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Synopsis  The nature of speciation within subterranean ecosystems following invasions from the surface remains poorly under-
stood. Most proposed examples of in situ subterranean speciation instead appear to reflect multiple independent surface invasions,
supporting the classic hypothesis that subterranean ecosystems are evolutionary dead ends. Here, we examine the species diver-
sity within the most widespread subterranean vertebrate species, the Southern Cavefish Typhlichthys subterraneus. Phylogenomic
analyses reveal that T. subterraneus as currently recognized is paraphyletic with respect to the Missouri Cavefish T. eigenmanni,
as a distinct set of populations is resolved as the sister lineage of a clade formed by T. eigenmanni and T. subterraneus sensu stricto.
High-resolution computed tomography (CT) scanning reveals skeletal autapomorphies of this lineage, supporting its recogni-
tion as a new species: Typhlichthys styx sp. nov. Ancestral biogeographic reconstructions reveal that speciation in Typhlichthys has
occurred along aquifer boundaries, with lineages dispersing through widespread karstic aquifer systems across southeastern and
central North America. This dispersal facilitated secondary sympatry among cavefish species that last shared common ancestry
approximately eight million years ago. Together, these results reveal aquifer geology as a driver of allopatric speciation in obligate
cave-dwelling vertebrates, with implications for understanding biodiversity in subterranean ecosystems worldwide.

Introduction (Tobler, Scharnweber, et al. 2015, et al. 2015; Tobler
et al. 2018) have often been the focus of biologists in-
vestigating the existence and prevalence of alternative
modes of speciation to lineage divergence induced by
geographic isolation, which is known as allopatry. This
line of research is driven by the observation that in
many of these ecosystems, closely related species appear
to exist in sympatry or lack population structure de-
fined by geographic regions (Wilson and Hessler 1987;
Palumbi 1994; Niemiller et al. 2012; Niemiller, Graen-
ing, et al. 2013; Davis et al. 2014; Li et al. 2020; Hart
et al. 2024).

Although underground environments contain an ex-
ceptionally high proportion of endemic biodiversity
(Poulson and White 1969; Culver and Pipan 2019;
Mammola 2019; Niemiller and Taylor 2019; Milks et al.
2024), whether speciation has occurred in subterranean

Speciation is the central process in which biodiver-
sity is generated (Mayr 1947; Bush 1975; Turelli et al.
2001; Gavrilets 2003; Coyne and Orr 2004), yet it re-
mains debated whether different ecosystems tend to fa-
cilitate different mechanisms of speciation (Wilson and
Hessler 1987; Coyne and Orr 2004; Milks et al. 2024).
Environments characterized by extreme physiochemi-
cal conditions and resource scarcity, such as the deep
sea (Wilson and Hessler 1987; Palumbi 1994; Angel
1997; Laakmann et al. 2012; Davis et al. 2014; Eilertsen
and Malaquias 2015), caves (Poulson and White 1969;
Barr and Holsinger 1985; Howarth 1993; Finston et al.
2007; Ribera et al. 2010; Bloom et al. 2014; Culver
and Pipan 2019; Devitt et al. 2019; Mammola 2019; Li
et al. 2020; Langille et al. 2021; Aharon et al. 2023;
Milks et al. 2024), and geochemically influenced springs
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ecosystems among organisms obligately adapted to them
remains controversial. Analyses of molecular data have
shown that nearly all obligate subterranean species have
independently colonized these ecosystems, even when
their closest relatives also only live underground (Wiens
et al. 2003; Niemiller et al. 2012; Devitt et al. 2019;
Langille et al. 2021; Mao et al. 2021; Mao et al. 2022;
Aharon et al. 2023; Benito et al. 2025; Brownstein et al.
2025; Niida et al. 2025). Lineages comprised of high pro-
portions of obligate subterranean species appear to have
invaded underground environments multiple times and
often include facultatively subterranean forms that may
approximate the ancestors of independently evolved ob-
ligate cave species (Niemiller et al. 2008; Niemiller, Fitz-
patrick, et al. 2013; Devitt et al. 2019; Aharon et al. 2023;
Benito et al. 2025; Brownstein et al. 2025). In cases where
obligate subterranean species are sister taxa, examina-
tions of the molecular basis of morphological and physi-
ological features, such as the loss of functional eyes, that
are tied to obligate cave dwelling demonstrate that sis-
ter species have convergently lost these features rather
than inherited them from a single common ancestor
(Niemiller, Fitzpatrick, et al. 2013; Casane and Rétaux
2016; Fumey et al. 2018; Herman et al. 2018). This means
that there are surprisingly few cases of in situ subter-
ranean speciation (Faille et al. 2010; Niemiller et al. 2012;
Hadid et al. 2013; Niemiller, McCandless, et al. 2013;
Cieslak et al. 2014; Li et al. 2015; Langille et al. 2021; Hart
etal. 2024). Almost all of these examples of in situ subter-
ranean speciation involve very young sister species pairs
(Niemiller, McCandless, et al. 2013; Langille et al. 2021)
and invoke controversial mechanisms such as sympatric
speciation in the absence of obvious geographic isolation
(Hadid et al. 2013; Li et al. 2015; Li et al. 2020).

Our poor understanding of subterranean speciation
both inhibits the assessment and protection of under-
ground biodiversity (Wiens et al. 2003; Niemiller et al.
2012; Niemiller, Graening, et al. 2013; Devitt et al. 2019;
Langille et al. 2021; Hart et al. 2024) and impedes our
knowledge of the assembly and maintenance of func-
tionally diverse subterranean faunas (Camacho 1992;
Danielopol et al. 2000; Gibert and Deharveng 2002;
Culver and Pipan 2019; Milks et al. 2024) that face unique
threats as anthropogenic activities deplete and degrade
groundwater resources (Danielopol et al. 2000; Foster
and Chilton 2003; Aeschbach-Hertig and Gleeson 2012;
Famiglietti 2014; Bierkens and Wada 2019; Devitt et al.
2019; Jurgens et al. 2022; Jasechko et al. 2024; Sacco et al.
2024).

The rarity of subterranean speciation might be taken
as evidence for the hypothesis that subterranean ecosys-
tems are evolutionary dead ends (Darwin 1859; Poulson
and White 1969; Barr and Holsinger 1985; Culver and
Pipan 2019; Mammola 2019), yet the existence of sub-
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terranean species comprised of geographically isolated,
deeply divergent sub-lineages that may themselves be
consistent with species under a general lineage species
concept (De Queiroz 2007), including several from the
massive underground karst ecosystems of eastern North
America (Christman et al. 2005), suggests other expla-
nations are possible (Niemiller et al. 2012; Stern et al.
2017; Hart et al. 2024). These ecosystems are home
to the most widespread species of subterranean verte-
brate, the Southern Cavefish Typhlichthys subterraneus,
which occurs in karstic cave environments throughout
the southeastern United States. Since the 1980s, phylo-
genetic analyses of genetic data have demonstrated that
Typhlichthys subterraneus likely represents a complex of
numerous ancient lineages (Swofford 1982; Niemiller
et al. 2012; Niemiller, Graening, et al. 2013, et al.
2013; Hart et al. 2024; Brownstein et al. 2025), yet
the delimitation and description of species in this lin-
eage has remained difficult owing to the absence of
known features that distinguish deeply divergent lin-
eages in Typhlichthys phylogeny (Burress et al. 2017;
Hart et al. 2024).

Here, by combining phylogenomics with high-
resolution computed tomography, we delimit and de-
scribe species diversity in Typhlichthys. Our results allow
us to recognize a new, wide-ranging third species in this
genus and establish that the biogeography of Typhlichthys
corresponds to distinctions between major aquifers in
Paleozoic rocks within the Appalachian Plateau, Valley
and Ridge, and Ozark Plateau physiographic regions. In
particular, aquifers in Carboniferous-aged limestone-
rich rock formations appear to have facilitated subter-
ranean dispersal in lineages of Typhlichthys that diverged
over 5 million years ago yet show few morphologi-
cal differences. These results substantiate a potential
mechanism of allopatric speciation in a phenotypically
conserved obligate subterranean lineage.

Methods
Locality data

We obtained locality information for all specimens
sequenced for ultraconserved elements and ND2 mi-
tochondrial DNA from a combination of previous
literature (Niemiller et al. 2012; Niemiller, Graen-
ing, et al. 2013; Niemiller et al. 2016; Hart et al.
2020; Hart et al. 2024; Hart et al. 2025), museum
databases (https://collections.peabody.yale.edu/; https:
//aumnh.auburn.edu/research-collections/vertebrate-
zoology/fishes/search-fish-database/), and personal
communication with M.L. Niemiller. Next, we ac-
quired drainage data from Natural Earth (https://www.
naturalearthdata.com/) for major North American
river systems and lakes, river system border data from
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HydroBASINs (https://www.hydrosheds.org/products/
hydrobasins), and principal US aquifer data from the
United States Geological Survey (Anon 2021). Briefly,
we define aquifers as water-holding underground ge-
ological structures and karst as a rock environment
formed by the dissolution of soluble rock types, such
as limestones and other carbonates. We noticed that
the principal US aquifer data from the USGS was not
fine-grained enough to reliably identify the karst aquifer
association of each locality; many caves (i.e., Key Cave,
Alabama) that would have been classified as Pennsyl-
vanian sandstone associated actually are within small
portions of Mississippian karst. To this end, we ex-
amined geological maps of the US states of Tennessee,
Alabama, Georgia, and Kentucky available from the
USGS State Geological Map Compilation (Horton et al.
2017), pulled names of relevant Cambrian through
Mississippian limestone and dolomite units, and plot-
ted their distributions using the R package rmacrostrat
(Jones et al. 2024). We then checked to see whether the
distribution of the set of formations plotted matched
with previously published high-resolution maps of karst
units in the United States (Weary and Doctor 2014).
Finally, we plotted karst distributions in Kentucky us-
ing data from the Kentucky Geological Survey (https:
//www.uky.edu/KGS/karst/karst_resources.php)  in
order to assess for the possible connectivity of karst
across the eastern and western Mississippian aquifers.
For historical biogeographic analyses, we classified
cavefish localities (Tables 1-4, Table 10) based on their
association with particular aquifer systems (Fig. 1B).
Because Typhlichthys styx sp. nov. is sympatric with T.
subterraneus across many localities in Tennessee and
Alabama corresponding to the eastern Mississippian
aquifer, we could not include occurrences from major
ichthyological locality data repositories, such as Fish-
Net2. Complete sets of locality and lat-long coordinate
data for specimens sequenced for UCEs and mtDNA are
in Tables 2-3, and Table 4, respectively.

Specimen sampling and sequence assembly

We analyzed both the ND2 mitochondrial DNA locus
and ultraconserved elements (UCEs), a type of genomic
marker (Faircloth et al. 2012), to elucidate the relation-
ships of major lineages of Typhlichthys cavefishes. We
assembled a composite ultraconserved element dataset
by combining previously published UCE data for cave-
fishes (Hart et al. 2020; Ghezelayagh et al. 2022; Hart
etal. 2024) with UCEs mined from whole genomes using
phylucev. 1.7.3 (Faircloth 2016) with the acanthomorph-
specific UCE probe set (Alfaro et al. 2018). After filtering
using phyluce v. 1.7.3 to remove duplicate UCEs, using
CIAlign (Tumescheit et al. 2022) to visualize and remove
chimeric sequences, and using MAFFT via phyluce v.

1.7.3 to align sequences (Katoh and Toh 2008; Katoh and
Standley 2013), we retained 920 UCEs for 83 Typhlichthys
specimens and 10 outgroups, including all genera in Per-
copsiformes and its sister taxon Polymixia (Ghezelayagh
et al. 2022; Near and Thacker 2024). For the ND2 align-
ment, we downloaded all 145 sequences available for Ty-
phlichthys from the NCBI Genbank Repository and used
two specimens of Speoplatyrhinus poulsoni, four speci-
mens of Troglichthys rosae, and three specimens of Cholo-
gaster cornuta as outgroups. Both the mtDNA and UCE
datasets sample individuals from all major lineages of Ty-
phlichthys, including all three species as delimited here.

Phylogenetic analyses

We conducted phylogenetic analyses of the UCE and
mtDNA sequence alignments under maximum like-
lihood using IQ-TREE2 (Nguyen et al. 2015; Minh,
Schmidt, et al. 2020). We ran IQ-TREE2 separately for
each UCE sequence alignment to produce gene trees and
also ran analyses alternatively treating the concatenated
UCEs as one or several partitions. For each gene tree
and the two analyses of the concatenated sequences, we
selected best-fit models of molecular evolution using
ModelFinder (Kalyaanamoorthy et al. 2017) and esti-
mated nodal support using ultrafast bootstrap values.
Using the gene trees, we inferred a species tree under
the multispecies coalescent implemented in ASTRAL-III
(Zhang et al. 2018). We also calculated gene and site
concordance factors, which measure the proportion of
decisive gene trees and sites that are consistent with
resolution of a particular node in an input species tree,
using IQ-TREE2 (Minh, Hahn, et al. 2020). For this analy-
sis, we used the single partition concatenated phylogeny
as the input phylogeny. We used the IQ-TREE web
server (Trifinopoulos et al. 2016) to analyze the mtDNA
alignment and infer a tree with ultrafast bootstrap and
SH-like approximate likelihood ratio test (SH-aLRT)
(Guindon et al. 2010) supports for each node. Finally,
we ran a Bayesian phylogenetic analysis of the mtDNA
alignment using MrBayes v 3.2.7 (Huelsenbeck and Ron-
quist 2001; Ronquist et al. 2012) where we partitioned
sequences by codon position and used an HKY + 1+ G
model. We ran the Bayesian analysis over 4 chains for 10
million generations (sampling every thousand), checked
for convergence of the posteriors and effective sample
size values over 200 using Tracer v 1.7.1 (Rambaut et al.
2018), and summarized the posterior trees in a single
maximum clade credibility tree.

Species delimitation and population genetics

We analyzed both the mtDNA sequence alignment and
UCE alignment to interrogate population structure and
lineage divergence in Typhlichthys. First, we calculated
pairwise sequence dissimilarity values for all sequences

920z e\ L¢ uo sasn Ateiqi sjeA Aq G/6+898/1.2068q0/|/g/a[01E/qOl/W 00 dNo dlWapede//:Sd)Y Woly papeojumoq


https://www.hydrosheds.org/products/hydrobasins
https://www.uky.edu/KGS/karst/karst_resources.php

C. D. Brownstein et al.

Table 1 Collection localities and museum catalog information for specimens used in morphological analyses. AUM, Auburn University
Ichthyology Collection; UMMZ, University of Michigan Museum of Zoology Collection; YPM ICH, Ichthyology, Yale Peabody Museum,
Yale University. Asterisks indicate specimens for which CT scans were taken or available. Bolded specimens are the hypodigm of the

new species.

Species Catalog number Locality Latitude Longitude

Typhlichthys eigenmanni AUM 57002* Carroll Cave, MO 37.972044 —92.507179

Typhlichthys eigenmanni UMMZ 156795* Camden River Cave near Hahatonka, MO - -

Typhlichthys eigenmanni UMMZ 150421* Laclede, Bennett Spring source, Bennett State - -
Park, MO

Typhlichthys sp. AUM 58753 Hering Cave, 4 mi NE Owen’s Crossroads, TN 34.62436 —86.40161

Typhlichthys sp. AUM 56994* Blowing Cave, near Cleghorn Creek, Falling 36.12611 —85.39833
Water River, TN

Typhlichthys sp. AUM 56995 Jaco Spring Cave, Collins River-Upper Caney 3578667 —85.66056
Fork, TN

Typhlichthys styx YPM ICH 25653.988* Flat Rock Cave (MLN12-41), Smith County, 36.235 —86.0992
Cumberland, TN

Typhlichthys styx YPM ICH 25653.985* Flat Rock Cave (MLN12-41), Smith County, 36.235 —86.0992
Cumberland TN

Typhlichthys styx YPM ICH 25653.989* Flat Rock Cave (MLN12-41), Smith County, 36.235 —86.0992
Cumberland TN

Typhlichthys styx YPM ICH 25653.984* Flat Rock Cave (MLN12-41), Smith County, 36.235 —86.0992
Cumberland TN

Typhlichthys styx YPM ICH 008000 Shelta Cave, 2 mi NW of Huntsville, Madison 34754025 —86.61113
County, AL

Typhlichthys styx AUM 57001* Baugus Cave, Decatur County, TN 35.7525 —88.08528

Typhlichthys styx AUM 57001* Baugus Cave, Decatur County, TN 357525 —88.08528

Typhlichthys styx AUM 57001* Baugus Cave, Decatur County, TN 357525 —88.08528

Typhlichthys styx AUM 63167* Limrock Blowing Cave, 10 mi NNW 34.70889 —86.18139
Scottsboro, AL

Typhlichthys styx AUM 56991* Pattons Cave, Maury County, TN 36.05 —86.44667

Typhlichthys styx AUM 57010~ Big Mouth Cave, Grundy County, TN 3533278 —85.82694

Typhlichthys styx AUM 58746* Tally Ditch Cave, 7.9 kmm NNW Stevenson, AL 3492944 —85.88083

Typhlichthys styx YPM ICH 25594.0987* Cave Stream (MLN 12-32), Garner Spring 35.0286 —85.9072
Cove, Crow Creek, TN

Typhlichthys styx YPM ICH 25594.0986* Cave Stream (MLN 12-32), Garner Spring 35.0286 —85.9072
Cove, Crow Creek, TN

Typhlichthys subterraneus AUM 56984* Bartlett Cave, near Martin Creek, TN 36.22806 —85.74361

Typhlichthys subterraneus YPM ICH 25538.0995* Dave’s Cave (MLN 12-015), Pulaski County, KY 37.0158 —84.485

Typhlichthys subterraneus YPM ICH 25538.0996* Dave’s Cave (MLN 12-015), Pulaski County, KY 37.0158 —84.485

Typhlichthys subterraneus YPM ICH 25538.0997* Dave’s Cave (MLN 12-015), Pulaski County, KY 37.0158 —84.485

Typhlichthys subterraneus YPM ICH 25307.0992* Webb Cave, Simpson County, KY 36.6786 —86.6772

Typhlichthys subterraneus YPM ICH 25307.0993* Webb Cave, Simpson County, KY 36.6786 —86.6772

Typhlichthys subterraneus YPM ICH 25307.0994* Webb Cave, Simpson County, KY 36.6786 —86.6772

Typhlichthys subterraneus YPM ICH 25306. 0998* Friendship Cave, Warren County, KY 36.8561 —86.3444

Typhlichthys subterraneus YPM ICH 25306.999* Friendship Cave, Warren County, KY 36.8561 —86.3444

Typhlichthys subterraneus YPM ICH 25293.0990* Drowned Rat Cave, Pulaski County, KY 37.0042 —84.4556

Typhlichthys subterraneus YPM ICH 25293.0991* Drowned Rat Cave, Pulaski County, KY 37.0042 —84.4556

Typhlichthys subterraneus YPM ICH 25658.988™ Anderson Spring Cave (MLN 12-44), Putnam 36.1342 —85.4464
County, TN

Typhlichthys subterraneus YPM ICH 25658.989* Anderson Spring Cave (MLN 12-44), Putnam 36.1342 —85.4464
County, TN

Typhlichthys subterraneus YPM ICH 20461* Cave City, Barren County, KY 37128017 —85.962423
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Table 2 Continued

Longitude

State Latitude

County

Drainage

Tissue Number Locality

Species UCE Sample Number

Biosample ID

—87.073138
—85.97556
—85.97556
—85.39833
—85.39833
—87.103513
—85.88083
—85.87083
—86.85111M1

36.542806
34988330
34988330

36.12611
36.12611

TN

AL

Robertson

Cumberland

Sinking Ridge Cave

MN-CP-JAC1
MLN SAR5
MLN SAR6
MLN 0290
MLN 0331
13-048

TsSINKO1
TsSRCO1

T. subterraneus

SAMN14308666

Jackson

Tennessee

Salt River Cave

T. styx

SAMN14308667

AL

Jackson

Tennessee

Salt River Cave

TsSRCO2
TsSTAO1

T styx

SAMN14308668

TN
TN
TN
AL

Putnam

Cumberland

Stamps Cave

T. subterraneus

SAMN14308669

Putnam

Cumberland

Stamps Cave

TsSTAO2
TsTCO1

T. subterraneus

SAMN14308670
SAMN14308671

36.170211

Cheatham

Cumberland

Twin Cave

T. styx

3492944
35.25861

Jackson

YFTC 26,831 Tally Ditch Cave Tennessee

T. styx TsTDCO1

SAMN14308672

TN
AL

Grundy

Trussell Cave Tennessee

UTTC 04,820

T. styx TsTRUO1

SAMN14308673

34546111

Morgan

Tennessee

Well in Morgan County,

UAIC 14,842.01

TsWELLO1

T. styx

SAMN14308674

AL

34.967405 —86.890255

AL

Limestone

Tennessee

White’s Spring Cave

MLN-WSP1

TsWSCO1

T. styx

SAMN14308675

C. D. Brownstein et al.

in the alignment using the R package adegenet (Jombart
2008). Next, we inferred a haplotype map using the R
package pegas (Paradis 2010). Finally, we used Bayesian
Phylogenetics and Phylogeography (BPP) v. 4.8.0 (Flouri
et al. 2018) to infer input divergence time () and pop-
ulation size (@) values for calculation of the genealogical
divergence index (Jackson et al. 2017) using the equation
gdi = 1-e2"% for a subsample of 100% complete ma-
trix UCE alignments containing between 9 and 12 rep-
resentative individuals (depending on the analytical iter-
ation) for three schemes: one where Typhlichthys styx is
treated as a single species, one in which T. styxis split into
southeastern and northern lineages following the phylo-
genies generated from the UCE loci, and finally one in
which T. styx is split into its four major constituent lin-
eages following the phylogenies generated from the UCE
loci. Two to three individuals were included in each anal-
ysis after being selected from our larger UCE sequence
dataset based on contig count and completeness [as de-
termined using phyluce 1.7.3 (Faircloth 2016); Table 3],
as early runs showed the effect of uneven individual
sampling per input lineage on gdi calculation. For each
of these iterations, we fixed an input tree following
the topology inferred for the UCE sequences using IQ-
TREE2, ran each analysis for 1 million generations with a
10,000 generation pre-burnin, and checked for conver-
gence of the posteriors and ESS values over 200 using
Tracer v. 1.7.1 (Rambaut et al. 2018).

Divergence time estimation

We inferred time-calibrated phylogenies for Amblyop-
sidae using a node-dating approach in BEAST v. 2.6.7
(Bouckaert et al. 2014; Bouckaert et al. 2019). For this
analysis, we used the fossil calibrations specified in a re-
cent study (Brownstein et al. 2025) for node dating anal-
ysis of Percopsiformes and three randomly selected sets
of 50 UCE alignments subsampled for representatives of
all major Typhlichthys lineages, including both the east-
ern and western lineages of T. subterraneus and all four
major lineages within T. styx. The two fossil calibra-
tions were (1) the root node, which is the Polymixia-
Percopsiformes split and was set to 97.2 Ma, the age of the
oldest Pan-Polymixia, with bounds of 66.02 Ma, the age
of the oldest Percopsiformes, and 125.0 Ma, before which
no acanthomorph fossils are known, and (2) the MRCA
of Aphredoderus sayanus and Amblyopsidae (Brownstein
et al. 2025). We fixed all internal nodes in the analysis
to match the topology of the phylogenies inferred from
the UCE alignments under maximum likelihood in IQ-
TREE2 and ran the analysis of each set of UCEs three
times independently over 500 million generations with
a 100 million generation pre-burnin. Following com-
pletion of the MCMC runs, we checked for ESS values
over 200 and posterior convergence using Tracerv. 1.7.1
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Table 3 Continued

Median
Length

Maximum

Minimum

Contigs

Length Length > 1kb

95% Cl Length

Mean Length

Total BP

Contigs

Species

Biosample ID

377
406

939
959
974
1095

1905
2457

208

7.807290073594988
7.947965415247053
8.310600721911861

913.7860851505711
961.4616977225672

963
966
962
948
928

T. subterraneus

SAMN14308670

879,976

232
184

928,772

T. styx

SAMN14308671

445
594

1809
1877

968.8170478170479
1046.376582278481

932,002
991,965

921,193
1,005,514

T. styx

SAMN14308672

212
209

8.924517319608523
8.699388969217857

8.55266597

T styx

SAMN14308673

502
581

1024.5
1057

2181
2008

992.6648706896551

T styx

SAMN14308674

199

1047.4104166666666

960

T styx

SAMN14308675

C. D. Brownstein et al.

(Rambaut et al. 2018), combined all nine posterior tree
sets with a 75% burnin and subsampling every 5000 gen-
erations using LogCombinerv. 2.6.6, and summarized the
combined posterior tree set in a maximum clade credi-
bility tree using TreeAnnotator v. 2.6.7 (Bouckaert et al.
2019).

Historical biogeographic reconstruction

We used the R package BioGeoBEARS (Matzke 2013) to
reconstruct the historical biogeography of Typhlichthys
across principal aquifers of southeastern North Amer-
ica. Typhlichthys represents one of four independent cave
colonizations in Amblyopsidae (Brownstein et al. 2025),
and it would not be logical to reconstruct the historical
biogeography of surface-water fishes along subterranean
aquifers. Because using the complete time-calibrated
phylogeny generated in BEAST v. 2.6.7 (Bouckaert et al.
2014; Bouckaert et al. 2019) would necessitate coding
all species of amblyopsid for their presence on aquifers
and reconstructing ancestral aquifer occupation along
nodes representing surface-dwelling common ances-
tors of amblyopsid genera (Brownstein et al. 2025), we
pruned the input time tree to only include lineages of
Typhlichthys. We coded these lineages as belonging to
five principal aquifer systems after plotting their occur-
rences along aquifer maps (see earlier): Mississippian
aquifers, the Ozark Aquifer, Silurian-Devonian aquifers,
Valley and Ridge aquifers, and Ordovician aquifers. We
conducted ancestral biogeographic reconstructions un-
der three models in BioGeoBEARS with and without
the 4 j jump dispersal parameter: a dispersal-extinction-
cladogenesis (DEC) model, a dispersal-vicariance-like
(DIVALIKE) model, and a Bayesian ancestral biogeog-
raphy (BAYAREALIKE) model. We selected the best-
fitting model by comparing corrected Akaike Infor-
mation Criterion scores. Using the best-fit model, we
ran biogeographic stochastic mapping to estimate the
mode and count of biogeographic phenomena (dispersals
and vicariant events among areas, founder events, etc.)
using simulated biogeographic histories that are con-
gruent with the reconstruction inferred under the in-
put model (Dupin et al. 2017). For the biogeographic
stochastic mapping analysis, we inputted 100 as the max-
imum number of maps to attempt, 50 as the goal num-
ber of maps to attempt, and 400 attempts per branch.
We extracted counts for founder and sympatry events
from the anagenetic event output and plotted them
through time.

Correlation of divergence times with
carboniferous aquifer incision

To correlate the timing of fragmentation of aquifers
with the divergence times we inferred for major lin-
eages of Typhlichthys, we assembled relevant geological
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Aquifer-mediated speciation 13
Table 4 Biosample IDs for sequences used in phylogenetic analyses of mitochondrial DNA.

Genbank ID Species Specimen Code Locality Drainage County State
HQ707798 T. styx MLN MKN1 McKinney Pit Tennessee Colbert AL
HQ707784 T. styx MLN MKN3 McKinney Pit Tennessee Colbert AL
JN592319 T. styx Tsub14841 McKinney Pit Tennessee Colbert AL
JN592318 T. styx TsubMKN2 McKinney Pit Tennessee Colbert AL
HQ707780 T. styx MLN GCR1 Guess Creek Cave Tennessee Jackson AL
HQ707801 T. styx MLN SAR6 Salt River Cave Tennessee Jackson AL
JN592361 T. styx TsubSAR1 Salt River Cave Tennessee Jackson AL
JN592362 T. styx TsubSAR2 Salt River Cave Tennessee Jackson AL
JN592363 T. styx TsubSAR3 Salt River Cave Tennessee Jackson AL
JN592364 T. styx TsubSAR4 Salt River Cave Tennessee Jackson AL
JN592320 T. styx TsubDAN311 Davis Bat Cave Tennessee Lauderdale AL
JN592326 T. styx TsubKYCO1 Key Cave Tennessee Lauderdale AL
JN592327 T. styx TsubKYCO2 Key Cave Tennessee Lauderdale AL
HQ707781 T. styx MLN WSP1 White Spring Cave Tennessee Limestone AL
JN592321 T. styx TsubDAN288 Bobcat Cave Tennessee Madison AL
HQ707794 T. styx UAIC 14,148.01 Muddy Cave Tennessee Madison AL
HQ707796 T. styx MLN SHL2 Shelta Cave Tennessee Madison AL
JN592322 T. styx TsubSHL1 Shelta Cave Tennessee Madison AL
JN592323 T. styx TsubSHL3 Shelta Cave Tennessee Madison AL
JN592324 T. styx Tsub14821 Beech Spring Cave Tennessee Marshall AL
JN592325 T. styx Tsub14842 Cave Spring Cave Tennessee Morgan AL
JN592328 T. eigenmanni TsubNFLO1 Norfolk Lake White Baxter AR
HQ707770 T. eigenmanni MLN AR27 Alexander Cave White Stone AR
HQ707792 T. eigenmanni MLN AR28 Alexander Cave White Stone AR
HQ707790 T. eigenmanni MLN AR29 Ennis Cave White Stone AR
HQ707795 T. styx DAN 287 Limestone Caverns Tennessee Dade GA
JN592329 T. styx TsubGEN99 Limestone Caverns Tennessee Dade GA
HQ707785 T. styx MLN LRW1 Longs Rock Wall Cave Tennessee Dade GA
HQ707817 T. styx MLN LRW3 Longs Rock Wall Cave Tennessee Dade GA
JN592330 T. styx TsubLRW2 Longs Rock Wall Cave Tennessee Dade GA
JN592392 T. subterraneus TsubLN1 L & N Railroad Cave Green Barren KY
JN592393 T. subterraneus TsubLN2 L & N Railroad Cave Green Barren KY
JN592394 T. subterraneus TsubLN3 L & N Railroad Cave Green Barren KY
JN592395 T. subterraneus TsubLN4 L & N Railroad Cave Green Barren KY
JN592396 T. subterraneus TsubM1 Mammoth Cave Green Edmonson KY
JN592397 T. subterraneus TsubM2 Mammoth Cave Green Edmonson KY
JN592398 T. subterraneus TsubM3 Mammoth Cave Green Edmonson KY
JN592399 T. subterraneus TsubM4 Mammoth Cave Green Edmonson KY
JN592400 T. subterraneus TsubS1 Sanders Cave Green Edmonson KY
JN592401 T. subterraneus TsubS2 Sanders Cave Green Edmonson KY
JN592402 T. subterraneus TsubS3 Sanders Cave Green Edmonson KY
JN592403 T. subterraneus TsubS4 Sanders Cave Green Edmonson KY
HQ707816 T. subterraneus MLN 0235 Daves Cave Cumberland Pulaski KY
HQ707815 T. subterraneus MLN 0236 Daves Cave Cumberland Pulaski KY
JN592334 T. subterraneus TsubMLN240 Daves Cave Cumberland Pulaski KY
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Table 4 Continued

C. D. Brownstein et al.

Genbank ID Species Specimen Code Locality Drainage County State
JN592333 T. subterraneus TsubMLN475 Drowned Rat Cave Cumberland Pulaski KY
JN592332 T. subterraneus TsubMLN530 Drowned Rat Cave Cumberland Pulaski KY
JN592331 T. subterraneus TsubSA2 Drowned Rat Cave Cumberland Pulaski KY
HQ707788 T. subterraneus MLN 0454 Wells Cave Cumberland Pulaski KY
HQ707809 T. eigenmanni MLN 0414 Carroll Cave Osage Camden MO
HQ707787 T. eigenmanni MLN 0427 Carroll Cave Osage Camden MO
HQ707808 T. eigenmanni MLN 0431 Carroll Cave Osage Camden MO
IN592335 T. eigenmanni TsubMLN439 Carroll Cave Osage Camden MO
IN592337 T. eigenmanni TsubMLN347 Coalbank Cave White Carter MO
IN592336 T. eigenmanni TsubMLN482 Coalbank Cave White Carter MO
JN592338 T. eigenmanni TsubMLN494 Coalbank Cave White Carter MO
JN592339 T. eigenmanni TsubCON3 Concolor Cave White Howell MO
JN592340 T. eigenmanni TsubMLN468 Concolor Cave White Howell MO
JN592341 T. eigenmanni TsubMLN487 Concolor Cave White Howell MO
JN592342 T. eigenmanni TsubBC5 Bliss Camp Cave White Oregon MO
JN592343 T. eigenmanni TsubMLN394 Bliss Camp Cave White Oregon MO
HQ707810 T. eigenmanni MLN 0399 Falling Spring Cave White Oregon MO
HQ707811 T. eigenmanni MLN 0429 Falling Spring Cave White Oregon MO
HQ707807 T. eigenmanni MLN 0391 Posy Spring Cave White Oregon MO
HQ707806 T. eigenmanni MLN 0426 Posy Spring Cave White Oregon MO
HQ707814 T. eigenmanni MLN PS2 Posy Spring Cave White Oregon MO
JN592344 T. eigenmanni TsubMLN495 Posy Spring Cave White Oregon MO
HQ707812 T. eigenmanni MLN 0357 Roaring Spring Cave White Oregon MO
HQ707813 T. eigenmanni MLN RS4 Roaring Spring Cave White Oregon MO
JN592345 T. eigenmanni TsubMLN435 Roaring Spring Cave White Oregon MO
JN592346 T. eigenmanni TsubTS6 Turner Spring Cave White Oregon MO
JN592348 T. eigenmanni TsubMLN469 Panther Cave White Ripley MO
JN592347 T. eigenmanni TsubRIPOO2 Panther Cave White Ripley MO
JN592349 T. eigenmanni TsubMLN422 Brawley Cave White Shannon MO
JN592350 T. eigenmanni TsubMLN404 Flying W Cave White Shannon MO
JN592351 T. eigenmanni TsubMLN433 Flying W Cave White Shannon MO
HQ707805 T. styx MLN BS5 Blowing Springs Cave Tennessee Coffee TN
JN592352 T. styx TsubBS2 Blowing Springs Cave Tennessee Coffee TN
JN592353 T. styx TsubBS3 Blowing Springs Cave Tennessee Coffee TN
IN592354 T. styx TsubBS4 Blowing Springs Cave Tennessee Coffee TN
JN592355 T. styx TsubMLN296 Baugus Cave Tennessee Decatur TN
JN592356 T. styx TsubMLN305 Baugus Cave Tennessee Decatur TN
JN592357 T. styx TsubMLN306 Baugus Cave Tennessee Decatur TN
HQ707783 T. styx UTTC 04,809 Baugus Cave Tennessee Decatur TN
HQ707804 T. styx MLN GAR4 Garner Spring Cave Tennessee Franklin TN
JN592358 T. styx TsubGAR1 Garner Spring Cave Tennessee Franklin TN
JN592359 T. styx TsubGAR2 Garner Spring Cave Tennessee Franklin TN
JN592360 T. styx TsubGAR3 Garner Spring Cave Tennessee Franklin N
JN592388 T. styx TsubLCCCO1 Little Crow Creek Cave Tennessee Franklin TN
JN592389 T. styx TsubLCCCO2 Little Crow Creek Cave Tennessee Franklin TN
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Table 4 Continued

Genbank ID Species Specimen Code Locality Drainage County State
IN592367 T. styx Tsub4814 Big Mouth Cave Tennessee Grundy TN
IN592365 T. styx TsubBM8 Big Mouth Cave Tennessee Grundy TN
JN592366 T. styx TsubBM9 Big Mouth Cave Tennessee Grundy TN
HQ707777 T. styx UTTC 04,821 Big Mouth Cave Tennessee Grundy TN
JN592368 T. styx Tsub4812 Crystal Cave Tennessee Grundy TN
JN592369 T. styx Tsub4813 Crystal Cave Tennessee Grundy TN
HQ707776 T. styx UTTC 04,811 Crystal Cave Tennessee Grundy TN
HQ707789 T. styx UTTC 04,820 Trussell Cave Tennessee Grundy TN
HQ707782 T. styx UTTC 04,823 Cave Branch Cave Tennessee Hickman TN
HQ707802 T. styx UTTC 04,822 Allens Creek Cave Tennessee Lewis TN
HQ707786 T. styx MLN LPC1 Lost Pig Cave Tennessee Marion TN
JN592370 T. styx TsubPSCO1 Pryor Cave Spring Tennessee Marion TN
JN592371 T. styx Tsub4807 Gallagher Cave South Tennessee Marshall TN
HQ707793 T. styx UTTC 04,808 Gallagher Cave South Tennessee Marshall TN
HQ707774 T. styx UTTC 04,810 Pompie Cave Tennessee Maury TN
HQ707803 T. styx UTTC 04,806 East Water Supply Cave Cumberland Overton TN
HQ707771 T. styx MLN 0026 Anderson Spring Cave Cumberland Putnam TN
IN592372 T. styx TsubMLNO27 Anderson Spring Cave Cumberland Putnam TN
JN592373 T. styx Tsub4825 Bartlett Cave Cumberland Putnam TN
HQ707800 T. styx UTTC 04,824 Bartlett Cave Cumberland Putnam TN
JN592390 T. styx TsubBFCO1 Blind Fish Cave Cumberland Putnam TN
JN592391 T. styx TsubBFCO2 Blind Fish Cave Cumberland Putnam TN
JN592374 T. styx TsubMLNOO1 Jacques Cave Cumberland Putnam TN
JN592375 T. styx TsubMLNOO2 Jacques Cave Cumberland Putnam TN
JN592376 T. styx TsubMLNOO3 Jacques Cave Cumberland Putnam TN
JN592378 T. styx TsubMLN289 Stamps Cave Cumberland Putnam TN
JN592377 T. styx TsubMLN337 Stamps Cave Cumberland Putnam TN
HQ707778 T. styx MLN 0259 Sinking Ridge Cave Cumberland Robertson TN
HQ707791 T. styx MLN JAC1 Sinking Ridge Cave Cumberland Robertson TN
JN592379 T. styx Tsub4818 Herring Cave Cumberland Rutherford TN
HQ707779 T. styx UTTC 04,817 Herring Cave Cumberland Rutherford TN
HQ707797 T. styx UTTC 04,819 Herring Cave Cumberland Rutherford TN
JN592380 T. styx TsubPT2 Pattons Cave Cumberland Rutherford TN
JN592381 T. styx TsubPT5 Pattons Cave Cumberland Rutherford TN
JN592382 T. styx TsubPT6 Pattons Cave Cumberland Rutherford TN
JN592383 T. styx TsubPT7 Pattons Cave Cumberland Rutherford TN
HQ707775 T. styx MLN FLR2 Flat Rock Cave Cumberland Smith TN
JN592384 T. styx TsubFLR1 Flat Rock Cave Cumberland Smith TN
HQ707769 T. styx YFTC1453 Camps Gulf Cave Cumberland Van Buren TN
JN592385 T. styx Tsub4816 Camps Gulf Cave No. 2 Cumberland Van Buren TN
HQ707799 T. styx UTTC 04,815 Camps Gulf Cave No. 2 Cumberland Van Buren TN
HQ707772 T. styx MLN BLW1 Blowing Cave Cumberland Warren TN
HQ707773 T. styx MLN JS3 Jaco Spring Cave Cumberland Warren TN
JN592387 T. styx TsubJS10 Jaco Spring Cave Cumberland Warren N
IN592386 T. styx Tsub)S2 Jaco Spring Cave Cumberland Warren TN
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Fig. 1 Phylogeny and Biogeography of Typhlichthys Cavefishes. Maps of the southeastern United States showing localities with avail-
able lat-long data sampled in our UCE and mtDNA phylogenies of Typhlichthys superimposed on (A) major drainages and (B) karstic
formations (data from USGS). In A, major drainage basins are highlighted by taxon presence: purple indicates drainages inhabited by
Typhlichthys eigenmanni, light blue indicates drainages inhabited by T. styx, orange indicates drainages inhabited by T. subterraneus, and
green indicates drainages inhabited by both T. styx and T. subterraneus. Localities are colored by lineage. Major rivers and lakes are in
light blue, and state borders are in black. In (B), the karstic formation extents are surface outcrops; bedrock outcrops of Mississippian
rock in the region of Illinois appear more connected based on sinkhole distributions (Anon 2020). Phylogeny in (C) is the tree inferred
under an ASTRAL-IIl multispecies coalescent framework from gene trees generated in IQ-TREE2. Numbers at nodes indicate bootstrap
supports, gene, and site concordance factors, respectively, calculated for the same nodes (representing MRCAs of major lineages) in
the IQ-TREE maximum likelihood phylogenetic and concordance factor analyses. Colored dots at nodes represent coalescent support

values calculated in ASTRAL-III.

data previously used to calibrate the age of the Cumber-
land River incision, which we hypothesize drove the iso-
lation of the eastern and western Mississippian Aquifer
systems. If the incision of these rivers removed pathways
for Typhlichthys dispersal by eroding through aquifer-
holding formations of particular age (for an example in
the Cumberland, see Fig. 4 in (Anthony and Granger
2007)), then we expect that the posterior range of diver-
gence times of all species should coincide with or pre-
date the origins of these major rivers along their mod-
ern routes. For the age of the incision of the Cumberland
River along its modern route, we used the ages of cos-
mogenic nuclides buried in caves associated with Cum-
berland drainage by Anthony and Granger (Anthony
and Granger 2004). We then plotted these ages against
the ages estimated for divergence times between Ty-
phlichthys subterraneus western and eastern sublineages

and the divergence time between T. eigenmanni and
T. subterraneus.

High-resolution computed tomography

We used a Nikon XT H 225 ST system at Yale Uni-
versity to visualize the skeletons of individuals of Ty-
phlichthys styx and T. subterraneus using high-resolution
computed tomography. For our comparative dataset, we
also used recently published scans of amblyopsids gen-
erated by our research group (Brownstein et al. 2025)
and used all scans available on Morphosource.org that
could be assigned to particular species in Typhlichthys to
count vertebrae (Table 1). Our CT scan dataset spanned
the distribution of Typhlichthys styx, allowing us to com-
prehensively examine the variability in the anatomy of
this species. All scans were segmented using 3DSlicer
(Kikinis et al. 2014) and rendered using the free software
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Fig. 2 Recognition of species diversity in Typhlichthys. Plots show posterior densities of genealogical divergence index values for lin-
eages in Typhlichthys when T. styx is treated as (A) one, (B) two, or (C) four lineages following the recognition of four major clades in
phylogenies inferred using ultraconserved elements and mitochondrial data.

Blender (blender.org). CT scans and their parameters are
available on Morphosource.

Nomenclatural acts

We have registered this published work and its nomen-
clatural act on ZooBank, the online registration system
for the International Code of Zoological Nomenclature
(ICZN). Readers can verify the ZooBank Life Science
Identifiers (LSIDs) and access associated information by
appending the LSIDs to the prefix “http://zoobank.org/.”

The LSID for this publication is: wurn: Isid:
zoobank.org: pub:34387C2F-0302-494E-B4D8-BDA7A
E3F2871.

Results

Phylogeography and species diversity of
Typhlichthys cavefishes

Species in the genus Typhlichthys are widely distributed
across cave ecosystems in the Appalachians across to the
Ozarks in eastern North America, but their ranges are
not clearly demarcated by major surface river drainages
(Fig. 1A; Fig. 2). Instead, Typhlichthys are tightly re-
stricted to principal aquifers hosted within rocks of
Paleozoic age (Fig. 1B), a pattern that is reflected in
phylogenies of the genus inferred using genomic (920
ultraconserved elements; Fig. 1B; Fig. S1-S4) and mito-
chondrial DNA sequence data (Figs S5-S7); Typhlichthys
eigenmanni is restricted to carbonate rocks within
the Ozark Aquifer in the Ozark Plateau Aquifer System
(Niemiller and Poulson 2010), whereas its sister taxon, T.

subterraneus sensu stricto, is distributed across the aquifers
in Mississippian-aged carbonates in the eastern high-
lands region of Indiana, Kentucky, Tennessee, and Al-
abama, USA (Fig. 1; Figs S2-S4). The earliest divergence
in T. subterraneus sensu stricto corresponds to a split be-
tween populations occupying the western Mississippian
aquifer in Kentucky and Indiana and populations from
the eastern Mississippian aquifer in Alabama, Kentucky,
and Tennessee, USA (yellow and orange points in Fig. 1).

A third major clade consisting of populations in Ten-
nessee, Alabama, and Georgia, USA, previously con-
sidered T. subterraneus (Niemiller and Poulson 2010;
Niemiller et al. 2012; Niemiller, Graening, et al. 2013;
Hart et al. 2024) forms the sister lineage to the clade con-
taining Typhlichthys eigenmanni and T. subterraneus. The
earliest divergence in this lineage, which we name Ty-
phlichthys styx sp. nov., corresponds to a split between
populations occupying the aquifers within the Valley and
Ridge provinces in the southeast and all other popula-
tions (Fig. 1B-C)(Niemiller et al. 2012; Niemiller et al.
2016; Hart et al. 2024). The major lineages of Typhlichthys
all are resolved with high node support in phylogenies
inferred using genome-wide markers and mtDNA se-
quence data (Fig. 1; Figs S2-S7). Species of Typhlichthys
correspond to three separate haplotype clusters when
mapped (Fig. S8), although mitochondrial sequence di-
vergence among lineages within species is also high
(Figs S8-S9).

Previous studies have shown using multiple metrics,
including the pairwise fixation index (Fgsr), that the ma-
jor lineages of Typhlichthys show little to no gene flow
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(Niemiller et al. 2012; Hart et al. 2024). For example,
SNP-based Fgr calculations produce values of 0.463 be-
tween T. eigenmanniand T. subterraneus, and 0.489 to 0.81
between lineages of T. styx and these species, suggest-
ing very limited allele sharing (Hart et al. 2024). To fur-
ther examine patterns of lineage isolation in Typhlichthys,
we estimated posterior distributions of the genealogi-
cal divergence index (gdi) estimated using BPP (Leaché
etal. 2019) across species and populations of Typhlichthys
(Fig. 2). The gdi was developed to delimit species-level
units in a coalescent framework with gene flow with-
out over-splitting lineages as different species (Jackson
et al. 2017; Leaché et al. 2019). Posterior distributions of
gdi for T. styx (when treated as one unit) and T. subterra-
neus far exceed the 0.2 threshold for splits among popu-
lations (Jackson et al. 2017; Leaché et al. 2019) and match
or exceed the gdi ranges observed in well-delimited sister
species pairs of North American freshwater fishes (Kim
et al. 2022; Kim et al. 2023; Ghezelayagh et al. 2025). Al-
though we conservatively do not treat them as distinct
species owing to the absence of diagnostic features char-
acterizing each lineage and recent divergence (see later),
our results also show that major intraspecific sublineages
in Typhlichthys styx meet or exceed the gdi threshold for
species level divergences, which ranges from 0.7 to 1.0
(Jackson et al. 2017; Leaché et al. 2019) (Fig. 2). Al-
though a proportion of the distribution of gdi values for
T. subterraneus sensu stricto and T. styx falls within the
ambiguous zone of between 0.2 and 0.7, we note that
a proportion of gdi distributions for species, including
other North American fishes (Kim et al. 2022; Gheze-
layagh et al.) can commonly fall within this ambiguous
zone (Leaché et al. 2019; Opatova et al. 2023; Sporre
et al. 2024).

Although earlier studies, including an analysis of body
shape (Burress et al. 2017), failed to distinguish between
different species of Typhlichthys using morphology, our
examination of newly generated high-resolution com-
puted tomography scans of cavefish skeletons and anal-
ysis of the evolutionary history of vision-related gene
pseudogenization in Amblyopsidae (Brownstein et al.
2025) reveal diagnostic characters for all three species
in the genus (Fig. 3). Osteological differences include
the manner of reduction of the circumorbital series and
contact of these bones with other elements of the skull,
as well as the morphology of the retroarticular (Fig. 3;
Fig. S10). A previous analysis also showed that popula-
tions of Typhlichthys that belong to T. styx are the only
known lineages of amblyopsids with a pseudogenized re-
coverin rcvZa (Brownstein et al. 2025). Recoverins ac-
celerate cone cell response recovery and are associated
with low light vision in teleost fishes (Zang et al. 2015).
Consequently, the loss of a functional rcv2a gene in T.
styx implies that even the genomic basis of low light vi-
sion has been subject to relaxed selection pressures in

C. D. Brownstein et al.

this species, consistent with the hypothesis that T. styx
is an old obligate subterranean lineage. We note that
species of Typhlichthys are very similar in skeletal mor-
phology yet are clearly distinguishable from other obli-
gate cave-dwelling amblyopsid genera, all of which inde-
pendently colonized caves (Niemiller, Fitzpatrick, et al.
2013; Brownstein et al. 2025).

Systematics

Typhlichthys styx sp. nov.

Phantom cavefish

Zoobank registration LSID. urn: Isid: zoobank.org:
act:6DB7E02D-AC77-4688-951A-AFCCCF2EDAJYF.

Holotype. YPM ICH 025653, YFTC 26,795, adult,
30.22 mm standard length (SL), Flat Rock Cave,
Smith County, Tennessee (site MLN 12-41), 36.235°N,
86.0992°W, collected September 24, 2012, by M.L.
Niemiller, D. Sores, and G. Moni.

Paratypes. YPM ICH 25653 (YFTC 26,796), YPM
ICH 25653, YPM ICH 25653, adults, all from the same
locality as the holotype and collected at the same time by
Niemiller and party.

Referred material. See Tables 1-4 for a list of all re-
ferred specimens and tissue collections.

Etymology. Styx (Ancient Greek X tv¥), the river
that forms one of the borders of the underworld in An-
cient Greek mythology.

Diagnosis and description. Typhlichthys styx differs
from all other species of Typhlichthys in the following
combination of features (asterisks indicate autapomor-
phies): circumorbital series contacts maxilla*; retroartic-
ular strongly anteriorly hooked to form acute postero-
medial angle (shared with T. eigenmanni); lowest modal
number of pectoral fin rays; Typhlichthys styx sp. nov.
has modally 29 vertebrae, 11 pectoral fin rays, 8 dor-
sal fin rays, 8 anal fin rays, and 12 branched caudal rays
(Table 1; Tables 5-9). The largest examined specimen is
30.22 mm SL.

Geographic distribution. Typhlichthys styx is dis-
tributed throughout the Valley and Ridge, Cumberland
Plateau, Interior Low Plateaus, and Nashville Basin of
Tennessee, Alabama, and Georgia, USA. T. styx includes
four or five major lineages endemic to caves correspond-
ing to the Ordovician, Silurian-Devonian, Mississippian,
and Valley and Ridge aquifers of southeastern North
America (Fig. 1). A complete list of localities where T.
styx is found is available in Table 10.

Conservation note. Many populations of Ty-
phlichthys styx face threats from anthropogenic activities
reducing and contaminating groundwater (Niemiller,
Graening, et al. 2013). Habitat alteration, the construc-
tion of dams, water over-exploitation, and agricultural
and industrial waste are medium to high threats for all
known populations of T. styx (Niemiller, Graening, et al.
2013).
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Typhlichthys styx Typhlichthys subterreaneus Typhlichthys eigenmanni

Fig. 3 High-resolution computed tomography reveals a new species of Typhlichthys. Rendered skulls of typical representatives of three
species of Typhlichthys in (A) right lateral, (B) left lateral, (C) dorsal, (D) ventral, (E) anterior, and (F) posterior views showing key features
distinguishing species: (1) anteriormost circumorbital (lacrimal) contacts maxilla in T. styx, (2) lacrimal is reduced to a thin splint of bone
that very briefly contacts lateral ethmoid ventrally in T. subterranneus, and (3) retroarticular is not hooked anteriorly in T. subterraneus (also
see Figure S10). Colors of bone groups in scans indicate: suspensorium (green), circumorbital series (red), neurocranium (aquamarine),
opercular series (light blue), branchiostegal series (dark blue), pharyngeobranchial series (yellow). Specimens figured are YPM ICH 25653
(T. styx), 25,338 (T. subterraneus), and UMMZ 150421 (T. eigenmanni).

Speciation and dispersal in Typhlichthys appear to correspond to boundaries among the major
cavefishes are facilitated by aquifers aquifers hosted within various Paleozoic-aged carbon-
ate rocks of southeastern North America (Anon 2000).

Our analyses demonstrate that species of Typhlichthysand ;
Yet, our phylogenetic analyses also show that many cave

the primary divergences among populations and species

9z0zZ Ae|\ L¢ uo sesn Aeiqr oeA Aq G/6898/12068q0/|/g/8101iE/qOl/W0D"dNodlWapeoe//:sdiy Wolj pepeojumo(



20

Table 5 Counts of vertebrae in Typhlichthys styx sp. nov., Ty-
phlichthys subterraneus, and Typhlichthys eigenmanni. Abbrevia-
tions: N, number of specimens; SD, standard deviation.

C. D. Brownstein et al.

Table 9 Counts of branched caudal fin rays in Typhlichthys styx sp.
nov., Typhlichthys subterraneus, and Typhlichthys eigenmanni. Ab-
breviations: N, number of specimens; SD, standard deviation.

Number of Vertebrae

Number of Branched Caudal Fin Rays

Species 28 29 30 31 N Mean SD Species m 12 13 14 N Mean SD
Typhlichthys styx 5 2 3 1 1 29 110 Typhlichthys styx 3 3 12 (0]
Typhlichthys subterraneus 7 1 8 2813 035 Typhlichthys subterraneus 8 2 2 12 125 080
Typhlichthys eigenmanni. 1 1 1 3 30 0.82 Typhlichthys eigenmanni 1 1 2 15 070

Table 6 Counts of pectoral fin rays in Typhlichthys styx sp. nov.,
Typhlichthys subterraneus, and Typhlichthys eigenmanni. Abbrevia-
tions: N, number of specimens; SD, standard deviation.

Number of Pectoral Fin Rays

Species " 12 N Mean SD
Typhlichthys styx 4 1 5 1.2 0.40
Typhlichthys subterraneus 3 6 9 1.67 0.47
Typhlichthys eigenmanni 2 2 12 (o]

Table 7 Counts of dorsal fin rays in Typhlichthys styx sp. nov.,
Typhlichthys subterraneus, and Typhlichthys eigenmanni. Abbrevia-
tions: N, number of specimens; SD, standard deviation.

Number of Dorsal Fin Rays

Species 8 9 10 N Mean SD

Typhlichthys styx 3 2 5 8.4 0.55
Typhlichthys subterraneus 1 1 2 85 0.70
Typhlichthys eigenmanni 1 1 2 9.5 0.70

Table 8 Counts of anal fin rays in Typhlichthys styx sp. nov., Ty-
phlichthys subterraneus, and Typhlichthys eigenmanni. Abbrevia-
tions: N, number of specimens; SD, standard deviation.

Number of Anal Fin Rays

Species 8 9 N Mean SD
Typhlichthys styx 5 1 6 8.16 0.4
Typhlichthys subterraneus 1 1 2 85 0.70
Typhlichthys eigenmanni 2 2 9 (o]

localities in the Cumberland Plateau harbor multiple
species of Typhlichthys, and in some cases (Bobcat Cave,
Beech Spring Cave, Patton’s Cave, Shelta Cave) multiple
sublineages of T. styx (Fig. 1, Figs S1-S6; Table S10).
Across our analyses and previous ones, there is
no indication of historical introgression or gene flow
among delimited species or lineages within species of Ty-
phlichthys despite the overlapping ranges of T. subterra-
neusand T. styx (Fig. 1, Figs S1-S6)(Hart et al. 2024). The

mtDNA and UCE phylogenies sample individuals from
across the range of this genus, yet there is no indication of
admixture between lineages of T. subterraneus and T. styx
(Hart et al. 2024). All three species of Typhlichthysare also
recovered as reciprocally monophyletic with high boot-
strap support in phylogenies generated using mtDNA,;
thus, no clear signature of mitochondrial introgression
is present in these fishes. The high Fsr values estimated
between species of Typhlichthys also indicate very low
numbers of migrants per generation (Nm = 0.058) be-
tween T. styx and T. subterraneus. Together, the consis-
tent, robustly supported reciprocal monophyly of these
species and evidence for limited gene flow among them
inferred from both nuclear and mitochondrial DNA se-
quences implies a long history of genetic isolation and
limited introgression.

Our Bayesian node-dating analysis of the ultracon-
served element dataset demonstrates that the most recent
common ancestor (MRCA) of the genus Typhlichthys, the
MRCA of T. eigenmanni and T. subterraneus, and the com-
mon ancestor of intraspecific lineages of T. styx are an-
cient, originating in the Miocene 7.96 Ma (95% highest
posterior density, HPD interval: 4.53, 12.73 Ma), 5.44 Ma
(95% HPD interval: 2.98, 8.97 Ma), and 7.29 Ma (95%
HPD interval: 4.21, 11.57 Ma), respectively (Fig. 4A;
Fig. S10). We estimate that intraspecific lineages of Ty-
phlichthys subterraneus share most recent common ances-
try in the early Pliocene, 4.67 Ma (95% HPD: 2.41, 7.85
Ma). The ancient ages of these successive divergences,
which are also supported by the haplotype diversity ob-
served in T. styxand T. subterraneus (Figs S8-S9), postdate
the invasion and obligate cave adaptation of the com-
mon ancestor of Typhlichthys, which was an obligate cave
dweller (Niemiller, Fitzpatrick, et al. 2013; Brownstein
et al. 2025; Hart et al. 2025) that had already experienced
extensive degeneration of the genomic basis of its vi-
sion (Niemiller, Fitzpatrick, et al. 2013; Brownstein et al.
2025).

The ancient divergence times among Typhlichthys
species, apparent lack of widespread gene flow among
species (Hart et al. 2024), and high genealogical diver-
gence (Fig. 2) suggest a long history of reproductive
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Table 10 Localities of individual lineages of Typhlichthys styx.

Lineage Locality Latitude Longitude
Southeastern Cave Spring Sink along Graves Creek 34.082569 —86.532984
Southeastern Crane Creek Cave 34.891940 —85.216670
Southeastern Sells Cave 34274720 —85.910560
Northern 1 Allens Creek Cave 35.437500 —87.596390
Northern 1 Baugus Cave 35752500 —88.085280
Northern 1 Beech Spring Cave 34.43861 —86.458611
Northern 1 Bobcat Cave 34.655833 —86.7111M
Northern 1 Herring Cave 35.938610 —86.307500
Northern 1 McKinney Pit 34.725000 —87.791110
Northern 1 Pattons Cave 36.050000 —86.446670
Northern 1 Salt River Cave 34988330 —85.975560
Northern 1 Shelta Cave 34754025 —86.611130
Northern 2 Big Mouth Cave 35332780 —85.826940
Northern 2 Bobcat Cave 34.655833 —86.7111M1
Northern 2 Garner Spring Cave 35.028610 —85.907220
Northern 2 Geiger Cave 34.820700 —86.053310
Northern 2 Limrock Blowing Cave 34708890 —86.181390
Northern 2 Little Crow Creek Cave 35.012500 —85.966670
Northern 2 Pattons Cave 36.050000 —86.446670
Northern 2 Shelta Cave 34754025 —86.611130
Northern 2 Tally Ditch Cave 34.929440 —85.880830
Northern 2 White’s Spring Cave 34.967405 —86.890255
Northern 2 Well, Cave Spring Branch 34.546111 —86.851111
Northern 3 Beech Spring Cave 34.43861 —86.458611
Northern 3 Blowing Springs Cave 35.358802 —85.894192
Northern 3 Bobcat Cave 34.655833 —86.711111
Northern 3 Crystal Cave 35272780 —85.853610
Northern 3 Flat Rock Cave 36.235000 —86.099170
Northern 3 Gallagher Cave South 35518610 —86.746940
Northern 3 Hering Cave 34.624360 —86.401610
Northern 3 Jaco Spring Cave 35786670 —85.660560
Northern 3 Jacques Cave 36.114170 —85.441390
Northern 3 Trussell Cave 35.258610 —85.870830
Northern 3 Twin Cave 36.17021 —87.103513

isolation. However, the existence of these lineages in
sympatry despite the high levels of aquifer-specific en-
demicity observed in Typhlichthys are contradictory pat-
terns that require explanation. To understand how
deeply divergent lineages of Typhlichthys are sympatric
despite apparently diverging across major aquifer bound-
aries, we conducted historical biogeographic reconstruc-
tions along a time-calibrated phylogeny of Typhlichthys
using a model-fitting approach Matzke (2013) and treat-
ing aquifers as geographic regions. Eastern Mississip-

pian and Ordovician karstic units hold water in solution
enlarged openings (Survey 1985), which could conceiv-
ably function as subterranean dispersal routes for ob-
ligate cave-dwelling freshwater species. Across biogeo-
graphic models, our reconstructions show that aquifers
within Mississippian-aged karstic carbonate rocks that
bracket the Ordovician-rocks exposed in the center of
the Nashville Dome structure (Wilson 1935; Stearns and
Reesman 1986) have acted as subterranean highways that
facilitated dispersals of Typhlichthys (Fig. 4).
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Fig. 4 Aquifers facilitated dispersal and vicariance in Typhlichthys. (A) Historical biogeographic reconstruction from the best-fit model

in BioGeoBEARS (BAYAREALIKE) annotated on the node-dated phylogeny of Typhlichthys and other species in Amblyopsidae inferred
in BEAST 2.6.7. Bars at nodes indicate 95% highest posterior density (HPD) intervals of divergence times. Squares at nodes indicate

maps in Figure 1 and in Figure 4B. Inferred historical biogeography of

Typhlichthys is provided in (B). Aquifer colors are the same as in Figure 4 (A) and Figure 1 (B). Arrows indicate direction of key dispersals.
Colored circles indicate selected lineages labeled in (A), and yellow star indicates the site of Key Cave, Alabama, USA, where two species
of Typhlichthys are in sympatry, and the only locality where Speoplatyrhinus poulsoni, the sister lineage to Typhlichthys, is known to
occur. Red dashed lines indicate where connectivity between different aquifers has apparently been reduced, facilitating the allopatric

speciation and dispersal of Typhlichthys.

The favored model (corrected AIC
score = 39.42; Table 11) is a simple dispersal-extinction
cladogenesis model. Our analyses suggest that the
common ancestor of Typhlichthys cavefishes resided in
cave systems within Mississippian-aged limestones in
the Cumberland Plateau province. The subterranean

environments within the Mississippian aquifers of
the eastern highlands then served as the primary dis-
persal corridor towards the west and north for both
Typhlichthys styx and the common ancestor of T. eigen-
manni and T. subterraneus (Fig. 4A; Fig. S12). The earliest
divergence in T. styx is also along aquifer boundaries; the
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Table 11 Comparison of model fit for the BioGeoBears analysis. The best-fit model is bolded.

LnL Log Likelihood Corrected AIC score Corrected AIC score weight
DEC —16.20806 39.41612 0.58852700

DEC +] —14.44659 42.89318 0.10345027
DIVALIKE —14.14054 42.28108 0.14049120
DIVALIKE + | —14.14054 42.28108 0.14049115
BAYAREALIKE —16.48150 46.96300 0.01352019
BAYAREALIKE + | —16.48150 46.96300 0.01352019

sister to all other major lineages of T. styx is only found
in caves associated with the Valley and Ridge aquifers,
which we infer represents a dispersal eastward. Our
biogeographic reconstruction is also concordant with
the observation that Speoplatyrhinus poulsoni, which is
the sister lineage to Typhlichthys (Niemiller and Poul-
son 2010; Niemiller, Fitzpatrick, et al. 2013; Hart et al.
2020; Brownstein et al. 2025; Hart et al. 2025), probably
independently colonized the subterranean environment
of Key Cave (the only known locality of S. poulsoni),
which corresponds to the Mississippian-age Tuscumbia
Limestone and Fort Payne Chert in Lauderdale County,
Alabama, USA (Ponta et al. 2020). Localities associated
with caves within the Mississippian aquifers are also
exclusively those where T. styx and T. subterraneus are
found in sympatry (Fig. 1A; Figs S2-S6).

From these observations and our historical biogeo-
graphic construction, we infer a pattern of dispersal
in Typhlichthys that is concordant with the geographic
distribution of aquifers contained by Mississippian-age
karstic carbonates. Conceivably, lineages of Typhlichthys
could have speciated solely via isolation-by-distance
(Fig. 1A). However, we also noticed two intriguing phy-
logeographic patterns in Typhlichthys that suggest other
mechanisms might modulate speciation in this lineage.
First, Typhlichthys eigenmanni and T. subterraneus are al-
lopatrically distributed on either side of the Mississippi
Embayment (Fig. 1). Second, Typhlichthys styx and the
eastern lineage of T. subterraneus exclusively occur south
and east of the Cumberland River, and the western lin-
eage of T. subterraneus exclusively occurs north of this
river (Fig. 1, 4B). River incision inducing the isolation
of sister species is inferred to have driven speciation
in the cavefish genus Amblyopsis in Indiana and Ken-
tucky, USA (Niemiller, McCandless, et al. 2013). Be-
cause large river channels tend to be sediment-rich and
cloudy, contrasting with the clear, calm pools favored
by amblyopsid species (Niemiller, Graening, et al. 2013,
et al. 2013; Niemiller et al. 2016), large river channels
can act as isolating mechanisms for cave-adapted fishes
even when karstic rock is not completely eroded away.

However, the divergence times between the eastern and
western lineages of Typhlichthys subterraneus, as well as
between T. eigenmanni and T. subterraneus, are younger
than the Mississippi (Potter-McIntyre et al. 2018) or
the Cumberland (Anthony and Granger 2004; Anthony
and Granger 2007) drainages. The distribution of di-
vergence times between Typhlichthys eigenmanni and T.
subterraneus also precede the Pleistocene and are there-
fore unrelated to landscape and drainage changes induced
by glaciation. Indeed, lineage divergence has occurred
among Typhlichthys subterraneus despite the connectiv-
ity of Mississippian karst aquifers across the Cumber-
land drainage in Kentucky (Survey 1985; Noger 1988)
at depth and patchily across the landscape (Florea et al.
2002).

Instead, the simplest explanation appears to be that
speciation in Typhlichthys has occurred via allopatry fol-
lowing rare dispersals in these two points along their
distribution (Fig. 4B). River incision and drainage reor-
ganization during this period may have also facilitated
the isolation of lineages of Typhlichthys. For example, the
Cumberland River and its tributaries, which have con-
tinuously eroded through Mississippian karstic forma-
tions since at least the Miocene (see Fig. 3 in (Anthony
and Granger 2007)), may have contributed towards de-
creased connectivity of eastern and western Mississip-
pian karst since the Miocene. Extensive drainage reorga-
nization also occurred throughout the Tennessee River
system during the Pliocene that resulted in its current
proximity to the Cumberland Drainage and membership
in the larger Mississippi drainage (Odom and Granger
2022); the dispersal of Typhlichthys styx across southeast-
ern North America may have been aided by this drainage
reorganization event.

Mississippian karst ecosystems are present through-
out southern Illinois in the Shawnee Hills region (Panno
et al. 2021), which provide a potential bridge between
the karst containing the Ozark aquifer in Arkansas, west-
ern Illinois, and Missouri, and the karst aquifer sys-
tems of the eastern highlands (Fig. 1) that is visible
in the phylogeography of other cave-adapted species
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(Katz et al. 2018; Cucalén et al. 2024). It is notable that
only two dispersals, one across the Cumberland and one
across the northern rim of the Mississippi Embayment,
are needed to explain the distribution of Typhlichthyslin-
eages, whereas the widespread sympatry of T. styx and
T. subterraneus in the eastern Mississippian karst aquifer
(Fig. 4A) is indicative of continuous dispersal through
this geological structure. The evidence available is con-
sistent with long-distance dispersal across these regions,
perhaps via surface waters in the regions where aquifers
are patchy but present. A dispersal scenario for Ty-
phlichthys directly across the Mississippi Embayment is
especially unlikely given that Paleozoic rocks that could
conceivably produce karst dip up to a kilometer or more
underground in the Embayment center. Rare dispersal of
Typhlichthys across patchy karst landscapes would recall
long-distance dispersal and founder event speciation in
surface-dwelling lineages, including the arrival of species
on islands via rafting (Gillespie et al. 2012).

Discussion

Subterranean speciation is a poorly understood process
that has confounded our ability to reconstruct the evolu-
tion of biodiverse cave ecosystems (Poulson and White
1969; Barr and Holsinger 1985; Wiens et al. 2003; Hadid
et al. 2013; Li et al. 2015; Culver and Pipan 2019; Li
et al. 2020; Langille et al. 2021; Milks et al. 2024). Here,
we have shown that lineage divergence has occurred in
situ in blind, obligate cave-dwelling fishes in the genus
Typhlichthys, a process that is associated with aquifer
boundaries in southeastern North America. Previous
work has demonstrated that vision-related genes degen-
erated before the divergence of species in Typhlichthys
(Brownstein et al. 2025), providing a rare example of
speciation following the acquisition of an obligate sub-
terranean ecology. Although the majority of cave inva-
sions by other amblyopsid cavefishes appear to be inde-
pendent (Niemiller, Fitzpatrick, et al. 2013, et al. 2013;
Brownstein et al. 2025; Hart et al. 2025), our analyses
substantiate a case of in situ speciation in the subter-
ranean environment.

Our use of ultraconserved elements and mtDNA to
infer lineage relationships in Typhlichthys and high-
resolution computed tomography to examine the oste-
ology of these cavefishes allows us to delimit and de-
scribe a new species in this widespread clade. Although
the Typhlichthys species complex has been highlighted
as a source of cryptic subterranean biodiversity threat-
ened by aquifer overuse and mismanagement (Niemiller
et al. 2012; Niemiller, Graening, et al. 2013; Hart et al.
2024), the absence of diagnostic differences in body
shape, body size, and other morphological characters
have inhibited the description of putative new species
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(Burress et al. 2017; Hart et al. 2020). Our observation
that a set of lineages forms a clade sister to T. subterra-
neus sensu stricto and T. eigenmanni that is distinguishable
on the basis of features of the skull allows us to untangle
the Gordian knot of Typhlichthys species diversity and de-
scribe a third species in this genus.

The phylogenetic relationships and timescale of di-
vergence in species of Typhlichthys imply a scenario
where speciation was primarily associated with the
isolation of Carboniferous-aged aquifers surrounding
the southern Appalachians and Ozarks that previously
served as dispersal routes. The central importance of
Mississippian karst-contained aquifers as the primary
route of dispersal is underscored by the coexistence of
sympatric species of Typhlichthys throughout caves asso-
ciated with Mississippian aquifer systems in Tennessee
and Alabama (Fig. 1), and illuminates a history of sub-
terranean allopatric speciation and secondary sympatry
without apparent widespread hybridization (Niemiller
etal. 2012; Hartetal. 2020; Hart et al. 2024) among deeply
divergent lineages of cavefishes sharing common ances-
try in the Miocene (Fig. 4).

Reconciling these biogeographic patterns allows us to
reconstruct an evolutionary scenario for Typhlichthys, in-
cluding the deeply divergent sister lineage to the clade
containing T. subterraneus and T. eigenmanni, which we
describe as a new species, Typhlichthys styx. The ancient
ages of intraspecific lineages within T. styx and T. subter-
raneus estimated in our node-dated phylogeny (Fig. 4)
are consistent with the relative divergence times esti-
mated using the program BPP (Bayesian Phylogenetics
and Phylogeography; Supplementary Information) and
the substantial mtDNA haplotype diversity observed in
both of these species. The absence of any clear diagnos-
tic phenotypic features or mutations of interest among
lineages contained within these species leads us to con-
sider them both to be very long-lived species harbor-
ing significant (Fig. 2) genetic diversity. In the extensive
karstic cave ecosystems of southeastern North Amer-
ica, the same processes have probably contributed to
speciation across the Tree of Life, resulting in the for-
mation of regionally endemic faunas (Christman et al.
2005; Niemiller and Zigler 2013) and fueling the orig-
ination of ancient clades with a high proportion of
subterranean diversity that are endemic to the Ameri-
can southeast, including cave-adapted cholevine (Leray
et al. 2019), trechine (Benito et al. 2025), and platynine
(Goémez et al. 2016) beetles, cambarid crayfishes (Buhay
et al. 2007; Stern et al. 2017), Tetracion millipedes (Loria
et al. 2011), tomocerid springtails (Katz et al. 2018),
phalangodid harvestmen (Hedin and Thomas 2010),
Nesticus spiders (Hedin 1997; Snowman et al. 2010),
asellid isopods (Lewis et al. 2023; Saclier et al. 2024;
Tomoyasu et al. 2025), and plethodontid salamanders
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(Niemiller et al. 2008). Together, these results pro-
vide a new set of expectations for delimiting subter-
ranean species and identifying the drivers of their di-
versity. In an era where groundwater resources are ever
more strained due to a combination of resource overuse
and aquifer degradation (Aeschbach-Hertig and Gleeson
2012; Famiglietti 2014; Devitt et al. 2019; Jurgens et al.
2022; Jasechko et al. 2024; Sacco et al. 2024), careful re-
construction of the phylogeny of morphologically con-
servative, widespread lineages will be essential for de-
scribing species from underground.
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