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Phylogenetics and Biogeography of the Guiana Shield Pencil Catfishes,
Genus Trichomycterus

Daniel R. Akin'?, Courtney A. Weyand?, Matthew D. Buehler?,
and Jonathan W. Armbruster?

The relationships of Guiana Shield members of Trichomycterus are examined using three mitochondrial genes
(Cytochrome Oxidase 1, Cytochrome b, and 16s) and one nuclear gene (RAG 2). A time-calibrated phylogeny is imple-
mented to examine how diversification is related to the timing of major geographical events in the Guiana Shield.
There was topological discordance among the gene trees; however, they overall suggest the presence of two sub-
clades. The T. guianensis subclade consists of the strongly supported relationships of T. sp. ‘Potaro, elongate’ (Potaro
R.) sister to T. guianensis (Potaro R.) + T. sp. ‘Ireng, spotted’ (Ireng R.). The T. cf. guianensis subclade consists of the
strongly supported sister group relationship of T. cf. guianensis (Mazaruni, Potaro, and potentially Caroni Rivers) + T.
sp. ‘Mazaruni, plain’ (Mazaruni R.). Weakly supported as sister to this is T. sp. ‘Kusad Mountain’ (Takutu R.), and sister
to all other members of the subclade is T. conradi (Ireng and Potaro Rivers). The dated phylogeny suggests that the
Guiana Shield clade is derived from a lowland ancestor that entered the Proto-Berbice and/or Proto-Essequibo Rivers
~17.4 Ma. The Proto-Berbice contained the lowland portions of the Ireng and Takutu Rivers, and the Proto-Essequibo
contained the lowland portions of the Potaro and Mazaruni Rivers, but the histories of the upland portions of the
Ireng, Potaro, and Mazaruni Rivers are less clear and have been thought to have drained northward in what we are
referring to as the Grand Pakaraima River in which all members of the T. guianensis clade (except for T. sp. ‘Kusad
Mountain’ and possibly T. conradi) were found. We interpret two geodispersal events into the Grand Pakaraima River
and a potential vicariance event ~9.4 Ma between uplands and lowlands. The likely formation of the modern Guiana
Shield rivers occurred 3.8-1.9 Ma, with the modern Ireng River being captured first by the Proto-Essequibo ~3.8 Ma

and finally consolidated ~1.9 Ma when captured by the Rio Branco.

catfishes (Siluriformes) distributed throughout most

of South America and southern Central America
(Fernandez, 2017). The family is distinguishable from other
catfishes chiefly by the presence of opercular and interoper-
cular odontodes as well as a pair of rictal barbels (Baskin,
1973; de Pinna, 1989; Fernandez, 2017). Some species utilize
their odontodes to aid in climbing waterfalls (Armbruster,
2011), allowing them to inhabit extreme reaches of headwa-
ters and otherwise depauperate Andean mountain streams
(Baskin, 1973).

Currently, the Trichomycteridae contains 421 species,
with 72% (305) found within the subfamily Trichomycteri-
nae. Of these, 116 species have been described within the
last ten years (Fricke et al., 2023). There are currently nine
recognized genera in the Trichomycterinae, Eremophilus
von Humboldt 1805 (1 sp.), Trichomycterus Valenciennes
1832 (199 spp.), Hatcheria Eigenmann 1909 (1 sp.), Sclero-
nema Eigenmann 1917 (10 spp.), Rhizosomichthys Miles
1943 (1 sp.), Bullockia Arratia, Chang, Menu-Marque, and
Rojas 1978 (1 sp.), Ituglanis Costa and Bockmann 1993 (31
spp.), Silvinichthys Arratia 1998 (7 spp.), and Cambeva Katz,
Barbosa, Mattos, and Costa 2018 (54 spp.). Within the Tri-
chomycterinae, several recent taxonomic and phyloge-
netic studies support the monophyly of many species,
although deeper relationships remain largely unresolved
(Ochoa et al., 2017; Katz et al., 2018; Hayes et al., 2020; Fer-
nandez et al., 2021). To date, the most comprehensive

r I \ HE Trichomycteridae is a diverse family of Neotropical

phylogenetic assessment of the Trichomycteridae sequenced
ultra-conserved elements (UCEs) for 139 species (Ochoa et al.,
2020). Results from this study found the genus Trichomycterus
to be non-monophyletic and inferred two major lineages
within the monophyletic subfamily Trichomycterinae: 1) the
Trichomycterus Lineage (Cambeva, Scleronema, and Trichomycte-
rus sensu stricto) that is distributed throughout the Brazilian
Shield and southeastern South America and 2) the Eremophilus
Lineage (Bullockia, Eremophilus, Ituglanis, and the remainder of
Trichomycterus) that is distributed throughout the Andes and
Guiana Shield as well as tropical, cis-Andean lowlands (see
Ochoa et al., 2020: figs. 3, 4, or a simplified cladogram in Sup-
plemental File S1; see Data Accessibility). Although this was
the most lineage-inclusive study of the entire family, about
two-thirds of known species were not included (mostly tricho-
mycterines), and many additional species are yet to be
described. Given the large gaps in geographic sampling and
recent rapid diversification of lineages, the deeper relation-
ships within the subfamily Trichomycterinae are dubious at
best, and Trichomycterus remains non-monophyletic. How-
ever, we follow the suggestions of Ochoa et al. (2020), which
supplies a clade-based framework for testing evolutionary
and biogeographic hypotheses within smaller groups of the
Trichomycteridae.

One group of particular interest is the Trichomycterus guia-
nensis clade, within the Eremophilus lineage (Ochoa et al.,
2020). The T. guianensis clade conservatively contains at
least 11 species (several undescribed) that are endemic to
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Fig. 1. Map of the rivers of the Guiana Shield with hypothesized routes of the Proto-Berbice (red), Proto-Essequibo (green), and Grand Pakaraima

River (purple).

the Guiana Shield region of South America, which repre-
sents a biogeographic area of interest given its complex geo-
logic history and high levels of biodiversity and endemicity.
Furthermore, headwaters from this region divide and flow
into three major river basins of South America—the Ama-
zon, Orinoco, and Essequibo River basins.

The Guiana Shield is the northern portion of the Amazo-
nian Craton, separated from the rest of the craton (Brazilian
Shield) by the Amazon River. The basement of the Guiana
Shield rock is highly durable, metamorphic rock with the
central part of the shield covered in sandstones of the Ror-
aima Supergroup that were laid down in the Proterozoic
(~2 billion years ago). These sandstones remained buried
until the late Jurassic (163.5-145 mya) when they were
block uplifted during the Takutu Event. Today, the Guiana
Shield exists to the west as the low Pakaraima Mountains
(Hartmann, 2002; Santos et al., 2003). The old age of the
Pakaraimas is in stark contrast to the young, lowland Ama-
zon basin that neighbors it, which is roughly 10-15 million
years old (Méndez-Camacho et al., 2021). This juxtaposition
of old and young geologic features lends itself to studying
events that may have shaped the current diversity and bio-
geography of freshwater fishes. These events include marine
incursions, in which the highlands of the Guiana Shield
may have provided high-elevation refugia for freshwater
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fishes (Hubert and Renno, 2006). Additionally, river capture
events are hypothesized to play an important role in shap-
ing patterns of fish biodiversity by allowing for dispersal
and subsequent isolation of riverine species (Lundberg
et al., 1998; Winemiller et al., 2008; Lujan and Armbruster,
2011). Temporary connections of rivers in Guyana, such as
those that occur between the Takutu and the Essequibo
Rivers over the Rupununi Wetlands, indicate the early
stages of river capture and are seasonal passageways for
dispersal and ensuing isolation (Lujan and Armbruster,
2011; de Souza et al., 2012, 2020). Despite a lengthy and
intricate geologic history, much consideration for the
diversification of Neotropical freshwater fishes has been
given to the recent Andean Orogeny and formation of the
modern Amazon, even though the major lineages of fresh-
water fishes are much older than this event (Lundberg
et al., 1998).

Before the formation of the modern Amazon River, the
paleo-rivers of the Guiana Shield such as the Proto-Berbice
River would have been the dominant river systems of the
area (Fig. 1). The formation of the Proto-Berbice River began
with the Takutu Event, which involved the formation of a
graben separating the Pakaraima and Kanuku Mountains in
the late Jurassic. This graben is extended as a failed rift that
is currently demarcated by the Berbice River and Berbice
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Trough, with the rift eventually terminating at the mid-
Atlantic rift. The Takutu graben formed Paleolake Mara-
canta, which began transition to a fluvial system in the
late Cretaceous (Berrangé, 1975; Crawford et al., 1985).
Major tributaries of the Proto-Berbice included the Urari-
coera, Cotinga, Takutu, Ireng, Rupununi, upper Essequibo,
Demerara, Berbice, New, and upper Courantyne Rivers. It
has been further hypothesized based on the distribution of
some species that the upper courses of Orinoco tributaries
like the Ventuari, Caura, and Caroni possibly also flowed
into the Proto-Berbice (Lujan and Armbruster, 2011), and
this has largely proven predictive of species distributions
(Taphorn et al., 2010; Lujan et al., 2017; Armbruster et al.,
2021).

Less understood is what was happening in the upper
courses of the rivers through the Cenozoic. McConnell
(1968) suggests that the presence of large, braided sections
of rivers in the Guiana Shield represent areas where stream
capture has taken place. The highly durable rock of the Gui-
ana Shield prevents captured rivers from consolidating into
a single channel. These stream capture events also result in
sudden changes in the direction of flow. Based on these
observations, he suggested that the upper course of the
Mazaruni once continued northward to the Atlantic Ocean
taking with it part of the Potaro and Cuyuni Rivers. Uplift
around the Pliocene (McConnell, 1968: 517, states only
“end-Tertiary”) diverted the Cuyuni, Mazaruni, and Potaro
to the east where the rivers flow in unconsolidated channels
before falling off the escarpment in a series of rapids or large
falls like Kaieteur Falls. Here, we term the paleoriver that
contained portions of the upper Cuyuni, Mazaruni, and
Potaro as well as possibly the upper Caroni and upper Ireng
the Grand Pakaraima River (Fig. 1).

The present distributions of species on the Guiana
Shield can be used to hypothesize the ancient relation-
ships among the major rivers of South America by imple-
menting phylogenetic studies of small-bodied, positively
rheophilic, headwater specialist species that have wide
geographic ranges (Lujan and Armbruster, 2011). The Tri-
chomycteridae matches each of these criteria (Fernandez,
2017), and future studies of this group may very well pro-
vide insight for many paleogeographic puzzles concerning
the rivers of South America. Understanding the historic
biogeography of this region is paramount to managing the
futures of these rivers, which are of ecological importance
to thousands of species as well as to the livelihoods and
cultures of many Indigenous communities.

In this study, we assess the phylogenetic relationships of
the T. guianensis clade of the Eremophilus lineage of the Tri-
chomycterinae. The T. guianensis clade includes four
described species (T. celsae, T. conradi, T. guianensis, and T.
lewi) and at least six undescribed species: T. sp. ‘Kusad
Mountain,” T. sp. ‘Ireng, spotted,” T. sp. ‘Gran Sabana,” T.
sp. ‘Mazaruni, plain,” T. sp. ‘Potaro, elongate,” and T. cf.
guianensis (Akin et al., unpubl.). These species are all found
in highland regions of the Guiana Shield around the tri-
corner of Brazil, Guyana, and Venezuela, except for T. sp.
‘Kusad Mountain,” a disjunct species known only from
Kusad Mountain (located along the Takutu River south of
the Kanuku Mountains of Guyana; Fig. 2). In this study,
we provide a time-calibrated phylogeny for the Eremophi-
lus lineage, including novel sequences for T. sp. ‘Kusad
Moutain.” We combine the phylogenetic hypotheses

Ichthyology & Herpetology 112, No. 4, 2024

formed by this paper as well as the broader phylogenetic
hypothesis proposed by Ochoa et al. (2020) alongside our
time calibration and the current interpretation of South
American geology to infer phylogeographic patterns for
Guiana Shield rivers.

MATERIALS AND METHODS

Data sampling—No field work was done specific to this
study. We sequenced tissues that were loaned to us by the
Royal Ontario Museum (ROM) from a natural history collec-
tion made in the upper Takutu River (Amazon River drain-
age) in Guyana in 2013 by D. C. Taphorn, M. Kolmann, M.
Ignace, and L. Kalicharan. For Trichomycterus conradi, all
sequences from the Potaro River are represented by a lone
individual, and sequences from the Ireng River are repre-
sented by one individual in the rag2 analysis, three individ-
uals in the col and 16s analyses, and no sequences of cytb
were available from individuals of T. conradi from the Ireng
River. For T. ¢f. guianensis, there are no tissues available for
collections of this species from the upper Caroni River in
Venezuela. All other species in this study are currently
known as endemics to single drainages. Not included in this
study due to lack of tissues are T. celsae and T. lewi.

Molecular data—We obtained tissue samples of five speci-
mens of Trichomycterus sp. ‘Kusad Mountain’ from ROM (see
Table 1). We extracted whole genomic DNA using Qiagen
DNeasy Blood and Tissue Extraction Kit following manufac-
turer protocol (Qiagen Sciences Inc., Germantown, MD).
We amplified four genes, three mitochondrial (16s, col, and
cytb) and one nuclear (rag2). Target loci were selected to
maximize overlap with previous studies (Ochoa et al., 2017;
Hayes et al., 2020). We amplified our target loci with poly-
merase chain reactions (PCR) using primer and protocols
implemented by previous studies (see Table 2; Ochoa et al.,
2017; Hayes et al.,, 2020). Our detailed PCR protocol is
found in Supplemental File S2 (see Data Accessibility). We
sent unpurified PCR products to an external sequencing
facility (GENEWIZ, Cambridge, MA) for DNA sequencing.
We edited and aligned raw sequence data using the MAFFT
algorithm (Katoh et al., 2002) as implemented in the pro-
gram Geneious Prime v.11.0.14 (Kearse et al., 2012).

We downloaded additional sequence data for ingroup
taxa from 24 individuals of the Trichomycterus guianensis
clade from previously published studies from the NCBI Gen-
Bank (see Table 1; e.g., Ochoa et al., 2017; Hayes et al.,
2020) and verified the identities of all ingroup taxa with
museum voucher specimens. We trimmed alignments for
all 29 individuals within the T. guianensis clade to the fol-
lowing lengths for consistency with previously published
sequences (Ochoa et al., 2017; Hayes et al., 2020): 16s, 466
bp; col, 521 bp; cytb, 858 bp; and rag2, 885 bp.

For the time-calibrated phylogeny, we downloaded addi-
tional sequence data of one or two representatives per spe-
cies from previously published studies for members of the
Eremophilus lineage from the NCBI GenBank that contained
at least three loci, prioritizing alignments that contained all
four loci (see Table 1). These criteria yielded 27 additional
individuals of the Eremophilus lineage to include in a time-
calibrated analysis with our 29 individuals from the T. guia-
nensis clade. We did not verify species identities with
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museum vouchers for these outgroup taxa. We trimmed
these alignments as above.

Phylogenetic analysis.—We analyzed individual gene trees of
the T. guianensis clade with one individual of Scleronema
minutum as an outgroup to assess whether individual genes
may be used for barcoding (e.g., Reis and de Pinna, 2023)
and to inform phylogeographic discussion of topologies
estimated with different rates of diversification. We then
analyzed a concatenated dataset (2,730 bp) including all
29 individuals of the T. guianensis clade with S. minutum as
an outgroup. We used only one outgroup taxon because the
T. guianensis clade was found to be monophyletic by studies
using more extensive taxonomic sampling with the same
loci, but without resolution for interpreting deeper relation-
ships within the subfamily (Supplemental File S3; see Data
Accessibility; Ochoa et al., 2017; Hayes et al., 2020; Akin,
2022).

We inferred phylogenetic relationships using a Bayesian
inference (BI) approach in the program MrBayes v3.2.6 via
the CIPRES web portal (Huelsenbeck and Ronquist, 2005;
Miller et al., 2010). We partitioned protein-coding genes by
codon position and estimated substitution models simulta-
neously by using the Iset function (Huelsenbeck and Ron-
quist, 2005). We similarly partitioned the concatenated
analysis by both gene and codon position. For all gene tree
analyses, we used a Markov chain Monte Carlo (MCMC) to
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sample the posterior for 2*10” generations. To ensure the
chains converged and to reduce autocorrelation among
samples, we performed two independent runs with four
chains (three heated, one cold). We sampled tree topologies
from the posterior every 1,000 generations. For the concate-
nated tree analysis, we used MCMC to sample the posterior
for 1.5*10” generations. We summarized the posterior and
trees in MrBayes v3.2.6 using the default 25% burn-in. To
ensure that each of the MCMC runs had sufficiently mixed
for all estimated parameters, we used the program Tracer
v1.7 to visualize posterior sampling and calculate estimated
sample sizes (ESS) for each parameter. We consider parame-
ters with ESS > 200 to have converged (Rambaut et al.,
2018). We report the resulting 50% majority rule consensus
phylogeny and report support values in posterior probabili-
ties (PP); values =0.95 are considered as strong support and
any value <0.95 to be weakly supported.

Time calibration.—We estimated the time-calibrated phylog-
eny under a fossilized birth death (FBD) model in BEAST
v2.6 (Stadler, 2009; Bouckaert et al., 2014; Heath et al.,
2014; Barido-Sottani et al., 2018). The FBD model approach
is optimal for the Eremophilus lineage because it allows for a
primary calibration and fossils do not need to be assigned to
a specific node, rather the fossil can be treated as a tip in
the entire tree or constrained to an a priori clade within the
data, and it integrates the fossil occurrence times into the
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Table 2. Primers used for polymerase chain reactions (PCR).
Locus Primer Primer sequence 5'-3’ Source

165 16Sa-L ACGCCTGTTTATCAAAAACAT Palumbi (1996)
16Sb-H CCGGTCTGAACTCAGATCACGT Palumbi (1996)

col FishF1 TCAACCAACCACAAAGACATTGGCAC Ward et al. (2005)
FishR1 TAGACTTCTGGGTGGCCAAAGAATCA Ward et al. (2005)

cytb Cytb Siluri F CCA CCG TTG TAA TTC AAC TA Villa-Verde et al. (2012)
Cytb Siluri R GAT TAC AAG ACC GGC GCT TT Villa-Verde et al. (2012)

rag2—step one 164F AGCTCAAGCTGCGYGCCAT Oliveira et al. (2011)
RAG2-R6 TGRTCCARGCAGAAGTACTTG Lovejoy and Collette (2001)

rag2—step two 176R GYGCCATCTCATTCTCCAACA Oliveira et al. 2011)
Rag2Ri AGAACAAAAGATCATTGCTGGTCGGG Oliveira et al. (2011)

tree prior (Heath et al.,, 2014). We used the program
BEAUTI to assign model parameters and generate the XML
input file for BEAST (Bouckaert et al., 2014). We partitioned
our data by gene, and protein-coding genes were partitioned
by codon according to the following scheme: (1,2) + 3. To
identify the best fitting substitution model under a Bayesian
framework, we used the program bModelTest (Bouckaert
and Drummond, 2017). We included the only fossil that has
been confirmed as a member of the Trichomycteridae as a
primary calibration (Bogan and Agnolin, 2009), and
although it cannot be accurately diagnosed using morphol-
ogy to a generic level, we make an assumption that it
belongs to the Eremophilus lineage (most likely the T. areola-
tus clade) based on biogeographic hypotheses described by
Bogan and Agnolin (2009) as well as the recovery of a south-
ern Andes clade of trichomycterines (consistent with the T.
areolatus clade) by Fernandez et al. (2021). This fossil was
discovered in the Monte Hermoso formation (aged 5.3-4.5
Ma) near Bahia Blanca, Argentina (Tomassini et al., 2013).
To treat our fossil as a branch tip, we toggled the tip dates
parameter and assigned the fossil taxon as a tip dated 5.2
Ma. We used an uncorrelated lognormal relaxed molecular
clock with default values. We set the following required
parameters to estimate divergence times under the FBD
model. To create a proper distribution for the clock prior, we
set the ucldMean to an exponential prior density with a
mean of ten. We used a normal prior restricted on the inter-
val [0.01, 0.19] for diversification rate based on the esti-
mated diversification rate of Neotropical otophysan fishes
(Miller and Roman-Palacios, 2021). We used an uninforma-
tive prior (uniform [0, 1]) for turnover, as it is difficult to cal-
culate, but is related to derivations of the other parameters
(Barido-Sottani et al., 2018). We used an exponential prior
with a mean of 0.2 on the interval [0, 1] for sampling pro-
portion (i.e., the likelihood of sampling a fossil of an extant
taxon within the Eremophilus lineage is probably low when
considering only one fossil has been recovered for what is
over 120 presently described extant species). Finally, for p
we used a beta prior (alpha = 10, beta = 20, [0.01, 0.99])
based on an assumption that roughly 33% ([17.9%, 47.9%;
95%CI]) of all extant species (including those undescribed)
within the Eremophilus lineage are included in this tree.
Additionally, we constrained the monophyly of all Eremo-
philus lineage members excluding the E. mutisii clade, mak-
ing that clade the outgroup for this analysis. We ran two
independent (MCMC) chains for 5*10’ generations. We
sampled parameters and trees every 2,500 generations. We
checked sufficient mixing of parameters (ESS > 200) for

Downloaded From: https://complete.bioone.org/journals/Ichthyology-&-Herpetology on 07 May 2025
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both independent runs as well as the combined run using
Tracer v1.7 (Rambaut et al., 2018). We combined trees from
both runs using LogCombiner v1.10.4 with a 10% burn-in
resampled at an interval of 5,000 (Suchard et al., 2018).
Because the fossil was only included to inform the FBD
model and could attach to any lineage, we then pruned it
using the FullToExtantTreeConverter plug-in in BEAUTi
(Bouckaert et al.,, 2014; Barido-Sottani et al., 2018). We
input combined trees into TreeAnnotater v1.10.4 to obtain
the maximum credibility tree and posterior probabilities
(Suchard et al., 2018). We then visualized the tree with a
geological timescale in R (R Core Team, 2022) using the
strap package (Bell and Lloyd, 2015). We assessed support
for relationships with posterior probability values = 0.95
considered strong support and values < 0.95 considered not
supported.

RESULTS

The gene trees consistently recovered the reciprocal mono-
phyly of all species (except for Trichomycterus conradi in
rag2); however, there is topological discordance among the
gene trees, and interspecific relationships were generally
unable to be resolved (Fig. 3). The col analysis recovers T. sp.
‘Kusad Mountain’ in a polytomy with T. conradi and an
unsupported grouping of T. guianensis and T. sp. ‘Ireng, spot-
ted’ (PP = 0.74), and this polytomy is recovered as a branch
in a polytomy with T. ¢f. guianensis and T. sp. ‘Mazaruni,
plain.” For the cytb analysis, T. sp. ‘Kusad Mountain’ is recov-
ered as sister to all other lineages (PP = 1.00), which are
recovered as a polytomy consisting of T. conradi, a strongly
supported clade (PP = 1.00) containing T. guianensis and T.
sp. ‘Potaro, elongate,” and another strongly supported clade
(PP = 1.00) containing T. sp. ‘Mazaruni, plain’ and T. cf.
guianensis. For the 16s analysis, T. sp. ‘Potaro, elongate’ was
recovered as sister to the rest of the clade (PP = 1.00), and a
clade containing T. guianensis and T. sp. ‘Ireng, spotted’ was
recovered as sister to a clade containing T. conradi, T. sp.
‘Mazaruni, plain,” T. sp. ‘Kusad Mountain,” and T. cf. guia-
nensis (PP = 0.95) in which a grouping of two populations
of T. conradi that had weak support (PP = 0.71) was recov-
ered with weak support as sister to the remainder of the
clade (PP = 0.92), and T. sp. ‘Mazaruni, plain’ was recovered
as sister to T. sp. ‘Kusad Mountain’ + T. cf. guianensis, but
the relationship between T. sp. ‘Kusad Mountain’ and T.
cf. guianensis is not well supported (PP = 0.73). The rag2
gene tree consists of a polytomy of T. conradi (Potaro), a
supported sister relationship of T. sp. ‘Mazaruni, plain’
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Scleronema Scleronema
T. sp. 'Mazaruni, plain’ T. sp. 'Kusad Mountain'
T. sp. cf. guianensis
T. conradi
T. sp. 'Kusad Mountain' (Potaro River)
T qui
O PP=0.95 O PP=0.95 ?
@ PP <0.95 T. conradi ® PP <0.95 T.sp-
(Potaro and Ireng Rivers) Potaro,
elongate'
0.02 0.02
T. sp. 'Mazaruni, plain'
A C OI T. guianensis B C'y tb
T. sp. 'lreng, T. sp. cf. guianensis
spotted"
Scleronema Scleronema
| . T. conradi
T. sp. 'Potaro, elongate’ (Potaro River)
T. guic i T. sp. 'Mazaruni, plain'
L< T. sp. 'lreng, spotted" _q: cf. guianensis
T. conradi (Potaro River) e T, CONradii (Ireng River)
O PP=0.95 T. conradi (Ireng River) © PP=z0.95
® PP<0.95 ® PP<0.95 4<< T ep s Mountan
T. sp. 'Mazaruni, plain' 'lé’ost:ro
0.004 0.002 elonga{e‘
T. sp. 'Kusad Mountain'
C 1 65 Sp- Kusad Mountain D ra 92 T. guianensis

T. sp. cf. T.sp

guianensis 'Ireng, spotted"
Fig. 3. Gene trees for (A) col, (B) cytb, (C) 16s, and (D) rag2. Red circles represent posterior probabilities less than 0.95, and white circles repre-

sent posterior probabilities greater than or equal to 0.95.

and T. cf. guianensis, and a polytomy of T. sp. ‘Kusad
Mountain,’” T. conradi (Ireng), and a well-supported (PP =
1.00) clade of T. sp. ‘Potaro, elongate’ sister to a well-sup-
ported (PP = 1.00) sister group of T. guianensis and T. sp.
‘Ireng, spotted.’

The concatenated analysis recovered all species as mono-
phyletic and a topology consisting of two subclades within
the Trichomycterus guianensis clade (Fig. 4). The T. guianensis
subclade strongly supports a sister relationship of T. guianen-
sis and T. sp. ‘Ireng, spotted’ (PP = 1.00) with T. sp. ‘Potaro,
elongate’ sister to that grouping (PP = 1.00). The T. cf. guia-
nensis subclade consists of T. cf. guianensis sister to T. sp.
‘Mazaruni, plain’ (PP = 1.00), with a weakly supported
relationship to T. conradi (PP = 0.52), and weak support for
T. sp. ‘Kusad Mountain’ sister to all members of the sub-
clade (PP =0.78).

The time calibration recovered the same two subclades
within the T. guianensis clade as the concatenated analysis
(PP = 0.99), but a slightly different topology for the T. cf.
guianensis subclade (Fig. 5), with the only change in this
analysis being that T. conradi is recovered as sister to the
remainder of the T. ¢f. guianensis subclade (PP = 0.97). The
estimates of the time calibration place the oldest divergence
within the Eremophilus lineage at 18.48 Ma ([5.52, 37.57]
95% HPD). The focal group of this study, the T. guianensis
clade, is estimated to have diverged at 17.37 Ma ([5.02,
35.04] 95% HPD), with the two subclades diverging at 14.69
Ma ([3.93, 30.2] 95% HPD). Within the T. guianensis sub-
clade, T sp. ‘Potaro, elongate’ is estimated to have diverged
at 9.43 Ma ([1.72, 20.02] 95% HPD) and T. guianensis and T.
sp. ‘Ireng, spotted’ separated at 3.77 Ma ([0.64, 8.63] 95%

HPD). Within the T. cf. guianensis subclade, T. conradi is esti-
mated to have diverged at 11.75 Ma ([2.8, 24.64] 95%
HPD) with the Ireng River and Potaro River populations
separating at 1.97 Ma ([0.2, 4.94] 95% HPD). Trichomycterus
sp. ‘Kusad Mountain’ is estimated to have diverged at 9.4
Ma ([2.14, 20.25] 95% HPD), and T. sp. ‘Mazaruni, plain’
and T. cf. guianensis separated at 5.23 Ma ([0.85, 11.62] 95%
HPD) with the Potaro River and Mazaruni River popula-
tions of T. cf. guianensis separating at 1.88 Ma ([0.36, 4.27]
95% HPD).

DISCUSSION

All four gene trees recovered the reciprocal monophyly of
each species except for Trichomycterus conradi in the rag2
analysis, but because reciprocal monophyly of this species
was recovered in the col analysis (PP = 1.00), and weakly
supported in the 16s analysis (PP = 0.71), we believe the
non-monophyletic relationship in rag2 to be due to the
overall low level of disparity of sequences within this locus.
This is expected given nuclear genes are known to have
lower substitution rates compared to mitochondrial loci
(see Supplemental File S4; see Data Accessibility). Akin
(2022) could not find morphological differences between
the two populations that could be used describe the Ireng
population as a new species; however, museum collections
of this species are incredibly rare (n = 14 specimens known
to the authors) and more sampling in these headwaters is
needed. The generally well-supported monophyly of all spe-
cies recovered by the col tree provides support to the conclu-
sion of Reis and de Pinna (2023) that col may be helpful to
identify different species of Trichomycterus through DNA
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T. sp. 'Potaro, elongate’

T. guianensis

T. sp. 'Ireng, spotted"

T. sp. 'Kusad Mountains'
T. conradi (Potaro River)
q T. conradi (Ireng River)
0.01
T. sp. 'Mazaruni, plain'
Q T. sp. cf. guianensis
Fig. 4. Concatenated Bl tree estimated using MrBayes. Red circles rep-

resent posterior probabilities less than 0.95, and white circles repre-
sent posterior probabilities greater than or equal to 0.95.

O PP>0.95
@ PP<0.95

barcoding; however, this should only be used as a supple-
mentary tool alongside morphological evidence whenever
specimens are available.

Our multi-locus phylogenetic analyses recovered two sub-
clades within the Trichomycterus guianensis clade. When
comparing the results from MrBayes and estimated by
BEAST, the topologies differ in which lineage is recovered as

9.4 Ma [2.14, 20.25]

14.69 Ma [3.93, 30.2]

17.37 Ma [5.02,35.04]
")

18.48 Ma [5.52,37.57]II

609

sister to all other members of the T. ¢f. guianensis subclade.
In the MrBayes phylogeny, T. conradi is recovered as sister to
the rest of the subclade, whereas in the BEAST tree, T. sp.
‘Kusad Mountain’ is sister to the rest of the subclade. This
inconsistency may be the result of either limited geographic
and species sampling or insufficient phylogenetic informa-
tiveness in the four loci used. Genetic samples are lacking
from at least three known and two suspected species of Tri-
chomycterus from the Pakaraimas, as well as any number of
potentially unknown species. Based on the specimens
examined by Akin (2022), there do not appear to be any
clear synapomorphies that would separate these subclades;
however, as more species are sequenced, discovered, and
included within these subclades, a more thorough revision
of their osteology should be considered.

Our divergence time estimates are roughly 5-10 million
years younger than the estimates made by Ochoa et al.
(2017) and Costa et al. (2022), but the estimates made in
those papers are well within the highest probability distribu-
tions (HPDs) reported here. Ochoa et al. (2017) did not
report HPDs, and Costa et al. (2022) used a much stronger
prior for their secondary time calibration than should be
used, potentially resulting in narrower HPDs. The prior used
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by Costa et al. (2022) was based on an age estimated from
Betancur-R et al. (2015) by using mean node ages of a Bayesian
tree produced by Betancur-R et al. (2013) as secondary calibra-
tion points. In the original time calibration, the HPDs of
nodes nearby the Trichomycteridae (e.g., the Callichthyidae—
Nematogenyidae node) span 30-40 million years (Betancur-R
et al., 2013); therefore, the prior distribution for the Tricho-
mycteridae should certainly be much larger than the roughly
six million years of space that was sampled by the model
implemented by Costa et al. (2022). Our more relaxed calibra-
tion results in a wider range of HPDs of node ages than in
Costa et al. (2022). See Supplemental File S5 (see Data Accessi-
bility) for further discussion on the use of time calibrations
within the Trichomycterinae.

Our results support the claim by Ochoa et al. (2017) that
the T. guianensis clade likely diverged roughly 17.37 Ma, just
prior to the uplift of the Northern Andes. Additionally, we
recover the oldest common ancestor of the Eremophilus line-
age at 18.48 Ma. This is concurrent with a geologically
busy time in South American history, appearing just after
the Incaic phase and diverging during the Quecha phase of
the Andean Orogeny, with these events setting the stage
for the development of the modern river drainages of
South America (Albert et al., 2018). At this time, the major
rivers of Guyana were much different, with the Proto-Ber-
bice skirting the southern edge of the Pakaraima Moun-
tains, en route to the mouth of the modern day Berbice
River (Lujan and Armbruster, 2011), the Proto-Essequibo
occupying much of the Essequibo north of Apoteri, and
the proposed Grand Pakaraima River draining higher eleva-
tion surfaces and exiting to the north of the Pakaraimas.
For the purposes of our discussion, we will refer to popula-
tions on the escarpment as upland and below the escarp-
ment as lowland, but note that there are high energy
stream segments (riffles and rapids) throughout most of
the rivers in the region.

The placement of T. sp. ‘Kusad Mountain,” a species
endemic to Kusad Mountain (Takutu River, Amazon River
basin), as sister to T. sp. ‘Mazaruni, plain’ + T. cf. guianensis,
which are found in the upper Potaro (Essequibo River
basin), upper Mazaruni (Essequibo River basin), and upper
Caroni (Orinoco River basin) Rivers suggests a complicated
evolutionary history for the group. One hypothesis for this
set of relationships is that a lowland common ancestor
within the Proto-Berbice and/or Proto-Essequibo gave rise to
descendant populations in both the Pakaraima plateau and
Kusad Mountain, which are separated by the Takutu graben.
To further test this hypothesis, more sampling in the inter-
vening region is needed. Most species of Trichomycterus in
the Guiana Shield have been described in the last 25 years,
and significant portions of the highlands of the Guiana
Shield (e.g., the Kanuku Mountains, small outcrops and
mountains along the borders of Guyana, Venezuela, and
Brazil, and small outcrops east of the main Pakaraimas
and flanking the Essequibo) remain unsampled. Thus far,
no Trichomycterus have been found in the Kanuku Moun-
tains, but the only streams potentially elevated enough to
support Trichomycterus that have been explored are Moco
Moco Creek and Kumu Creek (Takutu River drainage),
although these collections were likely not high enough
upstream based on the species captured (de Souza et al.,
2012, 2020; Taphorn et al., 2022).

Ichthyology & Herpetology 112, No. 4, 2024

We interpret our time-calibration results as a geodispersal
of a lowland ancestor of the T. guainensis clade into the
Proto-Berbice and Proto-Essequibo ~17.4 Ma. This would
have allowed the range expansion of Trichomycterus
throughout the lowlands of this region, providing access to
the Pakaraima Mountains as well as Kusad Mountain, and
this wide-ranging T. guianensis clade then diverged into two
major subclades ~14.7 Ma. We further interpret two sepa-
rate geodispersal events into the Grand Pakaraima River, the
first being the T. guianensis subclade sometime between
~14.7 and ~9.4 Ma, and the second being T. cf. guianensis +
T. ‘Mazaruni, plain’ sometime between ~14.7 and ~5.2 Ma,
as well as a separate geodispersal event by the T. conradi line-
age into the Proto-Essequibo River ~11.8 Ma.

At approximately 9.4 Ma, concurrent splits within both
subclades indicate a potential large-scale event that isolated
the uplands, coinciding with the uplift of the Northern
Andes and formation of the modern Amazon River. One
split was the aforementioned isolation of the Trichomycterus
sp. ‘Kusad Mountain’ from the rest of the T. cf guianensis
subclade. In the T. guianensis subclade, T. sp. ‘Potaro, elon-
gate’ is separated from T. guianensis + T. sp. ‘Ireng, spotted.’
It is interesting to note that T. sp. ‘Potaro, elongate’ lives in
sluggish habitats within the highlands, perhaps preserving a
lowland ecotype and morphotype in this otherwise upland
clade.

The resultant sister relationship of T. sp. ‘Ireng, spotted’
and T. guianensis suggests that at this time, the modern
upper Ireng River would have joined the modern Potaro as
part of the Grand Pakaraima River, while at least the middle
Ireng River would have flowed south into the Proto-Berbice
(Fig. 1; see Nascimento et al., 2019, but note that the Ireng
River is called Rio Mat). The relationship of the upper Ireng
and Potaro is also supported by the sister group relationship
of the loricariid catfish genera Yaluwak (Ireng) and Corymbo-
phanes (Potaro) and is possibly corroborated geologically by
waterfalls that result from a series of uplifts beginning ~30-
15 Ma (Lujan et al., 2020).

We additionally recover three relationships aged roughly
3.8-1.9 Ma that suggest the breakup of the upper Grand
Pakaraima River just before the consolidation of the Ireng,
Potaro, and Mazaruni Rivers into their modern channels,
consistent with the probable Pliocene uplift and tilting of
the Rupununi Surface (McConnell [1968] refers to the uplift
as end-Tertiary). We discussed above the relationships of T.
sp. ‘Ireng, spotted’ + T. guianensis, which would indicate a
capture of the upper Ireng away from the Grand Pakaraima
River approximately 3.8 Ma. This was followed by a poten-
tial final consolidation of the major river basins ~1.9 Ma as
suggested by the split of T. cf. guianensis in the Mazaruni
and Potaro as well as the split of the Ireng and Potaro popu-
lations of T. conradi. This result mirrors the pattern seen in
the upland and lowland Inland Guianas Clade of Gymnotus,
which were cautiously estimated to have diverged ~1.5 Ma
(Lehmberg et al., 2018).

After the capture of the upper Ireng evidenced by the split
of T. sp. ‘Ireng, spotted’ and T. guianensis (~3.8 Ma), the
middle Ireng would have likely already flowed into what is
now the Rupununi River around Massara as part of the
Proto-Essequibo during the breakup of the Proto-Berbice
(Fig. 6; Nascimento, 2020). The Ireng River is considered to
be the last river to have been captured by the Rio Branco
(Lujan and Armbruster, 2011; Nascimento et al., 2019), and
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Fig. 6. Map of the rivers of the Guiana Shield with hypothesized routes from ~3.8-1.9 Ma of the remnants of the Proto-Berbice (red), the Proto-
Essequibo with captured portions of the former Proto-Berbice (green), and Grand Pakaraima River (purple).

Nascimento (2020) indicates two separate places of possible
stream capture: just ENE of Normandia, Brazil and roughly
10 km south of that point. Given the split between Ireng
and Potaro T. conradi at ~1.9 Ma, we posit that T. conradi
may have been able to move between the Ireng and Potaro
within the Proto-Essequibo following consolidation of the
upper and middle Ireng Rivers ~3.8 Ma and prior to the
final consolidation into modern channels ~1.9 Ma. In this
scenario, the distribution of T. conradi in the Ireng and
Potaro is due to geodispersal and then vicariance from the
capture of the modern Ireng from the Essequibo, whereas its
sympatric congeners T. guianensis and T. sp. ‘Ireng, spotted’
are the result of vicariance from an earlier capture of the
upper Ireng from the Grand Pakaraima River.

Although there is some possible population structure in T.
cf. guianensis across the Mazaruni and Potaro Rivers, the
branch lengths are quite small, suggesting that there may
continue to be modern connectivity between these headwa-
ters. There are anecdotal reports of connections during
excessively wet seasons, and there are fissures between
headwaters across the plateau where the rivers could poten-
tially connect (Hayes et al., 2020). Flow through these inter-
basin fissures would be consistent with McConnell’s (1968)
suggestion that the east-flowing portions of the high river
basins have not fully consolidated, but there would need
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to be direct evidence for such connections in the move-
ment of fishes. Alternatively, the branch lengths may be
small due to slow evolutionary change between separated
populations.

Studies focusing on the deeper biogeographical relation-
ships within the Trichomycterinae remain to be conducted,
but we propose here a testable hypothesis for the biogeogra-
phy of the Eremophilus lineage. Ochoa et al. (2020) recov-
ered an wundescribed trichomycterid from the Paria
Peninsula of northern Venezuela as the sister to all other
species of the Trichomycterinae. Similarly, within the Ere-
mophilus lineage, a clade endemic to the Magdalena River in
Colombia was recovered as sister to the rest of the lineage.
Both of these early-branching lineages are restricted north
of the Northern Andes. Pairing this geographic data and
phylogeny with our time calibration, we hypothesize that
the Eremophilus lineage rapidly diversified with the uplift of
the Andes (i.e., uplands as a cradle sensu Rahbek et al.
[2019]), but also that any ancestral species that would have
inhabited the sub-Andean foreland would have been sub-
jected to drastic habitat changes caused by the rapid transi-
tion from Lago Pebas to the modern Amazon River, as well
as marine incursions, while those older lineages north of
(and on) the Andes were preserved (i.e., uplands as a
museum sensu Rahbek et al. [2019]). This scenario suggests
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that members of the Eremophilus lineage may have only
recently begun to recolonize and diversify in the lowlands
of the Amazon River basin. This scenario may be entirely
different from the diversification patterns within the Tricho-
mycterus sensu stricto lineage, which are predominately rep-
resented in the Brazilian Shield and were subject to a
different suite of geologic events. Further investigations of
both lineages may lead to a better understanding of the
impact of substantial geologic events (such as the Andean
Orogeny) on the diversification, origins, and biogeography
of major South American fish lineages.

Today, many of the rivers of Guyana are being dramati-
cally degraded due to gold mining (mostly through sedi-
mentation and mercury pollution from gold amalgamation)
and will be impacted by regional drilling as oil interests
increase in the region (Panelli, 2019; Montafa et al., 2021).
Insights into present biogeographic patterns and the ability
to predict future river connections may help guide policy
makers in making difficult decisions pertaining to irriga-
tion, plumbing, hydroelectric, and the regulation of fisher-
ies (Winemiller et al., 2016). Trichomycterus of the Guiana
Shield are found in high elevation headwaters with few
other fishes, and many of these upland tributaries have yet
to be sampled. The trichomycterids yet to be discovered
here may shed light on the complex biogeographical story
of the ancient Pakaraima Mountains, and those distributed
throughout all of South America may lend insights into the
constant reshuffling of the headwaters of major South
American rivers. The rapid and recent diversification of this
family makes it ideal to aid in the study of the processes and
patterns of evolution in Neotropical freshwater fishes and
provides ample opportunities to build upon evolutionary
ecology hypotheses related to factors such as stream gradi-
ent, elevation, and river chemistry.
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