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Abstract

Ecological opportunity is often proposed as a driver of accelerated diversification, but

evidence has been largely derived from either contemporary island radiations or the

fossil record. Here, we investigate the potential influence of ecological opportunity on

a transcontinental radiation of South American freshwater fishes. We generate a spe-

cies-dense, time-calibrated molecular phylogeny for the suckermouth armored catfish

subfamily Hypostominae, with a focus on the species-rich and geographically wide-

spread genus Hypostomus. We use the resulting chronogram to estimate ancestral geo-

graphical ranges, infer historical rates of cladogenesis and diversification in habitat

and body size and shape, and test the hypothesis that invasions of previously unoccu-

pied river drainages accelerated evolution and contributed to adaptive radiation. Both

the subfamily Hypostominae and the included genus Hypostomus originated in the

Amazon/Orinoco ecoregion. Hypostomus subsequently dispersed throughout tropical

South America east of the Andes Mountains. Consequent to invasion of the peripheral,

low-diversity Paran�a River basin in southeastern Brazil approximately 12.5 Mya,

Paran�a lineages of Hypostomus, experienced increased rates of cladogenesis and eco-

logical and morphological diversification. Contemporary lineages of Paran�a Hyposto-
mus are less species rich but more phenotypically diverse than their congeners

elsewhere. Accelerated speciation and morphological diversification rates within

Paran�a basin Hypostomus are consistent with adaptive radiation. The geographical

remoteness of the Paran�a River basin, its recent history of marine incursion, and its

continuing exclusion of many species that are widespread in other tropical South

American rivers suggest that ecological opportunity played an important role in facili-

tating the observed accelerations in diversification.
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Introduction

A central aim of evolutionary biology is to understand

why species richness and phenotypic diversity are

unevenly distributed across the tree of life (Stanley
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1998; Mace et al. 2003; Venditti et al. 2010; Rabosky et al.

2012). Life is replete with examples of both ‘explosive

radiations’ – characterized by rapid diversification into

staggering numbers of species and phenotypes (e.g.

African cichlid fishes, Caribbean Anolis lizards,

Hawaiian silversword plants) – and ‘living fossil’ lin-

eages – characterized by low species richness and mor-

phological stasis for much of their evolutionary history

(e.g. lungfishes, tuatara, Equisetum; Rabosky et al. 2013).

Causes for such disparity can be broadly divided into

mechanisms that accelerate speciation and/or pheno-

typic diversification rates (e.g. adaptive radiation, mimi-

cry rings) and those that require no differences in

underlying rates (e.g. differences in clade age or extinc-

tion rate). Only recently, with the advent of low-cost,

fast and comprehensive molecular data (e.g. Boubli

et al. 2012; Rabosky et al. 2012; Sorenson et al. 2014) and

a growing plethora of comparative statistical techniques

(e.g. Ricklefs 2007; Alfaro et al. 2009; Paradis 2011; Rev-

ell 2012; Rabosky 2014) have both robust phylogenies

and techniques for identifying potential mechanisms

been available to biologists. A major current goal to link

results of these evolutionary models to climatic and

geophysical processes to understand how large-scale

Earth processes influence biological diversification.

Broadly distributed radiations of freshwater fishes are

excellent systems in which to investigate linkages

between biological diversification and geomorphological

processes that shape the Earth’s surface. Freshwater

fishes are highly diverse, and most are entirely

restricted to freshwater habitats. Moreover, physical

connections and slopes between and within these habi-

tats shift in response to geomorphic processes. Phyloge-

nies of freshwater fishes often reflect these events

(Smith 1981; Hocutt & Wiley 1986; Mayden 1988; Lund-

berg et al. 1998; Cardoso et al. 2012; Lujan et al. 2015a;

Tagliacollo et al. 2015). Indeed, geomorphological pro-

cesses involving both the division of previously con-

tiguous populations and the passive geodispersal of

species between drainages have been linked to freshwa-

ter fish speciation and diversification both theoretically

and empirically (Grant et al. 2007; Muneepeerakul et al.

2008; Winemiller et al. 2008; Bertuzzo et al. 2009; Albert

& Crampton 2010).

When an evolutionary lineage reaches a new environ-

ment, such as an island or drainage basin that lacks

similar species, it may gain access to ecological oppor-

tunities that promote diversification by relaxing selec-

tion on ecologically important traits (Ehrlich & Raven

1964; Yoder et al. 2010). In some noteworthy instances,

this leads to adaptive radiation in which a clade dis-

plays accelerated diversification rates, correlation

between ecological and phenotypic traits, and newly

derived traits that permit increased performance

(Schluter 2000). Although causal connections between

ecological opportunity and biological diversification are

often difficult to establish and differentiate from other

drivers, macroevolutionary evidence for ecological

opportunity’s importance is strong. First, long-term

decreases in rates of lineage and morphological diversi-

fication are common in many lineages throughout the

fossil and extant biological record (Soltis et al. 2002;

Mahler et al. 2010). Such decreases are primarily attribu-

ted to the saturation of niche space – that is the decline

of ecological opportunity due to increasing exploitation

– that is an expected consequence of species accumula-

tion (Simpson 1949, 1953). Second, fossil and molecular

data for some groups (e.g. trilobites, Hallam & Wignall

1997; mammals, Meredith et al. 2011) suggest that speci-

ation rates have increased following mass extinctions –
that is periods of increased ecological opportunity due

to niche vacancies (Sepkoski 1981, 1998, 2002; Erwin

et al. 1987; Erwin 2001).

In addition to these macroevolutionary patterns, the-

ory predicts a number of shorter-term, population-level,

ecological and physiological responses to increased eco-

logical opportunity. For example, after a lineage reaches

a new environment, its population may increase, it may

occupy a broader range of microhabitats, and it may

display a broader range of morphological or beha-

vioural characteristics as a result of decreased competi-

tive pressure (Crowell 1962; Losos & de Queiroz 1997).

Easier access to new or alternative resources created by

ecological opportunity should effectively flatten the

adaptive landscape, making a wider range of pheno-

types viable (Roughgarden 1972; Travis 1989; Lathi et al.

2009). This is supported by empirical studies of popula-

tions that show a broader range of phenotypes follow-

ing release from predation, competition or other sources

of stabilizing selection (Roughgarden 1972; Houle et al.

1994). Access to the extrinsic opportunities and mecha-

nisms that are linked to invasion of a new environment

are often dependent upon intrinsic aspects of a species’

life history (e.g. vagility, fecundity, body size, ecological

tolerance). Vagile species are more likely to invade a

new habitat than philopatric species, and eurytopic spe-

cies, which exhibit broad physiological and habitat tol-

erances, are more likely to succeed in a new habitat

(Vrba 1980; Ribbink 1994).

Hypostominae is a species-rich (c. 447 valid species

and 38 genera; Eschmeyer & Fong 2015) and mono-

phyletic (Lujan et al. 2015b) group of primarily herbivo-

rous and detritivorous catfishes restricted to the

freshwaters of tropical Central and South America.

Despite being broadly constrained to the primary con-

sumer niche, Hypostominae lineages are known to dis-

play a wide range of jaw morphologies consistent with

their fine-scale partitioning of basal food resources
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including algae, detritus and wood (Lujan et al. 2011,

2012; Lujan & Armbruster 2012). Containing approxi-

mately 141, or about 30%, of all valid Hypostominae

species, Hypostomus is the most species-rich genus in

the subfamily and is among the most common and

ubiquitous fish genera throughout the continental fresh-

waters of tropical South America. Our goal in this study

was to examine the hypothesis that geographical disper-

sal via landscape-scale geomorphological events has

accelerated rates of diversification of lineages (cladogen-

esis), maximum body size (MBS), and body shape

within Hypostominae, particularly in the genus Hypos-

tomus. We do this by (i) generating a species-dense,

time-calibrated phylogeny for Hypostominae with a

focus on Hypostomus, (ii) using the obtained chrono-

gram to estimate ancestral geographical ranges and (iii)

infer historical diversification rates in occupied habitat,

body size and body shape.

Material and methods

Taxon sampling

Our objective in taxonomic sampling was to compre-

hensively sample genera within Hypostominae (sensu

Lujan et al. 2015b) and to maximize the breadth of gen-

era representing other loricariid subfamilies and tribes.

Our in-group (Hypostominae) included 124 specimens

spanning 24 genera and four to five tribes (sensu Lujan

et al. 2015b). To test for monophyly of Hypostominae,

we compiled a broad range of outgroups representing

all other subfamilies of Loricariidae plus Astroblepidae

and Callichthyidae. Specimens sequenced for this study

are listed in Tables S1 and S2 (Supporting information).

Sequence data for many taxa outside the Hypostomi-

nae, including members of the subfamilies Loricariinae,

Hypoptopomatinae and Rhinelepinae, were obtained

from previously published studies (Montoya-Burgos

et al. 1998; Chiachio et al. 2008; Covain & Fisch-Muller

2012; Roxo et al. 2012, 2014) via the GenBank database.

Members of two other Loricarioidei families (Astrob-

lepidae: Astroblepus sp. and Callichthyidae: Hoploster-

num littorale, Corydoras imitator and C. oiapoquensis) were

selected as outgroups based on relationships established

in previous larger-scale phylogenetic analyses of both

morphological (de Pinna 1993, 1998) and molecular

(Sullivan et al. 2006) data. Vouchers of all sequenced

samples were deposited in the Auburn University Nat-

ural History Museum, Auburn, Alabama, USA (AUM);

Laborat�orio de Biologia e Gen�etica de Peixes, Departa-

mento de Morfologia, Instituto de Biociências, Universi-

dade Estadual Paulista, Botucatu, S~ao Paulo, Brasil

(LBP); the N�ucleo de Pesquisas em Limnologia, Ictiolo-

gia e Aquicultura, Universidade Estadual de Maring�a,

Paran�a, Brasil (NUP); Museum d’Histoire Naturelle,

D�epartement d’Herp�etologie et Ichthyologie, Ville de

Gen�eve, Gen�eve, Switzerland (MHNG); or at the Smith-

sonian Tropical Research Institute, Balboa, Anc�on,

Panama (STRI). Specimens were identified directly by

the authors GSCS and CHZ, except in the case of Gen-

Bank identifications, which were not changed.

DNA extraction and sequencing

Whole-genomic DNA was extracted from muscle, fin or

liver samples preserved in 95% ethanol using the

Wizard Genomic DNA Purification Kit (Promega, Madi-

son, WI, USA). Partial sequences of the 16S rRNA, cyto-

chrome b (cyt b) and F-reticulon 4 (RTN4) genes were

amplified by polymerase chain reaction (PCR; primers

listed in Table S3, Supporting information). Amplifica-

tions were performed in a total volume of 12.5 lL with

1.25 lL of 109 buffer (10 mM Tris-HCl+15 mM MgCl2),

0.5 lL dNTPs (200 nM of each), 0.5 lL of each 5 mM pri-

mer, 0.05 lL Platinum� Taq Polymerase (LTI: Life Tech-

nologies Inc., Carlsbad, CA, USA), 1 lL template DNA

(approximately 12 ng) and 8.7 lL ddH2O. PCRs con-

sisted of 30–40 cycles of 30 s at 95 °C, 15–30 s at 48–
58 °C and 45–90 s at 72 °C (annealing temperature and

duration depended on primers and species, Table S3,

Supporting information). Nested PCRs were used to

amplify the nuclear marker RTN4; the first amplifica-

tion was performed using the primers Freticul4-D and

Freticul4-R with a total volume of 12.5 lL for 30–40
cycles (30 s at 95 °C, 30 s at 48 °C and 135 s at 72 °C);
and the second amplification was performed using the

primers Freticul4 D2 and Freticul4 R2 with a total vol-

ume of 12.5 lL for 30–40 cycles (30 s at 95 °C, 30 s at

53–54 °C and 135 s at 72 °C). All PCR products were

first visually identified on a 1% agarose gel and then

purified using ExoSap-IT� (USB Corporation, Cleve-

land, OH, USA) following manufacturers’ instructions.

Purified PCR products were sequenced using the Big

Dye� Terminator v3.1 Cycle Sequencing Ready Reaction

Kit (ABI: Applied Biosystems Inc., Foster, CA, USA),

purified again by ethanol precipitation and sequenced

on a 3130 Genetic Analyzer (ABI) in the Instituto de

Biociências, Universidade Estadual Paulista, Botucatu,

S~ao Paulo State.

Sequence alignment and phylogenetic inference

Two intronic regions of the RTN4 gene, totalling 63% of

total locus length, were amplified and sequenced by

our primers. All loci, including the entire RTN4

sequence, were first aligned using the MUSCLE algorithm

(default parameters; Edgar 2004) followed by visual

inspection and correction of the alignment requiring

© 2016 John Wiley & Sons Ltd
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almost no changes in base position. The total matrix

consisted of 157 individuals 9 3433 base pairs, or a

total of approximately 548 800 characters, of which 40%

were missing data. To detect potential sequencing

errors due to contamination or paralogy, alignments for

each gene were separately analysed by maximum likeli-

hood (ML; Stamatakis et al. 2008) using the web server

RAXML BLACKBOX (Stamatakis 2006). Sequences that

resulted in obviously misplaced taxa in resulting gene

trees were resequenced or eliminated from subse-

quent analyses. Because terminal redundancy can

affect results of biogeographical analyses using disper-

sal–extinction–cladogenesis (DEC) models, we trimmed

our final data set to include only one individual of each

species.

We estimated the index of substitution saturation

(Iss) and rates of transitions/transversions for each gene

separately in DAMBE 5.2.31 (Xia & Xie 2001), as described

by Xia et al. (2003) and Xia & Lemey (2009). Iss was

estimated without considering gaps because unresolved

sites reduce the ability of the method to test for phylo-

genetic signal. The best-fit partitioning scheme and

nucleotide substitution model for each partition were

determined using the greedy algorithm in the software

PARTITIONFINDER (Lanfear et al. 2012), which was pro-

grammed to use PHYML to estimate likelihoods and the

Akaike information criterion with correction for finite

sample sizes (AICc) to choose the best model.

Maximum-likelihood (ML) analyses (Stamatakis et al.

2008) were performed using RAXML on the CIPRES

Science Gateway computing cluster (Miller et al. 2010).

RAXML implements a fast algorithm of heuristic searches

using bootstrap (BS) resampling (Felsenstein 1985). Sup-

port for individual nodes was assessed using random

start trees, the GTR+G model for all partitions of the

matrix as determined by the software PARTITIONFINDER

(Lanfear et al. 2012; Table S4, Supporting information),

and independent ML tree searches consisting of 1000

pseudoreplicates each with all other parameters set to

default values.

Bayesian inference (BI; Huelsenbeck & Ronquist 2001)

was used to determine statistical support for alternative

tree topologies through the estimation of posterior prob-

abilities using the software MRBAYES V3.2.2 (Ronquist

et al. 2012). This was made under different models for

each partition of the matrix as determined by the soft-

ware PARTITIONFINDER (Table S4, Supporting information),

using a random tree to start the Markov chain Monte

Carlo searches, and a duplex of four chains

(nchains = 4) set to run simultaneously for 10 million

generations, sampling tree space every 500th genera-

tion. This analysis was performed twice to ensure simi-

larity of converged trees. Log-likelihood scores were

calculated using the program TRACER 1.5 (Rambaut &

Drummond 2007a) to determine whether independent

searches of tree space had achieved stationarity based

on their convergence within a stable – Ln range of val-

ues and effective sample sizes (ESS) exceeding 200. All

sampled topologies beneath the asymptote (40%) were

discarded as burn-in, and remaining trees were used

to construct a 50% majority-rule consensus tree in

TREEANNOTATOR V1.7.5 (Rambaut & Drummond 2007b).

Tree topology tests

Alternative tree topologies hypothesized by Lujan et al.

(2015a,b) were evaluated in the program TREEFINDER

(Jobb et al. 2004) using the Shimodaira and Hasegawa

(SH) test (Shimodaira & Hasegawa 1999), the Approxi-

mately Unbiased (AU) test (Shimodaira 2002) and the

Expected Likelihood Weights (ELW) method (Strimmer

& Rambaut 2002). All tests were conducted under ML

with the same 12-partition model as implemented in

the RAXML analysis (Table S4, Supporting information).

Time calibration

The uncorrelated relaxed molecular clock (log-normal)

was estimated using BEAST V1.7.5. (Drummond & Ram-

baut 2007). We used a clade-based approach that

included each Hypostominae lineage in our analysis.

The GTR+G model was used for all partitions (Table S4,

Supporting information). The calibration prior was

implemented using a log-normal distribution offset to

55 Mya with a mean and standard deviation of 1 for

the origin of the genus Corydoras lineage (node includ-

ing all Callichthyidae: Corydoras imitator, C. oiapoquensis

and Hoplosternum littorale). The oldest known loricarioid

fossil, Corydoras revelatus Cockerell (1925), was dated by

Marshall et al. (1997) as Paleocene, which we used to

assign a 55 My minimum age for the family Callichthyi-

dae. We used a birth–death model for speciation likeli-

hood and a starting tree obtained from ML. The

analysis was run for 10 million generations and sam-

pled every 1000th generation. Stationary and sufficient

mixing of parameters (ESS > 200) was checked using

TRACER V1.5 (Rambaut & Drummond 2007a). A consen-

sus tree was built using TREEANNOTATOR V1.7.5 (Rambaut

& Drummond 2007b).

Ancestral area estimation

Data on the geographical distributions of species in the

Hypostominae were taken from the original species

descriptions and information available from the online

Catalog of Fishes (Eschmeyer & Fong 2015). To main-

tain consistency with previous biogeographical analyses

of the subfamily Hypoptopomatinae (sensu Lujan et al.

© 2016 John Wiley & Sons Ltd
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2015b) by Chiachio et al. (2008) and Roxo et al. (2014),

we assigned taxa to geographical areas using the ecore-

gion classification of Vari (1998), which was derived

from patterns of endemism in the Neotropical endemic

characiform family Curimatidae. Our samples were

drawn from the following six of Vari’s (1998) ecore-

gions: (i) Atlantic Coastal drainages, (ii) upper Paran�a

basin, (ii) Paraguay, lower Paran�a and Uruguay basins,

(iv) Amazon and Orinoco basins, (v) S~ao Francisco

basin and Northeastern Brazilian drainages and (vi)

Pacific Coastal drainages and Magdalena basin.

Maximum-likelihood inference of geographical range

evolution was performed using the dispersal–extinc-
tion–cladogenesis (DEC) model as implemented in

LAGRANGE v2.0 (Ree et al. 2005; Ree & Smith 2008). Four

DEC models were tested to estimate distribution ranges

inherited by descending lineages at each node of the

tree. Each model differed in the rates of dispersal

between adjacent vs. nonadjacent areas (see Table S5,

Supporting information for likelihood values and dis-

persal rates for each model). Model 3 (M3), which con-

strained dispersal rates between adjacent areas at 0.5

and areas separated by one or more intervening areas

at 0.0001, obtained the highest ML values.

Speciation rates

We used BAMM version 2.1.0 (Rabosky 2014) to estimate

speciation and extinction rates across the Hypostominae

phylogeny. We assessed the effects of missing taxa on

our tree by counting missing species for each lineage of

our phylogeny (see Table S2, Supporting information for

summary of missing genera and species). The analysis

was conducted with two chains running simultaneously

for a total of 5 million generations and tree space being

sampled every 1000th generation. We used a burn-in

value of 0.5 and checked for MCMC convergence using

the BAMMTOOLS package (Rabosky et al. 2014) in the R sta-

tistical environment (R Core Team 2014) to plot log-likeli-

hood values. To account for effects of phylogenetic

uncertainty on our analyses, we conducted BAMM anal-

yses of species diversification across 2500 trees sampled

from the posterior distribution of topologies and branch

lengths. To visualize the evolutionary rate dynamics

from BAMM output results, we also used BAMMTOOLS.

Morphometric data

We measured 33 morphometric characters (doi: 10.5061/

dryad.c8q11) on the bodies of two adult specimens from

each of 124 specimens and 24 genera of Hypostominae,

using 31 homologous landmarks originally proposed by

Armbruster (2003a): 14 on the head, five on the mouth

and the remainder on the trunk or fins. Although the suite

of measurements we used was originally intended to

maximize homology and taxonomic discrimination (Arm-

bruster 2003a), many of the measurements are known to

be functional, ecological correlates (e.g. mouth width,

tooth row length, eye size, eye position, body depth, fin

size; Gatz 1979; Winemiller 1991; Lujan & Armbruster

2012). All analyses described later are based on means of

log-transformed trait values computed for each species.

To remove the influence of body size on morphometric

data, we used the program PAST V1.28 (Hammer et al.

2004) to normalize two coordinate dimensions, to divide

all coordinate values by the centroid size for each speci-

men and to conduct a Procrustes fitting of the left half to a

mirrored version of the right half (Dryden & Mardia

1998). We conducted a principal component analysis

(PCA) using the covariance matrix of phylogenetically

corrected residuals from the Past output. The first princi-

pal component (PC1) in the matrix of residuals accounted

for 27.5% of variance in body shape for Hypostominae

(values used for BAMM and phylomorphospace analy-

ses) and 22.4% for Hypostomus (values used for an inde-

pendent phylomorphospace analysis). PCA loadings are

presented in Table S6 (Supporting information).

Diversification rates

We used BAMM version 2.1.0 (Rabosky 2014) to estimate

rates of continuous trait evolution in body shape and

maximum body size (MBS) values across the Hypos-

tominae phylogeny. These analyses were conducted

with two chains running simultaneously for a total of

50 million generations, with tree space sampled every

5000th generation. We used a burn-in value of 0.5 and

checked for MCMC convergence using the BAMMTOOLS

package in R (Rabosky et al. 2014). We conducted

BAMM analyses of phenotypic evolution across 5000

trees sampled from the posterior distribution and visu-

alized the evolutionary rate dynamics from BAMM out-

put using BAMMTOOLS.

Habitat data and ancestral state estimation

Each Hypostominae species was classified according to

one or more of the following five habitat categories

(from Albert et al. 2011) based on original species

descriptions, the online Catalog of Fishes (Eschmeyer &

Fong 2015) and the authors’ personal field experience:

channels, rapids, streams, and low or high altitudes

(see Table S2, Supporting information for habitat classi-

fications and values for each species). Habitats for

each species were coded using five binary (presence/

absence) values, and the resulting matrix was examined

in 1000 stochastic character map simulations using Sim-

map (Bollback 2006) in R (R Core Team 2014).

© 2016 John Wiley & Sons Ltd
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Phylomorphospace analysis

We generated two phylomorphospace biplots (Sid-

lauskas 2008) using the ‘phylomorphospace’ function in

the PHYTOOLS V0.3-10 (Revell 2012) package in R (R Core

Team 2014): one for all Hypostominae species and the

second for only the genus Hypostomus. For each plot,

the first principal component of size-corrected body

shape for each taxonomic grouping was plotted against

log maximum body size (MBS). Species colours in both

plots correspond to ecoregion colour in the ancestral

area estimation. In the Hypostominae plot, a convex

hull was drawn around all Hypostomus species, and in

the Hypostomus plot, a convex hull was drawn around

all species from the Paran�a River basin.

Results

DNA sequence alignment and substitution rates

The concatenated alignment of sequence data for 16S

rRNA, cyt b and RTN4 genes resulted in a matrix con-

sisting 3433 base pairs (bp); 971 bp was conserved and

2283 was variable. We found no evidence for saturation:

the Iss.c value was greater than the Iss value (Xia et al.

2003; Xia & Lemey 2009), and the determination coeffi-

cients of transitions and transversions vs. genetic dis-

tance were higher than 0.7 (transitions R2 = 0.94;

transversions R2 = 0.98). The observed transition/

transversion ratio was 1.9, with nucleotide frequencies

of 25.7% for adenine, 29.2% for thymine/uracil, 26.9%

for cytosine and 18.1% for guanine.

Phylogenetic relationships

Within Hypostominae, our results (Fig. S1–S4, Sup-

porting information) supported monophyly of six of

the nine tribe-level clades identified by Lujan et al.

(2015b): the Chaetostoma Clade (BS = 99, PP = 1), the

‘Pseudancistrus’ Clade (BS = 91, PP = 1), Ancistrini

(BS = 50), the Pseudancistrus Clade (BS = 97, PP = 1),

the Peckoltia clade (BS = 92, PP = 1) and Hypostomini

(BS = 99, PP = 1; see Figs S1–S4, Supporting informa-

tion). One of Lujan et al.’s (2015b) tribe level clades

was not examined (the Lithoxus Clade, consisting of

nine small species restricted to the Guiana Shield),

and two tribe level clades from that study were not

supported as monophyletic: Monophyly of the Hemian-

cistrus Clade, containing the genus Panaque (BS = 100,

PP = 1) and a clade of four other genera (Baryancistrus,

Hemiancistrus, Parancistrus and Spectracanthicus;

BS = 65), was not supported. Also, monophyly of the

Acanthicus Clade, containing our Leporacanthicus clade

(BS = 99, PP = 1) and Megalancistrus clade (BS = 100,

PP = 1), was not supported. However, a topology test

did not reject the hypothesis of monophyly of Lujan

et al.’s (2015b) Acanthicus Clade (i.e. Megalancistrus

being sister to Leporacanthicus + Pseudacanthicus). See

Table S7 (Supporting information) for results of our

topology tests.

Relaxed clock and ancestral area estimation

The mean substitution rate across all loci estimated

using BEAST was 0.29% per My. The subfamily Hypos-

tominae was estimated by BEAST to have originated dur-

ing the Eocene approximately 43.1 Mya (26.3–67.2 Mya

95% HPD; see Fig. 1 for molecular clock tree including

outgroups) and inferred by Lagrange to have originated

in the Amazon/Orinoco ecoregion (Region D). Modern

Hypostominae species are distributed across all six

ecoregions in Fig. 1.

The ancestor of all tribe Hypostomini genera in our

analysis was also hypothesized to have originated in

the Amazon/Orinoco ecoregion approximately

15.1 Mya (8.5–23.6 Mya 95% HPD), as was the genus

Hypostomus. Hypostomus was hypothesized to have

reached the upper Paran�a basin (Region B) approxi-

mately 12.5 Mya (7.2–19.2 Mya 95% HPD). All together,

ancestral Hypostomus lineages were hypothesized to

have dispersed into new drainages several times from

12.5 Mya to the present (see Fig. 1 for all dispersal

events), resulting in their modern distribution across all

but two of the ecoregions in Fig. 1 (i.e. samples missing

only from Region E: S~ao Francisco basin plus North-

eastern Brazilian drainages, and Region F: Pacific

Coastal drainages plus Magdalena basin).

Speciation rates

The mean phylorate plot for speciation suggests that

the tribe Hypostomini experienced consistently higher

cladogenesis rates than any other lineage within

Hypostominae (Fig. 2). Within Hypostomini, speciation

rates were highest in the genus Hypostomus. More-

over, the consensus phylorate plot and marginal prob-

abilities of rate shifts plot support shifts in speciation

rate at the node and along the branch (respectively)

giving rise to Hypostomus. Our speciation rate-

through-time plot suggests that speciation rates

throughout Hypostominae began a steady increase

approximately 15 Mya, coincident with the origin of

the genus Hypostomus (Fig. 2).

Morphometric diversification rates

The mean phylorate plot for morphometric diversifi-

cation (Fig. 3) suggests that the tribe Hypostomini

© 2016 John Wiley & Sons Ltd
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experienced elevated rates of body shape diversifica-

tion throughout its evolution, with highest rates

observed along branches leading to members of the

genus Hypostomus. Moreover, marginal probabilities

of shifts in body shape diversification show high

probabilities of shifts within the tribe Hypostomini,

with shifts concentrated within Hypostomus (Fig. 3).

The trait rate-through-time plot indicates that overall

rates of Hypostominae body shape diversification

increased slightly and steadily until approximately

5 Mya.

Body size diversification rates

Evolutionary rates of change in log maximum body size

(MBS) were highest in a clade that included a diverse

assemblage of Hypostominae genera (Aphanotorulus,

Hypancistrus, Hypostomus, Leporacanthicus, Megalan-

cistrus, Panaqolus, Panaque, Peckoltia, Pterygoplichthys and

Scobinancistrus). Plots for both the consensus phylorate

and marginal shift probabilities support a shift in body

size diversification rate at the node giving rise to these

genera (Fig. 4).

Fig. 1 Time-calibrated phylogeny for the loricariid catfish subfamily Hypostominae, illustrating ancestral range estimation and spe-

cies range expansion through time. The chronogram was calibrated with a log-normal distribution offset to 55 Mya with a mean and

standard deviation of 1 for the origin of the node including all Callichthyidae (Corydoras imitator, C. oiapoquensis and Hoplosternum lit-

torale). The maximum-likelihood inference of geographical range evolution was performed using a dispersal–extinction–cladogenesis
(DEC) model. The order of taxa in the phylogeny follows the order in Table S1–S2 and Figs S1–S4 (Supporting information).
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Fig. 2 Phylorate plots showing rates of cladogenesis in the subfamily Hypostominae. Colours along branches denote instantaneous

rates (cool colours = slow, warm = fast). The large tree at top depicts the Mean Phylorate Plot, with colours indicating the mean evo-

lutionary rate across all shift configurations sampled during simulation. The circle in this plot indicates the most frequent shift along

all sampled trees of the Bayesian analysis. Smaller phylogenies at bottom show the Distinct Shift-Configurations with the Highest

Posterior Probabilities. For each distinct shift configuration, the locations of rate shifts are shown as red circles (rate increases). Text

labels denote the posterior probability of each shift configuration. The small Marginal Probabilities plot at top left shows rate shifts

along all branches, with branch length scaled by the probability that it contains a shift event. The small Speciation-Through-Time Plot

at left displays the cumulative speciation rate from the root of the tree to the present computed from the joint posterior density in

BAMM. The order of taxa in the phylogeny follows the order in Table S1–S2 and Figs S1–S4 (Supporting information).
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Fig. 3 Phylorate plots showing rates of body shape diversification in the subfamily Hypostominae. Colours along branches denote

instantaneous rates (cool colours = slow, warm = fast). The large tree at top depicts the Mean Phylorate Plot, with colours indicating

the mean evolutionary rate across all shift configurations sampled during simulation. The circle in this plot indicates the most fre-

quent shift along all sampled trees of the Bayesian analysis. The smaller phylogenies at bottom show the Distinct Shift-Configura-

tions with the Highest Posterior Probabilities. For each distinct shift configuration, the locations of rate shifts are shown as red circles

(rate increases). Text labels denote the posterior probability of each shift configuration. The small Marginal Probabilities plot at top

left shows rate shifts along all branches, with branch length scaled by the probability that it contains a shift event. The small Rate-

Through-Time Plot at left displays the cumulative body shape diversification rate from the root of the tree to the present computed

from the joint posterior density in BAMM. The order of taxa in the phylogeny follows the order in Table S1–S2 and Figs S1–S4 (Sup-

porting information).
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Fig. 4 Phylorate plots showing rates of log maximum body size (MBS) diversification for the subfamily Hypostominae. Colours along

branches denote instantaneous rates (cool colours = slow, warm = fast). The large tree at top depicts the Mean Phylorate Plot, with

colours indicating the mean evolutionary rate across all shift configurations sampled during simulation. The circle in this phylogeny

indicates the most frequent shift along all sampled trees of the Bayesian analysis. The smaller phylogenies at bottom show the Dis-

tinct Shift-Configurations with the Highest Posterior Probabilities. For each distinct shift configuration, the locations of rate shifts are

shown as red circles (rate increases). Text labels denote the posterior probability of each shift configuration. The small Marginal Prob-

abilities phylogeny at top left shows rate shifts along all branches, with branch length scaled by the probability that it contains a shift

event. The small Rate-Through-Time Plot at left displays the cumulative rate of body size diversification from the root of the tree to

the present computed from the joint posterior density in BAMM. The order of taxa in the phylogeny follows the order in Table S1–
S2 and Figs S1–S4 (Supporting information).
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Ancestral habitat estimation

The stochastic character map analysis indicated that

ancestors of the genus Hypostomus occupied a greater

diversity of habits (i.e. channels, riffles, streams, and

low and high elevations) than any other Hypostominae

lineage (Fig. 5), whereas ancestors of the genus Ancis-

trus occupied the lowest diversity of habitats.

Morphological disparity

The first principal component (PC1) axis explained 27.5%

of the variation for Hypostominae species (Fig. 6A) and

22.4% for Hypostomus species (Fig. 6B). Characters that

loaded strongly on the first principal component for both

Hypostominae and the genus Hypostomus were anal-fin

spine length, mouth width, barbel length, dentary tooth

cup length and premaxillary tooth cup length (Table S6).

Characters that varied more in Hypostomus species than

in Hypostominae as a whole were mostly related to the

head (e.g. head–eye length, snout length and interorbital

width) and fins (e.g. pectoral–spine length, pelvic–spine
length, dorsal–pectoral distance, dorsal–spine length,

adipose–spine length, dorsal–anal distance; Table S6).

Within Hypostominae morphospace, most of the body

size/PC1 range occupied by the genus Hypostomus over-

lapped the distributions of other genera (Fig. 6A),

whereas within Hypostomus, the body size/PC1 area

occupied by species from the Paran�a River spanned most

of the range for the entire genus (Fig. 6B).

Discussion

Macroevolutionary patterns in the suckermouth

armored catfish subfamily Hypostominae indicate that,

beginning approximately 12.5 Mya (95% HPD: 7.2–
19.2 Mya; Fig. 1), the genus Hypostomus underwent

transcontinental dispersal synchronized with acceler-

ated rates of speciation (Fig. 2) and diversification in

body shape (Figs 3, 6 and 7), body size (MBS, Fig. 4)

and habitat diversity (Fig. 5). These and other lines of

evidence (Cardoso et al. 2012) suggest that Hypostomus’

accelerated diversification was at least partly a response

to its repeated invasion of new drainages that likely

had reduced predation and competition for food and

habitat resources – that is ecological opportunity.

Although specific linkages between organismal pheno-

type and either environment or ecological function

remain tenuous at this time, our evidence for mono-

phyly and accelerated diversification in Hypostomus sug-

gest that such ecological opportunities promoted an

adaptive radiation within a lineage that invaded the

upper Paran�a River basin in southeastern Brazil approx-

imately 12.5 Mya (95% HPD: 7.2–19.2 Mya; Fig. 1).

The Paran�a River is the third largest river in South

America by discharge, after the Amazon and Orinoco,

yet it is geographically isolated from the hydrologically

contiguous Amazon/Orinoco basins to the northwest. It

drains southward from highlands of the Brazilian

Shield that separate it from the S~ao Francisco drainage

to the northeast and the Tocantins drainage to the

northwest. Moreover, much of the Paran�a basin was

dominated by marine conditions as recently as the late

Miocene (approx. 10 Mya; Lundberg et al. 1998). Due to

its geographical remoteness and recent marine incur-

sions, the Paran�a River has likely long had a much

more depauperate fish fauna than the Amazon. To this

day, many of the largest and most distinctive Amazo-

nian piscivores and herbivores are missing from the

Paran�a, including all osteoglossiform fishes (e.g. Ara-

paima and Osteoglossum spp.), the electric eel (Electropho-

rus electricus), the pacu (Piaractus brachypomus), as well

as the manatee (Trichechus inunguis) and freshwater dol-

phins (Inia spp.). The peacock bass genus Cichla, which

comprises some of the most ubiquitous and iconic pis-

civorous fishes throughout the Amazon/Orinoco ecore-

gion, has only recently been introduced to the Paran�a

by man (Kullander & Ferreira 2006).

The synchronized cladogenesis and geographical, eco-

logical and morphological diversifications of Hyposto-

mus across tropical South America, combined with this

genus’ accelerated diversification upon entering the spe-

cies-poor Paran�a River basin, are highly suggestive of

ecological opportunity’s influence on this clade’s evolu-

tion. Historical contributions of ecological opportunity

to evolutionary diversifications are often difficult to

conclusively demonstrate, especially in large, continen-

tal radiations like the Hypostominae (Hughes & East-

wood 2006; Antonelli et al. 2009). However, both

intrinsic (i.e. organismal) and extrinsic (i.e. environmen-

tal) drivers of ecological opportunity can be identified

in Hypostomus, contributing to a mechanistic under-

standing of how this genus may have uniquely

exploited ecological opportunities historically present in

the Paran�a River basin.

Intrinsic drivers of accelerated diversification: Evidence
for key innovations

Loricariid catfishes are distinguished from all other

fishes by having a ventral oral disc, diets consisting lar-

gely of algae and detritus, and bodies covered in bony

plates and external teeth (i.e. odontodes). Hypostomus

has no known anatomical traits that might give it a

competitive advantage over other loricariids; however,

Hypostomus species are known to have broad physiolog-

ical tolerances for diverse diets and habitats. These tol-

erances may have facilitated their dispersal and been a

© 2016 John Wiley & Sons Ltd
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key to their exceptional invasion and diversification

within the Paran�a River basin.

In an evolutionary analysis of trophic diversity across

19 sympatric assemblages of loricariid catfishes, Lujan

et al. (2012) found that Hypostomus species tended to

specialize on the most nutrient-poor (i.e. protein depau-

perate or 15N-depleted; Kelly & del Rio 2010) subsets of

food resources being ingested and assimilated.

Likewise, in a detailed study of resource partitioning

among sympatric wood-eating loricariids in northern

Peru, Lujan et al. (2011) found that a wood-eating mem-

ber of the genus Hypostomus ingested and assimilated

the lowest protein (i.e. most 15N-depleted) fraction of

submerged woody detritus compared to two unrelated

but also wood-eating loricariid genera (i.e. Panaque and

Panaqolus).

The preference or tolerance of Hypostomus species for

presumably nutrient-poor, low-protein subsets of the

food spectrum available to loricariids is complemented

by their occupation of a wide range of habitats. Not

only are Hypostomus ubiquitous and often locally abun-

dant in a wide range of habitats throughout their native

range in tropical South America (Fig. 5; Saint-Paul et al.

2000), they are also among the most adept of all lori-

cariid genera at invading novel habitats outside their

native range. Invasive and often ecologically destructive

populations of Hypostomus are now established in many

drainages around the world, including rivers in Texas

(Pound et al. 2011), Sri Lanka (Bambaradeniya 2002)

and China (Xu et al. 2012). Hypostomus is one of only

two loricariid genera to have broadly established inva-

sive populations outside their native range, the other

being the closely related genus Pterygoplichthys (Capps

& Flecker 2013).

Together, the broad dietary and habitat tolerances of

Hypostomus species indicate that, although this genus

appears to lack key morphological innovations, it likely

has key physiological adaptations that facilitate its inva-

sion and survival in environments that are inhospitable

to most other loricariids. However, more robust com-

parative analyses of physiological tolerances and diet-

ary and habitat preferences across the Loricariidae are

needed to identify specific traits that allow Hypostomus

to be so successful.

Extrinsic drivers of accelerated diversification:
Evidence for open ecological niches

One of the most distinctive and prominent events in the

transcontinental dispersal of Hypostomus is the repeated

invasion of the Paran�a River basin in southeastern Bra-

zil. Results of this and previous (Cardoso et al. 2012)

studies support at least six independent invasions by

ancestral lineages of Hypostomus in the upper Paran�a

(coloured red in Fig. 1; with one large clade occupying

Fig. 5 Ancestral habitat estimates for the subfamily Hypostominae generated using SIMMAP (Bollback 2006). Habitat abbreviations are

as follows: C = channel, R = rapids, S = stream, L = low altitude, H = high altitude (habitat characterizations originally proposed by

Albert et al. 2011). Numbers indicate presence (1) or absence (0) of species in each habitat. Each colour indicates a unique combina-

tion of habitats occupied. The genus Hypostomus, for example, displays a wider range of unique combinations of habitats than any

other genus.

Fig. 6 Phylomorphospace plot for subfamily Hypostominae (A)

and genus Hypostomus (B). Colours correspond to geographical

area classifications used in the ancestral area estimation

(Fig. 1). The y-axis is the first principal component (PC) from a

size-corrected PC analysis of log-normalized linear distances

between 31 homologous landmarks distributed across the

head, body and fins (following landmarks originally proposed

by Armbruster 2003a,b) and the x-axis is log maximum body

size (MBS). Shaded convex hulls enclose all examined species

of Hypostomus (A) and all examined species of Hypostomus

from the Paran�a River basin (B).

© 2016 John Wiley & Sons Ltd
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the upper Paran�a basin almost exclusively); four inva-

sions into the Paraguay, lower Paran�a and Uruguay

basins (coloured purple in Fig. 1); and two invasions

into Atlantic Coastal drainages (coloured green in

Fig. 1). To this day, Hypostomus is one of only four

Hypostominae genera to have successfully invaded the

Paran�a River basin, resulting in 52 species, or approxi-

mately 37% of all Hypostomus species, being present

there today. The only other Hypostominae taxa now in

the Paran�a are 13 species of Ancistrus, three species of

Pterygoplichthys and one species of Megalancistrus – each

of which occupies a much narrower range of habitats

than Hypostomus (Fig. 5). The first two of these genera

share with Hypostomus a preference for or tolerance of
15N-depleted food resources (Lujan et al. 2012). Ancis-

trus, though, is phylogenetically distantly related to

Hypostomus, as is Megalancistrus (Lujan et al. 2015b).

The only other loricariid genera present in the Paran�a

basin include two genera of the morphologically dis-

tinct whiptail catfish subfamily Loricariinae (Rinelori-

caria with 21 species in Paran�a basin and Harttia with

two species in Paran�a basin), and a total of 32 much

smaller-bodied species (<10 cm SL) in the subfamily

Hypoptopomatinae (sensu Lujan et al. 2015b; e.g. Hisono-

tus, 17 spp.; Neoplecostomus, eight spp.; Otothyropsis,

four spp.; Pareiorhina, two spp.; Pseudotocinclus, one sp.;

Roxo et al. 2012, 2014). There is no fossil or other evi-

dence to suggest that any other loricariid genera occu-

pied this watershed prior to Hypostomus.

In contrast to the Paran�a Basin, the Amazon and Ori-

noco basins host diverse assemblages of over 30 Hypos-

tominae genera (Lujan et al. 2015b), most of which

overlap Hypostomus in morphospace (Fig. 6). Given the

highly distinctive ecological niche occupied by loricari-

ids as a whole (i.e. benthic, surface-scraping, algivore–
detritivores), the very few other similar loricariid

species present in the Paran�a, and this drainage’s dis-

tinctive history of biogeographical isolation and marine

incursion, it becomes increasingly plausible that when

Hypostomus first invaded the Paran�a River basin, it

experienced at least an initial reduction in competitive

pressure compared with other parts of its range. Of

course, in response to Hypostomus’ adaptive diversifica-

tion and consequent saturation of available niches,

much of the ecological opportunity historically present

in the Paran�a is predicted to have been reduced over

time (Simpson 1949, 1953).

Linking phenotype to environment and ecological
function: Evidence for adaptive radiation in
Hypostomus of the Paran�a River basin

A hallmark of any adaptive radiation (e.g. African cich-

lids, Caribbean anoles, Hawaiian silverswords) is

tremendous phenotypic diversity as compared with clo-

sely related lineages (Rabosky et al. 2013; Brawand et al.

2014). This disparity is echoed in species of Hypostomus

from the Paran�a River basin, which exhibit as great a

range of body shapes and sizes (Fig. 6) and a greater

range of colour patterns (Fig. 7) and jaw and tooth mor-

phologies (authors’ pers. obs.) than congeners through-

out the remainder of the genus’ range. Moreover, many

morphometric traits that are highly variable across

Hypostominae, such as mouth width and premaxillary

Fig. 7 Variation in colour patterns across the genus Hypostomus, with (A) Hypostomus niceforoi representing a typical Amazon basin

species, and (B) Hypostomus luteus (Uruguay basin), (C) Hypostomus aff. roseopunctatus (Uruguay basin), (D) Hypostomus hermanni (rio

Tietê basin), (E) Hypostomus strigaticeps (rio Tietê basin), and (F) Hypostomus albopunctatus (rio Paran�a-Paraguay basin) representing

diversity throughout the Paran�a River basin. Photograph A by NKL, D, E and F by CHZ, B and C by O. Lucanus.
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and dentary tooth cup lengths (Table S6, Supporting

information), are known to be functionally relevant to

the distinctive feeding biomechanics of loricariids

(Lujan & Armbruster 2012).

Most Amazonian Hypostomus exhibit minor variations

on a colour pattern consisting of black or dark brown

spots on a light brown base colour (Fig. 7A) and exhibit

one of only two distinctive ecomorphotypes representa-

tive of reciprocally monophyletic subgenera (Lujan et al.

2015b). The wood-eater morphotype (subgenus Cochlio-

don or the Hypostomus cochliodon group) has a tall head

and supraoccipital crest and acute rows of few, large and

spoon-shaped teeth. The algivorous morphotype (sub-

genus Hypostomus or the Hypostomus plecostomus group)

has a depressed head and oblique rows of many, small,

villiform teeth. In contrast to bimodal Amazonian diver-

sity, Hypostomus in the Paran�a basin exhibit a broader

and more continuous range of body, jaw and tooth

shapes. In addition to both the Amazonian ecomorpho-

types, the Paran�a basin hosts many distinctive ecomor-

photypes not seen elsewhere. These include

dorsoventrally depressed species with white polka dots

on a dark base colour (e.g. Hypostomus albopunctatus,

H. roseopunctatus; Fig. 7C and F), longitudinally truncate

species with angled jaws and few but small, villiform

teeth (e.g. H. peckoltoides, H. margaritifer and H. microsto-

mus; not illustrated), and a large-finned species with a

stunning yellow-gold base colour (e.g. H. luteus; Fig. 7B).

Because some of the most distinctive yet rare Paran�a

basin Hypostomus species (e.g. H. peckoltoides) were omit-

ted from this study, our results showing an acceleration

in body shape diversification (Fig. 3) and broad morpho-

metric diversity (Fig. 6) in Paran�a River Hypostomus

likely underestimate the true diversity of this radiation.

Schluter (2000) proposed four prerequisites to adap-

tive radiation: (i) common ancestry, (ii) accelerated

diversification, (iii) phenotype–environment correlation

and (iv) trait utility. Given the monophyly and acceler-

ated diversification in species of Hypostomus of the

upper Paran�a River basin, and a consistent pattern in

other loricariid studies of correlation between pheno-

typic characters examined herein and both environment

and ecological function (Casatti & Castro 2006; Lujan &

Armbruster 2012; Lujan et al. 2012), we find the support

for adaptive radiation in Hypostomus from the upper

Paran�a River basin to be compelling. However, specific

environmental and functional data from upper Paran�a

River basin Hypostomus are still needed and are the sub-

ject of ongoing research by ourselves and collaborators.

Conclusion

There are few clear examples of evolutionary diversifica-

tion, let alone adaptive radiation, in response to

ecological opportunity either in river systems or across

continents. The most convincing examples remain those

on islands (e.g. birds and lizards, Losos & Ricklefs 2009),

in lakes (e.g. African cichlid fishes, Kocher 2004) or at

high mountain elevations (e.g. Andean Lupinus plants,

Hughes & Eastwood 2006), where relatively recent dates

of origin for entire ecosystems can be established and

rates of speciation and diversification are often striking

in an absolute sense. In contrast, the geologic and hydro-

logic history of the upper Paran�a River basin is poorly

resolved, and accelerated speciation and diversification

rates of Hypostomus are striking in a more relative sense.

The diversification of Hypostomus in the upper Paran�a

River basin has occurred over a time frame on the order

of 10–15 Myr vs. only 100 000 years for African cichlids

of Lake Victoria (reference), 1–2 Myr for Andean Lupinus

(Hughes & Eastwood 2006) and 5 Myr for cichlids of

Lake Malawi (reference) and Hawaiian silverswords

(Baldwin & Sanderson 1998). Evidence nonetheless

remains strong for a single Hypostomus lineage having

invaded the upper Paran�a River basin and experienced

accelerated cladogenesis and morphological diversifica-

tion in response. Moreover, the current and likely histor-

ical absence in the Paran�a of many competitors and

predators that are diverse and abundant in the Amazo-

nian drainages where Hypostomus first originated sug-

gests that ecological opportunity played a role in

facilitating this accelerated evolution.
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