all
other loci and coded ambiguities in the G/yf and X-yes alignments as missing. Iterative analyses
(e.g. using all six loci in BEAST) using alignments for which we had arbitrarily resolved

ambiguities in the data for these two loci did not give results that were significantly different
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than those presented in the manuscript (data not shown).

Neutrality and recombination

Consistent with expectations of neutral evolution, which was assumed in all of our
analyses, Hudson-Kreitman-Aguadé tests [2] were non-significant for the full-cyth dataset (N =
938 ingroup sequences, x> = 0.027, P = 0.87), the cyth matrix from the concatenated mtDNA
dataset (N = 134 ingroup sequences, x> = 0.046, P = 0.83), and the cox/ matrix from the
concatenated mtDNA dataset (N = 111 ingroup sequences, y° = 0.058, P = 0.81). One P.
caucana outgroup sample was used in each HKA test.

For additional insight into neutrality and in an attempt to cross-validate the HKA test
results, we also ran McDonald & Kreitman tests [3] in DnaSP on the same mtDNA datasets.
One P. caucana outgroup sample was used in each MK test. Similar to HKA tests, the MK tests
also supported neutrality of the mtDNA data in analyses of the full-cyth dataset (N = 938
ingroup sequences, alpha = 0.11, Pgisher = 0.818; G =0.067, P =0.796) and the cox/ matrix from
the concatenated mtDNA dataset (N = 111 ingroup sequences, alpha = 1.00, Prisher = 1.00; G-test
could not be performed). However, an MK test on the cyth matrix from the concatenated
mtDNA dataset was significant (N = 134 ingroup sequences, alpha = 0.723, Prisher = 0.0026; G =
8.823, P =10.0030). To further evaluate whether the non-neutral signal in the concatenated
mtDNA cyth matrix may have resulted from past population dynamics, e.g. population genetic
bottlenecking or expansion, rather than selection we conducted additional coalescent simulations
on this dataset in DnaSP (again, testing significance with 1000 simulations) using the neutrality
statistics Fu’s Fs and R, [4]. We estimated a negative value of Fi for this dataset indicating
potential past population growth, but this result was non-significant (mean Fs=—1.102, 95%
confidence interval = [—-14.855, 11.437], P =0.593). However, a positive and significant R,
value (mean R, = 0.088, 95% confidence intervals = [0.047, 0.145], P < 0.001) indicated that the
non-neutral signal in the concatenated mtDNA cytb dataset may owe to past population
expansion rather than selection. In view of these results, further testing using analogous
coalescent simulations of Fay & Wu’s [5] H in DnaSP was used to evaluate whether the
hypothesis of positive selection could be ruled out. The results were consistent with the
interpretation that the MK and neutrality test results reported above for the concatenated mtDNA
cytb dataset were not influenced by positive selection, e.g. due to hitchhiking (mean H =—1.350,

95% confidence interval = [-77.191, 28.226], P = 0.350). Overall, the various mtDNA analyses
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above indicate that all of the mtDNA data used in this study are selectively neutral, though likely
influenced by historical demographic fluctuations. As a result, it seems worthwhile to delve
further into this issue with analyses targeted at better understanding the historical demography of
the P. sphenops species complex.

We ran seven different tests for recombination on each of the nuclear loci analyzed in this
study. Six tests were run on each of the loci simultaneously in the program RDP3 (citation in
main text; default parameters unless stated otherwise, in parentheses below) using different
algorithms for recombination detection, including the original RDP method ([6]; window size =
30), the GENCONYV Local method [7], the RecScan/Bootscan method ([8]; window size = 100,
step size = 20,500 bootstrap replicates), the MaxChi Local method [9], the Chimaera method
[10], and the 3seq method [11]. Among all 30 tests run RDP3 (six algorithms run on each of 5
loci), we recovered evidence for only three unique events corresponding to three recombination
signals, which were only discovered by three methods (MaxChi, Chimaera, 3seq) when
analyzing the X-yes dataset. All other tests conducted in RDP3 for X-yes and the other loci
inferred zero events/signals.

Runs of our seventh test for recombination using coalescent simulations in DnaSP
assumed intermediate levels of recombination (R, per gene) and empirical mutation parameter 0
(per gene). The simulations were run based on an implementation of the coalescent based on
Hudson [12], and DnaSP obtained the estimated R-values using the method of Hudson [13],
whereas observed RM estimates were obtained using equations in Hudson & Kaplan [14].
Estimated values of R used in the simulations were, by gene, as follows: /dh-A, 0.499; RPS7,
0.399; X-src, 4.099; X-yes, 0.001; Glyt, 47.299. Empirically estimated minimum numbers of
recombination events (Ry) calculated directly from the data were, by gene, as follows: Idh-4, 0;
RPS7,5; X-src, 9; X-yes, 10; Glyt, 5. The results of these coalescent simulations were non-
significant, indicating less recombination than expected. Specifically, the probabilities of
recombination being less than or equal to the minimum number of events (P-values) were each
non-significant at the test level (a = 0.05): ldh-A, P = 0.87; RPS7, P =1.00; X-src, P =1.00; X-
ves, P=1.00; Glyt, P =0.58.

Coalescent-based species delimitation
As noted in the Discussion section, we conducted additional analyses to evaluate the

potential effects of phylogenetic branch lengths and their uncertainty on our GMYC species
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discovery analysis. Specifically, we tested whether an algorithm similar to our bGMYC
modeling analysis, but not relying heavily on phylogenetic branch lengths, gave comparable
results to our preliminary species delimitation hypotheses shown in Fig. 2. To accomplish this,
we delimited species on our data using a Bayesian implementation of the PTP method [15],
where PTP stands for “Poisson tree process” used to model speciation rates under this method.
PTP was suitable for our purposes because it analyzes substitution patterns along gene tree
branches without requiring an ultrametric topology, and without utilizing branch length
information [15]. It also happens to be fast and intuitive to implement. Bayesian PTP analyses
were run on the concatenated mtDNA ML gene tree from GARLI shown in Fig. 2, which,
importantly, is similar to the MCC tree that we analyzed in all of our bGMYC runs (Fig. S1).
We ran our PTP analysis using the “bPTP.py” python script implemented on the PTP web server
(http://species.h-its.org/ptp/). As noted in the text, we found that Bayesian PTP gave species
delimitations that were nearly identical to our bGMY C-delimited species (data not shown).
Thus, we conclude that our mtDNA data are robust to species delimitation using methods with
and without taking branch lengths into account. However, it remains unclear whether and to
what extent uneven sampling across distinct species lineages may have influenced these species
discovery analyses. Although evaluating such properties of the data and the bPTP algorithm are
beyond the scope of the present study, we expect that these topics will be addressed using

simulations in future studies.

Evolutionary rates estimated in *“BEAST, used in JML analyses

The main *BEAST [16] analysis in BEAST v2.0.2 [17] described in the main text
employed relaxed clocks for all loci and two fossil/biogeographical calibration points. Based on
five independent runs conducted during this analysis, we inferred the following evolutionary
substitution rates for each locus: concatenated mtDNA, 0.005656; Idh-A, 0.001768; RPS7,
0.0009142; X-src, 0.0004724; X-yes, 0.005094; Glyt, 0.0002984. Each of these rates is a mean
estimate in units of substitutions per site per million years (subs/site/myr), per lineage. Note the
mtDNA rate fell within the uniform ‘fish rate’ prior set on the locus for this analysis (0.0017—
0.014 subs/site/myr), as expected.

We ran a second *BEAST analysis, again based on five independent runs, specifying

independent relaxed clocks for each locus, but no calibration points. This analysis was
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conducted in order to facilitate simulation analyses in JML [18], and calibration points were not
available because only ingroup taxa in the P. sphenops species complex were included in the
analysis, as warranted by our JML analyses. From this second *BEAST analysis, we inferred the
following mean relative rate estimates for each locus: concatenated mtDNA, 1.049; ldh-A4, 0.652;
RPS7,0.282; X-src, 0.166; X-yes, 0.473; Glyt, 0.08112. In contrast to the rates reported above,
these values are relative evolutionary rates. Values from this set of relative rates were supplied
to JML during coalescent simulations used to test for hybridization versus incomplete lineage

sorting in the /dh-A, RPS7, and X-src loci.

Full/additional JML results
Full JML results for nDNA loci MINUS CLADE 7 (due to lack of observed sequence

data for nDNA loci, which is required to calculate exact minDist probabilities):

By contrast, JML simulations detected introgressed nuclear /dh-4 sequences between P. gillii-P.
hondurensis, P. butleri-P. catemaconis/sphenops (clade 2-a), P. mexicana-P.
catemaconis/sphenops, P. mexicana-P. hondurensis, and P. mexicana-P. butleri species pairs
(minDist P = 0.001-0.048); introgressed RPS7 sequences between P. hondurensis-P. sp.
“Tipitapa”, P. hondurensis-P. catemaconis/sphenops, P. hondurensis-P. sphenops (clade 2-b), P.
butleri-P. catemaconis/sphenops, P. mexicana-P. catemaconis/sphenops, and P. mexicana-P.
butleri species pairs (minDist P = 0.001-0.032); and introgressed X-src sequences between the

P. butleri-P. catemaconis/sphenops species pairs (minDist P =0.001).

By contrast, JML simulations detected introgressed nuclear /dh-4 sequences between P. gillii-P.
hondurensis, P. butleri-P. catemaconis/sphenops (clade 2-a), P. mexicana-P.
catemaconis/sphenops, P. mexicana-P. hondurensis, and P. mexicana-P. butleri species pairs (P
=0.001-0.048); introgressed RPS7 sequences between P. hondurensis-P. sp. “Tipitapa”, P.
hondurensis-P. catemaconis/sphenops, P. hondurensis-P. sphenops (clade 2-b), P. butleri-P.
catemaconis/sphenops, P. mexicana-P. catemaconis/sphenops, and P. mexicana-P. butleri
species pairs (P = 0.001-0.032); and introgressed X-src sequences between the P. butleri-P.

catemaconis/sphenops species pairs (P = 0.001).
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Table S1 Summary of the taxonomy, tooth morphology, and distributions of species the Poecilia sphenops species complex.

Taxonomic hypotheses
"Schultz &

Biogeography
11Alpirez

§Rosen &

Miller [2];

Quesada

Status ([3,5,6,9]; this

Taxon name

Described species and subspecies

Bailey [1]

Miller [3]

[4]

study)

Versant

Distribution [2-9]

Poecilia butleri Jordan

P. sphenops

P. mexicana

1889 * Pacific Molly P. sphenops species complex  complex Valid uni. Pacific Mexico to El Salvador
P. catemaconis Miller Catemaco 12, S P. sp'henops P. mexicana Valid uni. Adlantic LT Chtiames, Mieey
1975* Molly species complex  complex
P. sphenops P. sphenops Basins of Cuetzamala
P. chica Miller 1975 Dwarf Molly P. sphenops  species complex cc.nﬁ lex PS Valid tri. Pacific River and Purificacion in
p Jalisco, Mexico
Atlantic versant from
Guatemala to Colombia,
along the Pacific versant
. . P. sphenops P. mexicana . . Atlantic, from Guatemala to the
* ’ E)
P. gillii (Kner 1863) Gill’s Molly P. sphenops e T s Valid uni. Pacific Mot Rkon, Comin
Rica, and from the
Grande River to the
Bayano River in Panama
P. hondurensis Poeser Honduras P. sphenops P. mexicana . . . Caribbean drainages of
2011* Molly P. sphenops species complex  complex Valid unt. Atlantic Honduras
P. marcellinoi Poeser Molly ) TS 2, spﬁenops P. sphenops Valid - Pacific Ilopango Lake basin, El
1995 species complex  complex Salvador
P. maylandi Meyer 1983 Balsas Molly P. sphenops P sghenops P. sphenops Valid tri. Pacific Balsgg R1V§r basin aqd
species complex  complex Aguililla River, Mexico
Atlantic versant from
P. mexicana Steindachner P. sphenops P. mexicana Atlantic northeastern Mexico to
aras Shortfin Molly  P. sphenops 5P P ’ Valid uni. ..~ Costa Rica and in the Rio
1863 species complex  complex Pacific . . .
Tamarindo, in the Pacific
slope of Nicaragua
Synonym of P.
mexicana; however,
Menzel & Darnell [5]
. . have recommended . Rio Cazones south (at
P. m. mexicana P. sphenops P. mexicana . . Atlantic, .
. Shortfin Molly  P. sphenops . subspecies rank and uni. . least) to Rio Jamapa
Steindachner 1863 * species complex  complex .. Pacific . .
suggested it intergrades system in eastern Mexico
with another subspecies
(P. m. limantouri) in
eastern Mexico
. . g s . Synonym of P. mexicana Southern Rio Grande and
P. m. limantouri Jordan Limantour’s B, Glfaes P. sphenops P. mexicana [ ————— uni. Alantic Rio San Fernando

& Synder 1901 *

Molly

species complex

complex

have recommended

headwaters, south to
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subspecies rank and
suggested it intergrades
with P. m. mexicana in
eastern Mexico [5]

Panuco River, Mexico

P. sphenops Western coasts of
P. orri Fowler 1943% Mangrove P. sphenops species complex  P. mexicana Valid uni. Atlantic Yucatan Peninsula
Molly complex southeast to northern
Honduras
P. salvatoris Regan 1907 Salvador Molly  P. sphenops o spﬁenop N escze Valid uni. Pacific El Salvador
species complex  complex
Atlantic slope of Mexico
from the Palma Sola
. ) ) . River to the Grijalva
P.sp l,:em)p s Valenciennes Mexican Molly  P. sphenops P ép.henOp s P. sphenops Valid uni. Atl?mlc’ River basin, and along the
1846 species complex  complex Pacific . .
Pacific slope from the Rio
Verde basin into
Guatemala
P. sulphuraria (Alvarez P. sphenops P. mexicana . . . Banos del Azufre, near
1948)* SupEehiely 8 gllEes species complex  complex VRS unt- GURT Teapa, Tabasco, Mexico
Mountain P. sphenops P mevicana Mountain Pine Ridge,
P. teresae Greenfield 1990 P. sphenops  species complex ’ Valid uni. Atlantic =~ Mayan Mountain Range,
Molly complex !
Belize
Molecular operational taxonomic units (OTUs)
Candidate species ([6]; Atlantic, Rio Goascoran and Rio
113 (1) * _ _ _ _ & _ 2
sphenops” sp. 1 this study) Pacific Ulta, Honduras
o Candidate species ([6]; . .
“ 99 * _ _ _ — ’ —
gillii” sp. 2 this study) Atlantic  Rio Acla, Panama
Considered part of the . .
P. sp. “Patuca” - — - — “P. gillii” lineage, clade  — Atlantic Eloongig(s:a i,
5 (this study)
Rio Tipitapa and northern
P. sp. “Tipitapa” B 3 B 3 Candidate species (this Atlantic Lake Nicaragua

study)

tributaries, Rio San Juan
basin, Nicaragua

Asterisks placed by taxon names indicate nominal taxa or molecular OTUs previously recognized in the P. sphenops species complex by other authors, and that we

also sampled in our study. This table also presents data from [6] on differences in inner jaw tooth morphology displayed among taxa from the species complex

(uni., unicuspid; tri., tricuspid).

YInterpretation recognizing the existence of a single, polytypic species; this study synonymized various taxa under P. sphenops.

"Interpretation recognizing multiple species forming a single “P. sphenops species complex.”
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"Interpretation recognizing two species groups or complexes, the “P. sphenops complex” and the “P. mexicana complex”, within the P. sphenops species complex

sensu lato.
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Table S2 DNA substitution models selected using DT-MODSEL.

DNA

dataset Partition

n

bp

Best model

Analysis

Full-cyth
All cytb (analyzed together, or as N =260 941 1086 TVM+I+] TCS, DNASP
haplotypes)
Concatenated mtDNA
1+ 2™ codon pos. 168 590 HKY+/+/ GARLI, MrBayes, BEAST, DNASP
3" codon pos. 168 1180 GTR+I GARLI, MrBayes, BEAST, DNASP
Concatenated nDNA
ldh-A 50(42) 191 JC+I GARLI, BPP
RPS7 50(44) 1158 K80+[/+/ GARLI, BPP
X-src 50(45) 518 K80+/ GARLI, BPP
X-yes 50(20) 833 HKY+/ GARLI, BPP
Glyt 50(21) 915 K80+/ GARLI, BPP
Concatenated mtDNA + nDNA
mtDNA 1¥'+ 2™ codon pos. 80 500  TVM-+I+] GARLI, MrBayes, BEAST (*BEAST)
mtDNA 3" codon pos. 80 1180  TrN+I+/ GARLI, MrBayes, BEAST (*BEAST)
mtDNA 1*+ 2™ codon pos., reduced dataset* 50 590 HKY+I" BEAST (*BEAST)
mtDNA 3" codon pos., reduced dataset* 50 1180 TrN+I" BEAST (*BEAST)
ldh-A 80(42) 191 JCHI+] GARLI, MrBayes, BEAST (*BEAST)
RPS7 80(44) 967 HKY+I GARLI, MrBayes, BEAST (*BEAST)
X-src 80(45) 518 K80+/ GARLI, MrBayes, BEAST (*BEAST)
X-yes 80(20) 833  HKY+I GARLI, MrBayes, BEAST (*BEAST)
Glyt 80(21) 915 K80+/ GARLI, MrBayes, BEAST (*BEAST)

Model selection analyses using the decision theory algorithm in DT-MODSEL [1] supported different best-fit models of DNA

evolution for different datasets, including datasets filtered by codon partitions. We preferred DT-MODSEL for our substitution model

selection analyses, rather than other model selection software, because DT-MODSEL has been shown to recover models that yield

superior ML branch lengths relative to other comparable programs [1]. This table lists model selection results for each dataset

analyzed in this study, as well as the analyses that each dataset (thus molecular model, wherever possible) was used in. Symbols and

abbreviations: /", gamma-distributed rate variation; bp, number of nucleotide base pairs; DNASP, DNA polymorphism and neutrality statistics
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analyses conducted in the program by the same name; /, parameter representing proportion of invariable sites; ML, maximum likelihood
phylogenetic analyses estimating gene trees; #, sample size (numbers correspond to sequence alignment sizes, except for multilocus datasets the
numbers in parentheses are sample sizes for each locus). Asterisks in the “Partition” column denote mitochondrial datasets that are

reduced versions of the 86-taxon mtDNA dataset, and which we used (along with the nDNA in the concatenated mtDNA + nDNA

dataset) in the *BEAST analyses ran to create a posterior distribution of species trees with appropriate tips for analysis in JML.
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Table S3 Sequence attributes and DNA polymorphism levels in each of the datasets analyzed in this study, overall and by gene.

DNA ” Variable Parsimony Overall mean d
dataset Partition characters informative (s.e)
(%) characters (%)

Full-cyth

All cytb ingroup sequences 941 1086 341 (31.40) 301 (27.72) 0.026 (0.0020)
Concatenated mtDNA 168

1°'+ 2™ codon positions, ingroup only 147 1180 213 (18.05) 131 (11.10) N/A

3" codon position, ingroup only 147 590 233 (39.49) 209 (35.42) N/A

All cyth 155 1086 460 (42.36) 403 (37.11) 0.064 (0.0031)

All coxl 115 684 206 (30.12) 128 (18.71) 0.032 (0.0030)
Concatenated nDNA

ldh-A 50 (42) 191 19 (9.94) 14 (7.32) 0.025 (0.0098)

RPS7 50(44) 1158 141 (12.18) 126 (10.88) 0.018 (0.0020)

X-src 50 (45) 518 33 (6.37) 25 (4.83) 0.0095 (0.0022)

X-yes 50 (20) 833 89 (10.68) 53 (6.36) 0.025 (0.0030)

Glyt 50 (21) 915 30 (3.28) 14 (1.53) 0.0056 (0.0011)
Concatenated mtDNA + nDNA¥*

Concatenated mtDNA 80 1770 661 (37.34) 660 (37.29) N/A

mtDNA 1%+ 2™ codon positions 80 1180 334 (28.31) 333 (28.22) N/A

mtDNA 3" codon position 80 590 327 (55.42) 327 (55.42) N/A

This table presents results from DNA sequence analyses in MEGAS [1]. ‘Overall mean d’ values are estimates of the average evolutionary distance

over all sequence pairs, calculated using p-distances (base differences per site), with their standard errors (s.e.) shown in parentheses based on 500

bootstrap pseudoreplicates. Sites with <95% site coverage were eliminated prior to d calculations. N/A, not available.

*The concatenated nDNA dataset was also analyzed along with these mtDNA in analyses of the ‘concatenated mtDNA + nDNA’ dataset, and their

results are not duplicated here because they are the same as above.
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Chapter 4: Effects of tectonism, sea levels, and drainage rearrangements on
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Abstract (250/250 words)

Drainage basins provide the fundamental context for evolutionary and biogeographical processes
of diversification in freshwater fishes. However, it remains unclear whether species in the
superdiverse Neotropical freshwater fish assemblage responded similarly to historical drainage-
controlling processes of tectonism, sea level change, and drainage rearrangements. We used a
comparative phylogeographical analysis of eight freshwater fish species/genera codistributed in
Central America to test for shared evolutionary responses predicted by four drainage-based
hypotheses of Neotropical fish diversification—the ‘tectonic vicariance’, ‘marine vicariance’,
‘continental shelf width’, and ‘cross-cordillera exchange’ hypotheses. Our approach integrated
phylogeographic analyses of 2,091 mitochondrial cytochrome b sequences with paleodistribution
modeling-based tests (54-231 occurrence records/lineage) for ancestral lineage codistribution,
1.e. congruent Pleistocene range dynamics. Our results revealed highly variable spatial-genetic
structuring (including taxon-specific patterns) but similar paleodistributional responses to
Pleistocene climate change among lineages, with areas of historical range stability and overlap.
That such incongruent phylogeographical architectures have arisen despite overlapping ancestral
distributions suggests multiple routes to community assembly. Consistent with this, approximate
Bayesian computation model averaging supported both simultaneous and asynchronous pulses of
diversification across congruent genetic breaks in the upper San Carlos River (two lineages) and
Sixaola River (three lineages), where divergences were mostly correlated to Neogene sea levels
and continental shelf width. Seven focal lineages also displayed spatially congruent evidence for
past drainage connections across the continental divide at the Guanacaste Cordillera. Overall,
our results support complex biogeographical patterns illustrating the variable influence of species

responses to historical drainage-controlling processes on Neotropical fish diversification.
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Introduction

Ecological and evolutionary studies of freshwater fishes have contributed much to understanding
adaptive radiation, phenotypic evolution, community assembly, and historical biogeography
(Banarescu 1992; Poff & Allan 1995; Bermingham & Martin 1998; Seehausen 2006; Elmer &
Meyer 2011). This largely owes to the ecological diversity and island-like nature of hydrological
networks, in which fish populations are isolated by marine and terrestrial habitats at multiple
spatial scales, creating distinct adaptive and biogeographical patterns (e.g. Seehausen 2006;
Banarescu 1992). Particularly because they trace landscape evolution, drainage basins promote
biotic diversification while also capturing geological history and providing a context for
evolutionary and biogeographical processes to act (Bermingham & Martin 1998; Unmack 2001).
Drainages are thus the principal factor shaping fish distributions (Gilbert 1980), and obligate
freshwater fishes are highly informative for historical biogeography because they depend on
inland drainage connections for dispersal and gene flow (e.g. Smith & Bermingham 2005).
Evolutionary studies of freshwater fishes thus allow us to infer not only the historical
connections among drainages, but also the evolutionary histories of their inhabitants.
Neotropical North and South America are of great interest for exploring the effects of
historical processes on freshwater fish diversification (Lundberg et al. 1998; Bermingham &
Martin 1998; Hubert & Renno 2006). These areas harbor the greatest diversity of freshwater fish
species worldwide (Reis et al. 2003; Albert et al. 2011) and experienced complex geological
changes during the Late Cenozoic (Hoorn ef al. 2010; Bagley & Johnson 2014a). Given
Neotropical areas escaped wide glaciations that affected temperate regions (e.g. Hewitt 2000),
three main determinants of drainage area and isolation other than ice sheet cover that, with
paleoclimatic changes (e.g. Bush et al. 1992), have likely critically shaped the distributions and

genetic diversity of Neotropical freshwater fishes include: (i) tectonic (mountain-building)
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processes at orogenic belts of the Central American volcanic arc (CAVA) and Andes and their
effects on back-arc (foreland) basins (e.g. Bussing 1976; Lundberg et al. 1998; Hubert & Renno
2006; Ribeiro 2006); (i) the interplay between drainages and fluctuating eustatic sea levels of
the Miocene and Plio—Pleistocene (e.g. Bermingham & Martin 1998; Lovejoy et al. 1998; Jones
& Johnson 2009); and (ii1) drainage rearrangements caused by river reversal and river capture
events (e.g. Menezes et al. 2008; Albert & Reis 2011). Unfortunately, determining the past
effects of these abiotic controls on drainage geometry and fish distributions is difficult in large
Neotropical areas. For example, the ancient Cretaceous—Miocene ages and wide areas of the
Amazon Basin (6.92 million km?®) and Brazilian Shield (~6 million km?) have provided ample
time and space for the superimposition of multiple shifts in drainages and species ranges due to
historical processes, yielding complex fish biogeographical patterns (e.g. Hubert & Renno 2006;
Albert & Reis 2011; Albert et al. 2011). Studies examining the effects of historical drainage-
controlling processes might therefore be more profitable if focused on smaller geological units
where the likelihood of rare events is reduced. Insight into causal mechanisms underlying the
assembly and diversification of Neotropical freshwater fish communities is also limited because
regional-scale comparative phylogeographical perspectives have only recently become available
and have evaluated relatively limited subsets of taxa (e.g. Bermingham & Martin 1998; Perdices
et al. 2005; Reeves & Bermingham 2006). Despite illuminating many cryptic dispersal,
vicariance, and range expansion events, these studies have largely focused on broad-scale
processes of colonization (but see Bagley & Johnson 2014a,b), rather than testing if specific
historical processes predict post-colonization diversification patterns (Jones & Johnson 2009).
Thus, while general evolutionary patterns are emerging (Albert ez al. 2011; Bagley & Johnson

2014a), it remains unclear whether, and how, species in the Neotropical freshwater fish
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assemblage have responded similarly to historical drainage-controlling processes.

Central America (CA; Fig. 1) presents excellent opportunities for evolutionary studies of
the effects of drainage-controlling processes on Neotropical fish diversification. This is due to
its smaller size (533,726 km®*; ~7.7% of Amazon Basin area), recent and complex geological
history, high freshwater fish diversity, and continental margins of varying susceptibility to
changing sea levels (Coates & Obando 1996; Bermingham & Martin 1998; Smith &
Bermingham 2005; Bagley & Johnson 2014a,b). With 525 species and up to 59.2% within-
region endemicity, CA displays high freshwater fish alpha diversity, which proportional to area
is three times higher than that of the Amazon River (Albert ez al. 2011; Matamoros et al. 2014).
Analyses of CA freshwater fishes also have identified areas of endemism defining biogeographic
‘provinces’ of characteristic fish communities within areas of shared drainage history (e.g. Miller
1966; Myers 1966; Bussing 1976; Smith & Bermingham 2005). The most exhaustive study to
date recovered 10 fish biogeographic provinces in CA (Fig. 1d; Matamoros et al. 2014); yet, all
such regionalization studies infer marked species turnover across drainage divides suggesting
historical drainage-controlling processes heavily shaped CA freshwater fish distributions.

In this study, we use a comparative phylogeographical analysis of molecular data from
eight freshwater fish species and genera (hereafter, ‘lineages’) codistributed in CA to test for
shared evolutionary responses predicted by four drainage-based hypotheses of Neotropical fish
diversification. Using several lineages as replicates in our tests of the hypotheses allows us (1) to
avoid pitfalls of single-species biogeographic inference, and (ii) to partially circumvent the issue
of coalescent stochasticity influencing single-locus patterns (e.g. Edwards & Beerli 2000). The
null expectation is that our focal lineages will, by chance, exhibit multiple responses to historical

events (Bermingham & Martin 1998; Sullivan et al. 2000; Bagley & Johnson 2014b). An
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important but frequently overlooked assumption of comparative phylogeography is that presently
coexisting species were codistributed in the past (Carstens & Richards 2007; Marske et al. 2012).
Thus, we evaluated this assumption in the first step of our analysis by testing for congruent
Pleistocene range dynamics and range overlap using paleodistribution modeling (e.g. Carstens &
Richards 2007; Waltari et al. 2007). The paleodistribution models, in turn, allow us to identify
areas of historical habitat stability and thereby to evaluate potential contributions of ancestral
distributions to observed phylogeographic patterns. Below, we outline our main hypotheses in
the context of the regional geological and biogeographical setting, and we summarize their

predicted genetic consequences in Table 1.

(1) Tectonic vicariance hypothesis

All CA lands occur near active plate margins, where tectonic processes of uplift, volcanism, and
faulting formed major landforms and modern drainage basins over Miocene to present (Rogers et
al.2002; Coates et al. 2004; Bagley & Johnson 2014a). The volcanic Chortis highlands of
Nuclear CA (Guatemala, Honduras, and Nicaragua) formed and uplifted ~19-3.8 million years
ago (Ma; Rogers et al. 2002), while most volcanic cordilleras of Lower CA (Costa Rica and
Panama) uplifted <7 Ma (Coates & Obando 1996; Marshall et al. 2003; Coates et al. 2004;
Bagley & Johnson 2014a). Subsequently, CA rivers became deeply entrenched in the Plio—
Pleistocene. Volcanic eruptions often cause local and downstream extinctions as lava or debris
deposit atop streams (McDowall 1996), and this would have caused vicariant isolation in CA
freshwater fishes. One of the best-documented examples of this process occurs at the southern
Choluteca-Tarcoles province boundary (Fig. 1d), where Pleistocene volcanic flows descended
from the CAVA to the Pacific, covering the Tarcoles River (Fig. 1b; Marshall et al. 2003).

These flows ran through the Tércoles gorge beside the Herradura block, a high headland ~1600
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m above present sea level [asl] that historically restricted fish movement (Lee & Johnson 2009).
Subsequent fish isolation would have been maintained by tectonic uplift of the Herradura block,
as indicated by the many fish species whose Pacific distributions terminate at the eastern
Tarcoles drainage divide within this block (Bussing 1976, 1998; Smith & Bermingham 2005;
Matamoros et al. 2014). We thus propose a ‘tectonic vicariance hypothesis’ predicting that
tectonism and volcanic flows during the geologic evolution of CA promoted vicariance,
allopatric isolation, and speciation in CA freshwater fishes within and between coasts, by
isolating drainages on either side of CAVA ranges and causing local extinctions along CAVA

and the Tarcoles River.

Sea level hypotheses: (2) marine vicariance and (3) continental shelf dispersal

Eustatic sea-level oscillations occurred in the Neogene then intensified in frequency during
Pleistocene glacial cycles <2.6 Ma (e.g. Lambeck et al. 2002). These events undeniably
impacted Neotropical fresh waters (e.g. Irion 1984; Coates & Obando 1996; McNeill et al. 2000;
Hoorn et al. 2010) and altered drainages in at least two ways relevant to the Neogene—recent
diversification of CA freshwater fishes. First, during warm periods of the Late Miocene—
Pliocene, eustatic sea levels reached highstands of +25-50 m asl around ~7-5 Ma (possibly
multiple peaks) and ~3.5-3 Ma (Haq et al. 1987; McNeill et al. 2000; Coates et al. 2004; Miller
et al. 2005) that formed marine embayments in the Nicaraguan depression, Tortuguero lowlands,
and Motagua Fault Zone until the Pliocene (modeled in Fig. 1a,c; Bussing 1976; Coates &
Obando 1996; Bagley & Johnson 2014a,b). Ensuing highstands during Pleistocene
interglaciations were much lower (Miller et al. 2005) until a +22 m asl event ~450 ka (550-390
ka; Hearty et al. 1999), which would have inundated coasts during marine isotope stage 11,

extirpating lowland freshwater fishes and reinforcing genetic isolation in mid-upper river
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reaches. Indeed, several studies of freshwater fishes and other Neotropical and Caribbean
vertebrates support Neogene—recent diversification during marine incursions (e.g. Bermingham
& Martin 1998; Perdices et al. 2002, 2005; Montoya-Burgos 2003; Jones & Johnson 2009;
Barker et al. 2012). Thus, we advance a ‘marine vicariance hypothesis’ proposing that late Plio—
Pleistocene sea-level highstands repeatedly caused vicariant isolation of freshwater fish
populations in drainages. Second, Pleistocene glaciations lowered sea levels, and a 110-135 m
drop is documented for the Last Glacial Maximum (LGM) ~21 ka (Lambeck et al. 2002) that
would have allowed river braiding and anastomosis over exposed continental shelf, possibly re-
connecting isolated fish populations (Unmack et al. 2012, 2013; Bagley et al. 2013). We thus
apply the ‘continental shelf width hypothesis’ of Unmack et al. (2013) to CA, a hypothesis that
has never been tested a priori in Neotropical freshwater fishes. This hypothesis predicts that
drops in sea level during Pleistocene glaciations promoted (i) gene flow causing lower
interdrainage genetic divergences in regions with wider continental shelf, and/or (ii) isolation

within or between coastal drainages in areas with narrow continental shelf.

(4) Cross-cordillera exchange hypothesis

Drainage rearrangements through river captures (river section displacements to adjacent
drainages) and episodic “wet connections” due to swamps/flooding on low drainage divides are
two key mechanisms of interdrainage dispersal and vicariance in freshwater fishes (e.g. Bishop
1995; Burridge et al. 2008b). In CA, distributional data suggest that dispersals between adjacent
drainages in the same versant have occurred through river captures (e.g. Bussing 1976; Smith &
Bermingham 2005). Biogeographic, geologic, and genetic lines of evidence also indicate that
Neogene-recent drainage connections allowed fish to move across CA cordilleras, between

versants. For example, between the Atlantic Mosquitia-San Juan/Bocas and Pacific Choluteca-
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Tarcoles provinces (Fig. 1d), 14 of 45 “primarily Atlantic forms” of fishes also inhabit Pacific
rivers, resulting in high species covariation across the CAVA (Bussing 1976; Smith &
Bermingham 2005). Lower San Juan basin headwater rivers also reversed across the CAVA
then were captured by the Tércoles River and rerouted to the Pacific coast in the Pleistocene
(Marshall et al. 2003). In addition, mitochondrial DNA (mtDNA) phylogeography has revealed
dispersals across the CAVA in catfishes, tetras, livebearers, synbranchid eels, and cichlids; and
across the San Blas Range (central Panama) in catfishes, knifefishes, and cichlids (Bermingham
& Martin 1998; Perdices et al. 2002, 2005; Reeves & Bermingham 2006; Jones & Johnson 2009;
McCafferty et al. 2012). We thus formalize a ‘cross-cordillera exchange hypothesis’ predicting
that cross-cordillera headwater exchanges caused (i) dispersal and range expansion with
insufficient time for cladogenesis, thus low genetic divergences; or (ii) vicariance across

drainage divides, with sufficient time and isolation for local evolution of reciprocal monophyly.

Materials and methods
Study area and sampling

The study area spans the CA Isthmus, from the Motagua fault zone of Guatemala, southeast to
the Darién isthmus, Panama (<523,000 km?). To evaluate our hypotheses, we inferred the
phylogeographic histories of eight CA freshwater fish lineages from three families (Poeciliidae,
Characidae, and Cichlidae) with diverse habitat preferences and feeding ecologies (Table 2). We
chose these lineages for study because (i) they are endemic to CA; (ii) their distributions are
reasonably well known; and (iii) their ranges overlap in multiple drainages and biogeographic
provinces, making them suitable for comparative phylogeography (Bussing 1998; Miller et al.
2005; Bagley & Johnson 2014b). Indeed, the focal taxa range from sea level to 1270 m asl (co-

occurring mainly 25-540 m asl) across major drainages from Honduras to Panama on the
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Atlantic versant, and mainly from central Nicaragua through western Panama along the Pacific
versant (Table 2 and Data S1).

We sampled populations of the focal lineages through field expeditions to CA, and from
the fish tissue archives of the Monte L. Bean Life Science Museum Fish Collection (MLBM),
STRI Neotropical Fish Collection (STRI), and private collections (Data S1). Specimens (whole
or tissue samples) were preserved in 95% ethanol or DMSO in the field, and voucher specimens
are deposited at MLBM and STRI. In total, our sampling included 2,091 individuals, with n =
93-761 individuals per focal lineage. We provide detailed information on ingroup and outgroup
sampling in Data S1 and Appendix S1. We generated new DNA sequence data for six of eight
lineages. However, we obtained our final Astyanax dataset by augmenting mtDNA from
Ornelas-Garcia et al. (2008) with new sequences generated from 67 Nicaraguan and Costa Rican
specimens. The Xenophallus umbratilis (monotypic; hereafter, “Xenophallus™) dataset mostly
comprised sequences from Jones & Johnson (2009), to which we added 11 sequences from a
Lake Nicaragua tributary. And we used the P. mexicana dataset from our recent analysis of

species delimitation in the P. sphenops species complex (Bagley ef al. in revision).

Ecological niche modeling

Testing the assumption that our focal lineages evolved as part of a longstanding assemblage or
“evolutionary cohort” that tracked regional environmental changes through time (sensu Carstens
& Richards 2007), requires being able to predict how species ranges have potentially changed in
the past. Fossil data are lacking for our taxa, so we tested this assumption by reconstructing
paleodistribution models for each focal lineage using paleoclimatic data and ENMs generated
using the maximum entropy model in MaxEnt 3.3.3k (Phillips et al. 2006). We based our ENM

analyses on global coverages of 19 bioclimatic predictor-variables (Appendix S1) with spatial
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resolutions of 30 arc-seconds (1 km?*), downloaded from WorldClim (http://www .worldclim.org/;
Hijmans et al. 2005). We obtained data layers for present-day climates (1950-2000) and
analogous paleoclimatic data layers that we manipulated to have the same spatial resolution.
Data layers reconstructing LGM environments ~22 ka were based on the Community Climate
System Model (CCSM3; Collins et al. 2006; Otto-Bliesner et al. 2006a), and Last Interglaciation
(LIG) layers for ~140—-120 ka were derived from climate simulations of Otto-Bliesner et al.
(2006b). Prior to MaxEnt analyses, we generated new datasets specific to each lineage by
clipping the original three layer-sets to the approximate spatial extent of each lineage, using
country-level mask shapefiles developed in ArcMap 10 (Environmental Systems Research
Institute, Redlands, CA). The data layers included temperature, precipitation, and seasonality
variables. These variables are often highly cross-correlated; in such cases, objectively
eliminating redundant variables, or producing new layers capturing variability in multiple
correlated predictor-variables, makes model testing and interpretation more straightforward
(Elith et al. 2011) and can reduce the possibility of model over-fitting (Warren & Seifert 2011).
Thus, we attempted to improve our ENM inferences by using ENMtools (Warren et al. 2010) to
calculate Pearson correlations between pairs of the 19 predictor variables, and then retaining only
a single variable when two were correlated at r > 0.9, giving preference to variables measuring
minima or maxima rather than average environmental conditions (Shepard & Burbrink 2008).
This left us with 14 variables that we used in our final MaxEnt analyses (Appendix S1). Our
MaxEnt runs drew on 54-231 georeferenced occurrences for each focal lineage (JCB,
unpublished data), collated from our field collections and species record searches within the
Global Biodiversity Information Facility (http://www .gbif.org/) database. We reprojected ENMs

output by MaxEnt onto LGM and LIG layers and interpreted areas with high predicted-
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Pleistocene bioclimatic suitability as most-likely areas of past distribution. We evaluated the
models using a threshold-independent measure of performance, the area under the Receiver
Operating Characteristic curve (AUC) statistic, where scores closer to 1 (maximum) indicate
higher predictive ability and AUC > 0.5 indicates better-than-random model prediction (Elith e?
al. 2006). Paleodistribution modeling analyses were analogous to those in Bagley et al. (2013),

with minor changes above and in Appendix S1 adapting procedures to this study system.

Laboratory methods and sequencing

We extracted whole genomic DNA from tissue samples using Qiagen DNeasy Tissue Kits
(QIAGEN Sciences, Maryland) and sequenced the protein-coding mtDNA cytochrome b (cytb)
gene for every individual using different primers flanking the gene for lineages from different
genera or families, and different annealing temperatures, as shown in (Table S1). We purified
polymerase chain reaction (PCR)-amplified products using a Montage PCR 96 plate (Millipore,
Billerica, MA). Sequences were obtained via cycle sequencing with Big Dye 3.1 dye terminator
chemistry using 1/16" reaction size and the manufacturer’s protocol (Applied Biosystems, Foster
City, CA). We purified sequenced products using Sephadex™ columns (G.E. Healthcare,
Piscataway, NJ) and ran them on an automated Applied Biosystems 3730x/ capillary sequencer.
We edited sequences while viewing electropherograms in Sequencher 4.10.1 (Gene Codes
Corporation, Ann Arbor, MI). Sequences contained no gaps and were aligned visually in
Sequencher, and in Geneious 5.5.7 (Biomatters Ltd., New Zealand). Cytb alignments for each

focal lineage were collapsed into unique haplotypes in DnaSP 5.10 (Librado & Rozas 2009).

Gene trees and patterns of spatial phylogeographic congruence

We tested for congruent spatial-genetic patterns among lineages consistent with our hypotheses

(Table 1) by evaluating multiple lines of evidence for genetic breaks in the study area. First, we

227



reconstructed intraspecific gene trees for ingroup cytb haplotypes and outgroup sequences using
phylogenetic maximum-likelihood (ML) and Bayesian inference analyses. We performed
maximum-likelihood tree searches in GARLI 2.0 (Zwickl 2006). We partitioned the mtDNA
data by codon position ({1+2}, 3); assigned each data subset the best-fit nucleotide substitution
model (Table S2) selected using the decision-theory algorithm DT-ModSel (Minin et al. 2003);
and unlinked parameters across data subsets. We evaluated nodal support using 500 ML
bootstrap pseudoreplicates, considering nodes with bootstrap proportions =70 well supported
(Hillis & Bull 1993). We independently estimated gene trees during our Bayesian coalescent-
dating analyses, described below. We also generated statistical parsimony haplotype networks
for each focal lineage using TCS 1.2.1 (Clement et al. 2000). Phylogroups with substantial
bootstrap proportion or posterior probability (=0.95) support in ML and Bayesian analyses, and
that formed unique parsimony networks (95% connection limit), were considered ‘clades’
lending strong support for phylogeographical breaks. Breaks identified in this fashion were
compared with local/regional geology and physiography (e.g. Coates & Obando 1996; Marshall
2007) to identify geographical barriers correlated to each break. For breaks that were spatially
congruent across multiple lineages, we drew on our previous literature reviews (Bagley &
Johnson 2014a.,b) to identify correlations with geographically relevant tectonic and sea level
events that were potentially causally linked to each break.

We estimated % divergence within each focal lineage and clade, and between clades (i.e.
population pairs) split across each shared break identified above. Using MEGA 5.2.2 (Tamura et
al.2011), we calculated mean and maximum sequence divergences over all sequence pairs in the
corresponding groups using p-distances (raw nucleotide differences) and Tamura & Nei (1993)

genetic distances, which adequately describe DNA sequence evolution (e.g. Suchard et al. 2001).
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However, we estimated Tamura-Nei distances corrected for base heterogeneity (dyy) using a

gamma mutation rate distribution with a = 0.5.

Coalescent-dating analyses and demographic parameters of community divergence

To assess variation in gene-tree depths and whether intra-lineage diversification coincided with
timescales predicted by the hypotheses, we simultaneously estimated the times to the most recent
common ancestor (fyrcs), gene trees, and evolutionary parameters for each of the focal lineages
using Bayesian coalescent-dating in BEAST 2.1.3 (Bouckaert et al. 2014). We linked tree and
clock models but partitioned the data into codon position subsets ({1+2}, 3) and unlinked site
parameters across subsets. To ensure convergence, we ran three replicate searches on each
dataset (MCMC = 2 x 10, sampled every 4000 generations; burn-in = 10%) using relaxed,
uncorrelated lognormal (ULN) clock models and birth-death tree priors. Owing to uncertainty of
fish substitution rates, we set uniform priors on ULN clock rates spanning published mtDNA
rates for teleost fishes (‘fish rate’ = 0.017-0.14 x 107 substitutions/site/yr, per-lineage; Waters et
al. 1999; Burridge et al. 2008a). By incorporating sequence data for outgroups, we were able to
place multiple fossil or biogeographic calibration points on nodes during analyses of each study
lineage; for conciseness, calibration details are given in Appendix S1. We summarized posterior
distributions of parameters and ensured that effective sample sizes (ESS) were >200 in Tracer
v1.5 (Rambaut & Drummond 2013). We summarized the posterior distribution of trees from
each run by calculating a maximum clade credibility tree annotated with node ages from a
sample of 5000 random post-burn-in trees in TreeAnnotator 2.1.3 (Bouckaert et al. 2014).

To explore the demographic history of populations split across shared breaks identified
above, we estimated demographic parameters of population divergence using the “isolation with

migration” model in IMa2 (Hey & Nielsen 2004; Hey 2010). We used IMa2 to estimate splitting
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times (#) and migration rates (m,, m,; unless m priors were set to zero, as described in Appendix
S1) between population pairs allowed to vary in size (8,, 8,) under a Bayesian coalescent model.
Where applicable, confidence intervals for 6 and m parameters were used to help identify priors
for tests of simultaneous diversification below. After verifying that priors selected based on
three initial runs led to appropriate chain mixing and convergence properties, we made three
final runs with 10 MCMC chains that we monitored for convergence after initial burn-ins of 1-5
million steps. Convergence was assumed when update rates reached >10%, ESS scores reached
>50 for parameters (Hey & Nielsen 2007), and runs found similar parameter estimates. We
converted ¢ estimates to absolute time (7;,) using the equation T, = #/)L (WL = mutation rate per
gene per year) and three mutation rates: the “fast” 2% vertebrate mtDNA rate and “slow” 0.9%
salmonid mtDNA rate in Bagley & Johnson (2014b), plus a “moderate” 1.57% rate representing
the mean of the uniform ‘fish rate’ prior used in our BEAST analyses. We used our IMa2 results
to test whether the timing of lineage diversification across shared breaks fit our hypotheses, and
to identify historical events that best fit the observed divergences. We did this because (1) IMa2
allows population sizes and divergence times of the daughter lineages to vary independently,
which is more biologically realistic than our constant-size BEAST model; and (i1) IMa2
estimates dates of population divergence, whereas BEAST dates gene divergences that will
overestimate the timing of population structure (e.g. Edwards & Beerli 2000). To test whether
the timing of population divergences across shared genetic breaks supported the hypotheses, we
compared Bayesian posterior T, distributions for each shared break to seven sea level and
tectonic events from the literature that we could correlate to those breaks (details in Appendix
S1). We rejected events whose dates fell outside the Bayesian 95% highest posterior densities

(HPDs; i.e. credible intervals), which had Bayesian conditional probabilities less than 5% (P <
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0.05), but we failed to reject events whose dates fell in the 95% HPDs (P > 0.05).

Testing for simultaneous diversification using ABC model averaging

Understanding whether shared earth history events have impacted genetic divergence within the
CA freshwater fish assemblage consistent with our hypotheses (Table 1) requires testing whether
congruent spatial-genetic divergences among focal lineages arose synchronously or not, i.e.
testing for temporal congruence (Sullivan et al. 2000; Donoghue & Moore 2003; Bagley &
Johnson 2014b). A shared history of responses to historical events across a geographical barrier
is indicated by synchronous genetic divergences in multiple lineages. While one way to test
temporal congruence is to directly compare gene divergences (€.g. fyrcaS), this may lead to
erroneous biogeographic inferences because variance in coalescent and mutational processes as a
function of past effective population sizes (N,) of different species causes stochastic gene tree
patterns (Edwards & Beerli 2000; Riddle & Hafner 2006). Hierarchical approximate Bayesian
computation (ABC) models in the msBayes pipeline (Hickerson et al. 2006, 2007) address this
problem by testing for simultaneous diversification of multiple population-pairs diverged across
a phylogeographic break, while accounting for among-population variation at demographic
parameters that might otherwise obscure ‘true’ patterns of community history.

We tested for simultaneous diversification and estimated divergence times of population-
pairs diverged at shared phylogeographic breaks in the Bocas province (Fig. 1d; see Results),
under a finite sites coalescent model, in MTML-msBayes (Huang ef al. 2011). The problem of
selecting appropriate prior distributions is common in Bayesian inference, and studies have
shown that ABC estimation is sensitive to the choice of priors on migration and divergence time
parameters (Huang et al. 2011, refs. therein). Overly broad priors can also cause hyper-prior

ABC samplers like msBayes to run inefficiently, biasing msBayes towards an inference of
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simultaneous divergence (Oaks et al. 2013). Therefore, we implemented approaches formalized
by Huang et al. (2011) and Hickerson et al. (2014) to overcome this issue: we initially used ABC
model choice to compare the posterior probabilities of multiple candidate priors covering
parameter space, and then we used ABC model averaging on the candidate priors to estimate the
parameters of the MTML-msBayes model while allowing uncertainty in model selection.

We conducted coalescent simulations and tests for simultaneous divergence through a
four-step procedure. First, we developed K = 8 different prior sets (i.e. model classes), {M,, ...,
My} for ABC model choice and model averaging. Each model class consisted of one of three
uniform priors for population divergence times (7), and one of two uniform priors for the
ancestral population size (6,) and daughter population size (6,) parameters (see Results table).
These different models are treated as a set of models specified by a categorical model indicator
parameter to be estimated using ABC. Second, we obtained k = 5 x 10° random (simulated)
samples from each model class specified by a discrete uniform hyper-prior distribution P(My) =
1/8, with each of the eight models simulating the data with equal probability. Third, we obtained
the ABC joint posterior distribution using the default summary statistic vector (D) from MTML-
msBayes and rejection sampling to identify the 1000 closest Euclidean distances between the
observed summary statistics (D*) for the data and D; calculated from 4 x 10’ random draws
across all eight priors {M,,..., M,}; similar to Hickerson et al. (2014) we ran rejection sampling
in two steps. This procedure outputs the approximate posterior probabilities [P(M,/D)"'*] of the
prior model classes, allowing ABC model choice (Hickerson et al. 2014). Thus, fourthly, we
compared the approximate posterior probabilities of the model classes to identify the best-
supported model (model with highest posterior support), and we used the hyper-posterior

probability distributions of ¥ and £2 estimates from independent runs of the best-fit models for
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interpretation. Steps 1-3 above also yielded estimates of the number of co-divergence times (¥
number of possible assignments of Y taxon-pairs [population-pairs] across ¥ events) and the
dispersion index of population divergence times (£2 = Var[t]/E[7]; the ratio of variance to the
mean of the divergence times) that were weighted, by ABC model averaging, on the posterior
probability of the eight prior model classes (Huang ef al. 2011; Hickerson et al. 2014).
Following previous studies (e.g. Leaché ef al. 2007; Bagley & Johnson 2014b), we
conducted hypotheses testing by comparing the posterior probabilities for the expected values of
the hyper-parameters under a ‘null’ scenario of asynchronous diversification (H,: ¥ > 1, and £2 >
0.05) against the alternative of simultaneous diversification (H,: ¥ =1, and 2 < 0.05). We also
evaluated support for these hypotheses by comparing B,, Bayes factors calculated under the
parameter thresholds above while accounting for prior support for the hypotheses, using
established criteria for B, “weight of evidence” (Kass & Raftery 1995). During interpretation,
we placed our confidence in £2 where ¥ and £2 conflicted, because £2 is more biogeographically
relevant and has been shown to outperform ¥ in correctly rejecting simultaneous divergence,
even over very recent (=0.06N) coalescent timescales (Hickerson et al. 2014). £ also correctly
rejects simultaneous divergences with large or small sample sizes (Hickerson et al. 2007). We
estimated community divergence times by converting model-averaged E[7] estimates (which are

in coalescent units of 4N,

ave

generations, where N is mean N,) to absolute time (7;,) using the

equation Ty, = E[t]x(0,,/1), where p is the mutation rate per site per generation and 6, is the

ave

midpoint of the upper 6 prior, and the three mutation rates used in our IMa2 conversions above.

Results
Ecological niche modeling

Across all of the focal lineages, ENMs of predicted present-day and Pleistocene distributions (i.e.
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suitable habitats) produced mean test AUC values >0.75 with nominal standard deviations,
indicating significantly better-than-random model predictions and limited variance among
independent runs (mean AUC range = 0.783-0.974; standard deviation range = 0.012-0.075;
Table S3). Indeed, models performed well in AUC tests, indicating that ENMs and
paleodistribution models could significantly discriminate between presence and absence sites.
Predicted present-day distributions of the focal lineages (Fig. 2) also provided good fit to the
known distributions of focal lineages, including a broad overlap with occurrence datasets we
compiled for each lineage and limited false positives mainly in three lineages (Appendix S1).
Perhaps expectedly, given the phylogenetic and ecological diversity of the test lineages,
contributions of different predictor-variables to the MaxEnt models varied among lineages and
among timescales of the paleoenvironments selected for ENM reprojections (LGM versus LIG).
Still, temperature seasonality (BIO4), precipitation of driest quarter (BIO17), and maximum
temperature of warmest month (BIOS) consistently made the single greatest or second greatest
percent predictive contributions to the MaxEnt models for most focal lineages (Appendix S1).
Comparing the present-day ENMs and the predicted Pleistocene paleodistributions of the
focal lineages revealed four general patterns. First, suitable habitat areas predicted by the LGM
paleodistribution models overlapped substantially with present-day model predictions for all
lineages (Figs 1 and 2). Second, for all lineages except P. annectens, the area of bioclimatically
suitable habitat predicted in the LIG models was much lower than that of present-day ENMs and
LGM paleodistribution models (Fig. 2). However, Atlantic-coastal Costa Rica and the west-
Pacific coastal areas of Panama were among the only areas that maintained moderate to high
bioclimatic suitability during the LIG; and for A. cultratus, Xenophallus, R. bouchellei, and

Amatitlania, these were the only regions with trace predictions of suitable LIG habitat (Fig. 2a, e,
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g,h). The sole exception to this pattern, P. annectens, had stable predicted paleodistributions
and larger areas of high-predicted habitat suitability (>0.95) during the LIG (Fig. 2f). Third,
suitable Pleistocene habitat was only predicted across mountain ranges of the Chorotega volcanic
front (Lower CA) in P. amates and P. annectens. Last, the Tortuguero lowlands, Costa Rica
constituted the main area of bioclimatic stability (refugia) hence inferred range stability of the
focal lineages through time, being an area of moderate-high model prediction in 92% (22/24) of
models. This result suggested that the Tortuguero lowlands have been a stable, environmentally

suitable area for most species throughout the late Pleistocene-recent (Fig. 2).

Gene trees and patterns of spatial phylogeographic congruence

Maximum-likelihood gene tree topologies and parsimony networks estimated for each focal
lineage are shown in Fig. S2. Bayesian gene tree topologies from independent runs in BEAST
were essentially identical to these thus are not presented. Clades reflecting patterns of reciprocal
monophyly that were well supported by ML bootstrap proportions, Bayesian posterior
probabilities, and parsimony networks are mapped across focal lineages in Fig. 3. These results
illustrate highly variable spatial phylogeographical structuring among the focal lineages
indicating overall spatial incongruence; however, two general patterns stand out. On one hand,
the poeciliids A. cultratus, P. amates, P. annectens, and Xenophallus, and the characid genus
Astyanax (overall and within A. nicaraguensis), contained moderate to deep phylogeographical
structuring with 3 to 8 main clades (Fig. 3). These taxa had intraspecific pairwise mtDNA
genetic divergences of up to p = ~4%—-11% and dy;y = ~4.5%—16% (Table 2 and Appendix S1).
On the other hand, a second group of wide-ranging taxa (one from each family) showed
remarkably limited population divergences; despite wide ranges crossing 3—10 biogeographic

provinces, and ample collections (>100 individuals/each; Table 2), samples of Amatitlania, P.
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mexicana, and R. bouchellei (within Roeboides spp.) grouped into single well-supported mtDNA
clades (Figs 3 and S2) indicating a lack of longstanding genetic barriers between populations.
These taxa expectedly also showed more limited genetic differentiation, with genetic divergences
of mostly ~1%—-3% (Table 2).

Several well-supported phylogeographic divergences across major CAVA mountain
ranges and the Tarcoles drainage divide (Fig. 1) were consistent with predictions of the tectonic
vicariance hypothesis. One such divergence was the moderately deep genetic split between the
Astyanax Sixaola-NCA and Lagarto-Puntarenas clades (mean p = 5.1%; mean d;ry = 6.0%),
which spanned the CAVA in Costa Rica (Figs 3b and S2). Another vicariance pattern correlated
with tectonically uplifted areas was the basal split over a large geographic distance (>400 km)
between P. amates clade 1 from the Lean River, Honduras and all other P. amates clades, which
were sampled from Nicaragua and Costa Rica (Fig. 3f). This ancient split was localized in the
Atlantic versant, with genetic divergences of up to ~8.8%—11.4% (Table 2) across the central—
eastern Chortis highlands (Fig. 1a). Also, the characid genus Roeboides displayed a deep ~6%
mtDNA split between R. bouchellei and R. bussingi that far surpassed their intraspecific
divergences (at most 0.13%—1.15%; Table 2) and defined a phylogeographic break correlated to
the area between the Téarcoles River and Osa Peninsula, Costa Rica (Fig. 3h). A final break
consistent with tectonic vicariance was the finer-scale genetic split between P. annectens clade 5
and clades 6 + 7 at Miravalles volcano in the Guanacaste Cordillera, Costa Rica (Fig. 3c).

Considering patterns of spatial-genetic congruence, roughly congruent population
divergences associated with isolation in two drainages were shared by multiple focal lineages
(Figs 3,4, and S2). Priapichthys annectens and Xenophallus had slightly different but

overlapping breaks signaling long-term isolation of upland populations in the upper San Carlos
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River basin in Costa Rica (“San Carlos River break™; Fig. 4a). In P. annectens, the San Carlos
River break separated deeply diverged upland clade 4 from clades 5—7 and also involved a
prominent, east—west division in the Central Cordillera; however, the much lower elevation of
the more derived clade 4 in the Tortuguero basin agrees with marine vicariance predictions. In
Xenophallus, one portion of this break was also localized in the Central Cordillera, similar to P.
annectens, but the entire upper San Carlos clade 3 was largely isolated from other clades in
surrounding drainages around Nicaraguan depression and Tortuguero lowlands. Support for
hypotheses at this break was ambiguous because patterns of reciprocal monophyly of populations
agreed with predictions of the tectonic vicariance and marine vicariance hypotheses. A second
phylogeographic break shared by P. amates, P. annectens, and A. orthodus/sp. (within Astyanax
spp.) indicated historical isolation in the Sixaola River basin (“Sixaola River break™; Fig. 4b).
This pattern of reciprocal monophyly across the western Sixaola drainage divide in an area with
very narrow (~10 km) continental shelf and was replicated across multiple lineages, indicating
strong support for the predictions of the continental shelf width hypothesis.

The only pattern of spatial phylogeographical structuring common to all eight focal
lineages was that rather genetically homogeneous clades were distributed across highlands and
cordilleras at many points along the CA Isthmus (Figs 3 and S2), indicating very strong support
for the predictions of the cross-cordillera exchange hypothesis. The most striking result was that
clades of seven focal lineages crossed the Guanacaste Cordillera in Costa Rica, with nearly
genetically identical populations in both the Pacific Tempisque/Bebedero drainage and the
southern portion of the Atlantic-draining San Juan River basin (at least between the Frio and San
Carlos Rivers, if not all of the lower San Juan). Clades that shared this pattern included A.

cultratus clade 1, P. amates clade 4, P. annectens clade 5, and Xenophallus clades 1 and 3, as
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well as the single well-supported Amatitlania spp., P. mexicana (network parts A, L, and M) and
R. bouchellei clades (Figs 3 and S2). A similar pattern consistent with cross-cordillera exchange
across the central-southern Chortis highlands (Fig. 1a) was shared by the P. mexicana clade
(network part A) and Astyanax spp. Lake Managua and Lake Nicaragua clades (Figs 3 and S2).
Finally, P. mexicana was the sole clade with closely related haplotypes shared across the
Panamanian Central Cordillera (network parts I and H) and San Blas Range (parts F and H; Figs

la, 3, and S2).

Coalescent-dating analyses and demographic parameters of community divergence

The divergence times of our focal lineages (#yrc4S; Table 3) and of population-pairs split across
the shared phylogeographic breaks (Table 4 and Fig. S1) revealed considerable variation in the
timing of diversification of CA freshwater fish lineages, consistent with an overall inference of
temporal congruence. Divergence time results suggested that most lineages diversified since the
Miocene to late Pleistocene, coincident with the timing of CA landscape evolution. The
estimated tyzc,5 from BEAST, which date the deepest splits between all populations sampled
within each focal lineage, had geometric mean values in this range, with a maximum of 11.2 Ma
in the mid-late Miocene (P. annectens) and a minimum of 255 ka in the late Pleistocene (A.
nasutus lineage of Astyanax spp.). Geometric mean #,;z,S for the characid and cichlid genera,
which ranged from 11.6 Ma to 7.7 Ma in the Miocene, were slightly higher than the species-level
tureaS for the five poeciliids (mean fzc, = 6.3 Ma; Table 3). Coalescent dates of population
divergences at shared breaks estimated in IMa2 overlapped, indicating potentially simultaneous
diversification. Divergence dates within P. annectens and Xenophallus across the San Carlos
River break were particularly tight, with mean 7, of 2.1-1.9 Ma to 4.7-4.3 Ma based on

applying different molecular-rate conversions to our IMa2 results (Table 4). The 95% HPDs for
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estimates overlapped completely for these two San Carlos River break population-pairs. By
contrast, mean divergence times of A. orthodus/sp. (within Astyanax spp.), P. amates, and P.
annectens across the Sixaola River were more dispersed, ranging from 7;, = 3.6-0.3 Ma up to
8.1-0.7 Ma in the IMa2 analyses (Table 4). The 95% HPDs for the A. orthodus/sp. and P.
amates estimates overlapped with one another but not with those of the more ancient, Miocene—
Pliocene P. annectens population splitting time (Table 4).

In our tests for correspondence between population divergence times and the timing of
diversification predicted by the hypotheses, Bayesian posterior distributions of divergence times
(T,,) across the shared breaks almost exclusively supported marine vicariance. For the San
Carlos River break, we rejected late Pleistocene volcanism in the Central Cordillera (event iv,
<800-300 ka) and ancient Miocene volcanism in the Sarapiqui Arc (event vi, 18—11.4 Ma),
which our results showed respectively to post-date and pre-date the origin of population
structuring. By contrast, San Carlos population divergence times correlated well with the mid-
Pliocene sea-level highstand ~3.5-3 Ma (event ii), which fell in the Bayesian 95% HPDs (Table
4,Fig. 4A). Despite seemingly poorer correlation, however, we also failed to reject vicariance
due to Pliocene volcanic activity ~5—4 Ma in the nearby Grifo Alto formation (event vi), based
on the two “slow” mtDNA rates, but not the 2% rate (Table 4, Fig. 4A). For the Sixaola River
break, we found that population divergence times were also correlated with sea-level highstands.
In A. orthodus/sp. and P. amates, we rejected the mostly Pliocene uplift of the Talamanca
Cordillera (event vii) as a potential explanation for this break, but we failed to reject the late-
Pleistocene sea-level highstand of +22 m asl (event i) (Table 4, Fig. 4A). However, we failed to
reject the late Miocene—Pliocene high-sea frequencies (event iii) or the Talamanca Cordillera

event (event vii) using Sixaola population divergence time estimates for P. annectens, although
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the sea-level event generally covered more of the 7, posterior densities than the latter.

Testing for simultaneous diversification using ABC model averaging

The results of our hierarchical ABC analyses in MTML-msBayes are shown in Figs 5 and S3 and
Table 5, except the model-averaged divergence time estimates (community E[z] and 7};,), which
were comparable to those of IMa2 but slightly younger, are given in Table 4. Through ABC
model choice based on comparing approximate posterior probabilities of eight prior models ran
for each shared break, we found that M, provided the best fit to the San Carlos River break data,
while M, provided the best fit to the Sixaola River break data (Table 5). Posterior probabilities
of the best-fit models ranged only 0.21-0.22, indicating low to moderate posterior support.
However, this was attributable to a ‘dilution effect’, with prior model classes with slightly
different distributions performing nearly equally well, only not as well as the best models; taking
this into account, posterior support was higher for groups of models. In the San Carlos River
break analysis, there was moderate support for related models M ,—M; with P(M,—M;|D) = 0.84,
and when we analyzed population-pairs split across the Sixaola River break there was higher
support for related models M,—-M, (P(M —M ID) = 0.57). Nevertheless, consistent with the
overlapping population divergence time estimates for the corresponding lineages, results of best-
fit models selected by ABC model choice mostly agreed with a single divergence event, rather
than asynchronous divergences, across the San Carlos River break (Fig. S3 and Table 5). Point
estimates of the ¥ and £2 hyper-parameters supported simultaneous diversification, with
posterior modal ¥ = 1 and posterior £2 spiking near zero with improbable tail values extending
out from the origin (yielding a strong modal signal of simultaneous divergences, but seemingly
unreasonable mean estimates). The posterior of £ for the San Carlos River population-pairs

derived from linear regression contained zero in its 95% HPDs and supported simultaneous
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diversification, albeit weakly, based on posterior probabilities and Bayes factors (San Carlos M,
P(£2<0.051D) =0.73, and B,, = 2.75 for £ < 0.05 versus £ > 0.05) (Table 5; Appendix S1). In
contrast to the San Carlos results, the best-fit Sixaola River break model provided strong
evidence overall for asynchronous divergences (e.g. mean ¥ > 1, mean and modal £ > 0.05),
despite that posterior modal ¥ was still one and the posterior of £ contained zero in their 95%
HPDs. Indeed, while there was no support for simultaneous diversification across this break
based on the £2 posterior derived from linear regression (Sixaola M, P(£2 < 0.051D) = 0.19, and
B,,=0.23 for £ < 0.05 versus £2 > 0.05) there was strong posterior support for asynchronous
divergences (Sixaola M, P(£2> 0.051D) = 0.81, and B,, = 4.35 for 2> 0.05 versus £2 < 0.05)
(Table 5; Appendix S1). In both cases, ¥ posteriors derived from polychotomous regression
provided more ambiguous or conflicting support for either hypothesis than modal £2 results (e.g.
San Carlos M, P(¥ = 11D) = 0.58; Sixaola M, P(¥ = 11D) =0.70, and B,, = 4.69 for ¥ = 1
versus ¥ > 1).

The model-averaged estimates of hyper-parameter values in the San Carlos River break
model were similar to those of the best-fit models (Table 5). However, the main discordance
between ABC model choice and model-averaging results was that model-averaged ¥ and €2
estimates for the Sixaola River break were consistent with two divergence events (e.g. posterior
modal ¥ =2, £2>>0.05) whereas several aspects of the ¥ estimates from ABC model choice
supported simultaneous diversification at this break (Fig. 5; Table 5). We relied on Bayes factor
support for the £2 signal to resolve this conflict (and minor conflicts among San Carlos River
break results above) and guide interpretation, due to properties of £2 and ¥ (see Materials and
methods) and because posterior probabilities alone are often sensitive to prior choice. Therefore,

we reject simultaneous diversification based on very weak £2 Bayes factor support (B, =0.12 for
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£2<0.05 versus £ > 0.05), but Bayes factors very strong support for the null hypothesis of
asynchronous diversification across the Sixaola River break (B,, = 8.01 for £ > 0.05 versus £ <

0.05).

Discussion

Traditional historical biogeography and phylogeography studies often use descriptive approaches
formulating ad hoc scenarios to explain observed biogeographical patterns, only after matching
modern species distributions or genetic breaks to geographic barriers (e.g. reviewed by Avise
2000). However, such ‘pattern-matching’ approaches can lead to erroneous phylogeographical
inferences, because locus- or species-specific variance in genetic processes can obscure ‘true’
biogeographic history (e.g. Edwards & Beerli 2000; Riddle & Hafner 2006). Fortunately, the
statistical rigor of phylogeography has increased tremendously over the last decade, sparking a
paradigm shift towards developing and testing realistic demographic models to explain genetic
variation and elucidate scenarios leading to the observed patterns based on statistically
discriminating among alternative hypotheses, or “statistical phylogeography” (Knowles 2009).
Of particular import was the development of full-likelihood ML and Bayesian methods and
“likelihood-free” ABC methods for estimating and selecting among single- or multi-taxon
vicariance and dispersal models, while accounting for confounding effects of coalescent and
mutational stochasticity (e.g. Hey & Nielsen 2004; Hey 2010; Hickerson et al. 2006, 2007,
2014). Recent studies also show that comparative phylogeography provides a framework for
integrating various lines of evidence from geology, spatial population structure, coalescent-based
statistical models, paleoclimatology, and paleodistribution modeling, to infer the otherwise

cryptic responses of whole assemblages of species to geographical barriers and historical events
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(Carstens & Richards 2007; Waltari et al. 2007; Burridge et al. 2008b; Huang et al. 2011;
Marske et al. 2012; Bagley et al. 2014b).

In this study, we used comparative phylogeography to test explicit spatial, phylogenetic,
and temporal predictions of four a priori hypotheses of the influence of drainage-controlling
processes on Neotropical fish diversification in Central America (Table 1), which we outlined
based on geological and biogeographical data. We tested for spatial congruence of ancestral
distributions and phylogeographic patterns, and then used novel ABC model-averaging
techniques (Huang et al. 2011; Hickerson et al. 2014) to test for simultaneous diversification of
multiple lineages at shared breaks consistent with the hypotheses. While various studies have
inferred the biogeographical history of CA taxa using comparative phylogeography (e.g.
Bermingham & Martin 1998; Perdices et al. 2005; Reeves & Bermingham 2006; Bagley &
Johnson 2014b), ours includes the broadest spatial/numerical and taxonomic sampling of any
such study to date and is the first to use ABC model averaging to test for simultaneous
diversification during the assembly of CA biotas. By revealing congruent phylogeographical
divergences in space and time among multiple fish lineages, our results provide strong evidence
that historical drainage-controlling processes consistent with the marine vicariance hypothesis
and the cross-cordillera exchange hypotheses have broadly imprinted upon genetic structuring in
the CA freshwater fish assemblage. However, we infer that these patterns have arisen within an
overarching model of spatially incongruent diversification involving multiple routes to
community assembly, and that species have responded differently or at different times to tectonic
processes and constraints imposed by continental shelf width. Here, we discuss several key ways

that our results support or reject different aspects of our hypotheses and shed new light on the
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role of historical drainage-controlling processes in shaping freshwater fish diversification in the

CA Neotropics.

(1) Idiosyncratic effects of tectonic vicariance on Central American freshwater fish
diversification

The geological record of CA documents dynamic effects of Neogene—Quaternary tectonic uplift,
CA volcanic arc activity, and coastward volcanic fallout and debris flows on the evolution of
regional landscapes and drainages (e.g. Rogers et al. 2002; Marshall et al. 2003; Coates et al.
2004). Based on this record and previous biogeography studies, we outlined a tectonic
vicariance hypothesis (see Introduction, Table 1) predicting CA freshwater fish populations have
been genetically sundered within or across the volcanoes and cordilleras of the CAVA (in areas
up to ~3400 m asl) and the eastern Tarcoles drainage divide, yielding distinct lineages on either
side of these barriers. Our phylogeographic analyses revealed genetic signatures that were
broadly consistent with the geographical mode and tempo of diversification predicted by this
hypothesis in the livebearing fish P. amates and the two characid genera, Astyanax spp. and
Roeboides spp. The deepest divergence in P. amates and the Astyanax Sixaola-NCA and
Lagarto-Puntarenas divergence roughly correlated to mountainous CAVA areas in the Chortis
highlands and Chorotega volcanic front, whereas the split between the two Roeboides species
was associated in part with the Tarcoles River area (Figs 3 and S2). Although we could not map
the latter split with high spatial resolution, these breaks point to associations between
morphotectonic features and phylogeographical structure that, when combined with their
divergence time estimates, suggest vicariance due to Miocene—Pleistocene tectonic processes has
caused or maintained population divergence. Indeed, comparing the 7,5 across these breaks

with the geological dates of related rock formations shows that the fish-genetic and rock records
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overlap: geological dates for CAV A and lava and debris fans overlying the Tarcoles River fall
within the 7z, Bayesian credible intervals in every case, albeit posterior densities were much
wider for the Roeboides split, likely owing to our use of a single-locus marker and the very low
numerical sampling for the eastern R. bussingi clade (Tables 2 and 4 and Appendix S1).
Nonetheless, while the above genetic breaks support potential tectonic-vicariance events,
they are idiosyncratic to different lineages, geographical barriers, and biogeographic province
boundaries (Figs 1d and 3). Thus, the consensus from these complex patterns is that they
provide limited support for the tectonic vicariance hypothesis, because they reflect incongruent
or “pseudoincongruent” histories (Cunningham & Collins 1994; Donoghue & Moore 2003;
although we could not rigorously test for temporal incongruence). Instead of shared
biogeographic histories of dispersal and vicariance in response to the same historical process, the
most parsimonious interpretation of these findings is that, consistent with the null hypothesis of
our study, these taxa experienced multiple, lineage-specific responses to different historical
processes (Bermingham & Martin 1998; Sullivan et al. 2000; Bagley & Johnson 2014b). Such
patterns most likely have arisen due to different timing of dispersal across these barriers,
possibly linked to the varying ecological attributes (e.g. colonization abilities) of these lineages
(Table 2; e.g. Bermingham & Martin 1998; Bagley & Johnson 2014b). That said, our most
concentrated sampling focused on the southern Nicaraguan depression and surrounding
highlands of southern Nicaragua and Costa Rica, and this may have biased our study towards
inferring that the above patterns were lineage-specific. Future analyses comparing more fish
species from the same communities could potentially recover congruent divergences providing
an improved basis for evaluating the timing of vicariance or gene flow across these barriers, and

their correspondence to geological events.
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(2) Congruent spatial and temporal divergences supporting marine vicariance

The chronology of fluctuating eustatic sea levels (Haq et al. 1987; Lambeck et al. 2002; Miller et
al. 2005) strongly suggests the configurations of CA drainage basins have been dynamic over
Neogene-recent, and that sea levels have figured importantly in shaping CA freshwater fish
demographic histories (Bermingham & Martin 1998; Smith & Bermingham 2005; Jones &
Johnson 2009; Bagley & Johnson 2014a,b). Under the marine vicariance hypothesis, we
predicted that marine highstands of the Plio—Pleistocene promoted vicariance causing freshwater
fish populations to be genetically diverged in mid-upper river reaches, which is supported by
geological studies, eustatic records, and digital elevation models (Fig. 1¢) suggesting that CA
lowlands were widely inundated by marine incursions of these periods (e.g. McNeill et al. 2000).
The results of our gene tree and parsimony network tests for spatial congruence, Bayesian
coalescent divergence time analyses, and ABC tests for temporal congruence overwhelmingly
support all of the predictions of the marine vicariance hypothesis in the livebearers P. annectens
and Xenophallus. Spatially congruent divergences separate the populations in the upper reaches
of the San Carlos River from those at lower elevations in surrounding basins (Figs 3,4A, and
S2), suggesting a shared history of isolation in upland tributaries. These tributaries also appear
to have served as refugia, given the deeply diverged upland clades are ancestral to at least two or
three more shallowly coalescing clades, from which we infer they diversified since ~4.5-2 Ma in
the mid-Pliocene to early Pleistocene (Table 4) by a single pulse of diversification (Table 5).
Moreover, full-Bayesian and ABC model-averaged community divergence time estimates also
rule out other events but show that the timing of divergence at this break coincides with marine
incursions during the mid-Pliocene highstand ~3.5-3 Ma (Table 4), which we predicted a priori
as a potential cause of vicariance (Table 1), and occurred through a single pulse of diversification

(Fig. 4A and Table 5).
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It is important, however, to critically evaluate our confidence in whether the mid-
Pliocene sea-level highstand could actually have caused the observed genetic divergences in the
San Carlos River. In doing so, we find that this event is both strongly supported by our genetic
results as well as multiple biogeographic and geo-climatic studies. Previous comparative
phylogeographical analyses of three CA freshwater fish lineages in Panama revealed deep
divergences within the genera Roeboides and Hypostomus dated to the same mid-Pliocene
highstand mentioned above, suggesting that Lower CA lands were emergent and had been
colonized by freshwater fishes prior to this event (Bermingham & Martin 1998). Also, eustatic
curves based on geological and proxy data indicate that the mid-Pliocene sea-level event was the
last substantial +50 m asl highstand of the Neogene, and was followed by mostly modern or
lower-than-modern sea levels during mid-late Pleistocene glacials until the very most recent
well-supported marine highstand ~450 ka buoyed sea levels to ~+22 m asl (Haq et al. 1987,
Hearty et al. 1999; Miller et al. 2005). Thus, the mid-Pliocene highstand event may have been
the most recent wide marine incursion to affect patterns of genetic diversity in CA freshwater
fishes before the low sea stands of the Pleistocene. Stratigraphic data from mid-Pliocene
deposits of the Buenos Aires Reef and Quebrada Chocolate formations at Lim6n headland, Costa
Rica (McNeill et al. 2000) also show that sea levels did, in fact, inundate lowlands in CA back-
arc basins at that time and establish good correlations with the eustatic curves, especially that of
Haq et al. (1987). Last, high-resolution topography data allow approximating the effects of sea
level rise, with the implication being that past highstand events would have had relatively greater
effects in tectonically uplifting areas such as CA. From a digital elevation model, we infer that
isolation in the upper San Carlos was highly physically plausible, because substantial Nicaraguan

depression and Tortuguero-lowland areas (except the Sarapiqui Arc, ~200 m asl) would be
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inundated by +50 m sea-level rise today (collapse of East Antarctic ice sheet; Fig. 1¢), and
Pliocene CA lands were lower and likely did not possess marked relief as seen in the region
today (Coates & Obando 1996; Coates et al. 2004; Marshall 2007).

The only patterns among our results disagreeing with the above inferences are that (1) the
spatial configuration of the San Carlos break could also be interpreted as consistent with tectonic
vicariance associated with volcanism in the Central Cordillera; and (ii) that, when using the two
slower mtDNA rates, we could not statistically reject the possibility that one or both species
diverged in the San Carlos River coincident with Pliocene volcanic eruptions ~5—4 Ma of the
Grifo Alto formation (Marshall ez al. 2003). The former issue seems irrelevant because our
IMa?2 results reject diversification linked to Central Cordillera volcanism <800-300 ka, which is
younger than the boundary conditions set by the lower credible intervals of our population
divergence time estimates. The latter issue is significant, however, as geological reconstructions
show that the proto-San Carlos—Chirrip6 Rivers drained the Grifo Alto formation of the
Aguacate Cordillera, which served as the CAVA continental divide in central Costa Rica until
the Plio—Pleistocene (Marshall ef al. 2003). However, Pliocene volcanism in headwaters of this
ancient river system cannot explain the pattern of upland isolation observed in modern fish
populations, because volcanic eruptions more likely caused these headwater fish populations to
go extinct. Also, the CAVA continental divide migrated from the Aguacate range to its present
position above the Costa Rican Central Valley in the early-middle Pleistocene, “ponding” the
flow of the proto-Chirrip6 and nearby drainages (indicated by interbedded lacustrine silts in the
Central Valley; Marshall et al. 2003) such that the former Aguacate headwaters of these rivers
remained isolated on the Pacific versant. Any ancient Aguacate headwater populations would

then have been destroyed by subsequent volcanic flows in the Central Valley and Tarcoles gorge
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and thus could not have given rise to modern populations in the upper San Carlos River.

(3) Multiple divergences in drainages associated with narrow continental margins

In contrast to the marine vicariance hypothesis, applying the continental shelf width hypothesis
to CA led us to predict that low seas during Pleistocene glaciations (i) allowed riverine
connections promoting fish dispersal and gene flow over the continental shelf, which led to
lower interdrainage genetic divergences in areas with wide continental shelf (Table 1; Bagley et
al.2013; Unmack et al. 2013). We also expected the opposite pattern, that (ii) populations
would exhibit divergences across drainage divides in areas with very narrow continental
margins, which should maintain population isolation despite lowered sea levels (Table 1;
Unmack et al. 2013). We could not rigorously test for wide-shelf dispersal (i above), because
our sampling (Fig. 3) was limited in the areas of CA with wide continental shelf (Fig. 1c): the
Mosquito Coast (maximum width ~330 m), El Salvador—Nicaragua Pacific coast (maximum
width ~75 m), and Gulf of Panama (maximum width ~124 m). Still, one clade per focal lineage
was represented in each El Salvador—Nicaragua Pacific coast drainage, except multiple Astyanax
spp.- clades occurred in sympatry in the Negro River, Gulf of Fonseca and Ciruelas River, Costa
Rica. From this, we hypothesized that recent dispersal or complete mitochondrial replacement of
pre-existing lineages has occurred in these drainages (e.g. Bermingham & Martin 1998);
however, more studies are needed to test this hypothesis.

Regarding the narrow-shelf prediction (ii above), our phylogenetic results revealed that
P.amates, P. annectens, and A. orthodus/sp. displayed congruent spatial patterns of reciprocally
monophyletic populations diverged across the western Sixaola River drainage divide. In this
region, the continental shelf is only ~10 km wide (defining shelf margin at the —135 m

bathymetric contour), making it the narrowest ‘true’ continental margin in CA. This finding
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lends very strong support to the continental shelf width hypothesis and suggests that the lower
reaches of the Sixaola River did not anastomose with adjacent rivers during the Pleistocene
because opportunities for differential erosion of drainage divides or lateral flows between river
basins were highly restricted by the narrow continental shelf (Unmack 2001). Instead, stable
drainage geometry has apparently sustained population isolation, allowing genetic drift rather
than gene flow to dominate fish demographic history in the Sixaola basin.

While the inferred co-divergences in the Sixaola River highlight a shared spatial pattern
of drainage area history, it is critical to statistically assess temporal congruence at multi-taxon
breaks to identify potential underlying causal mechanisms (Sullivan ef al. 2000; Donoghue &
Moore 2003; Leaché et al. 2007; Bagley & Johnson 2014b). Rigorous tests of temporal
congruence that statistically account for variance in mutational and coalescent processes and
demographic histories (e.g. differences in N,) among lineages are needed, because it is not
possible to distinguish among single or multiple divergences by examining gene divergences
(tyreas) alone (Edwards & Beerli 2000; Hickerson et al. 2006; Knowles 2009). We addressed
this issue by testing for simultaneous diversification in the Sixaola River using recently
developed tools for comparative phylogeographical modeling in the msBayes bioinformatics
pipeline (Hickerson ef al. 2006, 2007; Huang et al. 2011). We also used the latest methods
accounting for uncertainty in prior selection, and we set our priors based on empirical estimates
for population size and divergence time parameters from independent coalescent analyses in
IMa2; thus, our ABC results unlikely reflect downward bias in the hyper-parameters due to
Lindley’s paradox, which may occur if msBayes priors are overly broad (Oaks et al. 2013).

Most results from ABC model choice and model averaging over candidate priors

weighted by their posterior probabilities (Huang et al. 2011; Hickerson et al. 2014) supported the
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hypothesis that fish populations became isolated across the Sixaola drainage divide during
multiple pulses of diversification (Table 5; Fig. 5). Indeed, all ABC results for 2 (=Var[t]/E[7])
provided substantial to very strong Bayes factor support (Kass & Raftery 1995) for asynchronous
divergence at this break (i.e. two divergence events, non-zero £2). In addition, posterior
estimates of ¥ (number of divergence events hyper-parameter) from ABC model averaging also
supported asynchronous diversification. In contrast to this, best-fit model estimates of ¥
supported a single divergence event at the Sixaola break, and thus conflicted with our other
findings (Fig. S3). That different values of hyper-parameter ¥ supported different conclusions
complicates interpretation of these results. However, there are good statistical reasons to favor
the results of Bayesian model averaging over any single-model inference, even in the case of the
best-fit models identified in Table 5; for example, Bayesian model averaging can reduce mean
squared error of parameter estimates and produce more meaningful results even if all model
classes are misspecified (Hoeting et al. 1999). Moreover, we follow recommendations in
Hickerson et al. (2014) to rely on the £2 signal, rather than that of ¥, because £ outperforms ¥

with “near-zero” error probabilities when maximum divergence time (7

max.

) priors are 20.06N
(156,250 generations). Indeed, ¥ only appears more likely to yield the correct interpretation
when multiple divergences have occurred in response to different historical events that occurred
close together and very recently, i.e. that were of LGM to Holocene age (Hickerson et al. 2014).
And this situation seems not to apply to the Sixaola River break, where mean model-averaged
community divergence times, E[7], date to the Plio—Pleistocene (~1N-2N; Table 4; Fig. 5).
Thus, the most reasonable interpretation of our ABC model averaging results is that they support
multiple pulses of population divergence across the Sixaola drainage divide. However, assuming

that our model averaging results are effectively “correct”, then our results suggest that sole
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reliance on one set of priors, or the single best-fit model prior in ABC analysis can lead to more
conflicting or error-prone results. In this light, our results agree with what Hickerson et al.
(2014) deem the “cautionary tale about the importance of model prior specification in ABC
methods”: our study and theirs suggest that ABC model averaging can improve inference and
overcome insufficiency of hyper-prior samplers of high-dimensional data.

One final point of note is that the above msBayes outcome agrees very well with the
IMa?2 divergence time estimates, the latter of which seemed to suggest two clusters of divergence
times at the Sixaola River break (Table 4). In particular, our IMa2 results for the P. annectens
Sixaola break were the only divergence times that were consistent with Talamanca Cordillera
uplift ~5.5-3.5 Ma and that had 95% HPDs that did not overlap with other co-diverged taxa.
Thus, inferring multiple pulses of diversification in msBayes might be said to have been
expected; however, we reiterate that the only way to arrive at rigorous inferences of temporal
congruence or incongruence is through statistically estimating divergence times and their
variances using statistical tests such as those offered in msBayes. Indeed, while single-taxon
isolation with migration models assume a single divergence event, the “borrowing strength” of
hierarchical ABC tests of simultaneous versus asynchronous divergence hypotheses in msBayes
allows more of the information content of the data to be used than analyzing each population-
pair separately in IMa2 (Hickerson et al. 2006, 2007). ABC estimates of divergence times in
msBayes also are also at least as good as IMa2’s (albeit IMa2 is less computationally efficient)
and produce within-population-pair parameter estimates with lower mean squared error when ran
in a multi-taxon model (Hickerson ez al. 2006). The ability of msBayes to generate accurate
estimates of community divergence times E[7] (similar to 7;, from IMa2) during multi-taxon

analyses has also been validated by simulation tests of the estimators, which show that msBayes
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estimates E[7] better when using a single mtDNA gene than with 4-8 loci because of rate
heterogeneity among loci; indeed, lower root mean squared error values are only obtained by
using =16 loci (Huang et al. 2011; Hickerson et al. 2006; but adding more loci always improves
£ estimation accuracy). We cannot, however, rule out the possibility that our IMa2 or msBayes
0 or T,, estimates have been influenced by other factors that we did not or could not model using
mtDNA alone, including unsampled population structure, recombination, or error in the
nucleotide substitution model (both programs are limited to the Hasegawa-Kishino-Yano model,
which could potentially bias results). Our estimates of 7};;, and E[7], migration rates, and Os
might also be improved with the addition of multiple, independent loci; and we consider our
study to provide an improved base of samples and mtDNA sequences from which to conduct

additional multi-taxon multi-locus analyses in the future.

(4) Congruent patterns of dispersal across the Guanacaste Cordillera

Orogeny and landscape evolution provide opportunities for cross-cordillera dispersal and faunal
exchange of freshwater organisms through headwater river capture and river reversal events,
with distinct genetic consequences (e.g. Burridge et al. 2006, 2008b). Thus, we formalized a
‘cross-cordillera exchange hypothesis’ predicting cross-cordillera headwater exchanges have
caused (1) dispersal/range expansion too recently for cladogenesis, or (ii) vicariance and local
evolution of reciprocally monophyly across drainage divides in CA freshwater fishes. The
effects of cross-cordillera dispersal on CA freshwater fish populations have been addressed in
passing in ad hoc discussions of fish phylogeography (e.g. Perdices et al. 2002; Reeves &
Bermingham 2006) and distributional data (Bussing 1976; Smith & Bermingham 2005), but had
never been tested as an a priori hypothesis prior to this study. Our phylogeographic analyses

revealed genetic signatures consistent with our predictions, with shallowly coalescing clades
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distributed across four major CA cordilleras: the central-southern Chortis highlands, Guanacaste
Cordillera, and Panamanian Central Cordillera and San Blas Range (Figs 3 and S2). These
findings strongly support the cross-cordillera exchange hypothesis, and the low genetic
divergences we observe across these ranges are most consistent with prediction i above.

In the most striking inference of cross-cordillera exchange in our study, eight clades in
seven focal lineages displayed genetic patterns consistent with recent dispersal(s) across the
Guanacaste Cordillera, Costa Rica (Figs 3 and S2). This pattern was previously recovered in a
study of Xenophallus livebearers by Jones & Johnson (2009), who hypothesized that it resulted
from dispersal across the continental divide from the Atlantic Zapote River (San Juan River
tributary) to the Pacific Tempisque/Bebedero River drainage, due to headwater river capture
caused by volcanic activity in the Guanacaste Cordillera. However, our study is unique from the
above, because we extended their Xenophallus dataset and combined it with data from seven
codistributed fish lineages to examine community-level responses of freshwater fishes to
geological history in the Guanacaste Cordillera and other areas; thus we were able to make
stronger inferences of multi-taxon dispersal across the continental divide. We agree with Jones
& Johnson (2009), however, that these Guanacaste Cordillera results unlikely reflect ancient
vicariance or alternative dispersal scenarios (e.g. recent colonization of Atlantic and Pacific
versants without crossing the continental divide). Among geomorphological mechanisms of
interdrainage fish movement (reviewed by Burridge et al. 2008b), our results are best explained
by recent headwater river capture events or episodic “wet connections” between proximate
headwater rivers. In particular, our findings agree with Bussing’s (1976) hypothesis that the
distance (~200 m) between Tempisque/Bebedero and Sapoa River headwaters at 400 m asl on

the western slope of Orosi—-Cacao volcano, and the swamp barrier separating upper Bebedero
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(Rio Blanco) and Negro River (a Lake Nicaragua tributary) headwaters at 560 m asl, permitted
exchanges of freshwater fish communities between versants. That connections opened
intermittently between these rivers across the cordillera seems inevitable; however, freshwater
fish movements across the Guanacaste continental divide could have happened through different
events or routes, especially given the marked contrast in relief between towering volcanoes
(~1400-2000 m asl) and surrounding lowlands (up to 200-400 m asl), with large gaps between
the volcanic cones (Marshall 2007) that could have allowed stream captures in either direction.
Nevertheless, Guanacaste Cordillera activity dates to the Quaternary, suggesting that if
volcanism caused river captures between the lower San Juan and Tempisque/Bebedero basins
then the resulting dispersal events should date no earlier than the Quaternary. Given lineages
sharing the cross-Guanacaste Cordillera dispersal pattern in our study are generally more widely
distributed along the Atlantic versant, we hypothesize that past dispersal between versants in this
area most likely proceeded unidirectionally, from the Atlantic to the Pacific coast. Recurrent bi-
directional gene flow might also explain the observed pattern of low genetic divergences, but
future studies will be required to evaluate these competing migration models in greater detail.
Our phylogeographic results also supported a shared pattern of co-dispersals across the
central-southern Chortis highlands in the wide-ranging P. mexicana network subclade part A
(which spans from Guatemala to Panama) and Astyanax spp. Lake Managua and Lake Nicaragua
clades (Figs 3 and S2). In these clades, mtDNA haplotypes from upper San Juan tributaries to
Lakes Managua and Nicaragua and other central-southern Chortis drainages (e.g. Matagalpa
River) are closely related to those from Pacific Nicaragua and Gulf of Fonseca drainages (Figs
1b and S2). This agrees with earlier traditional biogeography studies that identified fish species

ranges overlapping in the Atlantic and Pacific coasts, including Bussing (1976), who posited that
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historical freshwater connections likely existed between Gulf of Fonseca drainages (including
Estero Real swampland) and Atlantic-coastal Ulda and Patuca Rivers (Honduras) and Lake
Managua (San Juan drainage). Similar to Bussing, our results indicate that historical connections
(not present today) existed across the Nicaraguan depression, between the Atlantic drainages of
the south-central Chortis plateau (especially the Matagalpa and Coco Rivers) and the Pacific
drainages of Honduras and Nicaragua. This also suggests that the small Los Marabios Cordillera
(on the floor of the Nicaraguan depression), which originated through Quaternary volcanism
(Marshall 2007), has not been an important barrier to fish movement. Notably, the cross-Los
Marabios Cordillera pattern was found in all three lineages sampled across this range, indicating
that this pattern is potentially more general to the CA freshwater fish assemblage and should be
expected in other, as-yet unsampled species.

Finally, P. mexicana was the only lineage in our study with identical or closely related
haplotypes distributed across the Central Cordillera and San Blas Range, Panama (Figs 3 and
S2). Genetic divergences within P. mexicana across these cordilleras are much younger than the
history of the underlying strata (which have been subaerial since ~12—-7 Ma in the Miocene;
Coates & Obando 1996; Coates ef al. 2004) and at 0%—0.3% are most consistent with recent, late
Quaternary—Holocene dispersal events (assuming the 1.57% ‘fish rate’; see Materials and
methods). Previous phylogeography studies of “Bryconamericus ‘emperador’ and “Brycon
east” tetra lineages, and Andinoacara coeruleopunctatus cichlids, recovered a similar pattern of
cross-cordillera exchange across the Central Cordillera (e.g. zero to limited genetic divergences),
indicating recent headwater river capture events caused by tectonic activity at El Valle volcano
(Reeves & Bermingham 2006; McCafferty et al. 2012). Thus, levels of genetic divergence

within multiple lineages from three different families reconcile well with the very recent
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Quaternary—Holocene record of El Valle volcanic activity, since ~200 ka. However, it is only
the pattern within P. mexicana subclade part H (haplotype 160, Data S1; not part I) that involved
rivers (e.g. Indio River) that drain the slopes of El Valle’s large caldera, as in the tetras and
cichlids. In contrast, this pattern in part I alleles (e.g. haplotype 155, Data S1) may have arisen
through another dispersal pathway or reflect an artifact of genetic processes such as incomplete
lineage sorting. The A. coeruleopunctatus study, as well as previous studies of Rhamdia
guatemalensis catfishes and Hypostomus spp. knifefishes also supported cross-cordillera
exchanges similar to those in P. mexicana across the San Blas Range (Bermingham & Martin
1998; Perdices et al. 2002; McCafferty et al. 2012). Thus, the consensus from genetic data from
four lineages of freshwater fishes strongly suggests that headwater captures have facilitated fish
movement between eastern Pacific Panama drainages and western San Blas drainages with
proximate headwaters in the same general Chagres—Tuira River area. And this inference is
highly plausible because the drainage divides in this area are rather low and at mostly ~200-500
m asl constitute among the lowest continental-divide areas in Panama, and in CA at large.

Other biogeographers have attributed cross-cordillera river captures between versants
limited impact on fish faunal composition, in general (e.g. Bishop 1995), and specifically in CA
because relatively species-poor upland CA fish communities result in limited pools of potential
colonists (e.g. Smith & Bermingham 2005; Matamoros et al. 2014). By contrast, our results
from the most extensive comparative phylogeographic analysis in the region to date, including
comparisons with published studies, demonstrate that headwater river captures and other means
of cross-cordillera dispersal (episodic swamp connections or river reversals) have altered

drainage arrangements across the continental divide, and thus exerted important general
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influences on patterns of Neotropical fish distributions and genetic diversity in the CA

freshwater fish assemblage.

(5) Overall paleodistributional congruence but phylogeographic incongruence

An important assumption of comparative phylogeography is that presently coexisting species
were codistributed in the past; however, this assumption was rarely tested in phylogeography
until geospatial tools for ENM, and paleo-environmental data, became more advanced and
widely available (e.g. Hijmans et al. 2005; Carstens & Richards 2007; Knowles 2009; Marske et
al.2012). Indeed, ENMs provide invaluable predictions not only of species present-day
distributions (and ecological tolerances, or environmental-space “niches”), but also of their
potential paleodistributions through ENM hindcasting (re-projection) on paleoclimatic data
layers (e.g. Elith et al. 2006; Waltari et al. 2007; Warren et al. 2010). Our paleodistribution
modeling results revealed evidence for similar Pleistocene range dynamics, with range overlap
and relative range stability (especially over LGM-recent) among all eight of the focal lineages
(Fig. 2), providing strong support for the assumption of ancestral codistribution. Due to niche
overlap in the ENMs across time slices and species, we inferred that the Tortuguero lowlands of
Costa Rica have been the most ecologically stable area throughout the late Pleistocene (from LIG
to present; Fig. 2); thus, we hypothesize that this area formed an important bioclimatic refugium
for CA freshwater fishes during Pleistocene climate changes. These results agree with evidence
that montane regions of CA experienced ~5-8°C cooling and drying during the LGM and
probably other Pleistocene glaciations, and that the highest Talamanca Cordillera peaks were
covered by small glaciers (Bush et al. 1992; refs. in Bagley & Johnson 2014a), indicating that at
least some fish populations could have experienced climatically-driven size reduction or

extinction during glaciations (as hypothesized for temperate European assemblages; Hewitt
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2000). Indeed, habitats in the Talamanca Cordillera were predicted to be suitable through
glaciations and interglaciations in only two out of eight focal lineages (livebearers P. annectens
and P. amates; Fig. 2). By contrast, the Tortuguero lowlands experienced less extreme changes
in temperature (~2°C cooling) during the LGM, as revealed by the paleoclimatic reconstructions
we used in our MaxEnt analyses (CCSM3; Otto-Bliesner et al. 2006a) as well as independent
palynological evidence and climatic simulations (refs. in Bagley & Johnson 2014a). Given these
changes did not substantially alter the focal species predicted ranges during the LGM, this
suggests that CA freshwater fishes unlikely live near their lower temperature limits (critical
thermal minima), as we previously inferred from comparing physiological data and paleoclimatic
models for the southeastern North American livebearing fish Heterandria formosa (Bagley et al.
2013).

Another key finding from our paleodistribution models was that they predicted that
bioclimatically suitable habitats for most lineages within the Tortuguero lowlands were restricted
to smaller, even trace-predicted areas during the warmer-than-recent LIG (Fig. 2), which we
suggest indicates a congruent pattern of (active or passive) range contraction to one or multiple
refugia. At first, this seems strikingly counterintuitive, because phylogeography studies have
heavily emphasized reconstructing how distributions of temperate species in the Northern
Hemisphere were affected by an opposite scenario of LIG range stability, followed by southward
(or downslope) range contractions to LGM refugia, and then post-LGM range expansions (e.g.
Hewitt 2000; Bagley et al. 2013, refs. therein). However, the congruent, multi-species range-
shift scenario supported by our results can be simply explained by well-established adaptive
patterns in aquatic biology. Despite living in among the warmest environments today and thus

being thermally adapted to higher temperatures, tropical freshwater fishes and shallow marine
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invertebrates live in systems where diurnal temperature fluctuations readily approach their upper
thermal limits (critical thermal maxima; e.g. reviewed by Ficke et al. 2007). Global climate
models predict that temperatures were ~2°C warmer in CA and other tropical regions, and that
global sea levels were raised by ~3.4 m during the LIG (Otto-Bliesner et al. 2006b). These small
increases in temperature during the LIG and other warmer periods of the past (or even future
climate change projections) could easily cause daily thermal maxima to exceed species thermal
limits (refs. in Ficke et al. 2007), especially during periods of CA dry-season drought. However,
our results suggest the possibility that fish populations survived in ‘microrefugia’ (trace
predicted areas) that may have been too fine-scale to be predicted by our models where available
data layers were more coarse than the spatial scale of these microhabitats (see also Shepard &
Burbrink 2008; Bagley et al. 2013). Also, we cannot rule out the possibility that fishes sought
depth refugia, which we did not model in our analyses because high-resolution predicted paleo-
environmental river depth data are not available for the Pleistocene and therefore could not be
modeled across all three time slices.

Although the main goal for our paleodistribution modeling analyses was testing the
assumption of ancestral codistribution while inferring congruent Pleistocene range dynamics,
visually comparing paleodistribution models with patterns of genealogical lineages can help
determine whether species have coexisted as a single “evolutionary cohort” sensu Carstens &
Richards (2007) that likely experienced a longstanding history in the same local communities,
despite climatic fluctuations. Visual comparison of ENM and paleodistribution results with
patterns of genetic diversity also allows testing for relationships between genetic diversity and
the relative bioclimatic stability versus instability of areas, which can indicate whether the

genetic predictions of ENM refugial or recolonized-area models (respectively) are met (e.g.
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Carnaval et al. 2009). Similar to the Carstens & Richards (2007) approach, we consider defining
evolutionary cohorts to require three levels of phylogeographic congruence: spatial-genetic,
temporal, and paleodistributional; and from groups of species that meet these more stringent
criteria we can strongly infer that patterns of genetic variation have arisen from concerted
geographical and genetic responses among taxa to environmental history in a region. In light of
the overarching pattern of spatial phylogeographic incongruence but paleodistributional
congruence uncovered herein, our results suggest that very different broad-scale
phylogeographical patterns (e.g. in P. mexicana versus P. amates) have arisen from overlapping
ancestral distributions. Thus our focal lineages do not, on the whole, represent an evolutionary
cohort, but likely became assembled in modern communities through different routes, which
intersected during climatically favorable periods. This interpretation is similar to that of recent
comparative phylogeographical analyses of four dead-wood specialist beetles from New Zealand
temperate forests, from which Marske et al. (2012) inferred overlapping climatic refugia during
Pleistocene glaciations, but highly species-specific range transformations during recolonization
out of those refugia. However, similar to the beetles, although our results do not identify a broad
community-scale evolutionary cohort, inferred range overlap in an LGM refugium lends very
strong support to the idea that CA fish communities persisted in these areas during glacial
periods. This has important implications, because during the last million years glacial periods
have dominated global climate patterns in 100-kyr cycles, only being interrupted by short ~11-18
kyr warmer interglaciation periods, such as those of the LIG and present-day (Lambeck et al.
2002). Thus, we extrapolate from our results that after colonizing the study area our focal
lineages may have persisted in CA with ranges that were relatively similar to their present-day

ranges for very long periods, which suggests that patterns of recolonization and range expansion
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would only be indicated where lineages were substantially impacted by historical vicariance and
dispersals facilitated by interactions between drainages and eustatic sea-level fluctuations, or
mechanisms of drainage rearrangement and cross-cordillera exchange. We therefore hypothesize
that the incongruent or idiosyncratic phylogeographical responses we have documented more
likely owe to species-specific responses to these phenomena, rather than Pleistocene climatic
fluctuations. That said, the overlapping paleodistributions and evidence for spatially and
temporally congruent phylogeographical divergences in multiple lineages across shared breaks
indicate concerted responses to environmental change consistent with the interpretation that
these lineages formed Plio—Pleistocene evolutionary cohorts within the San Carlos and Sixaola

Rivers.
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Tables

Table 1 Predictions of four hypotheses of Neotropical fish diversification and the methods used to test them in this study

1. Tectonic vicariance 2. Marine vicariance 3. Continental shelf 4. Cross-cordillera Method used
hypothesis hypothesis width hypothesis exchange hypothesis
Pleistocene—recent sea- Headwater drainage
level low stands rearrangements
Vicariance due to causing: causing:

tectonic processes at
mountain ranges and

Vicariance during
marine incursions

i. Interdrainage
dispersal in areas

i. Range expansion,
dispersal, with

Historical volcanoes of the durine Miocene— with wide insufficient time for -
processes: CAVA and the . & continental shelf; cladogenesis;
. .. Pleistocene sea-level .. . . . o
continental divide, and hiehstands ii. Isolation within or ii. Vicariance across
at the eastern Tércoles & between coastal drainage divides (e.g.
River drainage divide drainages in areas mountainous
with narrow cordilleras)
continental shelf
i. If range expansion,
. i. Limited or no clades distributed
Across mountain . . .
divergence in areas across cordilleras
ranges and volcanoes . . .
(volcanic domes Upland versus lowland with wide with limited or no
. ; continental shelf due genetic divergence; ML (GARLI) and
Reciprocal fallout/flow zones) of clades located between . .. . .
to dispersal (gene ii. If vicariance, Bayesian (BEAST)
monophyly of CAVA and the upland freshwater
. . . . . flow); clades/sub-clades gene tree
populations: continental divide, and  refugia and recolonized .. . .
. . ii. Between drainage shallowly to deeply reconstruction
eastern Tarcoles lowland populations L . .
. .. basins in regions diverged across
drainage divide . .
with narrow mountainous
continental shelf cordilleras
Mid-Miocene— The same for all CA N/A; anytime, but N/A; anytime, but Coalescent divergence-
Quaternary, but Caribbean and Pacific populations may possibly coincident dating analyses in
Timing of specific to different lowlands: Late exhibit Pleistocene— with tectonic periods of BEAST and IMa2
diversification: geographical barriers. Miocene—Quaternary recent coalescent cordillera (e.g. CAVA) (shared breaks); tests

a. CAVA: Nuclear

eustatic sea-level
highstands 7-5 Ma,

histories if repeated
glacial low-sea stands

formation, as in the
tectonic vicariance

for simultaneous
diversification (see
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Ancestral
populations
are located:

Derived
populations
are located:

Simultaneous
divergences:

CA: Chortis
highlands, 19-3.8 Ma;
Lower CA:
Guanacaste Cord.,
Quaternary; Tilardn
Cord., Quaternary;
Costa Rica Central
Cord., <800-300 ka;
Grifo Alto form.
(Aguacate Cord.), 54
Ma; Sarapiqui Arc
mtns., 18—-11.4 Ma;
Talamanca Cord., main
uplift phase 5.5-3.5
Ma;

b. Volcanic debris fans
over Tarcoles River,
1.7-0.3 Ma (Tivives,
Intracafion, Avalancha,
and Orotina
formations)

N/A; either side of
CAVA cordilleras or
volcanoes, and eastern
Tércoles drainage
divide

N/A; either side of
CAVA cordilleras or
volcanoes, and eastern
Téarcoles drainage
divide

Yes

3.5-3 Ma, and 550-
390 ka; older or deeper
coalescing upland
alleles, and more recent
or shallowly coalescing
lowland population
histories

Upland freshwater
refugia

Coastal plain
populations (lower
elevations than upland
clades)

Yes

permitted recurrent
gene flow and
secondary contact in
areas with wider
continental shelf

N/A; one or multiple
coastal drainages

N/A; one or multiple
coastal drainages

No

hypothesis (e.g. San
Carlos River (Atlantic)

to Tarcoles River

(Pacific) divergences

across the Central

Cordillera would date

to tectonism in the

cordillera ~800-300

ka)

N/A; either side of
cordilleras

N/A; either side of
cordilleras

Yes

below)

ML (GARLI) and
Bayesian (BEAST)
gene tree
reconstruction

ML (GARLI) and
Bayesian (BEAST)
gene tree
reconstruction

Multi-taxon tests for
simultaneous vs. non-




simultaneous
diversification across
shared genetic breaks
(MTML-msBayes)

Consistent with the focus of this study, predictions are specified in the context of Central America, rather than the entire North and
South American Neotropics (see references and discussion in text and Appendix S1). Abbreviations: CA, Central America; CAVA,

Central America volcanic arc; Cord., Cordillera; form., formation; ML, maximum-likelihood; mtns., mountains; N/A, not applicable.
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Table 2 List of focal lineages (species and genera) used to test hypotheses of Neotropical fish diversification in this study, and their

taxonomic, DNA sequence, and ecological characteristics

Focal lineage Family n bp Max. % div. No. Habit Elevation Pacific Atlantic
(p /! dyirw) clades (m asl) range range
e . Ho, Ni, CR,
1. Alfaro cultratus Poeciliidae 355 1140 4.01/4.50 5 Bp,I 0-300 Ni, CR Pa
2. Phallichthys amates ~ Poeciliidae 93 1140 8.80/1136 4 Bp,O  0-500 Ni, CR E;’ NI, CR,
- . . ES, Gu, Ho, Gu, Ho, Ni,
3. Poecilia mexicana Poeciliidae 761 1086 3.04/3.35 1 Bp,O  0-1220 N. CR. Pa CR. Pa
4. Priapichthys annectens Poeciliidae 101 1140 11.15/15.72 7 Bp,O 25-1270 — CR
5. Xenophallus umbratilis  Poeciliidae 180 1140 5.35/6.36 3 Bp,O 35-590 CR Ni, CR
6. Astyanax spp. Characidae 153 1140 635/7.58 8 Bp,O 0-1000  Lo>Gu Ho, Gu,Ho,Ni,
’ Ni, CR, Pa CR, Pa
A. nasutus Characidae 16 1140 0.70/0.72 1 Bp,O 1-100? - ES, Ho, Ni
A. nicaraguensis Characidae 58 1140 1.86/1.96 3 Bp,O 1-1007? - Ni, CR
A. orthodus/sp. Characidae 2 1140 0.00/0.00 1 Bp,O 1-60 - Ni?, CR
7. Roeboides spp. Characidae 108 1151 6.00/6.53 2 B,H/D 0-610 Ni, CR Ni, CR, Pa
R. bouchellei Characidae 98 1151 1.15/1.11 1 B,H/D 0-610 Ni, CR Ni, CR
R. bussingi Characidae 10 1151 0.13/0.27 1 B,H/D 0-100? CR, Pa -
. . R ES, (Gu,) Ho, G, Ho, Ni,
8. Amatitlania spp. Cichlidae 326 1140 2.77/3.01 1 Bp,O  0-540 Ni. CR, Pa CR. Pa

Taxonomic family; alignment characteristics (n, sample size; bp, sequence length); mtDNA cytb genetic divergences calculated as
maximum pairwise percent divergence (Max. % div.) between all samples based on p-distances and modified Tamura-Nei distances
(dyrn); number (no.) of mtDNA phylogeographic clades (this study); general ecological habits and elevational range (Bussing 1998
Miller et al. 2005; this study); and distributional limits on Pacific and Atlantic versants are shown for all eight focal lineages.

Abbreviations: B, benthic; bp, nucleotide base pairs; Bp, benthopelagic; CR, Costa Rica; D, detritivore; ES, El Salvador; Gu,

Guatemala; H, herbivore; Ho, Honduras; I, insectivore; N/A, not applicable; Ni, Nicaragua; O, omnivore; Pa, Panama.
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Table 3 Divergence times for the eight focal lineages, estimated as times to the most recent common ancestor (tyzc,S) using relaxed

molecular clock dating analyses in BEAST with multiple calibration points

Focal lineage tvrca (Ma) 95% HPDs (Ma)
1. Alfaro cultratus 3.664 [2.220,5.751]
2. Phallichthys amates 9.739 [5.063,16.216]
5. Poecilia mexicana 1.686 [1.137,2.354]
4. Priapichthys annectens 11.241 [6.886, 17.547]
5. Xenophallus umbratilis 5.106 [2.879,8.416]
6. Astyanax spp. 11.313 [8.289, 14.964]
A. nasutus 0.255 [0.008,0.552]
A. nicaraguensis 0.588 [0.215,1.179]
A. orthodus/sp. 1.398 [0.445,2.802]
7. Roeboides spp. 7.707 [1.426,21.277]
R. bouchellei 2.848 [0.830, 6.301]
R. bussingi 0.529 [0.103, 1.496]
8. Amatitlania spp. 11.605 [8.624,15.028]

Divergence times estimated as geometric mean #y,S and their 95% highest posterior densities (HPDs) in units of millions of years

ago (Ma) are presented from combined BEAST runs that each employed uncorrelated lognormal relaxed clock models and multiple

fossil or biogeographic calibration points described in Appendix S1.

276



Table 4 Population divergence time estimates for population-pairs split across the shared phylogeographic breaks identified in this

study
IMa2 MTML-msBayes
/ Ty, 2% T4,,157% T4y, 0.9% E[7] Ty, 2% T4y, 1.57% T4y, 0.9%
rate (Ma) rate (Ma) rate (Ma) rate (Ma) rate (Ma) rate (Ma)
San Carlos River break
Priapichthys annectens 21.83 1.915 2.439 4255 — — — —
[11.120, [0.975, [1.243, [2.168,

95% HPDs 31.320] 2.747] 3.500] 6.105] B B B B

Xenophallus umbratilis 24.19 2.122 2.703 4.715 — — — —
[9.060, [0.795, [1.012, [1.766,

95% HPDs 36.740]  3.223] 4.105] 7.162] B B B B
Model-averaged community 3 3 3 0.603 1392 1773 3093
estimate ’ ’ ’ ’

[0.298, [0.688, [0.876, [1.529,

95% HPDs B B B B 0.872] 2.013] 2.564] 4.473]
Sixaola River break
Astyanax orthodus/sp. 3.655 0.321 0.408 0.712 - - - -

[0.000, [0.000, [0.000, [0.000,

95% HPDs 9.995] 0.877] 1.117] 1.948] B B B B

Phallichthys amates 9.138 0.802 1.021 1.781 — — — —
[1.867, [0.164, [0.209, [0.364,

95% HPDs 15.640] 1.372] 1.748] 3.049] B B B B

Priapichthys annectens 41.36 3.628 4.622 8.062 — — — —
[24.870, [2.182, [2.779, [4.848,

95% HPDs 57.150]  5.013] 6.386] 11.140] B B B B
Model-averaged community 3 3 3 0300 1216 1550 2703
estimate ’ ’ ’ ’

[0.113, [0.458, [0.584, [1.018,

93% HPDs B B B B 0.461] 1.869] 2.381] 4.154]

Estimated mean mutation-scaled population splitting times (#; divergence per gene) and population divergence times (7;,) of each

lineage are reported from IMa2. Mean estimated community divergence times across each shared break are also given in global
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coalescent units (E[7], in units of 4N,,.) and in absolute time (7;,) are from MTML-msBayes, where E[7] were derived by averaging
across eight model classes in Table 5 while weighting by their relative posterior probabilities using ABC model averaging. Population
and community divergence times were converted to millions of years ago (Ma) using three rates of mtDNA evolution and conversions

(from ¢ and E[7]) discussed in the text. Bayesian 95% highest posterior densities (HPDs) for estimates are given in brackets.
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Table S Model comparisons and parameter estimates from ABC model averaging analyses in MTML-msBayes

Pop.

V4

set Prior P(7) P@),) P@,) P(MD)"" mode mean 2 mode 2 mean [95% HPDs]
San Carlos River break (Y = 2) 1 1.350 0.000619 0.0436 [0.000, 0.514]
M, ~U(0,2.09) ~U(0,0.031) ~U(0,0.5) 0.2100 1 1.430 0.00293 0.0770 [0.000, 0.402]
M, ~U(0, 2.09) ~U(0,0.031) ~U(0, 1.0) 0.1572 - — — —
M; ~U(0,4.18) ~U(0,0.031) ~U(0,0.5) 0.1564 - — — —
M, ~U(0,4.18) ~U(0,0.031) ~U(0, 1.0) 0.1366 - — — —
M ~U(0,2.09) ~U(0,0.062) ~U(0,0.5) 0.1777 - — — —
M ~U(0,2.09) ~U(0,0.062) ~U(0, 1.0) 0.0235 - — — —
M, ~U(0,4.18) ~U(0,0.062) ~U(0,0.5) 0.0883 - — — —
M ~U(0,4.18) ~U(0,0.062) ~U(0, 1.0) 0.0504 - — —
Sixaola River break (Y = 3) 2 2211 0.219 0.253 [0.000, 0.606]
M, ~U(0, 1.85) ~U(0,0.054) ~U(0,0.5) 0.1543 - — — —
M, ~U(0, 1.85) ~U(0,0.054) ~U(0, 1.0) 0.1552 - — — —
M; ~U(0, 3.70) ~U(0,0.054) ~U(0,0.5) 0.1620 - — — —
M, ~U(0, 3.70) ~U(0,0.054) ~U(0, 1.0) 0.0990 - - — —
M ~U(0, 1.85) ~U(0,0.108) ~U(0,0.5) 0.1513 - — — —
M ~U(0, 1.85) ~U(0,0.108) ~U(0, 1.0) 0.0580 -
M, ~U(0, 3.70) ~U(0,0.108) ~U(0,0.5) 0.2187 1 1 444 0 165 0 171 [0.000, 0.504]
M ~U(0, 3.70) ~U(0,0.108) ~U(0, 1.0) 0.0014

We ran MTML-msBayes analyses on two different population (pop.) sets, each w1th Y number of populatlon pairs, given at left. This

table shows K = 8 prior model classes, {M,, ...,

M}, run for each of the analyses, characterized by different uniform prior

distributions P(1), P(0,)), P(6,), and their approximate posterior probabilities P(M,ID)"* based on 1000 accepted simulated draws

from 4 x 10" random draws from the eight prior models. For each analysis (pop set.), results of the best-supported model are given in

bold face with its posterior probability underlined, and mode and mean ¥ and £ estimates (with 95% highest posterior densities

[HPDs] around their means) are given as output from one run for that model (see text for hyper-parameter details). Model-averaged

hyper-parameter estimates derived from all eight prior models are given in the first row of each section.
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Figure Legends

Fig. 1

Fig. 2

Fig. 3

Maps of Central America showing major physiographic elements (A), hydrological features (major rivers and lakes) (B), a sea
level model of lowland areas potentially inundated by marine incursions (from 250 m digital elevation model; dashed line, —
135 m bathymetric contour; C), and fish biogeographic provinces (D) in the study area. Dotted lines in panel A outline distinct
physiographic provinces of Marshall (2007), and major geologic faults and units (e.g. Chortis highlands). The 10 fish
biogeographic provinces depicted in panel D are from Matamoros et al. (2014) and divide along drainage divides including the
continental divide (red line). Colored relief is also shown based on digital elevation layers derived from NASA Shuttle Radar
Topography Mission (SRTM) image PIA03364.

Predicted paleodistributions based on ecological niche modeling analyses. MaxEnt reconstructions of the present-day (left)
and Pleistocene Last Glacial Maximum (LGM; middle) and Last Interglaciation (LIG; right) paleodistributions are mapped
with Azimuthal-Equidistant projections for each of the focal lineages: (A) A. cultratus; (B) Astyanax spp.; (C) P. mexicana;
(D) P. amates; (E) Amatitlania spp.; (F) P. annectens; (G) Xenophallus; (H) and R. bouchellei. Colors represent logistic ENM
scores ranging from 0 (dark blue; bioclimatically unsuitable areas) to 1 (100% bioclimatic suitability).

Summary maps showing sampling localities and the geographical distributions of well-supported genetic lineages (clades)
within all eight lineages of Central American freshwater fishes analyzed in this study. Sampling localities are represented in

different color and marker styles corresponding to different clades that were consistently recovered across gene tree and
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parsimony network analyses of mtDNA cytb haplotypes (Fig. S2). (A) P. mexicana; (B) Astyanax spp.; (C) P. annectens; (D)
Xenophallus; (E) A. cultratus; (F) P. amates; (G) Amatitlania spp.; (H) and Roeboides spp.

Fig.4 Posterior distributions of divergence times (#\zcAS) of Central American freshwater fish lineages across two geographic
barriers corresponding to phylogeographic breaks in this study. Graphs at left display marginal posterior probabilities
estimated in BEAST for (A) the San Carlos River break, and (B) the Sixaola River basin break (Matina—Sixaola drainage
divide), and their correlation with the timing of seven regional historical events that were geographically relevant to each
break, including sea-level highstands (left) and geological events (right) (details in Appendix S1, Discussion). Maps at right
show the approximate geographical positions of each shared break (thick lines) and corresponding topographic features.

Fig.5 Results of tests for simultaneous diversification using hierarchical ABC model averaging in MTML-msBayes. Left panels
show comparisons of the prior versus posterior distributions of the number of divergence events (hyper-parameter ¥), while
panels at right display the joint hyper-posterior probability distributions of the mean divergence times, E[t] (community
divergence time), and £2. Results were obtained from ABC model averaging across eight prior models (Table 4) based on
ABC-rejection using local linear regression and are presented for separate analyses of population-pairs diverged across (A) the

San Carlos River break and (B) the Sixaola River break. Best-fit model MTML-msBayes results are presented in Fig. S3.

Supporting Information

Data S1  Sampling localities and GenBank numbers for each lineage sampled

Appendix S1 Supplementary methods and results
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Table S1 PCR primers and annealing temperatures used to amplify the mitochondrial cytochrome b (cytb) gene for each focal
lineage in this study

Table S2 Best-fit models of DNA substitution estimated in DT-ModSel

Table S3 Mean MaxEnt model AUC scores and their standard deviations (s.d.)

Figure S1 Posterior distributions of parameters estimated in IMa2 for each population-pair split across shared geographic breaks.

Figure S2 MtDNA gene trees estimated in GARLI and parsimony networks estimated using TCS for each focal lineage, showing
well-supported phylogeographic clades. For comparison, geographical distributions of the main clades for each focal
lineage are mapped over modern topography, similar to Fig. 3.

Figure S3 Results of best-fit models of community divergence across the San Carlos River break and Sixaola River break identified
by ABC model choice in MTML-msBayes. Panels show comparisons of the prior versus posterior distributions of the dispersion

index of divergence times £ (=Var[t]/E[7], where T = divergence time).
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Data S1 Sampling localities and GenBank numbers for each lineage sampled.

Sampling localities for Amatitlania spp.

Site No.

Latitude

Species

Locality

Country

Longitude

Cytb haplotype (sample IDs)

Amatitlania coatepeque 35 Lago Coatepeque El Salvador  13.88156 -89.52486 Hap 31 (LSUMZ-F 2316-19, LSUMZ-F 2322)
Amatitlania kanna 91 Rio Sixaola Costa Rica 9.59872 -82.80247 Hap 106 (STRI 209), 107 (STRI 210)
A. kanna 93 Rio Changuinola Panama 9.42267 -82.39791 Hap 109 (STRI 291)
A. kanna 94 Rio Bongie Panama 9.35990 -82.61000 Hap 110 (STRI 2677)
A. kanna (“Archocentrus 92 Rio Mandinga Panama 9.46995 -79.12415 Hap 108 (STRI 1658)
panamensis”)
A. kanna (“Archocentrus 95 Rio Parti Panama 9.05600 -78.65950 Hap 111 (STRI 913)
panamensis”)
A. kanna (“Archocentrus 96 Rio Robalo Panama 9.04056 -82.28583 Hap 112 (STRI 6861)
panamensis”)
A. kanna (“Archocentrus 97 Rio Ukupti Panama 8.81000 -77.74000 Hap 113 (STRI 3901)
sp. Aff. Panamensis”)
Amatitlania nigrofasciata 16 Chalatenango, Municipio Citela,  El Salvador = 14.36911 -89.21261 Hap 15 (LSUMZ-F 2548)
Departamento Chalatenango
A. nigrofasciata 19 Laguna Metapan, Turicentro Las  El Salvador ~ 14.31567 -89.45919 Hap 15 (LSUMZ-F 2492), Hap 18 (LSUMZ-F 2491)
Flores, Departamento Santa Ana
A. nigrofasciata 30 Lago Giiija El Salvador  14.24792 -89.48417 Hap 15 (LSUMZ-F 2479), Hap 23 (LSUMZ-F 2482), Hap 24
(LSUMZ-F 2480), Hap 25 (LSUMZ-F 2478), Hap 26 (LSUMZ-F
2481)
A. nigrofasciata 31 Rio Tilapa, at Municipio El Salvador ~ 14.17969 -89.08911 Hap 27 (LSUMZ-F 2558)
Tegutle, Departamento
Chalatenango
A. nigrofasciata 36 under bridge in Santa Emilia, El Salvador  13.66947 -89.75775 Hap 32 (LSUMZ-F 2296), Hap 33 (LSUMZ-F 2293-2295, LSUMZ-
Departamento Sonsonate F 2297)
A. nigrofasciata 1 Rio Monga at Saba Honduras 15.51647 -86.23713 Hap 1 (HO06, HOS, H16), Hap 2 (H03), Hap 3 (H09, H10), Hap 4
(HO1), Hap 5 (HOS, HO7)
A. nigrofasciata 2 Rio Monga upstream Honduras 15.49786 -86.22645 Hap 1 (H22, H23, H26, H28, H30, H34, H38, H39, H46), Hap 6
(H27)
A. nigrofasciata 3 Rio Agalteca Honduras 15.48326 -86.66544 Hap 1 (H77, H78, H80, H83, H84?, H85, H88, H90), Hap 7 (H76)
A. nigrofasciata 4 Rio Chupa Honduras 15.46569 -86.55347 Hap 1 (H104, H108, H99), Hap 3 (H102), Hap 8 (H96-H98, H103,
H105, H107)
A. nigrofasciata 5 Rio Jaguaca Honduras 15.44734 -86.37263 Hap 1 (H63, H64, H68, H71, H73, H74), Hap 3 (H65, H66), Hap 9
(H72)
A. nigrofasciata 6 Rio San Francisco at Carretera Honduras 15.43657 -86.42625 Hap 1 (H44, H49, H53, H55, H57, H58, H60), Hap 3 (H42), Hap 9

Saba-Yoro, ~1 km southwest of
El Juncal and ~18 km east of
Olanchito

(H59)
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A. nigrofasciata 7 Creek near El Zamorano, trib. to  Honduras 14.80848 -86.98155 Hap 10 (H301, H302)
Rio Guayape, Departamento
Francisco Morazan
A. nigrofasciata 32 Rio Los Almendros Honduras 14.06847 -86.34785 Hap 11 (H154, H157, H161, H162, H165, H167), Hap 28 (H149)
A. nigrofasciata 34 Piedra Ancha approximately 4.5  Honduras 14.05522 -86.59303 Hap 11 (H122, H124, H127, H131, H133), Hap 29 (H145), Hap 30
km northwest of Danli (H144)
Amatitlania siquia 68 Rio Sabalo Costa Rica 11.04283 -85.48922 Hap 74 (MLBM 174605-07)
A. siquia 69 Rio Frio en Los Chiles Costa Rica 11.03004 -84.71821 Hap 35 (MLBM 160874), Hap 74 (MLBM 160875), Hap 75 (MLBM
160873), Hap 76 (MLBM 160876)
A. siquia 70 Rio Pizote Costa Rica 10.90839 -85.21126 Hap 35 (STRI 2144), Hap 77 (STRI 2145)
A. siquia 71 Trib. to Rio Medio Queso on dirt ~ Costa Rica 10.84717 -84.59366 Hap 35 (MLBM 160985-91)
road 2.5 km east of Costa Rica
Hwy 35, approximately 25 km
south-southeast of Los Chiles
A. siquia 72 Rio Tempisquito Costa Rica 10.81467 -85.54390 Hap 78 (MLBM 160580), Hap 79 (MLBM 160581), Hap 80 (MLBM
160582, MLBM 160585), Hap 81 (MLBM 160583), Hap 82 (MLBM
160584), Hap 83 (MLBM 160586)
A. siquia 73 Rio Tempisquito Costa Rica 10.78553 -85.55441 Hap 80 (MLBM 166475), Hap 81 (MLBM 166502), Hap 84 (MLBM
166471), Hap 85 (MLBM 166472), Hap 86 (MLBM 166473), Hap
87 (MLBM 166474)
A. siquia 74 Unnamed trib. to Rio Zapote Costa Rica 10.73145 -85.05530 Hap 74 (MLBM 174616-17), Hap 88 (MLBM 174615)
near Bijagua
A. siquia 75 Rio Celeste at Viejo Oeste Bar, Costa Rica 10.73125 -84.88818 Hap 75 (MLBM 160703-04)
just off Costa Rica Hwy 4,
approximately 2.5 km southeast
of Katira
A. siquia 76 Trib. to Rio Bijagua Costa Rica 10.72422 -85.06640 Hap 74 (MLBM 174621)
A. siquia 77 Rio Irigaray in Irigaray at CA 1,  Costa Rica 10.72340 -85.51038 Hap 43 (MLBM 174611-12)
approximately 2.5 km west of
Canas Dulces
A. siquia 78 Quebrada Arena, trib. to Rio Costa Rica 10.67217 -85.19942 Hap 89 (MLBM 161136)
Blanco, near south side of
Fortuna
A. siquia 79 Rio Gata, 2 km off road between  Costa Rica 10.63925 -85.08725 Hap 90 (MLBM 174608)
Cafias and Upala
A. siquia 80 Rio Liberia at dirt road on Costa Rica 10.62745 -85.43412 Hap 91 (MLBM 166477), Hap 92 (MLBM 166478-83)
outskirts of Liberia
A. siquia 81 Trib. to Rio Infernito Costa Rica 10.61802 -84.48418 Hap 93 (MLBM 161128-30)
A. siquia 82 Trib. to Rio Infernito Costa Rica 10.61802 -84.48418 Hap 93 (MLBM 167239-41)
A. siquia 83 Trib. to Rio Toro north of Costa Rica 10.59927 -84.06908 Hap 94 (MLBM 161114), Hap 95 (MLBM 161115)
Golfito
A. siquia 84 Rio Salto Costa Rica 10.56106 -85.39192 Hap 91 (MLBM 159045), Hap 96 (MLBM 159046)
A. siquia 85 Rio Cabuyo at unnamed Costa Rica 10.48961 -85.38555 Hap 97 (MLBM 168039), Hap 98 (MLBM 168040), Hap 99 (MLBM

province road to the Reserva

168041), Hap 100 (MLBM 168042), Hap 101 (MLBM 168043-46)
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A. siquia 86 Rio Carrisal Costa Rica 10.39502 -85.58688 Hap 90 (MLBM 174618)
A. siquia 87 Rio Lajas Costa Rica 10.30552 -85.05733 Hap 90 (MLBM 174610)
A. siquia 88 Rio Canas Costa Rica 10.28452 -85.08912 Hap 102 (MLBM 161731)
A. siquia 89 Trib. to Brazo del Sucio, near Costa Rica 10.21872 -83.90466 Hap 35 (MLBM 160278-80), Hap 103 (MLBM 160277)
where it drains into Rio
Chirripd, just off Carretera
Braulio Carillo (Costa Rica Hwy
4), approximately 15 km west of
Guapiles
A. siquia 90 Rio San Rafael, trib. to Rio Costa Rica 9.97428 -84.57959 Hap 104 (STRI 2106), Hap 105 (STRI 2107)
Jesus Maria
A. siquia 27 Lago Giiija El Salvador  14.27360 -89.52613 Hap 22 (MNCN 184828)
A. siquia 8 Rio Patuca, Reserva Biologica Honduras 14.79288 -85.19438 Hap 11 (LSUMZ-F 4296)
Tawhka
A. siquia 9 Rio Patuca, Reserva Biologica Honduras 14.73172 -85.23652 Hap 11 (LSUMZ-F 4311)
Tawhka
A. siquia 10 Rio Cuyamel, trib. to Rio Honduras 14.64152 -85.32090 Hap 11 (LSUMZ-F 4330)
Patuca, Reserva Biologica
Tawhka
A. siquia 11 Rio Jalan, trib. to Rio Patuca, Honduras 14.55003 -86.22005 Hap 12 (LSUMZ-F 4180)
approximately 1 km west of
Bijagual
A. siquia 12 Rio Patuca Honduras 14.49652 -86.16668 Hap 13 (LSUMZ-F 4235)
A. siquia 13 Rio Patuca Honduras 14.43980 -86.05311 Hap 11 (LSUMZ-F 4049)
A. siquia 14 Rio Patuca Honduras 14.43534 -86.10938 Hap 11 (LSUMZ-F 4247)
A. siquia 15 Rio Patuca Honduras 14.41638 -86.05173 Hap 11 (LSUMZ-F 3941), Hap 14 (LSUMZ-F 3992)
A. siquia 17 Rio Patuca Honduras 14.35073 -85.88889 Hap 16 (LSUMZ-F 4284)
A. siquia 18 Rio Patuca Honduras 14.34202 -85.78539 Hap 17 (LSUMZ-F 4097)
A. siquia 20 Rio Patuca Honduras 14.31537 -85.80143 Hap 11 (LSUMZ-F 4110)
A. siquia 21 Rio Patuca Honduras 14.30967 -86.17146 Hap 13 (LSUMZ-F 4220)
A. siquia 26 Rio Patuca Honduras 14.28901 -86.12000 Hap 21 (LSUMZ-F 4005)
A. siquia 28 Rio Patuca Honduras 14.25099 -86.16664 Hap 11 (LSUMZ-F 4144)
A. siquia 29 Rio Patuca Honduras 14.25036 -86.16634 Hap 11 (LSUMZ-F 4178)
A. siquia 33 Rio Patuca Honduras 14.06795 -86.34697 Hap 11 (LSUMZ-F 4128)
A. siquia 22 Creek at community of Nicaragua 14.30911 -83.71714 Hap 11 (LSUMZ-F 2801-03), Hap 19 (LSUMZ-F 2804), Hap 20

Samilaya, Departamento RAAN

(LSUMZ-F 2805)

291



. siquia

23

Creek at bridge close to
Auyatara, Departamento RAAN

Nicaragua

14.30511

-83.63761

Hap 11 (LSUMZ-F 2839-42)

. siquia

24

Creek at bridge outside
community of Samilaya,
Departamento RAAN

Nicaragua

14.30297

-83.70406

Hap 20 (LSUMZ-F 2814)

. siquia

25

Creek at bridge outside
community of Panua,
Departamento RAAN

Nicaragua

14.30242

-83.67614

Hap 11 (LSUMZ-F 2829-30)

. siquia

37

Unnamed trib. to Rio Las Vallas
at stream just west of km marker
226; this is a trib. of Rio Yaosca,
which drains into Rio Tuma, a
major tributary of Rio Grande de
Matagalpa

Nicaragua

13.25769

-85.45440

Hap 10 (MLBM 166527-28)

. siquia

38

Rio Sinecapa, trib. to Lago
Managua, just off Nicaragua
Hwy 26 at La Empalme, located
between Esteli and Leon
(approximately 30—40 km west
of Esteli)

Nicaragua

12.67376

-86.42606

Hap 34 (MLBM 166494), Hap 35 (MLBM 166495, MLBM 116496,
MLBM 116498-116500), Hap 36 (MLBM 166497, MLBM 166501)

. siquia

39

Unnamed trib. to Rio Grande de
Matagalpa, west of La Mora and
slightly further west of La Dalia

Nicaragua

13.22058

-85.72626

Hap 37 (MLBM 166529-33)

. siquia

40

Unnamed trib. to Rio Esteli, thus
a trib. to Rio Coco

Nicaragua

13.05866

-86.35114

Hap 38 (MLBM 166488-93)

. siquia

41

Unnamed trib. to Rio Tuma east
of Rio Blanco (town), Matagalpa
province

Nicaragua

12.98351

-85.13827

Hap 10 (MLBM 166507—09), Hap 39 (MLBM 166504—06, MLBM
166534), Hap 40 (MLBM 166503),

. siquia

42

Trib. to Rio Grande at La
Trinidad

Nicaragua

12.97132

-86.23720

Hap 35 (MLBM 166516), Hap 38 (MLBM 166487, MLBM 166510),
Hap 41 (MLBM 166511-15, MLBM 166517-18)

. siquia

43

Unnamed trib. to Rio Tuma
northwest of Rio Blanco (town;
flowing from Mt. Musun)

Nicaragua

12.93613

-85.23434

Hap 10 (MLBM 168886, N/A), Hap 42 (MLBM 166519-21)

. siquia

44

Trib. to unnamed trib. of the Rio
Grande de Matagalpa,
approximately 32 km west of
Rio Blanco (town) on road
between Matagalpa and Rio
Blanco (town)

Nicaragua

12.82341

-85.44279

Hap 43 (MLBM 166522), Hap 44 (MLBM 166523-24, MLBM
166526), Hap 45 (MLBM 166525)

. siquia

45

Trib. to Rio Olama, trib. to Rio
Grande de Matagalpa, at Puente
de Tierra Azul on road to Rio
Blanco (Nicaragua Hwy 9)

Nicaragua

12.68476

-85.54708

Hap 46 (MLBM 168884-85)

. siquia

46

Trib. to Rio Malacatoya in

Teustepe just off road to Rama
(Nicaragua Hwy 7), southwest
of Boaco and approximately 9
km northwest of Laguna Presa

Nicaragua

12.41825

-85.79299

Hap 35 (MLBM 166476)

. siquia

47

Rio Caracol at Nicaragua Hwy
7, trib. to Laguna Presa, the lake

Nicaragua

12.35116

-85.88870

Hap 47 (MLBM 172998)
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formed by the damming of Rio
Malacatoya

Nicaragua Hwy 1, near Paso

. siquia 49 Rio Tecolostote at Nicaragua Nicaragua 12.26707 -85.65119 Hap 35 (MLBM 173083), Hap 49 (MLBM 173084)
Hwy 7 approximately 2 km
north of Tecolostote

. siquia 50 Lago Xiloa Nicaragua 12.21392 -86.31652 Hap 35 (1000009-11, 100014, 100016), Hap 50 (1000012), Hap 51

(1000015)
A. siquia 51 Lago Jiloa Nicaragua 12.21381 -86.31597 Hap 35 (MLBM 172646)
A. siquia 52 Lago Xiloa at principal entrance,  Nicaragua 12.21136 -86.31692 Hap 35 (LSUMZ-F 2858, LSUMZ-F 2860), Hap 52 (LSUMZ-F

Departamento Managua 2862), Hap 53 (LSUMZ-F 2859)

. siquia 53 Rio Tipitapa at CA 1 in Tipitapa  Nicaragua 12.20267 -86.10208 Hap 35 (MLBM 172832), Hap 55 (MLBM 172834), Hap 57 (MLBM

172831)

. Siquia 54 Entre Trapicne at edge of Lago Nicaragua 12.17631 -86.11278 Hap 36 (LSUMZ-F 2982)
Managua on north highway,
Departamento Managua

. Siquia 55 Unnamed trib. at km marker Nicaragua 12.17289 -86.11618 Hap 35 (MLBM 168035, MLBM 168871)
18.5 (from center of Managua)
on CAL, just southwest of town
of Tipitapa

. Siquia 56 Unnamed trib./headwater of Rio ~ Nicaragua 12.13630 -85.04597 Hap 35 (MLBM 168877, MLBM 168879-82), Hap 59 (MLBM
Mico northeast of San Pedro de 168878, MLBM 158883)
Lovago

. siquia 57 Trib. to Rio Acoyapa at Nicaragua 12.05056 -85.12458 Hap 35 (MLBM 173798)
Nicaragua Hwy 7 approximately
3.2 km west of Santo Tomas

. Siquia 58 Unnamed trib. to Rio Acoyapa at  Nicaragua 12.00340 -85.18153 Hap 60 (MLBM 173789), Hap 61 (MLBM 173790), Hap 62 (MLBM
Nicaragua Hwy 7 approximately 173791), Hap 63 (MLBM 173792)
1.8 km west of Lovago

. siquia 59 Lago Nicaragua at El Rayo at Nicaragua 11.88250 -85.89642 Hap 35 (LSUMZ-F 2935-37, LSUMZ-F 2939), Hap 64 (LSUMZ-F
the Rancho Azul Restaurant, 2934), Hap 65 (LSUMZ-F 2938)
Departamento Granada

. Siquia 60 Unnamed trib. to Rio Rama at Nicaragua 11.74923 -84.55819 Hap 66 (MLBM 173686)
Nicaragua Hwy 71,
approximately 1.5 km south of
Colonia El Corocito

. Siquia 61 Unnamed trib. to Rio Rama at Nicaragua 11.73855 -84.51068 Hap 35 (MLBM 173735-36, MLBM 173740-42), Hap 67 (MLBM
Nicaragua Hwy 71 173737, MLBM 173739), Hap 68 (MLBM 173738)
approximately 7.5 km northwest
of Nueva Guinea

. Siquia 62 Unnamed trib. to Rio Zapote Nicaragua 11.68127 -84.46019 Hap 69 (MLBM 173444-45)
(trib to Rio Plata, which drains
into Rio Rama) south of Nueva
Guinea, approximately 1 km
south of end of Nicaragua Hwy
71

. Siquia 63 Unnamed trib to Rio Ochomogo  Nicaragua 11.67886 -85.98817 Hap 35 (MLBM 172547)
300 m west of Nicaragua Hwy 1

. Siquia 64 Rio Ochomogo 300 m west of Nicaragua 11.65664 -85.97319 Hap 35 (MLBM 172545), Hap 70 (MLBM 172544)
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Real de Ochomogo

172833)

A. siquia 65 Unnamed trib. to Lago Nicaragua 11.50538 -84.83956 Hap 35 (MLBM 168507, MLBM 168874-76)
Nicaragua just east of mile
marker km 238 on road to San
Miguelito, Chontales
A. siquia 66 Ometepe spring, Isla de Nicaragua 11.49692 -85.54821 Hap 35 (1000008), Hap 71 (1000001, 1000003, 1000004, 1000005),
Ometepe Hap 72 (1000002, 1000006, 1000007)
A. siquia 67 Lago Nicaragua at San Nicaragua 11.40046 -84.90489 Hap 35 (MLBM 168872), Hap 73 (MLBM 168873)
Miguelito
Amatitlania centrarchus 48 Rio Malacatoya Nicaragua 12.32661 -85.95553 Hap 48 (MLBM 172837)
(0G)
Amatitlania siquia 53 Rio Tipitapa at CA 1 in Tipitapa  Nicaragua 12.20267 -86.10208 Hap 54 (MLBM 172829), Hap 56 (MLBM 172830), Hap 58 (MLBM

Abbreviations: “H” under “Cytb haplotype (sample IDs)”, field numbers for samples collected by Wilfredo Matamoros and/or Michael Tobler in Honduras;

LSUMZ-F, LSU Museum of Natural Science tissue catalog number; MLBM, Brigham Young University Fish Collection (Monte L. Bean Museum); N/A, not

available; OG, outgroup; sp., species; STRI, Smithsonian Tropical Research Institute Neotropical Fish Collection; trib., tributary.

Sampling localities for Priapichthys annectens

Species Locality Country Latitude Longitude  Cytb haplotype (sample IDs)
Priapichthys 1 Unnamed trib. to Rio Haciendas at Costa Rica Hwy 4, Costa Rica 11.01920 -85.35766 Hap 31 (MLBM 160519, MLBM 160521, MLBM
annectens approximately 7.5 km east of Santa Cecilia 160524, MLBM 160526), Hap 32 (MLBM 160523,
MLBM 160525), Hap 36 (MLBM 160520, MLBM
160522)
P. annectens 2 Quebrada El Carmen, trib. to unnamed trib. of Rio Nifio (Rio  Costa Rica 10.76972 -85.18712 Hap 33 (MLBM 170065-66), Hap 35 (MLBM
Pizote), at Costa Rica Rd 164 approximately 6 km south of 170061, MLBM 170067), Hap 37 (MLBM 170062),
Aguas Claras Hap 39 (MLBM 170063, MLBM 170064, MLBM
170068)
P. annectens 3 Trib. to south Fork of Rio Negro, at Costa Rica Rd 164, Costa Rica 10.76277 -85.19325 Hap 29 (MLBM 154680-82, MLBM 154684, MLBM
approximately 10 km north of La Fortuna, near “Guayabal” 154685, MLBM 154687 ), Hap 34 (MLBM 154683,
MLBM 154686)
P. annectens 4 Upper Rio Colorado on dirt road just east of entrance to Costa Rica 10.76134 -85.35030 Hap 11 (MLBM 155610), Hap 17 (no ID, cllection
Rincon de la Vieja park 97-21, jar 30.2), Hap 24 (MLBM 155611), Hap 25
(MLBM 155614), Hap 28 (MLBM 155613), Hap 30
(no ID, collection 97-21)
P. annectens 5 Unnamed trib. to Rio Zapote near Bijagua (“Rio Bijagua™) Costa Rica 10.73145 -85.05530 Hap 1 (MLBM 153951-55)
P. annectens 6 Unnamed trib. to Rio Zapote near south side of Bijagua Costa Rica 10.73142 -85.05535 Hap 1 (MLBM 148981, 148982)
P. annectens 7 Quebrada Peru at Costa Rica Hwy 6 approximately 4-5 km Costa Rica 10.70353 -85.08002 Hap 1 (MLBM 153938, MLBM 153939)
southwest of Bijagua
P. annectens 8 Quebrada Hormiguero at Costa Rica Hwy 6 approximately Costa Rica 10.69090 -85.08365 Hap 1 (MLBM 154897-900)
5.5 km south of Bijagua
P. annectens 9 Rio Esquivetto, 2 km east of Costa Rica Hwy 6, off dirt road Costa Rica 10.68718 -85.06670 Hap 1 (MLBM 154584, MLBM 154586-91), Hap 3

~4.5 km south of Bijagua

(MLBM 154585), Hap 41 (MLBM 154583)
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P. annectens 10 Edwin's irrigation canal, trib. to Rio Tenorio, about 1 km east ~ Costa Rica 10.68422 -85.07530 Hap 4 (MLBM 149150-52)
of Costa Rica Hwy 6 near Rio Naranjo

P. annectens 11 Unnamed trib. to Rio Corobici off dirt road approximately Costa Rica 10.58198 -85.01952 Hap 2 (Pal, Pa2)
700 m north of Tierras Morenas, west of Lago Arenal

P. annectens 12 Rio Quebrada guape, trib. to Lago Arenal, approximately 300  Costa Rica 10.56325 -84.92085 Hap 6 (Pa3)
m north of Costa Rica Rd 142 near Establo Arenal

P. annectens 13 River at CA 1 (Carretera Panamericana), just ~1 km west of Costa Rica 10.53117 -85.28066 Hap 29 (Pal5)
Bagaces

P. annectens 14 Unknown tributary to Lago Arenal near Hotel La Mansion Costa Rica 10.49220 -84.83580 Hap 26 (MLBM 154839, MLBM 154841)
Inn Arenal, approximately 30 km northeast of Tilaran on road
to Fortuna (Costa Rica Rd 142)

P. annectens 15 Trib. to Rio Agua Caliente southwest of Volcan Arenal Costa Rica 10.43505 -84.72340 Hap 40 (MLBM 149138)

P. annectens 16 La Vuelta del Borracho, trib. to Lago Arenal on El Fosforo- Costa Rica 10.42743 -84.75225 Hap 1 (MLBM 149212), Hap 5 (MLBM 149211)
El Castillo Rd, southwest of Volcan Arenal

P. annectens 17 Upper Rio Tortuguero 0.5 km off of Costa Rica Rd 249, 1 km  Costa Rica 10.25942 -83.81223 Hap 19 (Pal4)
north of San Rafael and approximately 5 km north of
Guapiles

P. annectens 18 Trib. to Brazo del Sucio, near where it drains into Rio Costa Rica 10.21872 -83.90466 Hap 19 (MLBM 160297, MLBM 160298, MLBM
Chirripd, just off Carretera Braulio Carillo (Costa Rica Hwy 160302), Hap 22 (MLBM 160300), Hap 23 (MLBM
4), approximately 15 km west of Guapiles 160301), Hap 38 (MLBM 160296)

P. annectens 19 Rio Corinto, trib. to Rio Chirripo, at Carretera Braulio Carillo  Costa Rica 10.21123 -83.88523 Hap 12 (MLBM 154011), Hap 20 (MLBM 154015),
(Costa Rica Hwy 32), approximately 7.5 km west of Guapiles Hap 21 (MLBM 154017)

P. annectens 20 Trib. to Rio Parismina just off Costa Rica Hwy 32, Costa Rica 10.19772 -83.65210 Hap 13 (MLBM 153924), Hap 14 (MLBM 153928),
approximately 4 km southeast of Guacimo Hap 18 (MLBM 153926)

P. annectens 21 Rio Balsas at Costa Rica Rd 702, approximately 11-12 km Costa Rica 10.17295 -84.49815 Hap 7 (MLBM 161703, MLBM 161705-12), Hap 27
north of San Ramon (MLBM 161704)

P. annectens 22 Headwater trib. to Rio Balsa at Costa Rica Rd 702 Costa Rica 10.17207 -84.49802 Hap 1 (Pa8, Pa9), Hap 7 (Pa5), Hap 29 (Pa6, Pa7)
approximately 11 km north of San Ramon and only ~3-4 km
north of Angeles Sur

P. annectens 23 Trib. to Rio Sixaola Costa Rica 9.62427 -82.83273 Hap 8 (MLBM 154895), Hap 9 (MLBM 154894),

Hap 10 (MLBM 154892), Hap 15 (MLBM 154893),
Hap 16 (MLBM 154896)

Abbreviations: MLBM, Brigham Young University Fish Collection (Monte L. Bean Museum); trib., tributary.

Sampling localities for Alfaro cultratus

Species Site No.  Locality Country Latitude Longitude Cytb haplotype (sample IDs)
Alfaro 1 Unnamed trib./headwater of Rio Nicaragua 12.13630 -85.04597 Hap 73 (MLBM 167995-98)
cultratus Mico northeast of San Pedro de
Lovago
A. cultratus 2 Trib. to Rio Mayales Nicaragua 12.05663 -85.40814 Hap 72 (MLBM 173303-10)
A. cultratus 3 Trib. to Rio Acoyapa Nicaragua 12.05056 -85.12458 Hap 1 (MLBM 172431)
A. cultratus 4 Rio Mico Nicaragua 12.02057 -84.64513 Hap 73 (MLBM 173416, MLBM 173418, MLBM 173419, MLBM 173422, MLBM
173424), Hap 74 (MLBM 173417, MLBM 173420, MLBM 173421, MLBM 173423)
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km off end-Costa Rica Rd. 505,
approximately 9 km northwest of

. cultratus 5 Lago Nicaragua at San Carlos, Nicaragua 11.12129 -84.77922 Hap 1 (FJ178773), Hap 2 (FJ178772)
Departamento Rio San Juan
. cultratus 6 Unnamed trib. to Rio Rama at Nicaragua 11.82544 -84.60611 Hap 1 (MLBM 172423-30)
Nicaragua Hwy 71, approximately
13 km southeast of El Coral, just
after turn-off for road to Talolinga
. cultratus 7 Unnamed trib. to Rio Rama at Nicaragua 11.74923 -84.55819 Hap 1 (MLBM 173550, MLBM 173552), Hap 81 (MLBM 173549, MLBM 173553,
Nicaragua Hwy 71, approximately MLBM 173554, MLBM 173556, MLBM 173557), Hap 82 (MLBM 173551)
1.5 km south of Colonia El Corocito
. cultratus 8 Unnamed trib. to Rio Rama at Nicaragua 11.73855 -84.51068 Hap 77 (MLBM 173559, MLBM 173560, MLBM 173562), Hap 78 (MLBM
Nicaragua Hwy 71 approximately 173561), Hap 79 (MLBM 173563, MLBM 173564, MLBM 173566), Hap 80
7.5 km northwest of Nueva Guinea (MLBM 173565)
. cultratus 9 Unnamed trib. south of Nueva Nicaragua 11.68127 -84.46019 Hap 73 (MLBM 173454), Hap 75 (MLBM 173447-51, MLBM 173453), Hap 76
Guinea (MLBM 173452)
. cultratus 10 Rio El Monje, trib. to Lago Nicaragua 11.63330 -86.30000 Hap 3 (FJ178774)
Managua
. cultratus 11 Unnamed trib. to Lago Nicaragua Nicaragua 11.50538 -84.83956 Hap 66 (MLBM 167994), Hap 83 (MLBM 167991, MLBM 167993), Hap 84
just east of mile marker km 238 on (MLBM 167992)
road to San Miguelito, Chontales
. cultratus 12 Rio Sapoa Costa Rica 11.04437 -85.61590 Hap 1 (AcSAPF.19, AcSAPF.25, MLBM 147267, MLBM 147753, MLBM 147754,
MLBM 147763, MLBM 147783, MLBM 147785, MLBM 147788), Hap 4
(AcSAPF.16), Hap 5 (AcSAPF.17), Hap 6 (AcSAPF.18), Hap 7 (AcSAPF .20,
AcSAPF.24), Hap 8 (AcSAPF.26), Hap 9 (MLBM 147786, MLBM 147787), Hap 10
(Ac0376)
A. cultratus 13 Rio Sabalo Costa Rica 11.04283 -85.48922 Hap 20 (AcSABEF.1), Hap 21 (AcSABF.2, AcSABF.4), Hap 22 (AcSABE.3)
A. cultratus 14 Rio Salto, trib. to Rio Zapote, at Costa Rica 10.79823 -85.02327 Hap 11 (AcSALF.1), Hap 12 (AcSALF.2), Hap 13 (AcSALF.3), Hap 14
Costa Rica Hwy 6, approximately (AcSALF.11, AcSALF.4, AcSALF.5, MLBM 147151, MLBM 147152, MLBM
10 km north of Bijagua 147155, MLBM 147156), Hap 15 (AcSALF.10, AcSALF.6, AcSALF.7, MLBM
147150, MLBM 147153, MLBM 147154), Hap 16 (AcSALF.8), Hap 17
(AcSALF.9), Hap 18 (AcSALF.13), Hap 19 (MLBM 146311)
. cultratus 15 Rio Celeste at Viejo Oeste Bar, just ~ Costa Rica 10.73125 -84.88818 Hap 66 (MLBM 160710, MLBM 160711)
oft Costa Rica Hwy 4,
approximately 2.5 km southeast of
Katira
. cultratus 16 Rio Chimurria at Costa Rica Hwy Costa Rica 10.72740 -84.55823 Hap 4 (AcCHIF.3, AcCHIF.4), Hap 19 (AcCHIF.7, MLBM 148624), Hap 25
35, near Santa Clara de Upala, (AcCHIF.1), Hap 26 (AcCHIF.2), Hap 27 (AcCHIF.6), Hap 28 (AcCHIF.9), Hap 29
approximately 25 km north of Boca (MLBM 148278), Hap 30 (MLBM 147281-84, MLBM, 148183), Hap 31 (MLBM
Arenal 148265), Hap 32 (MLBM 147285), Hap 33 (MLBM 147286)
. cultratus 17 Rio Venado at Costa Rica Rd 143, Costa Rica 10.64482 -84.82223 Hap 23 (MLBM 147255-58, MLBM 148184, MLBM 148185), Hap 24 (MLBM
approximately 2.5 km south of San 147259)
Rafael de Guatuso
A. cultratus 18 Trib. to R. Toro north Golfito Costa Rica 10.59927 -84.06908 Hap 68 (MLBM 161078, MLBM 161079)
A. cultratus 19 Rio Tempisque on road between Costa Rica 10.57220 -85.58477 Hap 1 (MLBM 167979-82)
Guardia and Comunidad, Nicoya
Peninsula
. cultratus 20 Trib. to Rio Sarapiqui on road ~2 Costa Rica 10.52452 -84.03127 Hap 19 (AcSARF.7, MLBM 147625, MLBM 147627, MLBM 147629, MLBM

147795), Hap 34 (MLBM 147798), Hap 37 (AcSARF.3, AcSARF.4, MLBM 147624,
MLBM 147793, MLBM 147796), Hap 41 (AcSARF.5), Hap 42 (AcSARF.6), Hap 43

296




Puerto Viejo de Sarapiqui

(AcSARF.8), Hap 44 (MLBM 147628), Hap 45 (MLBM 147623, MLBM 147794),
Hap 46 (MLBM 147626, MLBM 147792), Hap 47 (MLBM 147797)

A. cultratus 21 Rio Cabuyo at unnamed province Costa Rica 10.48961 -85.38555 Hap 1 (MLBM 167984-86, MLBM 170081), Hap 71 (MLBM 167983, MLBM
road to the Reserva Biologica 170082, MLBM 170083)
Lomas Bardudal
A. cultratus 22 Quebrada Perez Costa Rica 10.47352 -84.82225 Hap 4 (AcPERF.1)
A. cultratus 23 Rio Cuarto (or other trib. to R. Costa Rica 10.46667 -84.21667 Hap 67 (MLBM 160228-30, MLBM 160232, MLBM 160233)
Toro) in between Santa Isabel and
Santa Rafael
A. cultratus 24 Isla Grande Costa Rica 10.39302 -83.96817 Hap 19 (AcISLF.7, MLBM 146312-16), Hap 21 (AcISLF.5), Hap 22 (AcISLF.1),
Hap 44 (AcISLF.6, AcISLF.8), Hap 48 (AcISLF.2—4), Hap 49 (MLBM 146317)
A. cultratus 25 Quebrada Piecueca Costa Rica 10.38607 -84.57897 Hap 34 (MLBM 147744-49)
A. cultratus 26 Rio Cano Grande Costa Rica 10.37278 -84.27823 Hap 36 (MLBM 146786, MLBM 146787, MLBM 146789, MLBM 146790)
A. cultratus 27 Upper Rio Tortuguero 0.5 km off of  Costa Rica 10.25942 -83.81223 Hap 4 (AcTORS.4-7), Hap 37 (AcTORS.8), Hap 50 (AcTORS.1), Hap 51
Costa Rica Rd 249, 1 km north of (AcTORS.2), Hap 52 (AcTORS.3)
San Rafael and approximately 5 km
north of Guapiles
A. cultratus 28 Rio Corinto Costa Rica 10.21185 -83.88647 Hap 14 (MLBM 147149), Hap 20 (AcCORF.1, AcCORF.2, AcCORF .4), Hap 35
(MLBM 147144-46, MLBM 147148), Hap 37 (MLBM 147143, MLBM 147147,
MLBM 147150)
A. cultratus 29 Trib. to Rio Parismina 200 m off of ~ Costa Rica 10.19968 -83.65873 Hap 4 (MLBM 147274-76, MLBM 147278-80), Hap 10 (AcPARS.7-10), Hap 19
Costa Rica Hwy 32, approximately (AcPARS.11), Hap 20 (AcPARS.3, AcPARS.4), Hap 53 (AcPARS.1, AcPARS.2),
3 km southeast of Guacimo Hap 54 (MLBM 147277)
A. cultratus 30 Rio Herediana Costa Rica 10.12417 -83.55617 Hap 10 (AcHERS.9, MLBM 147260-66, MLBM 147765), Hap 19 (AcHERS.2,
AcHERS.3, AcHERS.S, AcHERS.6 ), Hap 55 (AcHERS.4), Hap 56 (AcHERS.7),
Hap 57 (AcHERS.8)
A. cultratus 31 Rio Barbilla (major trib. to Rio Costa Rica 10.04416 -83.33383 Hap 69 (MLBM 167988, MLBM 167989), Hap 70 (MLBM 167987, MLBM 167990)
Matina) at Costa Rica Rd 805 (dirt
road) just west of B-Line, 0.5 km
from Costa Rica Hwy 32
A. cultratus 32 Rio Carbon Costa Rica 9.62312 -82.85520 Hap 38 (MLBM 147789/90), Hap 39 (MLBM 147791), Hap 40 (MLBM 146785)
A. cultratus 33 Trib. to Rio Sixaola Costa Rica 9.62093 -82.85768 Hap 19 (AcSIXS.8-11, AcSIXS.13), Hap 38 (MLBM 147755 / 147756), Hap 52
(AcSIXS.15), Hap 58 (MLBM 147757, MLBM 147759, MLBM 147761-62), Hap 59
(AcSIXS.12), Hap 60 (MLBM 147321), Hap 61 (MLBM 147320), Hap 62 (MLBM
147319), Hap 63 (MLBM 147322), Hap 64 (MLBM 147324), Hap 65 (MLBM
147758, MLBM 147760)
A. cultratus  N/A see Hrbek et al. (2007) Costa Rica N/A N/A Hap 1 (EF017531)

Abbreviations: MLBM, Brigham Young University Fish Collection (Monte L. Bean Museum); N/A, not available; trib., tributary.

Sampling localities for Xenophallus umbratilis

Site No. Latitude

11.50538

Species
Xenophallus 1
umbratilis

Locality
Unnamed trib. to Lago Nicaragua just east of
mile marker km 238 on rd to San Miguelito,

Country
Nicaragua

Longitude
-84.83956

Cytb haplotype (sample IDs)
Hap 1 (MLBM 167968-75, MLBM 167977, MLBM 167978), Hap 2
(MLBM 167976)
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Departamento Chontales

X. umbratilis 2 Unnamed trib. to Rio Zapote near Bijagua CostaRica  10.73145 -85.05530 Hap 3 (Xu0621H1, Xu0621H2, Xu0621H5-HS8), Hap 4 (Xu0621H3,
Xu0621H4)

X. umbratilis 3 Rio Bijagua in field approximately 1 km east Costa Rica  10.72773 -85.03127 Hap 3 (Xu0620H2, Xu0620H4-H8), Hap 5 (Xu0620H1), Hap 6
of Costa Rica Hwy 6 at Bijagua (Xu0620H3)

X. umbratilis 4 Rio Chimurria at Costa Rica Hwy 35 Costa Rica  10.72736 -84.55817 Hap 7 (Xu0635H1, Xu0635H3-H8), Hap 8 (Xu0635H2)
approximately 25 km north of Boca Arenal

X. umbratilis 5 Trib. to Rio Bijagua at Costa Rica Hwy 6 Costa Rica  10.72422 -85.06640 Hap 3 (Xu0625H1-H3, Xu0625H6-HS8), Hap 4 (Xu0625H4,
approximately 1.4 km southwest of Bijagua Xu0625H5)

X. umbratilis 6 Quebrada Hormiguero at Costa Rica Hwy 6 Costa Rica  10.69090 -85.08365 Hap 9 (Xu0611H1, Xu0611H4, Xu0611HS8), Hap 10 (Xu0611H2,
approximately 5.5 km south of Bijagua Xu0611H3, Xu0611H6, Xu0611H7 ), Hap 11 (Xu0611HS)

X. umbratilis 7 Rio Tenorio 1 km east of Costa Rica Hwy 6, CostaRica  10.68808 -85.07602 Hap 9 (Xu0630H4, Xu0630H6), Hap 12 (Xu0630H1-H3, Xu0630HS5,
off dirt road 5.5 km south of Bijagua Xu0630H7, Xu0630HS)

X. umbratilis 8 Rio Esquivetto, 2 km east of Costa Rica Hwy Costa Rica  10.68718 -85.06670 Hap 9 (Xu0629H2), Hap 12 (Xu0629H1, Xu0629H3-H7), Hap 13
6, off dirt road ~4.5 km south of Bijagua (Xu0629H8)

X. umbratilis 9 Quebrada Arena, trib. to Rio Blanco, at site on ~ Costa Rica ~ 10.67217 -85.19942 Hap 14 (Xu0638H1-HS)
south side of Fortuna

X. umbratilis 10 Rio Las Flores 200 m east of Costa Rica Hwy Costa Rica  10.65778 -85.09037 Hap 9 (XuFlores1-3), Hap 12 (XuFlores2, XuFlores5, XuFlores6),
6 approximately 4.8 km south of Bijagua Hap 15 (XuFlores4)

X. umbratilis 11 Rio Venado at Costa Rica Rd 143, CostaRica  10.64482 -84.82223 Hap 16 (Xu0719H1), Hap 17 (Xu0719H2, Xu0719HS, Xu0719H6)
approximately 2.5 km south of San Rafael de
Guatuso

X. umbratilis 12 Trib. to Lago Arenal approximately 5.5 km Costa Rica  10.56030 -84.94030 Hap 18 (Xu0632H1-H3, Xu0632H7, Xu0632H8), Hap 19
west of Nuevo Arenal, about 1 km southwest (Xu0632H4-H6)
of Eco Lodge Hotel

X. umbratilis 13 Lago Arenal Costa Rica 10.55970 -84.96970 Hap 18 (Xu0607H3, Xu0607HS, Xu0607H6, Xu0607H8), Hap 20

(Xu0607H1, Xu0607H2), Hap 21 (Xu0607H4), Hap 22 (Xu0607H7)

X. umbratilis 14 Quebrada Jilguero, tributary to Lago Arenal Costa Rica  10.55514 -84.90354 Hap 18 (Xu9829H1, Xu9829H3-H8), Hap 20 (Xu9829H2)
west of Arenal 10.6 miles from Tilaran

X. umbratilis 15 Lago Arenal just off Costa Rica Rd 142 near Costa Rica  10.54860 -84.98080 Hap 18 (Xu0631H1, Xu0631H3-HS), Hap 23 (Xu0631H2)
intersection between 142 and Tierras Morenas,
at end of bay west of Tico Wind Windsurf
Center

X. umbratilis 16 Trib. to Rio Sarapiqui on road ~2 km off end- Costa Rica  10.52452 -84.03127 Hap 24 (Xu0713H1)
Costa Rica Rd. 505, approximately 9 km
northwest of Puerto Viejo de Sarapiqui

X. umbratilis 17 Lago Arenal at Costa Rica Rd 142 CostaRica  10.50645 -84.84600 Hap 18 (Xu0633H1-H4)
approximately 9.5 km southeast of Nuevo
Arenal

X. umbratilis 18 Lago Arenal Costa Rica  10.50140 -84.84060 Hap 18 (Xu0604H1-H3)

X. umbratilis 19 Unknown tributary to Lago Arenal near Hotel Costa Rica  10.49220 -84.83580 Hap 18 (Xu9821H2, Xu9821H3, Xu9821H5-H8 ), Hap 20
La Mansion Inn Arenal, approximately 30 km (Xu9821H1), Hap 25 (Xu9821H4)
northeast of Tilaran on road to Fortuna (Costa
Rica Rd 142)

X. umbratilis 20 Lago Arenal Costa Rica  10.47360 -84.82220 Hap 18 (Xu0634H1-H4)

X. umbratilis 21 Trib. to Rio Agua Caliente southwest of CostaRica  10.43505 -84.72340 Hap 18 (Xu0717H1-H3), Hap 26 (Xu0717H4)

Volcan Arenal
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X. umbratilis 22 La Vuelta Del Borracho, trib. to Lago Arenal Costa Rica  10.42743 -84.75225 Hap 18 (Xu0718H1-H4)
on El Fosforo-El Castillo Rd, southwest of
Volcan Arenal
X. umbratilis 23 Rio Isla Grande, trib. to Rio Chirripd Costa Rica  10.39300 -83.96820 Hap 27 (Xu0636H1, Xu0636H6-H9), Hap 28 (Xu0636H2), Hap 29
(Xu0636H3), Hap 30 (Xu0636H4)
X. umbratilis 24 Rio Cariari, trib. to Upper Rio Tortuguero on Costa Rica  10.35530 -83.73750 Hap 31 (XuCarlHco)
south side of Cariari, just off Costa Rica Rd
247
X. umbratilis 25 Quebrada Piecueca (San Carlos) just off Costa ~ Costa Rica ~ 10.35170 -84.58810 Hap 32 (XuTigral, XuTigra2)
Rica Rd 702, ~1.6 km northwest of Tigra
X. umbratilis 26 Rio Jiménez at Costa Rica Rd 248 just west of ~ Costa Rica ~ 10.28940 -83.61000 Hap 33 (XuJimez1, XuJimez2)
Villa Franca
X. umbratilis 27 Upper Rio Tortuguero 0.5 km off of Costa CostaRica  10.25942 -83.81223 Hap 35 (Xu0712H1, Xu0712H2, Xu0712H6-H8 ), Hap 36
Rica Rd 249, 1 km north of San Rafael and (Xu0712H3-H5)
approximately 5 km north of Guapiles
X. umbratilis 28 Rio Corinto, trib. to Rio Chirripd Costa Rica  10.21190 -83.88650 Hap 37 (Xu0637H1-H8)
X. umbratilis 29 Trib. to Rio Parismina just off Costa Rica Hwy  Costa Rica ~ 10.19772 -83.65210 Hap 33 (Xu0710H3, Xu0710HS5), Hap 38 (Xu0710H1, Xu0710H4,
32, approximately 4 km southeast of Guacimo Xu0710H6, Xu0710H7)
X. umbratilis  N/A See Hrbek et al. 2007 Costa Rica  N/A N/A Hap 39 (Numb)

Abbreviations: MLBM, Brigham Young University Fish Collection (Monte L. Bean Museum); N/A, not available; trib., tributary.

Sampling localities for Phallichthys amates

Species

Locality

Country

Latitude

Longitude

Cytb haplotype (sample IDs)

Rd 702, approximately 4-4.5 km southeast of La
Fortuna/Barrio Pilo (neighborhoods at Rd 142)

Phallichthys 9 Trib. to Rio Medio Queso on dirt road 2.5 km east of Costa Rica 10.84717 -84.59366 Hap 7 (MLBM 161015, MLBM 161017, MLBM 161018,

amates Costa Rica Hwy 35, approximately 25 km south- MLBM 161023, MLBM 161025, MLBM 161026), Hap 8
southeast of Los Chiles (MLBM 161016, MLBM 161021, MLBM 161024), Hap 9

(MLBM 161020), Hap 10 (MLBM 161022)

P. amates 10 Unnamed trib. to Rio Pizote at Costa Rica Rd 164 Costa Rica 10.76972 -85.18712 Hap 11 (MLBM 161133), Hap 12 (MLBM 161134)
approximately 6 km south of Aguas Claras

P. amates 11 Unnamed trib. to Rio Zapote near south side of Bijagua  Costa Rica 10.73142 -85.05535 Hap 13 (MLBM 148983-89)

P. amates 12 Rio Celeste at Viejo Oeste Bar, just off Costa Rica Hwy  Costa Rica 10.73125 -84.88818 Hap 7 (MLBM 160701)
4, approximately 2.5 km southeast of Katira

P. amates 13 Rio Chimurria at Costa Rica Hwy 35, near Santa Clara Costa Rica 10.72740 -84.55820 Hap 14 (Phal3)
de Upala, approximately 25 km north of Boca Arenal

P. amates 14 Rio Tempisque Costa Rica 10.62745 -85.43412 Hap 15 (MLBM 167999, MLBM 168000)

P. amates 15 Trib. to Rio Toro north of Golfito Costa Rica 10.59927 -84.06908 Hap 16 (MLBM 161080, MLBM 161081)

P. amates 16 Trib. to Rio Sarapiqui on road ~2 km off end-Costa Costa Rica 10.52452 -84.03127 Hap 16 (MLBM 148993, MLBM 148994), Hap 17 (MLBM
Rica Rd. 505, approximately 9 km northwest of Puerto 148990)
Viejo de Sarapiqui

P. amates 17 Rio La Piedrita, trib. to Rio Burro, just off Costa Rica Costa Rica 10.44456 -84.61420 Hap 18 (MLBM 161809)
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P. amates 18 Trib. to Rio Agua Caliente southwest of Volcan Arenal ~ Costa Rica 10.43505 -84.72340 Hap 18 (MLBM 149139-43, MLBM 149145, MLBM 149146),
Hap 19 (MLBM 149144)

P. amates 19 Upper Rio Tortuguero 0.5 km off of Costa Rica Rd Costa Rica 10.25942 -83.81220 Hap 16 (MLBM 149159, MLBM 149160, MLBM 149164,
249, 1 km north of San Rafael and approximately 5 km Pha6), Hap 20 (MLBM 149161), Hap 21 (MLBM 149163)
north of Guapiles

P. amates 20 Brazo del Sucio, trib. to Rio Chirrip6 Costa Rica 10.21872 -83.90466 Hap 16 (MLBM 160281-92)

P. amates 21 Trib. to Rio Parismina 200 m off of Costa Rica Hwy Costa Rica 10.19968 -83.65870 Hap 16 (Pha2)

32, approximately 3 km southeast of Guacimo

P. amates 22 Trib. to Rio Parismina just off Costa Rica Hwy 32, Costa Rica 10.19772 -83.65210 Hap 22 (MLBM 149137)
approximately 4 km southeast of Guacimo

P. amates 23 Rio Barbilla (major trib. to Rio Matina) at Costa Rica Costa Rica 10.04416 -83.33383 Hap 15 (MLBM 168003, MLBM 168004, MLBM 16801012 ),
Rd 805 (dirt road) just west of B-Line, 0.5 km from Hap 23 (MLBM 168005), Hap 24 (MLBM 168006), Hap 25
Costa Rica Hwy 32 (MLBM 168013), Hap 26 (MLBM 169940, MLBM 169941),

Hap 27 (MLBM 169942), Hap 28 (MLBM 168009)
P. amates 24 Trib. to Rio Sixaola Costa Rica 9.62093 -82.85768 Hap 29 (MLBM 149133), Hap 30 (MLBM 149131), Hap 31
(MLBM 149132)
P. amates 1 Tributary to Rio Lancetilla at Lancetilla Preserve, Honduras 15.74068 -87.45578 Hap 1 (1180 [LSUMZ 14522])
Departamento Atlantida
P. amates 2 Rio Santiago at community of San Rafael near La Honduras 15.66433 -87.08475 Hap 1 (1253 [LSUMZ 14564])
Masica, Departamento Atlantida

P. amates 3 Rio Grande de Matagalpa Nicaragua 12.98351 -85.13827 Hap 2 (MLBM 168007)

P. amates 4 Unnamed trib. to Rio Acoyapa at Nicaragua Hwy 7 Nicaragua 12.00340 -85.18153 Hap 3 (MLBM 173793), Hap 4 (MLBM 173794, MLBM
approximately 1.8 km west of Lovago 173796)

P. amates 5 Unnamed trib. to Rio Rama at Nicaragua Hwy 71, Nicaragua 11.82544 -84.60611 Hap 5 (MLBM 172434)
approximately 8 km south of Puente Rio Rama

P. amates 6 Unnamed trib. to Rio Rama at Nicaragua Hwy 71, Nicaragua 11.74923 -84.55819 Hap 5 (MLBM 173687)
approximately 1.5 km south of Colonia El Corocito

P. amates 7 Unnamed trib. to Rio Rama at Nicaragua Hwy 71 Nicaragua 11.73855 -84.51068 Hap 4 (MLBM 173800-06, MLBM 173808), Hap 6 (MLBM
approximately 7.5 km northwest of Nueva Guinea 173815)

P. amates 8 Unnamed trib. to Rio Zapote (a trib. to Rio Plata, which  Nicaragua 11.68127 -84.46019 Hap 4 (MLBM 173472), Hap 7 (MLBM 173443)
drains into Rio Rama) south of Nueva Guinea,
approximately 1 km south of end of Nicaragua Hwy 71

P. amates N/A See Hrbek et al. (2007) N/A N/A N/A Hap 32 (Pamat)

Abbreviations: LSUMZ, LSU Museum of Natural Science catalog number; MLBM, Brigham Young University Fish Collection (Monte L. Bean Museum); N/A,

not available; trib., tributary.

Sampling localities for Poecilia mexicana

Species Site No.  Locality Country Latitude Longitude Cyth haplotype (sample IDs)

Poecilia sphenops 23 Rio Agua Buena Honduras 15.76611 -86.99889 Hap 26 (STRI 4303)

P. sphenops 79 Rio Grande de Matagalpa Nicaragua 12.84517 -86.10272 Hap 44 (STRI 13327)

P. mexicana 108 Rio Liberia at outskirts of Liberia Costa Rica  10.62745 -85.43412 Hap 95 (MLBM 167890, MLBM 167891, MLBM 167893),
Hap 106 (MLBM 167887, MLBM 167888, MLBM 167892,
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MLBM 167894)

P. mexicana 111 Rio Tempisque on road between Guardia and Costa Rica  10.57220 -85.39192 Hap 95 (MLBM 168793, MLBM 168794, MLBM 168797),
Comunidad, Nicoya Peninsula Hap 108 (MLBM 168792, MLBM 168795, MLBM 168798),
Hap 109 (MLBM 168796)
P. mexicana 112 Rio Salto at CA1 southeast of Liberia, Nicoya CostaRica  10.56106 -85.39192 Hap 110 (MLBM 167904, MLBM 167905, MLBM 167908-
Peninsula 10), Hap 111 (MLBM 167906)
P. mexicana 115 Rio Sardinal at Sardinal, on Rd 151 approximately Costa Rica  10.51508 -85.65166 Hap 95 (MLBM 167896, MLBM 167901), Hap 108 (MLBM
5 km from 21 167895, MLBM 167897), Hap 110 (MLBM 167898-900),
Hap 116 (MLBM 167902)
P. mexicana 117 Rio Cabuyo at unnamed province road to la CostaRica  10.48961 -85.38555 Hap 108 (MLBM 168698), Hap 110 (MLBM 168697, MLBM
Reserva Biologica Lomas Bardudal 168700-702), Hap 117 (MLBM 168696), Hap 118 (MLBM
168699)
P. mexicana 125 Unnamed trib. to Rio Tempisque drainage CostaRica  10.39076 -85.59045 Hap 110 (MLBM 167933, MLBM 167934)
approximately 2 km south of Belén, Nicoya
Peninsula
P. mexicana 129 Rio Diria at CA1 approximately 2-3 km north of Costa Rica  10.26677 -85.59261 Hap 95 (MLBM 168801), Hap 97 (MLBM 168804), Hap 108
Santa Cruz, Nicoya Peninsula (MLBM 168802, MLBM 168803), Hap 110 (MLBM 168800,
MLBM 168805), Hap 121 (MLBM 168806)
P. mexicana 137 Rio Barbilla at province road just west of B-Line,a  Costa Rica  10.04416 -83.33383 Hap 132 (MLBM 168888-90, MLBM 168892-95 )
few km west of the road to Matina (dirt road, off
northeast side of big road to Puerto Limon)
P. mexicana 17 Arroyo Sal Si Puedes, Belize Guatemala  16.95730 -89.35930 Hap 18 (STRI 8084)
P. mexicana 18 Zona Militar Estanque, locality approximated Guatemala  16.90290 -89.72929 Hap 19 (STRI 8111, STRI 8113, STRI 8114)
P. mexicana 19 Arroyo Comiston, trib. to Rio La Pasion Guatemala  16.55440 -90.19270 Hap 21 (STRI 7957), Hap 22 (STRI 7958, STRI 7960)
P. mexicana 20 Rio La Pasion Guatemala  16.55060 -90.23010 Hap 21 (STRI 7999), Hap 23 (STRI 7995, STRI 7996)
P. mexicana 21 Rio San Simon Guatemala  15.84110 -90.28920 Hap 21 (STRI 7839, STRI 7854)
P. mexicana 22 Rio Sebol at Finca Sebol Guatemala 15.80630 -89.94480 Hap 25 (STRI 7906, STRI 7914, STRI 7915, STRI 7925)
P. mexicana 25 Rio Amatillo at Lago Izabal near Venta de El Guatemala  15.53910 -88.89830 Hap 29 (STRI 8181, STRI 8184-86)
Amatillo
P. mexicana 30 Rio Chaguacal, trib. to Rio Polochic Guatemala  15.31617 -89.85556 Hap 33 (STRI 8288-90, STRI 8294)
P. mexicana 31 Rio Dona Maria, trib. to Rio Motagua Guatemala  15.20910 -89.24810 Hap 34 (STRI 8241), Hap 35 (STRI 8245, STRI 8246, STRI
8248)
P. mexicana 32 Rio Lobo, trib. to Rio Motagua Guatemala  15.18160 -89.29940 Hap 34 (STRI 8232), Hap 35 (STRI 8222, STRI 8230)
P. mexicana 24 Rio Taujica at Taujica Honduras 15.68100 -85.93930 Hap 27 (STRI 8558), Hap 28 (STRI 8565)
P. mexicana 26 Quebrada de Chicho between Comunidades de Honduras 15.53480 -86.21170 Hap 30 (STRI 8534, STRI 8541)
Achiote and Cholomena
P. mexicana 27 Rio Medina, trib. to Rio Aguan, at Coyoles Honduras 15.48380 -86.66600 Hap 30 (STRI 8607)
Centrales
P. mexicana 28 Rio Naco, trib. to Ulua Honduras 15.34147 -88.62480 Hap 31 (STRI 8408, STRI 8411)
P. mexicana 29 Rio Camalote, trib. to Rio Ulua Honduras 15.32656 -88.66264 Hap 31 (STRI 8470, STRI 8471)
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P. mexicana 33 Rio Yojoa, trib. to Rio Ulua Honduras 15.03480 -87.92870 Hap 36 (STRI 8618, STRI 8620), Hap 37 (STRI 8619)
P. mexicana 34 Rio El Sauce (Amarillo) at Santa Rita Honduras 14.86603 -89.06783 Hap 38 (STRI 8463, STRI 8465, STRI 8466)
P. mexicana 35 Rio El Sauce (Amarillo), trib. to Rio Motagua, near ~ Honduras 14.85589 -89.12355 Hap 34 (STRI 8372-74)
Copan Ruins
P. mexicana 36 Tio Higuito, trib. to Rio Motagua, at cuenca near Honduras 14.83940 -89.16819 Hap 39 (STRI 8362, STRI 8363)
Higuito
P. mexicana 38 Rio Humuya, trib. to Rio Ulua, at Comayagua Honduras 14.45370 -87.65230 Hap 36 (STRI 8637)
P. mexicana 39 Rio Lempa at Nueva Ocotepeque Honduras 14.39417 -89.20816 Hap 43 (STRI 8311, STRI 8316)
P. mexicana 42 Rio Goascoran at Caridad Honduras 13.82770 -87.69480 Hap 45 (STRI 8858, STRI 8860)
P. mexicana 51 Rio Goascoran at Goascoran Honduras 13.58928 -87.76212 Hap 53 (STRI 8805, STRI 8815), Hap 54 (STRI 8807)
P. mexicana 53 Rio Chiquito, trib. to Rio Nacaome, at Nacaome Honduras 13.54170 -87.47880 Hap 55 (STRI 8873, STRI 8875)
P. mexicana 56 Rio Chiquito, trib. to Rio Choluteca, at Orocuina Honduras 13.48270 -87.09900 Hap 32 (STRI 8914-16)
P. mexicana 4 Rio Puyacatengo, Banos del Azufre Mexico 17.55225 -92.99859 Hap 5 (Pmmex33), Hap 6 (Pmmex15), Hap 7 (Pmmex16)
P. mexicana 5 Rio Pichucalco, Banos del Azufre Mexico 17.55200 -92.99900 Hap 8 (Pmmex14)
P. mexicana 6 Rio Puyacatengo, Vicente Gurrero Lerma Mexico 17.51008 -92.91448 Hap 1 (Pmmex17), Hap 5 (Pmmex32), Hap 6 (Pmmex18)
P. mexicana 7 Tributary to the Rio Ixtapangajoya, Chiapas state Mexico 17.51000 -92.98000 Hap 1 (PmmxNSS2-0), Hap 9 (PmmxNSSm-0)
P. mexicana 8 Rio Ixtapangajoya, Chiapas state Mexico 17.49500 -92.99800 Hap 8 (PmmxIxta-0), Hap 9 (PmmxIxt2-0, PmmxIxt3-0), Hap
10 (Pmmex22)
P. mexicana 9 Rio Nututun, Palenque Mexico 17.48417 -91.97376 Hap 11 (Pmmex29)
P. mexicana 10 Rio Tacotalpa, Arroyo Tres Mexico 17.48400 -92.77600 Hap 12 (Pmmex30)
P. mexicana 11 Rio Oxolotan, Tapijulapa Mexico 17.46444 -92.77430 Hap 12 (Pmmex28)
P. mexicana 12 Rio Puyacatengo, La Lluvia Mexico 17.46400 -92.89500 Hap 13 (Pmmex21, Pmmex22, Pmmex23)
P. mexicana 13 Puyacatengo Springs, in Tabasco state Mexico 17.45800 -92.88900 Hap 5 (PmmxPysp-0, Pmmex31)
P. mexicana 14 Rio Puyacatengo, La Lluvia, Puyacatengo Springs Mexico 17.45761 -92.88892 Hap 14 (Pmmex19, Pmmex20)
P. mexicana 15 Cueva del Azufre, Tabasco state Mexico 17.43843 -92.77476 Hap 15 (PmmxCDA-0, Pmmex34)
P. mexicana 16 Rio Tacotalpa, Arroyo Bonita Mexico 17.42685 -92.75213 Hap 16 (Pmmex26), Hap 17 (Pmmex27)
P. mexicana N/A Rio Puyacatengo, Rio Pichucalco, La Joya, Santa Mexico N/A N/A Hap 1 (Pmmex24)
Ana; see Tobler ef al. (2011)
P. mexicana 40 Rio Prinzapolka Nicaragua 13.93861 -84.82472 Hap 44 (STRI 14137)
P. mexicana 41 Rio Prinzapolka Nicaragua 13.91667 -84.56333 Hap 44 (STRI 14110-12)
P. mexicana 43 Rio Prinzapolka Nicaragua 13.82028 -85.04444 Hap 44 (STRI 14100)
P. mexicana 44 Rio Coco Nicaragua 13.77111 -85.64833 Hap 46 (STRI 14041-43)
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P. mexicana 45 Rio Prinzapolka Nicaragua 13.73222 -84.51472 Hap 44 (STRI 14131, STRI 14132)

P. mexicana 46 Rio Prinzapolka Nicaragua 13.69575 -84.69794 Hap 44 (STRI 14231, STRI 14232)

P. mexicana 47 Rio Coco Nicaragua 13.67611 -85.79611 Hap 47 (STRI 14060)

P. mexicana 48 Rio Coco Nicaragua 13.67356 -85.76389 Hap 48 (STRI 13934)

P. mexicana 49 Rio Prinzapolka Nicaragua 13.63583 -85.36500 Hap 49 (STRI 14070, STRI 14072), Hap 50 (STRI 14071)

P. mexicana 50 Rio Coco Nicaragua 13.60944 -86.47483 Hap 48 (STRI 13450), Hap 51 (STRI 13451), Hap 52 (STRI

13456)

P. mexicana 52 Rio Prinzapolka Nicaragua 13.55500 -84.86333 Hap 44 (STRI 14145, STRI 14146)

P. mexicana 54 Rio Coco Nicaragua 13.51294 -85.80986 Hap 48 (STRI 13921-23)

P. mexicana 55 Rio Prinzapolka Nicaragua 13.50306 -84.84472 Hap 44 (STRI 14256)

P. mexicana 57 Rio Grande de Matagalpa Nicaragua 13.46000 -84.91444 Hap 44 (STRI 14154, STRI 14155)

P. mexicana 58 Rio Coco Nicaragua 13.42472 -85.98500 Hap 48 (STRI 13997), Hap 56 (STRI 13998)

P. mexicana 59 Unnamed trib. to Rio Grande de Matagalpa, east of =~ Nicaragua 13.35260 -85.35108 Hap 44 (MLBM 168822), Hap 49 (MLBM 168815-21)
Waslala (road to Siuna)

P. mexicana 60 Rio Coco Nicaragua 13.34164 -85.95636 Hap 57 (STRI 13887)

P. mexicana 61 Rio Coco Nicaragua 13.33811 -85.94881 Hap 48 (STRI 13876)

P. mexicana 62 Rio Coco Nicaragua 13.33335 -86.20417 Hap 48 (STRI 13988), Hap 57 (STRI 13986, STRI 13987)

P. mexicana 63 Rio Coco Nicaragua 13.29133 -86.18028 Hap 58 (STRI 13972-74)

P. mexicana 64 Rio Grande de Matagalpa Nicaragua 13.26233 -85.43922 Hap 44 (STRI 14195, STRI 14196)

P. mexicana 65 Unnamed trib. to Rio Grande de Matagalpa, at Nicaragua 13.25769 -85.45440 Hap 44 (MLBM 168168-74)
stream just west of km marker 226

P. mexicana 66 Rio Grande de Matagalpa Nicaragua 13.25611 -85.54453 Hap 59 (STRI 14172)

P. mexicana 67 Unnamed trib. to Lago Managua between Esteli Nicaragua 13.22797 -86.55272 Hap 60 (MLBM 167960, MLBM 167962, MLBM 167964)
and Leon

P. mexicana 68 Unnamed trib. to Rio Grande de Matagalpa, west Nicaragua 13.22058 -85.72626 Hap 61 (MLBM 168175-82)
of La Mora and slightly further west of La Dalia

P. mexicana 69 Rio Grande de Matagalpa Nicaragua 13.17450 -86.28528 Hap 44 (STRI 13970, STRI 13971), Hap 62 (STRI 13969)

P. mexicana 70 Rio Grande de Matagalpa Nicaragua 13.15058 -85.92922 Hap 44 (STRI 13838, STRI 13845, STRI 13846)

P. mexicana 71 Unnamed trib. to Lago de Apanas Nicaragua 13.11843 -86.01022 Hap 44 (MLBM 16880711, MLBM 168813, 168814), Hap

63 (MLBM 168812)

P. mexicana 73 Rio Coco Nicaragua 13.09797 -86.36033 Hap 48 (STRI 13429-31)

P. mexicana 74 Unnamed trib. to Rio Esteli, thus a trib. to Rio Nicaragua 13.05866 -86.35114 Hap 44 (MLBM 167956), Hap 48 (MLBM 167958), Hap 64
Coco (MLBM 167952-55, MLBM 167957, MLBM 167959)

P. mexicana 75 Unnamed trib. to Rio Tuma northwest of Rio Nicaragua 12.93613 -85.23434 Hap 65 (MLBM 168151-58)

Blanco (town; flowing from Mt. Musun)
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P. mexicana 78 Rio Grande de Matagalpa Nicaragua 12.87886 -85.21286 Hap 44 (STRI 14294)
P. mexicana 80 Trib. to unnamed trib. of the Rio Grande de Nicaragua 12.82341 -85.44279 Hap 44 (MLBM 168159, MLBM 168161, MLBM 168162),
Matagalpa, approximately 32 km west of Rio Hap 67 (MLBM 168160), Hap 68 (MLBM 168163, MLBM
Blanco (town) on road between Matagalpa and Rio 168164), Hap 69 (MLBM 168165), Hap 70 (MLBM 168166)
Blanco (town)
P. mexicana 81 Trib. to Rio Grande de Matagalpa at Puente de Nicaragua 12.68476 -85.54708 Hap 44 (MLBM 167938), Hap 71 (MLBM 167935, MLBM
Tierra Azul on road to Rio Blanco 167936, MLBM 167939, MLBM 167941), Hap 72 (MLBM
167937, MLBM 167940, MLBM 167942)
P. mexicana 82 Rio Grande de Matagalpa Nicaragua 12.67075 -86.09139 Hap 44 (STRI 13313-15)
P. mexicana 84 Unnamed trib. to Rio Malacatoya at Teustepe, just Nicaragua 12.41825 -85.79299 Hap 66 (MLBM 167943), Hap 73 (MLBM 168897), Hap 74
off road to Rama (Nicaragua Hwy 7), southwest of (MLBM 168898), Hap 75 (MLBM 168896)
Boaco
P. mexicana 88 Unnamed trib./headwater of Rio Mico northeast of =~ Nicaragua 12.13630 -85.04597 Hap 78 (MLBM 167928, MLBM 167929)
San Pedro de Lovago
P. mexicana 91 Rio Escondido Nicaragua 12.01289 -84.66831 Hap 66 (STRI 13666)
P. mexicana 99 Unnamed trib. to Lago Nicaragua just east of mile Nicaragua 11.50538 -84.83956 Hap 66 (MLBM 168708), Hap 87 (MLBM 167931, MLBM
marker km 238 on road to San Miguelito, 168709), Hap 88 (MLBM 167927), Hap 89 (MLBM 167930,
Chontales MLBM 168710), Hap 90 (MLBM 167932)
P. mexicana 100 Rio San Juan Nicaragua 11.19033 -85.51783 Hap 87 (STRI 14722)
P. gillii 101 Rio Sapoa CostaRica  11.04437  -85.61590 Hap 44 (PG725.05), Hap 66 (PG725.02, PG725.03,
PG725.08), Hap 88 (PG725.01, PG725.04, PG725.06), Hap 91
(PG725.07)
P. gillii 102 Rio Sabalo Costa Rica  11.04283 -85.48922 Hap 92 (PG726.01-08)
P. gillii 103 Rio San Juan CostaRica  10.90839  -85.21126 Hap 87 (STRI 2171), Hap 92 (STRI 2170)
P. gillii 104 Rio Chimurria CostaRica  10.72740  -84.55823 Hap 66 (PG716.04), Hap 93 (PG716.01-06), Hap 94
(PG716.08)
P. gillii 105 Rio Irigaray in Irigaray at CA 1, approximately 2.5  Costa Rica ~ 10.72340 -85.51038 Hap 95 (PG724.01, PG724.02, PG724.06, PG724.09-12), Hap
km west of Canas Dulces 96 (PG724.14), Hap 97 (PG724.13), Hap 98 (PG724.03-05,
PG724.07, PG724.08, PG724.15)
P. gillii 106 Quebrada Homiguera Costa Rica  10.69090 -85.08365 Hap 97 (PG611.02, PG611.03), Hap 99 (PG611.05), Hap 100
(PG611.01), Hap 101 (PG611.04)
P. gillii 107 Rio Queques CostaRica  10.64482  -84.82223 Hap 87 (PG719.01, PG719.03, PG719.05-08, PG719.10,
PG719.12-16), Hap 102 (PG719.02), Hap 103 (PG719.04),
Hap 104 (PG719.09), Hap 105 (PG719.11)
P. gillii 109 Small ditch CostaRica  10.62407  -85.05812 Hap 97 (PG610.01-03)
P. gillii 110 Rio Infiernito CostaRica  10.61802  -84.48418 Hap 66 (PG715.01-07), Hap 107 (PG715.08)
P. gillii 113 Rio Sabalito CostaRica  10.54858  -84.98080 Hap 112 (PG608.03, PG608.04), Hap 113 (PG608.01,
PG608.02, PG608.05)
P. gillii 114 Rio Sarapiqui Costa Rica  10.52455 -84.03133 Hap 66 (PG713.04), Hap 87 (PG713.06, PG713.08), Hap 92
(PG713.03, PG713.09, PG713.12), Hap 102 (PG713.02,
PG713.10, PG713.13), Hap 114 (PG713.01, PG713.07,
PG713.11), Hap 115 (PG713.05)
P. gillii 116 Rio La Palma Costa Rica  10.49875 -84.68900 Hap 66 (PG602.01-05)
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P. gillii 118 Rio Magdalena Costa Rica  10.47945 -85.07812 Hap 110 (PG616.01-03)

P. gillii 119 Rio Sarapiqui Costa Rica  10.47225 -83.99195 Hap 92 (STRI 1245)

P. gillii 119 Rio Sarapiqui Costa Rica  10.47225 -83.99195 Hap 114 (STRI 1246)

P. gillii 120 Lago Arenal CostaRica  10.47208  -84.76933 Hap 66 (PG603.02), Hap 112 (PG603.01)

P. gillii 121 Rio Santa Rosa Costa Rica  10.46113 -85.07438 Hap 95 (PG614.02), Hap 110 (PG614.01)

P. gillii 122 Rio Chiquito CostaRica  10.43770  -84.86815 Hap 66 (PG612.05), Hap 110 (PG612.03, PG612.04), Hap 112
(PG612.01), Hap 113 (PG612.02)

P. gillii 123 Rio Carrisal Costa Rica  10.39502  -85.58688 Hap 110 (PG723.01)

P. gillii 124 Rio Isla Grande CostaRica  10.39300  -83.96820 Hap 119 (PG636.01)

P. gillii 126 Rio Javilla Costa Rica  10.37208  -85.09740 Hap 97 (PG617.02), Hap 116 (PG617.03), Hap 120
(PG617.01)

P. gillii 127 Rio Canas Costa Rica  10.34825 -85.16882 Hap 108 (STRI 1205), Hap 110 (STRI 1206)

P. gillii 128 Rio Higueron Costa Rica  10.34270  -85.07594 Hap 110 (STRI 2119), Hap 114 (PG712.04)

P. gillii 130 Rio Tortuguero CostaRica  10.25942  -83.81223 Hap 114 (PG712.08, PG712.10, PG712.15, PG712.16), Hap
122 (PG712.01-03, PG712.05, PG712.09, PG712.11,
PG712.14), Hap 123 (PG712.06), Hap 124 (PG712.07), Hap
125 (PG712.12)

P. gillii 131 Rio Congo CostaRica  10.23998  -84.99171 Hap 110 (PG808.01, PG808.03), Hap 121 (PG808.02), Hap
126 (PG808.04, PG808.05), Hap 127 (PG808.06)

P. gillii 132 Rio Parismina CostaRica  10.19772  -83.56873 Hap 128 (PG710.01-07)

P. gillii 133 Rio Herediana Costa Rica  10.12417  -83.55617 Hap 128 (PG703.02, PG703.03), Hap 129 (PG703.01,
PG703.05)

P. gillii 134 Rio Ciruelas CostaRica  10.05914  -84.75919 Hap 130 (STRI 13308)

P. gillii 135 Rio Morote at Costa Rica Hwy 21 approximately 6 ~ Costa Rica ~ 10.05828 -85.26202 Hap 108 (PG722.06), Hap 121 (PG722.01, PG722.02,

km north of Carmona PG722.04, PG722.05, PG722.07-16), Hap 131 (PG722.03)

P. gillii 136 Rio Nosara Costa Rica  10.04833 -85.54520 Hap 110 (STRI 1231, STRI 1232)

P. gillii 138 Rio Rosales Costa Rica  10.02979  -84.32582 Hap 66 (PG809.01), Hap 108 (PG809.02, PG809.03), Hap 128
(PG809.04), Hap 133 (PG809.05)

P. gillii 139 Rio Naranjo CostaRica  10.02264  -84.73442 Hap 44 (PG807.01, PG807.04, PG807.05), Hap 130
(PG807.02, PG807.03)

P. gillii 140 Rio Toro, trib. to Rio Matina, just off Costa Rica CostaRica  10.01678 -83.21022 Hap 132 (PG708.06-08), Hap 134 (PG708.01, PG708.02,

Hwy 32 approximately 24 km west of Limon PG708.04, PG708.05)

P. gillii 141 Rio Centeno CostaRica  9.94132 -84.53886 Hap 135 (PG806.01, PG806.03-05), Hap 136 (PG806.02)

P. gillii 142 Rio Pacacua Costa Rica  9.91960 -84.24130 Hap 133 (PG801.01-05)

P. gillii 143 Unnamed lagoon CostaRica  9.89258 -82.97228 Hap 137 (PG707.02-04, PG707.06-08), Hap 138 (PG707.01),
Hap 139 (PG707.05)

P. gillii 144 Rio Grande de Tarcoles Costa Rica  9.87980 -84.52780 Hap 95 (PG804.01), Hap 133 (PG804.02), Hap 140

(PG804.03)
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P. gillii 145 Rio Reventazon Costa Rica  9.87230 -83.63320 Hap 43 (PG701.05), Hap 141 (PGB701.01-04), Hap 142
(PG701.01-04)
P. gillii 146 Quebrada La Canela CostaRica  9.85151 -84.52766 Hap 44 (PG805.02), Hap 58 (PG805.01), Hap 141 (PG805.03)
P. gillii 147 Unnamed trib. to Rio Sixaola at Costa Rica Hwy CostaRica  9.63203 -82.81922 Hap 143 (PGB704.01, PGB704.02, PGB704.04), Hap 144
36 less than 1 km west of Catarata (PGB704.03), Hap 145 (PG704.01-08)
P. gillii 148 Rio Hatillo Viejo CostaRica  9.62312 -82.85520 Hap 74 (MLBM 173339), Hap 79 (MLBM 173337), Hap 80
(MLBM 173336), Hap 81 (MLBM 173341)
P. gillii 149 Rio Sixaola Costa Rica  9.59872 -82.80247 Hap 145 (STRI 1291), Hap 147 (STRI 1292)
P. gillii 156 Finco la Palma CostaRica  9.53697 -84.38589 Hap 151 (PGB702.01, PGB702.02), Hap 152 (PGB702.04),
Hap 153 (PGB702.03)
P. gillii 159 Rio General Costa Rica  9.38944 -83.66361 Hap 146 (PG4814.02), Hap 154 (PG4814.01)
P. gillii 165 Rio Peje, trib. to Rio General Costa Rica  9.28493 -83.64566 Hap 156 (STRI 2074)
P. gillii 173 Rio Pejibaye CostaRica  9.15694 -83.57528 Hap 146 (PG4810.02, PG4810.03, PG4810.05-10,
PGA4810.12-15), Hap 162 (PG4810.01), Hap 163
(PG4810.04), Hap 164 (PG4810.11)
P. gillii 203 Rio Salama Nuevo Costa Rica  8.90425 -83.43932 Hap 175 (STRI 2051)
P. gillii 223 Rio Nuevo Costa Rica  8.64103 -82.95297 Hap 175 (PGB714.01, PGB714.02)
P. gillii 225 Rio Barrigones Costa Rica  8.59323 -83.42182 Hap 178 (PG517.01, PG517.02)
P. gillii 36 Tio Higuito at cuenca Motagua / Higuito Honduras 14.83940 -89.16819 Hap 39 (STRI 8364), Hap 40 (STRI 8365)
P. gillii 37 Rio Ulta Honduras 14.65096  -88.88144 Hap 39 (STRI 8343, STRI 8356), Hap 40 (STRI 8355, STRI
8358), Hap 41 (STRI 8357), Hap 42 (STRI 8344)
P. gillii 72 Rio Esteli in Esteli Nicaragua 13.10663 -86.35710 Hap 64 (MLBM 174214-16)
P. gillii 76 Rio Viejo (afluente Lago de Managua) Nicaragua 12.90703 -86.12831 Hap 44 (STRI 13417-20)
P. gillii 77 Trib. to Rio Grande Viejo on road between Esteli Nicaragua 12.89324 -86.17908 Hap 32 (MLBM 174330), Hap 44 (MLBM 174327), Hap 66
and Leon (MLBM 174331)
P. gillii 83 Telica Nicaragua 12.51656  -86.86542 Hap 32 (MLBM 174259-62)
P. gillii 84 Unnamed trib. to Rio Malacatoya at Teustepe, just Nicaragua 12.41825 -85.79299 Hap 66 (MLBM 168899)
off road to Rama (Nicaragua Hwy 7), southwest of
Boaco
P. gillii 85 Rio Caracol Nicaragua 12.35116  -85.88870 Hap 74 (MLBM 173007, MLBM 173008), Hap 76 (MLBM
173005, MLBM 173006)
P. gillii 86 Rio Malacatoya Nicaragua 12.32661 -85.95553 Hap 73 (MLBM 172867, MLBM 172868)
P. gillii 87 Lago Jiloa Nicaragua 12.21858  -86.31194 Hap 32 (MLBM 172459, MLBM 172460, MLBM 172462),
Hap 77 (MLBM 172455, MLBM 172461)
P. gillii 89 Rio Mayales main stem Nicaragua 12.06679 -85.40375 Hap 74 (MLBM 173339), Hap 79 (MLBM 173337), Hap 80
(MLBM 173336), Hap 81 (MLBM 173341)
P. gillii 90 Trib. to Rio Mayales about 6 km southwest of Nicaragua 12.05663 -85.40814 Hap 66 (MLBM 173271, MLBM 173272), Hap 74 (MLBM
Juigalpa on Nicaragua Hwy 37 173274), Hap 82 (MLBM 173273)
P. gillii 92 Unnamed trib. Nicaragua 11.87992  -85.13156 Hap 66 (MLBM 17410913, MLBM 174116), Hap 80

(MLBM 174114)
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P. gillii 93 Unnamed trib. Nicaragua 11.82942  -85.20479 Hap 32 (MLBM 173959), Hap 66 (MLBM 173960, MLBM
173964)
P. gillii 94 Unnamed trib. to Lago Nicaragua Nicaragua 11.74923 -84.55819 Hap 66 (MLBM 173680-85)
P. gillii 95 Rio La Conquista Nicaragua 11.72472  -86.18469 Hap 74 (MLBM 172443, MLBM 172444, MLBM 172446),
Hap 79 (MLBM 172439), Hap 83 (MLBM 172440-42,
MLBM 172445)
P. gillii 96 Unnamed drainage ditch trib. 1 km north of Nicaragua 11.67886 -85.98817 Hap 66 (MLBM 172559), Hap 84 (MLBM 172558)
Ochomogo
P. gillii 97 Unnamed trib. to Rio Rama drainage south of Nicaragua 11.67839 -84.45622 Hap 78 (MLBM 173459, MLBM 173460, MLBM 173464,
Nueva Guinea MLBM 173468-70), Hap 85 (MLBM 173465)
P. gillii 98 Rio Ochomogo Nicaragua 11.65664  -85.97319 Hap 66 (MLBM 172539, MLBM 172541, MLBM 172542),
Hap 86 (MLBM 172540)
P. gillii 150 Rio Playa Alta near Nombre de Dios Panama 9.57069 -79.43614 Hap 149 (STRI 18632)
P. gillii 151 Rio Viento Frio Panama 9.57056 -79.38250 Hap 40 (STRI 17945)
P. gillii 152 Rio Cuango Panama 9.55080 -79.30920 Hap 40 (STRI 9020), Hap 150 (STRI 9030)
P. gillii 153 Rio Cascajal, upstream about 5 km east of Fuerte Panama 9.54722 -79.60400 Hap 40 (STRI 12609, STRI 12610, STRI 12614)
de San Lorenzo
P. gillii 154 Rio Cascajal, upstream about 5 km east of Fuerte Panama 9.54722 -79.63040 Hap 40 (STRI 4533, STRI 4534, STRI 4536)
de San Lorenzo
P. gillii 155 Rio Cascajal Panama 9.54642 -79.60625 Hap 40 (STRI 2956)
P. gillii 157 Rio Cuango Panama 9.51820 -79.28480 Hap 40 (STRI 9395)
P. gillii 158 Quebrada on Almirante-Changuinola road Panama 9.39686 -82.50058 Hap 40 (STRI 12442)
P. gillii 160 Rio Changuinola Panama 9.37000 -82.54000 Hap 149 (STRI 4969)
P. gillii 161 Rio Bongie, trib. to Rio Teribe Panama 9.35990 -82.61000 Hap 149 (STRI 4979, STRI 4980, STRI 4992, STRI 4993)
P. gillii 162 Two quebradas before Big Creek, Isla Colon, Panama 9.35711 -82.25322 Hap 155 (STRI 16977)
Bocas del Toro
P. gillii 163 Stream between Sardinilla and Salamanca Panama 9.32644 -79.61189 Hap 40 (STRI 16414)
P. gillii 164 Quebrada by Almirante-Changuinola road Panama 9.31469 -82.45036 Hap 149 (STRI 12428)
P. gillii 166 Unnamed trib. to Quebrada Nigua, at Ruta Panama 9.27894 -82.41525 Hap 149 (STRI 18787), Hap 157 (STRI 18782)
Rambala-Almirante
P. gillii 167 Quebrada en Mateo Panama 9.22581 -80.08589 Hap 158 (STRI 16786), Hap 159 (STRI 16781-85)
P. gillii 168 Rio Mamoni Panama 9.22361 -79.09222 Hap 159 (STRI 11203)
P. gillii 170 Rio Membrillar Panama 9.17389 -80.18500 Hap 160 (STRI 16723), Hap 161 (STRI 16722)
P. gillii 171 Rio Pacora Panama 9.16417 -79.34000 Hap 149 (STRI 2851)
P. gillii 172 Rio Chichebre Panama 9.16083 -79.15417 Hap 149 (STRI 11374)
P. gillii 174 Small creek on km 41 of Punta Pena - Almirante Panama 9.14753 -82.31767 Hap 149 (STRI 12459)

road
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P. gillii 175 Rio Uyama Panama 9.13892 -82.30694 Hap 132 (STRI 18792), Hap 149 (STRI 18791)

P. gillii 176 Rio Miguel de la Borda Panama 9.13358 -80.29422 Hap 40 (STRI 16810, STRI 16820), Hap 160 (STRI 16809,
STRI 16823)

P. gillii 177 Quebrada La Candelaria, Rio Jobo, Rio Indio de Panama 9.13011 -80.17155 Hap 41 (STRI 10048)

P. gillii 178 gsgﬁada on Km 34 at Punta Pena - Almirante Panama 9.11697 -82.29019 Hap 157 (STRI 12481)

P. gillii 179 lIﬁi)ie:)d(.jhagres Panama 9.11000 -79.68000 Hap 165 (STRI 6803)

P. gillii 180 Escudo de Veraguas, Bocas del Toro Panama 9.10222 -81.56167 Hap 166 (STRI 6826)

P. gillii 181 Rio Pedro Miguel Panama 9.08067 -79.62508 Hap 149 (STRI 15849)

P. gillii 182 Quebrada on Km 26 at Punta Pena - Almirante Panama 9.06628 -82.29911 Hap 149 (STRI 12473)

P. gillii 183 gs:l.)rada Jobito Panama 9.06394 -80.18597 Hap 40 (STRI 15423, STRI 15424)

P. gillii 184 Rio Indio Panama 9.06356 -80.18803 Hap 160 (STRI 16843)

P. gillii 185 Quebrada Tolu Panama 9.04114 -80.35497 Hap 40 (STRI 15271, STRI 15281)

P. gillii 186 Rio Robalo Panama 9.04056 -82.28583 Hap 149 (STRI 6846, STRI 6847)

P. gillii 187 Rio Chagres Panama 9.02530 -79.69890 Hap 39 (STRI 7363, STRI 7364), Hap 40 (STRI 7417, STRI

P. gillii 188 Rio Cardenas Panama 9.00117 -79.57278 thilzlo (STRI 15863, STRI 15864)

P. gillii 189 Rio Guarumo Panama 9.00000 -82.18333 Hap 149 (STRI 12521)

P. gillii 190 Rio Guasimo Panama 8.99133 -80.27433 Hap 40 (STRI 16045), Hap 167 (STRI 16043)

P. gillii 191 Rio Guasimo Panama 8.99125 -80.27442 Hap 167 (STRI 15446), Hap 168 (STRI 15445)

P. gillii 192 Rio La Jacinta Panama 8.96864 -80.52950 Hap 41 (STRI 16615, STRI 16616)

P. gillii 193 Quebrada Los Uveros Panama 8.94719 -80.13825 Hap 41 (STRI 16131), Hap 169 (STRI 16123)

P. gillii 194 Creek on Punta Pefa, Rio Punta Agua Real Panama 8.94608 -82.15711 Hap 149 (STRI 16197)

P. gillii 195 Rio Canaveral Panama 8.92858 -81.71180 Hap 166 (STRI 736)

P. gillii 196 Rio Guarumo Panama 8.92853 -82.18028 Hap 149 (STRI 6379), Hap 170 (STRI 6380)

P. gillii 197 Rio Victoria Panama 8.92514 -80.55172 Hap 171 (STRI 16562), Hap 172 (STRI 16578)

P. gillii 198 Rio Victoria Panama 8.92500 -80.55139 Hap 171 (STRI 15409)

P. gillii 199 Rio Cricamola Panama 8.91728 -81.87725 Hap 149 (STRI 12376), Hap 173 (STRI 12375)

P. gillii 200 Rio Toabré Panama 8.91544 -80.50058 Hap 174 (STRI 15365)

P. gillii 201 Rio Toabre at Quebrada Patatilla Panama 8.91533 -80.50067 Hap 41 (STRI 16686), Hap 171 (STRI 16679)
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P. gillii 202 Quebrada Congal Panama 8.91411 -80.13406 Hap 169 (STRI 16149)
P. gillii 204 Quebrada Tortuguita Panama 8.88128 -80.39089 Hap 156 (STRI 15655)
P. gillii 205 Rio Uracillo Panama 8.88086 -80.21983 Hap 176 (STRI 16094, STRI 16096)
P. gillii 206 Quebrada Platanal Panama 8.87989 -80.27689 Hap 176 (STRI 15532)
P. gillii 207 Rio Toabre at Quebrada Tortuguita Panama 8.87861 -80.39047 Hap 177 (STRI 16695, STRI 16718)
P. gillii 208 Punta Pefa Panama 8.87594 -82.17461 Hap 149 (STRI 16199)
P. gillii 209 Rio Canazas at Chiriqui Grande road. Panama 8.87333 -82.17444 Hap 149 (STRI 11625)
P. gillii 210 Rio Guarumo Panama 8.87250 -82.18933 Hap 149 (STRI 642)
P. gillii 211 Rio Caimito Panama 8.85083 -79.96056 Hap 132 (STRI 4796, STRI 4799)
P. gillii 212 Rio Cocle del Norte Panama 8.82147 -80.53356 Hap 41 (STRI 16529), Hap 171 (STRI 16536)
P. gillii 213 Rio Cocle del Norte Panama 8.81867 -80.55302 Hap 41 (STRI 1347)
P. gillii 214 Rio Botija Panama 8.81200 -80.57972 Hap 41 (STRI 16497), Hap 171 (STRI 16498)
P. gillii 215 Rio Cascajal Panama 8.80464 -80.53328 Hap 171 (STRI 15330, STRI 15331)
P. gillii 216 Rio Cocle del Norte Panama 8.80417 -80.58083 Hap 39 (STRI 9773, STRI 9776), Hap 41 (STRI 9768, STRI
P. gillii 217 Rio Moreno Panama 8.77942 -80.53447 9H7aZ)44)11 (STRI 15319)
P. gillii 218 Rio Cocle del Norte Panama 8.77450 -80.52783 Hap 132 (STRI 9788), Hap 149 (STRI 9791), Hap 171 (STRI
P. gillii 219 Rio Moreno Panama 8.76667 -80.53614 9H7a§304)11 (STRI 16479, STRI 16483)
P. gillii 220 Rio Chiriqui Viejo Panama 8.76443 -82.82712 Hap 41 (STRI 112), Hap 132 (STRI 111)
P. gillii 221 Rio Calovebora Panama 8.74778 -81.22310 Hap 137 (STRI 6885, STRI 6888-90), Hap 171 (STRI 6886)
P. gillii 222 Rio Chiriqui Panama 8.68803 -82.29172 Hap 40 (STRI 18683)
P. gillii 224 Rio Anton Panama 8.59719 -80.13775 Hap 39 (STRI 18589)
P. gillii 226 Rio Santa Maria Panama 8.41322 -82.04800 Hap 40 (STRI 17120)
P. gillii 227 Quebrada El Nance, trib. to Rio Santa Maria Panama 8.41317 -81.04850 Hap 160 (STRI 11162)
P. gillii 228 Rio Anton Panama 8.39680 -80.25851 Hap 40 (STRI 1118, STRI 1119)
P. gillii 229 Rio Santa Maria Panama 8.35278 -80.79923 Hap 132 (STRI 3141-48)
P. gillii 230 Rio Salado Panama 7.70497 -80.27814 Hap 155 (STRI 18720)
P. gillii 169 Quebrada Garay Panama 9.19575 -82.34311 Hap 132 (STRI 18812), Hap 155 (STRI 18801)
P. latipinna (OG) 1 Cape Fear, Wilmington, North Carolina United 34.24200 -77.95521 Hap 2 (Plati-0)
States of
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America

P. latipinna (OG) 2 Mounds Pool, St. Mark's Wildlife Refuge, United 30.09728 -84.15385 Hap 3 (Plat4)
Wakulla, Florida States of
America

P. latipinna (OG) 3 Brownsville, Texas United 25.88443 -97.47564 Hap 4 (Plat5)
States of
America

Abbreviations: MLBM, Brigham Young University Fish Collection (Monte L. Bean Museum); N/A, not available; STRI, Smithsonian Tropical Research

Institute Neotropical Fish Collection; trib., tributary.

Sampling localities for Roeboidies spp.

Species Locality Country Latitude Longitude Cyth haplotype (sample IDs)
Roeboides 13 Rio Frio Costa Rica 11.03004  -84.71821 Hap 3 (MLBM 160859), Hap 11 (MLBM 160862)
bouchellei
R. bouchellei 14 Rio Haciendas Costa Rica 10.95468  -85.13692 Hap 12 (MLBM 161766), Hap 13 (MLBM 161799), Hap
14 (MLBM 161800)
R. bouchellei 15 Rio Tempisquito Costa Rica 10.78553  -85.55441 Hap 15 (MLBM 168840), Hap 16 (MLBM 168841, MLBM
168914, MLBM 168915), Hap 17 (MLBM 168842)
R. bouchellei 16 Rio Liberia at outskirts of Liberia Costa Rica 10.62745  -85.43412 Hap 15 (MLBM 168999-9006)
R. bouchellei 17 Rio Tempisque on road between Guardia and Costa Rica 10.57220  -85.58477 Hap 15 (MLBM 168904), Hap 16 (MLBM 168903, MLBM
Comunidad, Nicoya Peninsula 168907), Hap 18 (MLBM 168905, MLBM 168906)
R. bouchellei 18 Rio Salto at CA1 southeast of Liberia, Nicoya Peninsula Costa Rica 10.56106  -85.39192 Hap 16 (MLBM 168311-16, MLBM 168308, MLBM
168309)
R. bouchellei 19 Small stream feeding into Canal B-9 Costa Rica 10.52452  -84.03127 Hap 19 (MLBM 118369)
R. bouchellei 20 Trib. to Rio Sarapiqui Costa Rica 10.52452  -84.03127 Hap 20 (MLBM 118312)
R. bouchellei 21 Rio Sardinal at Sardinal, on Costa Rica Hwy 151, Costa Rica 10.51508  -85.65166 Hap 16 (MLBM 169128-30), Hap 21 (MLBM 169127)
approximately 5 km west of Costa Rica Hwy 21, Nicoya
Peninsula
R. bouchellei 22 Rio Cabuyo at unnamed province road to the Reserva Costa Rica 10.48961  -85.38555 Hap 16 (MLBM 168912, MLBM 168913, MLBM 169161—
Biologica Lomas Bardudal 68)
R. bouchellei 23 Unnamed trib. to Rio Tempisque drainage approximately =~ Costa Rica 10.39076  -85.59045 Hap 16 (MLBM 168064, MLBM 168437, MLBM 168910,
2 km south of Belén, Nicoya Peninsula MLBM 168911)
R. bouchellei 24 Rio Lajas Costa Rica 10.32095  -85.04733 Hap 16 (MLBM 160919, MLBM 160920)
R. bouchellei 25 Rio Diria at CA1 approximately 2-3 km north of Santa Costa Rica 10.26677  -85.59261 Hap 16 (MLBM 168625)
Cruz, Nicoya Peninsula
R. bouchellei 26 Brazo del Sucio Costa Rica 10.21872  -83.90466 Hap 3 (MLBM 160876)
R. bouchellei 27 Trib. to Rio Parismina Costa Rica 10.19968  -83.65873 Hap 22 (MLBM 118298, MLBM 118302, MLBM 118305,
MLBM 118311, MLBM 118314-16, MLBM 118318-20),
Hap 24 (MLBM 118321)
R. bouchellei 28 Rio Morote at Costa Rica Hwy 21 approximately 6 km Costa Rica 10.05828  -85.26202 Hap 25 (MLBM 118225)
north of Carmona
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R. bouchellei 1 Trib. to unnamed trib. of the Rio Grande de Matagalpa, Nicaragua 12.82341  -85.44279 Hap 1 (MLBM 168957, MLBM 168958)
approximately 32 km west of Rio Blanco (town) on road
between Matagalpa and Rio Blanco (town)

R. bouchellei 2 Unnamed trib. to Rio Malacatoya at Teustepe, just off Nicaragua 12.41825  -85.79299 Hap 2 (MLBM 168627), Hap 3 (MLBM 168628-30,
road to Rama (Nicaragua Hwy 7), southwest of Boaco MLBM 168626)

R. bouchellei 3 Rio Malacatoya Nicaragua 12.32661  -85.95553 Hap 2 (MLBM 168922), Hap 3 (MLBM 172858), Hap 4

(MLBM 172857)

R. bouchellei 4 Rio Cuisala Nicaragua 12.26707  -85.65119 Hap 5 (MLBM 173085), Hap 6 (MLBM 173086)

R. bouchellei 5 Rio Tipitapa Nicaragua 12.20267  -86.10208 Hap 3 (MLBM 172813-15)

R. bouchellei 6 Unnamed trib. at km marker 18.5 (from center of Nicaragua 12.17289  -86.11618 Hap 3 (MLBM 170087)
Managua) on CA1, just southwest of town of Tipitapa

R. bouchellei 7 Unnamed trib./headwater of Rio Mico northeast of San Nicaragua 12.13630  -85.04597 Hap 7 (MLBM 16891621, MLBM 169047), Hap 8
Pedro de Lovago (MLBM 169048)

R. bouchellei 8 Rio Mico Nicaragua 12.07401  -84.53689 Hap 3 (MLBM 173376)

R. bouchellei 9 Unnamed trib. Nicaragua 12.00340  -85.18153 Hap 9 (MLBM 173842)

R. bouchellei 10 Unnamed trib. Nicaragua 11.73855  -84.51068 Hap 3 (MLBM 173688-90)

R. bouchellei 11 Unnamed trib. to Rio Ochomogo Nicaragua 11.67886  -85.98817 Hap 3 (MLBM 172551)

R. bouchellei 12 Unnamed trib. to Lago Nicaragua just east of mile marker =~ Nicaragua 11.50538  -84.83956 Hap 10 (MLBM 169660)
km 238 on road to San Miguelito, Chontales

Roeboides 29 Unnamed small stream feeds into Canal B-9, Puntarenas Costa Rica 8.65508 -82.94633 Hap 19 (BelkRo4—7, MLBM 118360, MLBM 118361,

bussingi MLBM 118365), Hap 26 (BelkRol), Hap 27 (BelkRo2)

Abbreviations: MLBM, Brigham Young University Fish Collection (Monte L. Bean Museum); trib., tributary.

Sampling localities for Astyanax spp.

Species Locality Country Latitude Longitude Cytb haplotype (sample IDs or GenBank numbers)
Astyanax aeneus  Rio Mopan Guatemala  N/A N/A Hap 57 (FJ439314)
A. aeneus Crooked Tree A. Guatemala ~ N/A N/A Hap 58 (FJ439312)
or Mexico
A. aeneus Rio Nuevo Guatemala ~ N/A N/A Hap 57 (FJ439311)
or Mexico
A. aeneus Atoyac R. Mexico N/A N/A Hap 88 (FJ439336)
A. aeneus Candelaria R. Mexico N/A N/A Hap 53 (FJ439220)
A. aeneus Chacamax R. Mexico N/A N/A Hap 50 (FJ439192)
A. aeneus Laguna Chinchancanab Mexico N/A N/A Hap 57 (AY177210)
A. aeneus Cupatizio R. Mexico N/A N/A Hap 81 (FJ439203)
A. aeneus El Carmen C. Mexico N/A N/A Hap 53 (FJ439247, F1439248)
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A. aeneus Itzamatitlan R. Mexico N/A N/A Hap 84 (FJ439249)

A. aeneus La Media Luna A. Mexico N/A N/A Hap 82 (FJ439226)

A. aeneus Mamantel R. Mexico N/A N/A Hap 62 (FJ439223)

A. aeneus Noc - Ac C. Mexico N/A N/A Hap 52 (FJ439181, FJ439182)

A. aeneus Ojo de Agua S. Mexico N/A N/A Hap 63 (FJ439193)

A. aeneus Parque Uruapan Mexico N/A N/A Hap 83 (FJ439215)

A. aeneus Puente Nacional R. Mexico N/A N/A Hap 87 (FJ439198)

A. aeneus Rio Grande Mexico N/A N/A Hap 49 (FJ439251), Hap 67 (FJ439194)

A. aeneus Rio Papaloapan Mexico N/A N/A Hap 68 (FJ439197)

A. aeneus Salado R. Mexico N/A N/A Hap 69 (FJ439250)

A. aeneus San Antonio R. Mexico N/A N/A Hap 61 (FJ439221)

A. aeneus Sian Ka‘an C. Mexico N/A N/A Hap 59 (FJ439237)

A. aeneus T’'Sil A. Mexico N/A N/A Hap 60 (FJ439238)

A. aeneus Tamazula R. Mexico N/A N/A Hap 80 (FJ439224), Hap 89 (FJ439252)

A. aeneus Tolome R. Mexico N/A N/A Hap 85 (FJ439195), Hap 86 (FJ439196)

A. aeneus Lago Catemaco N/A N/A N/A Hap 56 (FJ439187), Hap 70 (FJ439189), Hap 71 (FJ439243), Hap 74
(FJ439188), Hap 75 (FJ439190), Hap 76 (FJ439244)

A. aeneus Lago Chalchoapan N/A N/A N/A Hap 65 (FJ439205)

A. aeneus Chuniapan R. N/A N/A N/A Hap 54 (FJ439341), Hap 55 (FJ439342), Hap 73 (FJ439184)

A. aeneus Cuetzalapan R. N/A N/A N/A Hap 56 (FJ439343)

A. aeneus El Saltillo R. N/A N/A N/A Hap 64 (FJ439185)

A. aeneus Salinas R. N/A N/A N/A Hap 66 (FJ439183)

A. aeneus San Joaquin R. N/A N/A N/A Hap 77 (FJ439191), Hap 76 (FJ439245), Hap 78 (FJ439246), Hap 79
(F1439242)

A. aeneus Xoteapan R. N/A N/A N/A Hap 72 (FJ439186)

Astyanax Amatillo R. Guatemala 15.55402 88.93545 Hap 91 (FJ439272)

belizanus

A. belizanus Chahuacal R. Guatemala 15.55402 -88.93545 Hap 92 (FJ439273)

A. belizanus Lago Izabal Guatemala  N/A N/A Hap 94 (FJ439318)

A. belizanus Los Amates R. Guatemala 15.26134 -89.08810 Hap 96 (FJ439321)

A. belizanus Puente Virginia R. Guatemala 15.43946 -88.95288 Hap 93 (FJ439271)
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A. belizanus Rio Morazan Guatemala ~ N/A N/A Hap 97 (FJ439335)

A. belizanus Rio San Pedro Guatemala  N/A N/A Hap 95 (FJ439319)

A. belizanus Staan Creek Mexico 16.99660 -88.31333 Hap 91 (FJ439313)

Astyanax Argentina Argentina N/A N/A Hap 98 (FJ439334)

bimaculatus

(0G)

Astyanax Brazil Brazil N/A N/A Hap 206 (AY177205), Hap 207 (AY 177206)
fascitus (OG)

Astyanax hubbsi  Pefion Blanco Mexico N/A N/A Hap 104 (FJ439210)

A. hubbsi San Juan S. Mexico N/A N/A Hap 101 (FJ439213)

A. hubbsi El Ahuaje S. Mexico N/A N/A Hap 102 (FJ439229)

A. hubbsi Tamasopo A. Mexico N/A N/A Hap 103 (FJ439236)

Astyanax Bobo R. Mexico N/A N/A Hap 111 (FJ439255)

mexicanus

A. mexicanus Cariflo de la Montafia R. Mexico N/A N/A Hap 128 (FJ439208), Hap 129 (FJ439211), Hap 130 (FJ439232)
A. mexicanus Cuatro Cienegas A. Mexico N/A N/A Hap 126 (FJ439216)

A. mexicanus Dos Arroyos R. Mexico N/A N/A Hap 110 (FJ439256)

A. mexicanus El Cuarto S. Mexico N/A N/A Hap 132 (FJ439209), Hap 133 (FJ439218)
A. mexicanus Falcon Dam Mexico N/A N/A Hap 123 (FJ439201)

A. mexicanus Giliemez R. Mexico N/A N/A Hap 120 (FJ439199)

A. mexicanus Huichihuayan R. Mexico N/A N/A Hap 131 (FJ439228)

A. mexicanus Jalpan Cave Mexico N/A N/A Hap 117 (FJ439344), Hap 135 (FJ439337)
A. mexicanus Jalpan R. Mexico N/A N/A Hap 118 (FJ439346)

A. mexicanus La Nutria R. Mexico N/A N/A Hap 124 (FJ439202)

A. mexicanus Pefion Blanco Mexico N/A N/A Hap 134 (FJ439219)

A. mexicanus San Bernabe S. Mexico N/A N/A Hap 125 (FJ439233)

A. mexicanus San Juan S. Mexico N/A N/A Hap 108 (FJ439214), Hap 109 (FJ439227)
A. mexicanus Santa Maria R. Mexico N/A N/A Hap 119 (FJ439225)

A. mexicanus Chica Cave N/A N/A N/A Hap 113 (FJ439253), Hap 208 (AY639041)
A. mexicanus El Limén R. N/A N/A N/A Hap 90 (FJ439258), Hap 116 (FJ439235)
A. mexicanus El Nacimiento S. N/A N/A N/A Hap 105 (FJ439259)
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A. mexicanus Frio R. N/A N/A N/A Hap 112 (FJ439254)
A. mexicanus Guayalejo R. N/A N/A N/A Hap 114 (FJ439206)
A. mexicanus Mante Dam N/A N/A N/A Hap 121 (FJ439207), Hap 122 (FJ439200)
A. mexicanus Molino Cave N/A N/A N/A Hap 211 (AY639046)
A. mexicanus Oyul Dam N/A N/A N/A Hap 106 (FJ439257)
A. mexicanus Pachon Cave N/A N/A N/A Hap 210 (AY639043)
A. mexicanus Puente La Raya R. N/A N/A N/A Hap 115 (FJ439204)
A. mexicanus Yerbaniz Cave N/A N/A N/A Hap 209 (AY639042)
Astyanax Large dry riverbed area where Rio Los Quesos and Nicaragua 13.18695 -86.59486 Hap 137 (FJ439305)
nasutus Rio Los Encuentros meet, off Nicaragua Hwy 38,
northeast of San Juan de Limay
A. nasutus Rio Acuitanca in La Trinidad, Departamento Carazo  Nicaragua 11.73834 -86.33671 Hap 138 (FJ439302)
A. nasutus Rio Atoya at Nicaragua Hwy 12 near Santa Maria, Nicaragua 12.69237 -87.25532 Hap 140 (FJ439307)
approximately 10 km northwest of El Viejo,
Chinandega
A. nasutus Rio Casares at dirt road at El Barranco, Nicaragua 11.67420 -86.30531 Hap 47 (FJ439303)
Departamento Carazo
A. nasutus Rio Estero San Antonio at CA1 at Las Maderas (San  Nicaragua 12.44898 -86.03985 Hap 142 (FJ439300), Hap 143 (FJ439301)
Antonio)
A. nasutus Rio Telica at Nicaragua Hwy 12 near Telica, Leon Nicaragua 12.51705 -86.86495 Hap 139 (FJ439306)
A. nasutus Rio Villanueva at Nicaragua Hwy 24, ~4 km Nicaragua 12.94597 -86.84813 Hap 141 (FJ439304)
southwest of Villa Nueva, and 13 km south of
Somotillo
Astyanax Main stem Rio San Juan near mouth/entry of Rio Costa Rica 10.78995 -84.19511 Hap 146 (FJ439294), Hap 151 (FJ439295)
nicaraguensis San Carlos
A. nicaraguensis  Rio Barbilla at province road just west of B-Line, a Costa Rica 10.04416 -83.33383 Hap 161 (FJ439292)
few km west of the road to Matina (dirt road, off
northeast side of big road to Puerto Limon)
A. nicaraguensis  Rio Puerto Viejo just off Costa Rica Hwy 4 Costa Rica 10.38078 -83.97533 Hap 160 (FJ439293)
approximately 4 km north of Buenos Aires
A. nicaraguensis  Rio Sabalo, near Nicaragua-Costa Rica border, Costa Rica 11.15054 -85.47914 Hap 150 (FJ439291)
approximately 25 km north on dirt road (taken near
Santa Cecilia)
A. nicaraguensis  Rio Sarapiqui at Costa Rica Hwy 4 just south of Costa Rica 10.44869 -84.01070 Hap 156 (FJ439217)
Puerto Viejo de Sarapiqui
A. nicaraguensis  Trib. to Rio Infernito Costa Rica 10.61802 -84.48418 Hap 162 (FJ439355)
. nicaraguensis  Trib. to Rio Reventaza Costa Rica  9.87230 -83.63320 Hap 146 (FJ439356), Hap 163 (FJ439358)
A. nicaraguensis  Trib. to Rio San Carlos, San Carlos Canton, near Costa Rica 10.52224 -84.31873 Hap 155 (FJ439222)
Angeles
A. nicaraguensis  Rio Brito (or trib.) off Nicaragua Hwy 62 Nicaragua 11.43526 -85.92319 Hap 12 (FJ439289)
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approximately 1 km east of Tola

A. nicaraguensis  Rio Coco near Quilali at Nicaragua Hwy 51 Nicaragua 13.55911 -86.01535 Hap 164 (FJ439279)
A. nicaraguensis  Rio Compazagua, trib. to Rio Grande de Matagalpa, = Nicaragua 12.77711 -85.64406 Hap 154 (FJ439285)
at Muy-Muy
A. nicaraguensis  Rio Gil Gonzalez trib. to Lago Nicaragua, at Nicaragua 11.53677 -85.89743 Hap 12 (FJ439359), Hap 147 (FJ439288)
Carretera Panamericana / Nicaragua Hwy 2, at Los
Viejitos
A. nicaraguensis  Rio Grande de Matagalpa off big dirt road west of Nicaragua 12.62368 -85.22708 Hap 27 (FJ439277), Hap 153 (FJ439283)
San Jose de Murra
A. nicaraguensis  Rio Malacatoya Nicaragua 12.32661 -85.95553 Hap 144 (FJ439298), Hap 152 (FJ439296)
A. nicaraguensis  Rio Mico of dirt road 600 m to south side of Nicaragua 12.17404 -84.31475 Hap 159 (FJ439299)
Nicaragua Hwy 7 (road to Rama), just east of El
Recreo and ~13-14 km west of Rama
A. nicaraguensis  Rio Nauawas, trib. To Rio Siquia, ~14-16 km east Nicaragua 12.52584 -84.67795 Hap 149 (FJ439280)
on road that splits off to right/east from Nicaragua
Rd 108 northeast of El Ayote
A. nicaraguensis  Rio Ochomogo 300 m west of Nicaragua Hwy 1, Nicaragua 11.65664 -85.97319 Hap 145 (FJ439287)
near Paso Real de Ochomogo
A. nicaraguensis  Rio Sinecapa, trib. to Lago Managua, just off Nicaragua 12.67376 -86.42606 Hap 157 (FJ439286)
Nicaragua Hwy 26 at La Empalme, located between
Esteli and Leon (approximately 30-40 km west of
Esteli)
A. nicaraguensis  Small trib. approximately 1 km west of Camoapa at ~ Nicaragua 12.37781 -85.53095 Hap 158 (FJ439297)
Nicaragua Hwy 17
A. nicaraguensis  Trib. At north side tip of Lago Apanas, at Nicaragua  Nicaragua 13.25885 -85.91207 Hap 153 (FJ439281)
Hwy 43
A. nicaraguensis  Trib. to Rio Chiquito southeast of Nueva Guinea, Nicaragua 11.66814 -84.42363 Hap 148 (FJ439284)
RAAS
A. nicaraguensis  Unnamed trib. just 500 m east of Santa Rita at Nicaragua 12.07224 -86.49273 Hap 136 (FJ439278)
Carretera Vieja a Leon, and ~1 km west of Los
Cedros
A. nicaraguensis  Viejo R. Nicaragua 12.51843 -85.77606 Hap 13 (FJ439290), Hap 153 (FJ439282)
Astyanax Trib. to Rio Sixaola CostaRica  9.62093 -82.85768 Hap 165 (FJ439357), Hap 165 (MLBM 118297)
orthodus
Astyanax Lago Peten-Itza Guatemala ~ N/A N/A Hap 166 (FJ439315), Hap 167 (FJ439316)
petenensis
A. petenensis Rio Cansis Guatemala  N/A N/A Hap 169 (FJ439320)
A. petenensis San Juan/Peten R. Guatemala ~ N/A N/A Hap 168 (FJ439317)
A. petenensis Candelaria R. N/A N/A N/A Hap 168 (FJ439325), Hap 173 (FJ439326), Hap 174 (FJ439327)
A. petenensis Candelaria-Yalicar R. N/A N/A N/A Hap 178 (FJ439332, FJ439333)
A. petenensis Rio Chajmaic N/A N/A N/A Hap 172 (FJ439322)
A. petenensis Rio San Simon N/A N/A N/A Hap 175 (FJ439328), Hap 176 (FJ439329), Hap 177 (FJ439330)
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A. petenensis Semococh R. N/A N/A N/A Hap 170 (FJ439323), Hap 171 (FJ439324)
Astyanax sp. La Guija A. El Salvador  14.32890 -89.43731 Hap 186 (FJ439239), Hap 187 (FJ439240)
Novo 1
A. sp. Novo 1 Pachipa R. Guatemala  N/A N/A Hap 183 (FJ439262), Hap 184 (FJ439263)
A. sp. Novo 1 Bolas R. Mexico N/A N/A Hap 185 (FJ439261)
A. sp. Novo 1 Chifle R. Mexico N/A N/A Hap 193 (FJ439260)
A. sp. Novo 1 El Sardinero R. Mexico N/A N/A Hap 192 (FJ439231)
A. sp. Novo 1 Huehuetan R. Mexico N/A N/A Hap 190 (FJ439234), Hap 191 (FJ439230)
A. sp. Novo 1 Jocotal A. Mexico 13.66490 -88.42560 Hap 188 (FJ439241)
A. sp. Novo 1 Pichoacan R. Mexico N/A N/A Hap 194 (FJ439264)
Astyanax sp. Maquinas R. Mexico N/A N/A Hap 180 (FJ439266), Hap 200 (FJ439339)
Novo 2
A. sp. Novo 2 La Palma R. N/A N/A N/A Hap 195 (FJ439265)
Astyanax sp. Montebello A. Mexico 16.10104 -91.73859 Hap 182 (FJ439268)
Novo 3
Astyanax sp. Rio Chires at Costa Rica Rd 239 Costa Rica  9.58295 -84.41170 Hap 203 (FJ439352)
Novo 5
Astyanax sp. Rio Irigaray in Irigaray at CA 1, approximately 2.5 Costa Rica 10.72340 -85.51038 Hap 201 (FJ439354)
Novo 6 km west of Canas Dulces
A. sp. Novo 6 Rio Ciruelas at Costa Rica Hwy 1 (CA 1), Costa Rica 10.06025 -84.75861 Hap 199 (FJ439274)
approximately 1.8 km northwest of CA 1-Costa
Rica Rd 144 intersection
A. sp. Novo 6 Rio Colorado, trib. to Rio Tempisque, at Costa Rica ~ Costa Rica 10.66885 -85.48133 Hap 198 (FJ439275)
Hwy 1 (CAl)
Astyanax sp. Quebrada Arena, trib. to Rio Blanco, at site on south ~ Costa Rica 10.67217 -85.19942 Hap 197 (FJ439353), Hap 202 (FJ439351), Hap 204 (FJ439349)
Novo 7 side of Fortuna
A. sp. Novo 7 Rio Lagarto at Costa Rica Hwy 2 (Carretera Costa Rica 8.68180 -83.07630 Hap 197 (FJ439348)
Interamericana) approximately 2-3 km west of Rio
Claro / Finca Rio Claro
Astyanax sp. Pipeline Road (Camino del Oleoducto), near Panama 9.12835 -79.71527 Hap 48 (FJ439308)
Novo 8 Panama Canal, just northwest of Gamboa off
northeast side of Av Omar Torrijos Herrera
A. sp. Novo 8 Rio Chagres at Panama Hwy 9 bridge, off Panama- Panama 9.19298 -79.65170 Hap 48 (FJ439309)
Colon Expressway
Astyanax sp. Cahabon R. Mexico N/A N/A Hap 179 (FJ439270)
Novo 9
A. sp. Novo 9 Jeronimo R. Mexico N/A N/A Hap 179 (FJ439269)
A. sp. Novo 9 Arroyo Sachicha R. N/A N/A N/A Hap 189 (FJ439331)
Astyanax aeneus  Rio Tempisquito Costa Rica 10.78553 -85.55441 Hap 8 (MLBM 168855, MLBM 168858-60)
A. aeneus Trib. to Rio Madre de Dios approximately 17 km Costa Rica 10.07055 -83.38631 Hap 9 (MLBM 168825), Hap 10 (MLBM 168823), Hap 14 (MLBM
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east of Siquirres on Costa Rica Rd 32

168830)

A. aeneus Rio Caracol Nicaragua 12.35116 -85.88870 Hap 24 (MLBM 173000)
A. aeneus Unnamed trib. to Rio Grande de Matagalpa, at Nicaragua 13.25769 -85.45440 Hap 6 (MLBM 170009), Hap 20 (MLBM 170010), Hap 21 (MLBM
stream just west of km marker 226 170007), Hap 23 (MLBM 170011), Hap 25 (MLBM 170012)
A. aeneus Unnamed trib. to Rio Malacatoya at Teustepe, just Nicaragua 12.41825 -85.79299 Hap 11 (MLBM 169913), Hap 13 (MLBM 169917)
off road to Rama (Nicaragua Hwy 7), southwest of
Boaco
A. aeneus Unnamed trib. to Rio Murra at Nicaragua Hwy 19 Nicaragua 12.45513 -85.53541 Hap 18 (MLBM 173081), Hap 22 (MLBM 173078)
about halfway between Boaco and Camoapa
A. aeneus Unnamed trib. to Rio Ojucuapa, trib. to Lago Nicaragua 11.82942 -85.20479 Hap 12 (MLBM 174008), Hap 16 (MLBM 174105), Hap 19 (MLBM
Nicaragua, in cow pasture just off road ~5.5 km 174108)
northeast of El Guasimo
A. aeneus Unnamed trib./headwater of Rio Mico northeast of Nicaragua 12.13630 -85.04597 Hap 5 (MLBM 169143), Hap 15 (MLBM 169146), Hap 17 (MLBM
San Pedro de Lovago 169144), Hap 18 (MLBM 169145)
Astyanax sp. Rio Lajas Costa Rica 10.32095 -85.04733 Hap 7 (MLBM 160912)
A. sp. Rio Negro, Golfo de Fonseca El Salvador  13.06210 -87.10649 Hap 26 (82627), Hap 33 (82619), Hap 34 (82624), Hap 43 (82628),
Hap 46 (81020), Hap 47 (82623)
A. sp. Rio Pespire, trib. to Rio Nacaome (near El Honduras 13.68701 -87.34051 Hap 26 (82997), Hap 31 (82657), Hap 47 (83000)
Salvador-Honduras border)
A. sp. Rio Los Almendros, trib. to Rio Patuca Honduras 14.06847 -86.34785 Hap 27 (81598), Hap 34 (80701, 80713), Hap 35 (80708), Hap 36
(81599), Hap 37 (80969), Hap 40 (81600), Hap 41 (81597), Hap 44
(80947)
A. sp. Rio Motagua-Chamelecon-Ulua Honduras 15.21000 -88.56881 Hap 28 (82951), Hap 29 (82964), Hap 30 (82932)
A. sp. Rio Danto, trib. to Rio Nombre de Dios Honduras 15.73547 -86.78287 Hap 27 (80920), Hap 32 (81603), Hap 39 (81616), Hap 45 (80878)
A. sp. N/A N/A N/A N/A Hap 34 (TH0726), Hap 38 (TH0724), Hap 42 (81582)
Brycon Rio Sinecapa, trib. to Lago Managua, just off Nicaragua 12.67376 -86.42606 Hap 1 (168335N, 168338N, 168339N, 168342N), Hap 2 (168336N,
guatemalensis Nicaragua Hwy 26 at La Empalme, located between 168337N, 168341N), Hap 3 (168340N)
(0G) Esteli and Leon (approximately 30-40 km west of
Esteli)
Roeboides El Salvador El Salvador N/A N/A Hap 212 (FJ439180)
salvadoris (OG)

Individuals with “A.”, “C.” and “R.” abbreviations after locality names that generally lack geographical coordinate data and are listed with GenBank numbers in

the right column are from Ornelas-Garcia et al. (2008). Abbreviations: MLBM, Brigham Young University Fish Collection (Monte L. Bean Museum); N/A, not

available; OG, outgroup; sp., species; TH, field numbers for samples collected by Wilfredo Matamoros and/or Michael Tobler in Honduras; trib., tributary.
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Appendix S1 Supplementary methods and results.

Additional details on hypotheses of Neotropical fish diversification for CA

We tested several non-mutually exclusive hypotheses of Neotropical freshwater fish
diversification focused on the predicted genetic impacts of historical drainage-controlling
processes. As discussed in the main text and shown in Table 1, we cast these hypotheses in the
context of the Central American (CA) region and its freshwater fishes, rather than the North
American and South American Neotropics as a whole. Others have already developed similar
although less detailed hypotheses for South American freshwater fishes (e.g. Hubert & Renno
2006). Two of our hypotheses—the ‘tectonic vicariance hypothesis’ and ‘marine vicariance
hypothesis’—make explicit predictions with reference to the timing of vicariance events in
specific areas where we hypothesized a priori that genetic breaks might be expected to occur
(Table 1). However, the periods of diversification of CA freshwater fish lineages predicted by
these two hypotheses overlap significantly. Here, we briefly discuss how these hypotheses can
be distinguished, despite their similarities, based on contrasts in their predicted spatial patterns of
reciprocal monophyly of populations (Table 1).

Tectonic vicariance mechanisms would predict population divergences across major
mountain ranges and volcanoes, and across the Tarcoles River area (including Tércoles gorge
and the Herradura block; see text), consistent with the timing of geological events at these
geographical barriers. Given major mountain ranges are predominantly northwest-trending in
orientation throughout lower CA, we would expect genetic breaks to either cross these ranges or
to parallel them, due to (post-colonization) vicariance related to specific volcanic eruptions and
arc-perpendicular/parallel volcanic fallout (e.g. Fig. 1; Marshall 2007; Bagley & Johnson 2014a).
However, in Nuclear CA, the CAVA is closer to the Pacific versant and volcanic regions (e.g.
serranias) of the Chortis highlands are spread across hundreds of kilometers over the broad (>500
km wide) Chortis block, the geological block of intrusive rocks, sedimentary rocks, and
Paleozoic—Neogene volcanic rocks imprinted atop the crystalline basement (continental crust)
that underlies the NCA region (Rogers ef al. 2002, 2007; Marshall 2007). The wider, complex
geological formations in NCA make it more difficult to predict where we might expect
vicariance events to have most likely occurred, and indicate that genetic breaks might be
expected to occur over larger distances. However, the key event of the Miocene uplift of the

Chortis highlands ~19-3.8 Ma (particularly volcanics overprinting the southern and central
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Chortis terranes; “Miocene Ignimbrite province” of Rogers et al. 2002) suggests that we should
expect vicariant isolation of widespread ancestral taxa to have occurred between the Guatemala—
Honduras Atlantic coast and southern Nicaragua (Nicaraguan depression) to Costa Rica, or
between the aforementioned Atlantic regions and Pacific El Salvador—Guatemala (if not
localized at finer spatial scales at fault zones and volcanoes within Chortis itself). Given that the
Miocene volcanics in southern Chortis extended essentially to the Pacific Ocean at the Gulf of
Fonseca, we might also expect a phylogeographic break (or a remnant of one) across the Gulf of
Fonseca. That is, unless changing sea levels and drainage divides during the Quaternary
facilitated river anastomosis and gene flow across this region, erasing genetic signatures of
earlier evolutionary divergences.

Compared with tectonic vicariance predictions, the marine vicariance hypothesis predicts
that phylogeographic breaks will occur in a different spatial pattern involving genetic splits
between clades from upland areas that served as freshwater refugia during sea-level highstands
versus clades from recolonized lowland populations (Table 1). Evidence for refugia under this
hypothesis would most likely take one of two forms, which might be considered sub-hypotheses
under the marine vicariance hypothesis. First, divergence might have occurred between a coastal
lineage and an older and possibly more genetically diverse lineage from an upland area further
inland. However, there have been multiple opportunities for vicariance due to marine incursions
during sea-level highstands of the Miocene—Pliocene, mid-Pliocene, and Pleistocene (Table 1).
Thus, in this case, we would expect the pattern of vicariance to reflect the prevailing influence of
the single highstand event that most heavily impinged on a given lineage (species), or the last
among a series of highstands that impinged on that lineage. Or, secondly, divergence might
occur between multiple upland and lowland clades in coastal drainages with ambiguous internal
branching patterns among them, and short coalescent times leading to short poly/paraphyletic
branching patterns with little or no genetic structure within each clade (Brunsfeld ez al. 2001). In
this latter case, we would expect to see a single timeframe for multiple colonization events,
which we suspect would be more likely tied to late Pliocene—Pleistocene sea level fluctuations.
Between these two sub-hypotheses of the more general marine vicariance hypothesis, we favor
the first scenario because there is better consensus among geologists and paleoclimatologists that
eustatic sea-level highstands of >20-50 m asl that could have significantly impacted the

distributions and genetic variation of freshwater organisms occurred in the Miocene—Pliocene,
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whereas the Pleistocene sea level record is known to have included very few significant sea-level
highstands of more than 4-10 m asl (references and discussion in the main text). However, more
recent events might be the only events it is possible to detect within some of our focal lineages,
for example if they originated within or dispersed to the study area only relatively recently.

Thus, we do not rule either of these scenarios out.

Taxon sampling and sequencing, and outgroups details

Here, we provide additional sampling, sequence data, and outgroup descriptions relevant
to our analyses but not listed in the main text because space was prohibiting. We obtained
samples throughout much of the study area for the three most widely distributed lineages—
Amatitlania spp., Astyanax spp., and Poecilia mexicana, which commonly inhabit most habitats
across major drainages in the region (e.g. Bussing 1998; Miller ef al. 2005). However, our
sampling for five lineages—Alfaro cultratus, Phallichthys amates, Priapichthys annectens,
Roeboides spp., and Xenophallus—emphasized areas within the endemic ranges of these species
between Nicaragua and Costa Rica. We sampled these five taxa wherever possible from
Atlantic-coastal Nicaragua, across the lower Chortis highlands, spanning the lower Nicaraguan
depression in many cases from the Great Lakes District to the Limon basin east of the
Tortuguero lowlands, Costa Rica. Permission to undertake fieldwork for this study was obtained
through permits issued to JCB and JBJ in Nicaragua by MARENA (Ministerio de Ambiente y
Recursos Naturales; DGPN/DB-IC-009-2012; DGPN/DB-21-2012) and in Costa Rica by
SINAC-MINAET (Ministerio de Ambiente Energia y Telecomunicaciones; Resolucion No. 030-
2010-SINAC, Resolucion No. 134-2012-SINAC). New specimens were obtained through these
collections under Brigham Young University Institutional Animal Care and Use Committee
(IACUC) approval #12-0701.

Recently, we conducted phylogenetic analyses in BEAST as part of a species delimitation
analysis of Poecilia mexicana in the context of the evolution of the larger species complex of
which it is a part, the P. sphenops species complex (Bagley et al. in revision). As in that paper,
the BEAST analyses we used to estimate a fyrca and sub-clade divergence times within the P.
mexicana lineage in the present study utilized 21 outgroup tips representing 13 nominal poeciliid
outgroup taxa (family Poeciliidae; refs. in Bagley et al. in revision). These outgroups included
(1) Poecilia caucana, which is considered the sister taxon to the members of the P. sphenops

species complex based on analyses by Alda et al. (2013); the “sail-fin” mollies (2) P. latipinna
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and (3) P. latipunctata; the South American guppies (4) Micropoecilia picta and (5) Poecilia
reticulata; the Mexican swordtails (6) Xiphophorus helleri and (7) X. maculatus; the Central
American Pike Killifish, (8) Belonesox belizanus; and five species of fishes from the genus
Limia, a closely related genus whose members were formerly included within Poecilia subgenus
Limia: (9) L. dominicensis, (10) L. melanogaster, (11) L. melanonotata, (12) L. tridens, and (13)
L. vittata. GenBank numbers for the sequences we used to represent these outgroup taxa are
provided in Data S1, and some of these sequences were generated in Bagley et al. (in revision).
We do not present the trees resulting from the BEAST relaxed clock analysis using these
outgroups, but the divergence time estimates resulting from this analysis are shown in Table 3.
We built our Astyanax spp. dataset by sequencing 54 new individual samples we
collected from Costa Rica and Nicaragua and adding them to available cytbh sequences from
Ornelas-Garcia et al. (2008). Ornelas-Garcia et al. (2008) generated 247 cytb sequences for
North American Astyanax, plus several samples of South American A. fasciatus, A. bimaculatus,
and Roeboides salvadoris outgroups; however, while we considered the South American
characid samples suitable outgroups, we did not consider all of their Astyanax samples suitable
for our study because they included samples of species/lineages from outside of our study area.
So, we only used samples from Ornelas-Garcia ef al. (2008) that came from our study area.
Specifically, we used 99 cytb sequences from CA Astyanax samples they collected, and we
excluded 148 of their samples of A. aeneus, A. hubbsi, A. mexicanus, A. sp. Novo 2, A. sp. Novo

4, Brycon guatemalensis, and Bryconamericus scleroparius.

DNA sequence variation

We calculated corrected Tamura & Nei (1993) genetic distances (dyrn) Within and
among lineages and clades identified in our phylogenetic analyses in MEGAS (Tamura et al.
2011). We did this despite that various models of DNA sequence evolution were selected as the
best-fit models in DT-ModSel for different datasets (Table S2), and we could have opted to
estimate model-corrected genetic distances for the corresponding best-fit models for different
datasets; however, using different model corrections would have been more complex and would
have produced results for which comparisons would be less straightforward. We considered
calculating dyrn distances for all groups to be a better method because it yielded distances that
are comparable across lineages, especially because we calculated all distances from the same

genetic marker (cytd) using the same model, and the Tamura—Nei substitution model was the
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best-fit model for several of our datasets (Table S2).

Calibrating our coalescent-dating analyses

As noted in the main text, we used multiple fossil or biogeographic calibration points in
each of our BEAST coalescent-dating analyses, and we outline these here. Specifically, during
analyses of the five focal poeciliid lineages, outgroup sampling permitted placement of up to
three constraints as follows. (1) Poecilia (subgenus Limia) outgroup samples provided a
calibration point constraining the split between P. (L.) domicensis from Cuba and P. (L.) vittata
from Hispaniola to 17—-14 million years ago (Ma), based on phylogenetic data (Hamilton 2001)
and dates for the geological separation of Cuba and Hispaniola, following Alda et al. (2013; refs.
therein). We set this constraint using a lognormal distribution (mean in real space = 1, sigma =
1.25, offset = 14). (2) Using a similar calibration, we constrained the basal Pseudoxiphophorus
divergence to be between 11-5 Ma (mean in real space = 2.1, sigma = 1.25, offset = 5),
following Agoretta et al. (2013). (3) We also used a lognormal calibration to constrain the tree’s
root age to 39.9 Ma with an extended tail (log standard deviation = 2.5, offset = 39.9), based on
the oldest fossil poeciliids available from the Maiz Gordo and Lumbrera formations, Argentina
(Pascual et al. 1981). We applied all three of these calibration points in our BEAST analyses of
each poeciliid focal lineage.

We applied two biogeographic calibrations during independent BEAST analyses of each
of the two focal characid lineages, the genera Astyanax and Roeboides, and characid outgroups.
Specifically, similar to Ornelas-Garcia et al. (2008), we applied (1) a uniform prior on the basal
North-Central American Astyanax divergence (excluding South American A. fasciatus? and A.
bimaculatus? and a Roeboides salvador outgroups) to 15-8 Ma corresponding to upper and
lower age estimates for the isolation of the Maracaibo drainage basin, Venezuela; and (2) a
normal distribution constraint on the divergence of the “Bravo-Conchos” versus “Panuco-
Tuxpan” Astyanax lineages corresponding to the volcanic development of the Trans-Mexico
Volcanic Belt between 7.5-3 Ma (mean = 5.25, sigma = 1.15) (Ferrari et al. 2005; Ornelas-
Garcia et al. 2008).

Last, for the analysis of our Amatitlania cichlid dataset plus 83 cichlid outgroups, we
employed three biogeographic calibration points similar to those used by Chakrabarty (2006) and
Rigan et al. (2013), including (1) a lognormal distribution constraining the diversification of

heroine cichlids (within tribe Heroini) including 80 outgroup individuals plus the entire ingroup
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sampling to 48.6-39.9 Ma (mean in real space = 4, sigma = 1.25, offset = 39.9); (2) the same
Cuba—Hispaniola split as above, except applied to four species of Nandopsis; and (3) a normal
distribution constraining the separation of the Orinoco and Magdalena drainage basins to 11.8-
10.1 Ma, which we applied to two samples of Caquetaia (mean = 10.95, sigma = 0.45, offset =
0).

IMa2 methods

We ran IMa2 using isolation-with-migration models with one ancestral population and 2
extant populations, specifying adjacent clades (population pairs) split across the shared
phylogeographic breaks we identified as the populations. Although IMa2 supersedes the original
formulation of the program (IM) in being able to accommodate more than one ancestral
population and more than two extant populations, we ran these more simple two-population
models because more complicated multi-population models require very large amounts of data
and samples to achieve good MCMC mixing and convergence and appropriate parameter
estimates (Pinho & Hey 2010) and our analyses were based on the mtDNA locus.

In terms of methods, all of our IMa2 models used the Hasegawa-Kishino-Yano (HKY)
DNA substitution model (Hasegawa et al. 1985; Palsbgll ef al. 2004). This is the most
appropriate evolutionary model implemented in IMa2 for DNA sequence data because it allows
multiple substitutions as well as different transition and transversion rates. Moreover, other
DNA substitution models selected for our datasets by DT-ModSel (supplementary Table S2) are
not implemented in IMa2. In initial runs, we ran models for all population pairs in IMa2 in
multiple independent runs with and without migration parameters (m), by setting the upper
bounds of the migration priors to 1 or 0, respectively. We checked the output from regular
isolation-with-migration runs (invoking flags “—-m1 1 —m2 1”’), and where posterior m values or
their HPD ranges were consistent with effectively zero on-going gene flow (i.e. if peak
likelihoods for m were at the origin/zero), we deemed the focal lineage/population pair a ‘zero-
migration’ population pair and checked runs with zero migration (Hey 2005; Nielsen &
Beaumont 2009). If runs specifying m = 0 (invoking flags “~m1 0 —-m2 0”’) showed good
convergence of § and ¢ parameter estimates, then we used the same prior settings from these
‘zero-migration’ runs in three final IMa2 runs, one of which we report the results from in the
manuscript. Alternatively, if regular isolation-with-migration models estimated m values that did

not center on zero, and if the priors produced runs with good convergence properties and
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parameter estimates, then we used the same prior settings from these isolation-with-migration
runs in three final IMa2 runs. For all of our final IMa2 runs (regardless of whether they
estimated m parameters), we logged burn-in periods of 1 million steps (which were discarded)
followed by usually 3 million post-burn-in steps, although longer runs with up to 5 million burn-
in steps or up to 5 million post-burn-in steps were used if necessary. This procedure yielded
reliable estimates of most parameters in most cases based on sufficient convergence and MCMC
chain-swapping rates. In addition to procedures mentioned in the text (see Materials and
Methods), we also judged convergence by looking for stable trendline plots and checking
whether splitting times (7) of population pairs were updated at higher rates in higher-numbered
chains, suggesting update rates were acceptable. All of these convergence-checking procedures
are supported by the authors of the IMa2 algorithm in their publications and the user manual (e.g.
Hey & Nielsen 2007; Hey 2011).

Regarding our IMa2 results, we found that it was uncommon for the posterior
distributions of ¢ estimates and other parameter estimates to peak at relatively low values, drop,
and then converge to constant non-zero values, which was a common pattern we discussed in our
previous manuscript on CA livebearing fishes (Bagley & Johnson 2014b). This pattern is a
common issue with single-locus IM and IMa2 analyses that specify migration parameters to be
estimated, because it is often difficult to exclude higher values of # when allowing migration in
the model (Nielsen & Beaumont 2009). However, the peak likelihood indicates the value of ¢
that is most likely and that the data do not support a pure, equilibrium migration model with no
population divergence, where ¢ would be infinite, and this simpler model (hypothesis) can still be
effectively excluded by the data (Nielsen & Beaumont 2009).

As noted in the main text, We converted ¢ estimates to absolute time (74iv) using the
equation T, = t/p (Where p = per gene mutation rate) and three different values of p, including
the “fast” 2% vertebrate mtDNA rate and “slow” 0.9% fish mtDNA rate in Bagley & Johnson
(2014b), as well as a “moderate” 1.57% rate representing the mean of the ‘fish’ rate prior used in
our BEAST analyses. The reasoning behind this conversion, as outlined by Hey & Nielsen
(2004; the paper describing the IM formulation of the isolation-with-migration software), is that ¢
is estimated as a mutation-scaled population splitting time (multiplied by the mutation rate).
Since the only major change in the algorithms between IM (Hey & Nielsen 2004) and IMa2 (Hey
2010) is that Hey’s 2010 paper extended the algorithms to handle multiple ancestral and modern
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populations, it is justifiable to calculate 74, from 7 as per above.

For analyses where we estimated migration, we also converted resulting m rate estimates
to effective numbers of immigrants per generation using 0, and 6, estimated from IMa2, and we
converted 0s to effective population size (N,) estimates using the equation § = x4Nu, where the
mutation rate scalar x = 1 and p is the per-gene mutation rate (which should factor in generation
time because coalescent models view time in terms of the number of generations). As a slight
aside, IMa2 assumes a generation time of 1, and this fits our poeciliid focal lineages reasonably
well (Winemiller 1993; see also Bagley et al. 2013); however, it is less clear whether this is the
case, or how well this assumption works for our other focal lineages. Back to migration rates,
several of the focal lineages that we analyzed in IMa2 were deemed to have ‘zero-migration’
population pairs, so m values were not estimated in their final runs, and hence were not
converted or used in any subsequent analyses. Nevertheless, m values output by IMa2 are per
gene rates scaled by the mutation rate (which hence is also per gene; Hey & Nielsen 2004), with
m; (or m0 > 1) representing migration from population 1 to population 0 forward in time, and m;
(or m1 > 0) representing migration from population 0 to population 1 forward in time, where
population 0 and 1 are the modern populations in the model. These m values can be converted to
the effective numbers of migrant gene copies per generation (2NM) by using the equation 2NM =
4Np x m/2 (Hey 2011). For example, the number of migrant gene copies received by population
1 per generation forward in time is 2N;M = 4N;u X m»/2. Fortunately, IMa2 outputs the correct
calculations of these values when appropriate per-gene mutation rates are given in the input files
(with “~y1.0” invoked for single-locus datasets) and the “—p3” flag is invoked to print
histograms in demographic values; we included these specifications in our IMa2 runs in order to

tell the program to obtain and output the desired demographic values.

MTML-msBayes methods

Given that effective population size has the greatest effect on coalescent-based
divergence times, it was critical that we use rigorous ranges of upper prior bounds in our
msBayes analyses (the lower bounds of msBayes priors are often set to zero or near-zero values).
As a result, we followed the authors’ instructions (Hickerson 2014) and previously published
msBayes analyses (e.g. Barber & Klicka 2010) and chose priors for the upper bounds (fmax)
current and ancestral N, (where § = 4Nu; and N = N, and u = per site per generation mutation

rate) based on empirical estimates of nucleotide diversity (x; Tajima 1983). In particular, for
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each set of model classes, we used twice the within-population =« (i.e. m,,) estimate for current
populations as our standard prior (e.g. San Carlos prior model class M;; Table 5), and then added
a second prior model class with a value of current 0, that doubled this value. To set priors on
the ancestral theta multiplier (Ganc-max), We divided the average of Watterson’s (1975) estimator of
0 (6w) by mean 7 (i.e. where Gyanc-max = Ow/mt) and used this as our approximation for the upper
bound of the ancestral theta multiplier. Similar to the above, we created a different prior model
class by doubling this ancestral theta multiplier estimate. Last, we identified upper bounds for
the population-pair divergence time parameters (7) in the model by using empirical estimates and
twice the empirical estimates of the mean zs, converted from the mean ¢ estimates output by
IMa2, as discussed above. By applying the above procedure to identify and specify all
combinations of these uniform prior bounds, we set eight model classes for each analysis of each

shared genetic break that we identified in our phylogeographic analysis (Table 5).

Ecological niche modeling (ENM) methods

As noted in the main text, we conducted ENM analyses on each of the focal lineages in
MaxEnt (see main text). To build ENMs predicting locations of suitable habitat where species
may occur, MaxEnt uses environmental-climatic data from sites where species have been
sampled (‘presence-only’ data) and contrasts them against data extracted from pseudo-absence
sites sampled from across the remaining modeled area (Elith ez al. 2011). We considered
MaxEnt ideal for our study because its predictive ability outperforms other methods (e.g. Elith et
al. 2006) and MaxEnt predictions of species Pleistocene range dynamics correlate well with
phylogeographic structuring (Waltari et al. 2007).

We predicted present-day geographic distributions of each focal lineage by generating an
ENM in MaxEnt while specifying autofeatures, the default regularization multiplier parameter
(1.0), and other basic settings (10" background points, logistic model with habitat suitability
between 0 and 1). However, we increased the number of iterations from the default of 500 up to
5000 to ensure model convergence. We also averaged results over 10 replicate subsampling
runs, each starting from a different random seed. During our MaxEnt runs, we used datasets of
species geographical occurrence records that covered the known distributions of each lineage,
including 72 occurrences of 4. cultratus, 79 occurrences of P. amates, 231 occurrences of P.
mexicana, 54 occurrences of P. annectens, 58 occurrences of Xenophallus, 72 occurrences of

Astyanax spp., 62 occurrences of R. bouchellei (within Roeboides spp.), and 192 occurrences of
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Amatitlania spp. These sampling levels were more than adequate given that sampling greater
than or equal to 10 sites permits accurate niche model construction (Stockwell & Peterson 2002)
and that we obtained MaxEnt models with good predictive ability in previous analyses of
freshwater fishes based on similar sampling (Bagley ef al. 2013). We generated response curves
showing the impact of each variable alone on MaxEnt prediction, and we used ‘multivariate
environmental similarity surfaces’ to assess extrapolation and potential effects of novel
environments on predictions.

Our ENM analyses in MaxEnt drew upon the 19 bioclimatic data-layers in the
WorldClim dataset (Hijmans et al. 2005) to model environments in the study area. For
convenience and because space was prohibiting in the main text, we provide a list of these
environmental-climatic predictor variables and their descriptions here, in Table A1 below.
Based on our ENMtools analysis (see text), we reduced this dataset down to 14 variables with
limited cross-correlations, by removing variables BIO10, BIO11, and BIO13-BIO15, which
were highly correlated with (and thus redundant with) other predictor-variables. We then used
the reduced 14-variable dataset as our source of temperature and precipitation data for our

analyses.

Table A1 Bioclimatic environmental data variables used in this study.

Variable # Code* Name/Description
1 BIO1 Annual mean temperature
Mean diurnal range (mean of monthly max. temp - mean of

2 BIO2 :

monthly min. temp)
3 BIO3 Isothermality [(BIO2 / BIO7)*100]
4 BIO4 Temperature seasonality (standard deviation*100)
5 BIOS Maximum temperature of warmest month
6 BIO6 Minimum temperature of coldest month
7 BIO7 Temperature annual range (BIOS - BIO6)
8 BIOS Mean temperature of wettest quarter
9 BIO9 Mean temperature of driest quarter
10 BIO10 Mean temperature of warmest quarter
11 BIOI11 Mean temperature of coldest quarter
12 BIO12 Annual precipitation
13 BIO13 Precipitation of wettest month
14 BIO14 Precipitation of driest month

Precipitation seasonality (standard deviation of averages of

15 BIO15 o

weekly precipitation)
16 BIO16 Precipitation of wettest quarter
17 BIO17 Precipitation of driest quarter
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18 BIO18 Precipitation of warmest quarter
19 BIO19 Precipitation of coldest quarter
The codes in this table are the official WorldClim codes for each variable. Variables shaded

grey are those that were eliminated from the dataset during the data reduction step of our

analysis, due to cross-correlations with other variables in the original (unclipped) data layers.

Additional ENM results and discussion

Regarding the results of our ENM analyses in MaxEnt, all models had good test AUC
values, as mentioned in the text and shown in supplementary Table S3. However, two of the
highest mean test AUC values corresponded to the ENM models predicting the distribution of
Xenophallus during the LGM (mean test AUC = 0.974) and the LIG (mean test AUC = 0.874).
While this would seem to indicate that the Xenophallus models provided essentially the best
prediction and hence were superior to those for the other focal lineages, AUC values tend to be
higher for species with narrow ranges such as Xenophallus, so that this more likely reflects an
artifact of the AUC statistic (Phillips 2006). However, given that our paleodistribution
modeling/ENM analyses involved a data reduction step in which we removed the most correlated
and perhaps least important predictor-variables, this should mean that we could be more
confident in the percent predictive contributions of the predictor-variables output by our MaxEnt
analyses, because these values are sensitive to correlations between environmental variables

(Phillips 2006).

Additional MTML-msBayes results and discussion

Despite different ranges in their mean population-pair divergence times, levels of variance in
divergence times were similar across the San Carlos River break (M; Var[z] = 0.099; model-
averaging Var[t] = 0.107) and the Sixaola River break (M7 Var[t] = 0.038; model-averaging
Var[z] = 0.293). Despite evidence for simultaneous diversification at the San Carlos River break
in our study, we highlight here that we agree with Hickerson ef al. (2014) that it is more realistic
to interpret such inferences as a “pulse” of divergences related to a single event rather than one

literal event. Others have also used this terminology (e.g. Barber & Klicka 2010).
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Table S1 PCR primers and annealing temperatures used to amplify the mitochondrial cytochrome b (cytb) gene for each focal lineage

in this study.

Focal lineage  Family Primer Sequence T4 (°C) Reference
All All Glu3l 5“TGRCTTGAAAAACCACCGTTGT-3' 48-49 Unmack et al. (2009)

HD / INH 5'-GGGTTGTTTGATCCTGTTTCGT-3' Schmidt et al. (1998)
All poeciliids
(focal lineages Poeciliidae L14725 5'-GAYTTGAARAACCAYCGTTG-3' 48 Hrbek et al. (2007)
1-5 in Table 1)

H15982 5'-CCTAGCTTTGGGAGYTAGG-3' Hrbek ef al. (2007)
alllChEIe Tl Zardoya & Doadrio
(focal lineages 6  Characidae Glu-F 5'"-GAAGAACCACCGTTGTTATTCAA-3' 48-49

; (1998)
and 7 in Table 1)

Thr-R 5 ACCTCCRATCTYCGGATTACA-3' (zlaggg)y a & Doadrio

Amatitlania spp.  Cichlidae Glu3l 5“TGRCTTGAAAAACCACCGTTGT-3' 48-49 Unmack et al. (2009)
Zardoya & Doadrio
RF.Thr48 5-GCAGTAGGAGGGAATTTAACCTTCG-3' (1998)

The Glu31-HD primer pair amplifies the first 601 bp of cyth, and typically does so well in all higher fishes; however, it was mainly
used to obtain high-resolution sequences of the front end of the gene, rather than as our main forward primer. The other primer pairs
consistently yielded good sequences of the complete cytb gene, and sometimes the first 10-50 bp of the G/u-tRNA that follows the
cytb gene (thus we obtained 1151 bp sequences for some of our characid samples). Abbreviations: T, annealing temperature in units

of degrees Celsius.
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Hrbek T, Seckinger J, Meyer A (2007) A phylogenetic and biogeographic perspective on the evolution of poeciliid fishes. Molecular
Phylogenetics and Evolution, 43, 986-998.
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of the catfish Trichomycterus areolatus (Teleostei: Trichomycteridae) in Chile. Biological Journal of the Linnean Society, 97, 876-892.

Zardoya R, Doadrio I (1998) Phylogenetic relationships of Iberian cyprinids: systematic and biogeographical implications. Proceedings of the
Royal Society of London B, 265(1403), 1365-1372.
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Table S2 DNA substitution models selected using DT-MODSEL.

Species/lineage Gene/alignment n bp Best model
Amatitlania spp. Cytb ingroup 322 1137 HKY+/
460 cichlids cytb (ingroup + outgroups) 460 1137 TeN+I+]
460 cichlids cyth 1 + 2™ codon position 460 758 TrN+I+]
460 cichlids cyth 3™ codon position 460 379 GTR+[+]
Alfaro cultratus Cytb ingroup 270 1140 TrN+I+]
359 cytbh (ingroup + outgroups) 359 1140 TeN+I+]
359 cyth 1"+ 2™ codon position 359 760 TeN+I+]
359 cytb 3" codon position 359 380 GTR+I+]
Astyanax spp. Cytb ingroup 243 1140 TVM+I+]
256 characins cyth (ingroup + outgroups) 256 1140 K8luf+/+/
256 characins cyth 1"+ 2™ codon position 256 760 HKY+I
256 characins cytb 3" codon position 256 380 TIM+I"
Priapichthys annectens  Cytb ingroup 100 1140 TrN+I+]
159 cytb (ingroup + outgroups) 159 1140 TeN+I+]
159 cyth 1"+ 2™ codon position 159 760 TeN+I+]
159 cyth 3™ codon position 159 380 TIM+I+]
Phallichthys amates Cytb ingroup 93 1140 TrN+I"
152 cythb (ingroup + outgroups) 152 1140 TrN+I+]
152 cyth 1™+ 2™ codon position 152 760 TeN+I+]
152 cyth 3" codon position 152 380 TrN++]
Poecilia mexicana Cytb ingroup 761 1086 TIN+I+]
853 cyth (ingroup + outgroups) 853 1086 TeN+I+]
853 cyth 1"+ 2™ codon position 853 724 TeN+I+]
853 cytb 3" codon position 853 362 GTRA+I
Roeboides spp. Cytb ingroup 108 1151 HKY+/
155 characins cyth (ingroup + outgroups) 155 1151 K8luf+/+/
155 characins cyth 1"+ 2™ codon position 155 768 HKY+/+]
155 characins cytb 3" codon position 155 383 TIM+T+]
Xenophallus umbratilis  Cytb ingroup 180 1140 TrN-+/
237 cytb (ingroup + outgroups) 237 1140 TeN+I+]
237 cyth 1™+ 2™ codon position 237 760 TeN+I+]
237 cytb 3" codon position 237 380 TIM+T+]
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Model selection analyses using the decision theory algorithm in DT-MODSEL (Minin et al. 2003) supported different best-fit models
of DNA evolution for different datasets, including datasets filtered by codon partitions. We preferred DT-MODSEL for our
substitution model selection analyses, rather than other model selection software, because DT-MODSEL has been shown to recover
models that yield superior ML branch lengths relative to other comparable programs (Minin et al. 2003). This table lists model
selection results for each dataset analyzed in this study. Symbols and abbreviations: cytb, mitochondrial cytochrome b gene; I, parameter
representing proportion of invariable sites; /', gamma-distributed rate variation; bp, number of nucleotide base pairs; ML, maximum likelihood
phylogenetic analyses estimating gene trees; #, sample size (numbers correspond to sequence alignment sizes, except for multilocus datasets the

numbers in parentheses are sample sizes for each locus).

References
Minin V, Abdo Z, Joyce P, Sullivan J (2003) Performance-based selection of likelihood models for phylogeny estimation.
Systematic Biology, 52, 674-683.
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Table S3 Mean MaxEnt model AUC scores and their standard deviations (s.d.).

LGM LIG
Focal lineage mean s.d. mean s.d.
1. Alfaro cultratus 0.876 0.048 0.851 0.042
2. Phallichthys amates 0.847 0.026 0.840 0.053
3. Poecilia mexicana 0.836 0.025 0.829 0.033
4. Priapichthys annectens  0.794 0.027 0.802 0.041
5. Xenophallus umbratilis  0.974 0.012 0.874 0.022
6. Astyanax spp. 0.840 0.045 0.841 0.040
A. nasutus = = = =

A. nicaraguensis — — — _
A. orthodus/sp. - — — _
7. Roeboides spp. - — - _

R. bouchellei 0.826 0.058 0.783 0.075
R. bussingi — — — —
8. Amatitlania spp. 0.862 0.020 0.855 0.017

AUC stands for area under the receiving operator characteristic curve. This table gives test AUC values from MAXENT as means and
their standard deviations for the two sets of paleodistribution modeling analyses we conducted for each focal lineage: ENM prediction
of the present-day distribution of the focal lineage, followed by reprojection of the ENM onto paleoclimatic environmental
reconstructions for the Pleistocene Last Glacial Maximum (LGM); and present-day ENM prediction, followed by reprojection of the
ENM onto paleoclimatic environmental data for the Pleistocene Last Interglaciation (LIG). See additional details of the MAXENT

analyses in the main text and Appendix S1.
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