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Cryptic and widespread: a recipe for taxonomic 
misidentification in a freshwater crab species (Decapoda: 
Potamonautidae: Potamonautes sidneyi) as evident from 
species delimitation methods
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We examined the systematics of a ubiquitously distributed southern African freshwater crab, Potamonautes sidneyi 
s.l. species complex. Specimens were subjected to DNA sequence analyses of two mitochondrial loci (16S rRNA + COI). 
We applied three species delimitations methods (ASAP, bGMYC and bPTP) to test their utility in delineating species 
boundaries in Potamonautes and three additional Afrotropical genera (Liberonautes, Nesonautes and Seychellum). 
The combined mtDNA dataset retrieved five clades. Clade 1 comprised of P. barbarai, clade 2 comprised of specimens 
from the interior of the Great Karoo Basin, sister to P. sidneyi s.s. in clade 3. Clade 4 was confined to Eswatini and the 
Mpumalanga Province of South Africa, and sister to clade 5 that comprised P. danielsi. The three species delimitation 
methods either over- or underestimated the number of species. Phylogenetically, specimens from the Great Karoo 
Basin (clade 2) were equidistant to P. sidneyi s.s. and P. perlatus, while the Eswatini and Mpumalanga specimens 
(clade 4) were sister to P. danielsi. Clades 2 and 4 are herein described as P. karooensis sp. nov. and P. valles sp. 
nov., respectively.

ADDITIONAL KEYWORDS:  aquatic biodiversity – Decapoda – genetics – systematics.

INTRODUCTION

Historically, taxonomists denoted the presence of 
ubiquitous taxa using morphological characters. These 
widespread species were thought to have large, near 
continuous geographic distributions, presumably 
lacked habitat specificity and occurred in ecosystems 
that were highly interconnected and homogenous, 
like aquatic environments where no contemporary 

barriers can be observed (Jesse et al., 2010; Phiri & 
Daniels, 2014; Gouws et al., 2015). However, molecular 
systematics, fuelled by the revolution in DNA 
sequence platforms, have revealed an abundance of 
cryptic diversity, often representing narrow endemic 
lineages (Jesse et al., 2010; McDonald & Daniels, 
2012; Parmakelis et al., 2013; Phiri & Daniels, 2016; 
Nieto-Montes de Oca et al., 2017; Vitecek et al., 2017; 
Busschau et al., 2019, 2021; Barnes et al., 2020; 
Cumberlidge et al., 2021). Frequently, these cryptic 
lineages appear morphologically similar but are 
characterized by deep genetic divergences. Cryptic 
lineages generally occur in taxonomically understudied 
faunal groups, where subtle morphological characters 
delineate sister-species and dichotomous species keys 
are unreliable or outdated (Daniels et al., 2019, 2020a; 
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Cumberlidge et al., 2020, 2021; Taylor et al., 2020).  
These cryptic lineages are now often referred to as 
molecular operational taxonomic units (MOTUs). 
A serious limitation to several of these molecular 
systematic studies is that while authors frequently 
detect the presence of MOTUs, there is limited 
description of the novel alpha-taxonomic diversity. 
Formal taxonomic descriptions remain the hallmark 
for species to be recognized as distinct evolutionary 
units. Without the formal description of species, we 
will continue to underestimate biodiversity and fail to 
recognize species and habitats in need of conservation.

Species delimitation methods using DNA sequence 
data are at present widely used in molecular systematic 
endeavours (Parmakelis et al., 2013; Daniels et al., 
2016; Jacobs et al., 2018; Busschau et al., 2019, 2021; 
Barnes et al., 2020; Ramirez et al., 2022). Theoretically, 
molecular species delimitation methods offer an 
unbiased manner to delineate MOTUs that does not 
require in-depth taxonomic knowledge of groups. 
Several species delimitation methods are currently 
in use, each with its advantages and disadvantages 
(Kapli et al., 2017; Barley et al., 2018). Two main 
approaches to species delimitation exist, phenetic and 
coalescent based methods. For example, the assemble 
species by automatic partitioning (ASAP) method 
was recently developed to build partitions using 
single-locus datasets using a distance-based approach 
(Puillandre et al., 2021). Since ASAP is a newly 
developed method, it has had limited application in 
the literature. In contrast, the generalized mixed 
Yule coalescent model (GMYC) uses a Bayesian 
species delimitation framework and gene trees to 
estimate the number of MOTUs in a group. It has been 
demonstrated that GMYC frequently overestimates 
the number of MOTUs (Vitecek et al., 2017; Busschau 
et al., 2019; Barnes et al., 2020; Ellepola et al., 2021; 
Raphalo et al., 2021a). Multilocus studies are generally 
preferred to single-locus studies since these provide 
closer approximations of species trees. Furthermore, 
these species delimitation methods often render both 
congruent and incongruent results with respect to 
the number of species recovered, making it difficult 
for systematists to decide the number of species 
present in a species complex (García-Melo et al., 2019). 
Nevertheless, species delimitation methods provide 
a well-founded framework for consideration when 
designating novel taxa, and overall consensus between 
species delimitations methods provides a point of 
departure to further delineate or synonymize groups.

Several Afrotropical freshwater crab species of the 
genus Potamonautes MacLeay, 1838, were historically 
considered to be widespread (Barnard, 1950). However, 
the application of molecular systematic methods on 
these presumed widespread species has revealed 

a wealth of hidden diversity (Daniels, 2011; Phiri & 
Daniels, 2014, 2016; Peer et al., 2017; Daniels & Klaus, 
2018; Cumberlidge et al., 2020, 2021). Potamonautes 
sidneyi s.l. (Rathbun, 1904), is the most ubiquitous 
of all river crabs in southern Africa (Barnard, 1950; 
Gouws et al., 2015). The species is thought to be present 
in eight provinces of South Africa, except the Western 
Cape (Barnard, 1950; Stewart & Cook, 1998; Peer 
et al., 2017). Potamonautes sidneyi s.l. is also present 
in neighbouring Eswatini (formerly Swaziland) and 
Mozambique (Cumberlidge & Daniels, 2008). Barnard 
(1950) has suggested that there is a transition between 
P. sidneyi and P. perlatus s.l. (H. Milne Edwards, 
1837) in the Eastern Cape, with clinal variation in 
morphological features potentially obscuring species 
boundaries. Further, Phiri & Daniels (2014) described 
the Gamtoos and Gourits river specimens, previously 
considered P. perlatus s.s., in the southern part of the 
Western Cape and in the Eastern Cape provinces as 
P. barbarai Phiri & Daniels, 2014. However, Phiri 
& Daniels (2014) did not include any specimens 
from the Great Karoo in their study, rendering the 
taxonomic provenance of specimens from the latter 
region unknown. Typically, P. sidneyi s.l. inhabits 
rivers, streams, wetlands and farm dams throughout 
its distribution range where it occurs from sea level 
to high-elevation mountains > 1000 m (Barnard, 1950; 
Cumberlidge & Daniels, 2008). The generalist habitat 
of P. sidneyi s.l. allows the species to live under boulders 
or to burrow into soft mudbanks along streams, rivers 
or to live in wetland areas (Barnard, 1950; Cumberlidge 
& Daniels, 2008; Daniels, pers. obs). Gouws et al. 
(2015) explored the mtDNA lineages in eight P. sidneyi 
s.l. sampling localities along a narrow coastal strip 
along the Indian Ocean Coastal Belt (IOCB) forest and 
revealed it to be a species complex for which two clades 
were retrieved. Clade 1 comprised specimens from the 
coastal Eastern Cape and southern KwaZulu-Natal 
provinces, while clade 2 contained the remaining 
specimens from central KwaZulu-Natal (Gouws 
et al., 2015). A subsequent taxonomic revision of the 
P. sidneyi s.s. limited the species to the KwaZulu-Natal 
and Mpumalanga provinces, while the Eastern Cape 
and southern KwaZulu-Natal clade was described as 
P. danielsi Peer et al., 2017. Peer et al. (2017) suggested 
that P. danielsi is also present in Mpumalanga based 
on morphological comparisons of specimens. However, 
Daniels et al. (2021) demonstrated that P. danielsi is 
absent from the Mpumalanga Province, South Africa. 
In both the Eastern Cape and Mpumalanga provinces, 
large inland aquatic regions, such as the Great Karoo 
and the Great Escarpment, remain unsampled. In fact, 
two freshwater crab species were recently described 
from the Eastern Cape and Mpumalanga provinces 
(Daniels et al., 2021), while a third novel species 
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from Hogback in the Eastern Cape awaits formal 
description (N. Peer, pers. comm.). Daniels & Bayliss 
(2012) reported that specimens from Eswatini were 
phylogenetically distantly related to P. sidneyi s.s. 
and sister to P. lividus Gouws et al., 2001. However, 
Daniels & Bayliss (2012) were only provided with 
tissue samples of the freshwater crabs from Eswatini, 
rendering the identity of the specimens dubious. The 
Potamonautidae Bott, 1970, has in recent years been 
the subject of molecular scrutiny, which has resulted in 
the description of several new species and genera (e.g. 
Daniels, 2011; Daniels et al., 2015; Daniels & Klaus, 
2018; Cumberlidge & Daniels, 2022). The molecular 
data obtained from these studies, where multiple 
specimens were sequenced for several genera, provide 
the ideal opportunity to explore the application and 
utility of species delimitation methods and their 
congruence with existing, morphologically based 
alpha-taxonomy.

During the present study we undertook extensive 
sampling of P. sidneyi s.l. and P. danielsi from 
previously unsampled or poorly sampled regions 
in South Africa and Eswatini, incorporating most 
of the distribution ranges of the two species to test  
for the presence of additional cryptic lineages within 
the P. sidneyi s.l. species complex. We combined 
this data with data for P. barbarai specimens 
used by Phiri & Daniels (2014) to explore the 
relationship between the Great Karoo specimens 
and the latter species complex. We hypothesized 
that cryptic lineages would be nested within the 
P. sidneyi s.l. species complex, considering its wide 
geographic distribution. To test for the presence of 
novel lineages in the P. sidneyi s.l. species complex 
we employed three species delineating methods 
(ASAP, bGYMC and bPTP) using mtDNA sequence 
data for the Potamonautes. In addition, we used 
mtDNA sequence data (for the cytochrome c oxidase 
I subunit) from three Afrotropical freshwater 
crab genera (Liberonautes Bott, 1955, Nesonautes 
Cumberlidge & Daniels, 2022 and Seychellum Ng 
et al., 1995), where fine-scale sampling had been 
undertaken and cryptic lineages observed, to test the 
application of the three aforementioned delimitation 
methods in retrieving the currently recognized 
species diversity (Cumberlidge & Daniels, 2014, 
2019; Daniels et al., 2016). We hypothesized that the 
three species delimitation methods would, to some 
degree, overestimate diversity relative to the known 
taxonomic diversity. Furthermore, we placed the two 
novel Potamonautes species in a divergence-time 
framework with other southern African freshwater 
crabs to date speciation and to understand the 
spatiotemporal mechanisms that might have been 
central to cladogenesis. We also describe the two 

novel freshwater crab species from southern Africa 
revealed in the present study.

MATERIAL AND METHODS

Sample collection

Freshwater crabs were hand-collected from under 
rocks in boulder-strewn rivers, streams and wetlands 
throughout the known distribution ranges of the two 
focal species (Table 1; Fig. 1). For Potamonautes sidneyi 
s.s., we sampled 30 localities in Gauteng, KwaZulu-
Natal, Limpopo, Mpumalanga and the Northern 
Cape provinces of South Africa, while one locality was 
sampled in Eswatini. For P. danielsi, we sampled eight 
localities in southern KwaZulu-Natal and the coastal 
and adjacent interior of the Eastern Cape Province. In 
addition, four of the new P. karooensis localities were 
sampled in the Eastern Cape, South Africa, while 
two localities for the new P. valles were sampled in 
the Mpumalanga provinces, South Africa, as well as 
a single locality in Eswatini. The Papkuilsfontein 
locality of P. barbarai was combined with specimens 
from 13 conspecific populations sequenced by Daniels 
et al. (2006) (Fig. 1). Specimens were killed by freezing, 
labelled and placed into jars filled with absolute 
ethanol. A handheld GPS was used to record latitude 
and longitude at each sample locality. Photographic 
images of live freshwater crabs were captured with the 
use of a Canon EOS 90D camera and a Sigma 105 mm 
f2.8 Macro USM lens.

Dna extraction, pcr anD Sequencing

Muscle tissue, extracted from walking legs, was 
subjected to DNA extraction using a Nucleospin kit 
(Macherey-Nagel, Duren, Germany), following the 
manufacturers’ protocol. For the phylogeographic 
aspect of the study, we focused on sequencing the 
16S rRNA locus. This locus has been widely used 
in phylogeographic studied of decapods, including 
freshwater crabs. The 16S rRNA locus was sequenced 
for all P. sidneyi s.l. and P. danielsi specimens. We 
combined the genetic data from the current study with 
representative mtDNA sequences for P. barbarai (Phiri 
& Daniels, 2014). We combined the newly generated 
DNA sequence data with that from five small-scale 
studies on the latter two species (Daniels & Bayliss, 
2012; Daniels et al., 2014, 2019; Gouws et al., 2015; 
Daniels, 2017). The 16S rRNA topology was used as 
a guide tree from which we selected the major clades 
and sequenced these specimens for the cytochrome 
c oxidase I subunit (COI) locus. Subsequently, we 
combined the two mtDNA datasets (16S rRNA + COI) 
for which both loci were sequenced and used this data 
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to run three selected species delimitation methods. 
Finally, the 12S rRNA locus was sequenced for the 
two potential novel lineages and all three mtDNA 
loci were placed in a phylogenetic context with the 
described southern African Potamonautes (Phiri & 
Daniels, 2014, 2016; Daniels et al., 2015, 2019; Gouws 
et al., 2015; Wood & Daniels, 2016; Daniels & Klaus, 
2018). Primer pairs for the three mitochondrial loci, 
polymerase chain reaction (PCR) conditions for 
amplification and DNA sequencing protocols are 
outlined in Daniels et al. (2015). Sequences of each of 
the three mitochondrial gene regions were downloaded 
from GenBank for all the described southern African 
freshwater crab species (Daniels & Bayliss, 2012; 
Daniels et al., 2014, 2019; 2020a, b; Phiri & Daniels, 
2014; Wood & Daniels, 2016; Daniels, 2017). We used 
five Maritimonautes Cumberlidge & Daniels, 2022 
species, M. calcaratus (Gordon, 1929), M. choloensis 
(Chace, 1953), M. licoensis (Daniels et al., 2020a), 
M. namuliensis (Daniels & Bayliss, 2012) and 
M. obesus (A. Milne-Edwards, 1868), as outgroups.

phylogenetic analySeS anD Divergence-time 
eStimation

Forward and reverse DNA strands were used to 
compute a consensus sequence and to check for base 
ambiguities using SEQUENCE NAVIGATOR (Applied 
Biosystems, Foster City, California, USA). Sequence 
alignment was computed using CLUSTAL X v.2.1 
(Thompson et al., 1997). Using statistical parsimony 
in TCS 1.06 (Clement et al., 2000) a haplotype network 
was constructed from the 16S rRNA sequence data 
for P. sidneyi s.s., P. barbarai and P. danielsi data. 
Maximum likelihood (ML) and Bayesian inference 
(BI) were used to infer phylogenetic relationships 
for the 16S rRNA only data, the COI + 16S rRNA 
dataset and the three mtDNA loci (12S rRNA, 16S 
rRNA and COI) combined. For the ML analyses, the 
IQ-Tree web server (v.1.4.3, http://iqtree.cibiv.univie.
ac.at/, Trifinopoulos et al., 2016) was used to select for 
the optimal DNA substitution model and the best-fit 
likelihood score, which was chosen using the Akaike 
information criterion (AIC) (Akaike, 1973). For the BI 
analyses, the AIC (Akaike, 1973) was used to select 
the optimal DNA substitution model in jModelTest2 
v.2.1.6 (Posada & Crandall, 1998) on XSEDE through 
the CIPRES Science Gateway (Miller et al., 2010). The 
ML tree inference was performed using the IQ-Tree 
web server (v.1.4.3, http://iqtree.cibiv.univie.ac.at/, 
Trifinopoulos et al., 2016). Bootstrap values > 75% 
were deemed as sufficient support for nodes.

Bayesian analyses were conducted on CIPRES 
(v.3.3, Miller et al., 2010) using mrBayeS v.2.7a 
(Ronquist et al., 2012) on XSEDE. Each analysis 
comprised of one run of four chains for 50 million L
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generations, sampling every 1000 generations using 
default parameters. A random tree was selected 
for the start of each chain. Burn-in was included 
in the command block and set to 20% as discerned 
in TRACER v.1.6 (Rambaut et al., 2014), along 
with ensuring an effective sampling size (ESS) of 
values > 200 for all parameters. After the burn-in 
trees were discarded a 50% majority rule consensus 
tree was generated from the trees retained. The 
percentage time a node was recovered provided 
the posterior probability (PP) for each node. 
Posterior probabilities (PP) < 0.95 were regarded 
as statistically poorly supported. Uncorrected 
‘p ’-distances were calculated among and within 
putative species in the P. sidneyi species complex 
for the COI locus in PAUP v.4.0b10 (Swofford, 2002).

Divergence-time estimations were conducted for the 
combined mtDNA dataset (16S rRNA, 12S rRNA + COI) 
using a Bayesian framework, which makes use of a 
probabilistic model to define the molecular sequence 
divergence of lineages, which further makes use of 
the Markov chain Monte Carlo (MCMC) method to 
estimate clade ages. Mutation rates for each locus 
were inferred from a fossil-calibrated phylogeny of the 
Potamonautidae (Daniels, 2011; Daniels et al., 2015; 
Daniels & Klaus, 2018): 0.81% per Myr for the rRNA 
loci (SD = 0.0013; linked clock models), 2.85% per 
Myr (SD = 0.005) for the COI locus. A Yule tree prior 
was applied. The maximum clade credibility tree was 
determined and annotated in treeannotator v.2.4.1 
(part of the BEAST package) after removal of 20% of 
the trees as burn-in. A strict molecular clock was used 

Figure 1. A map of southern Africa (South Africa and Eswatini) showing the sites where freshwater crabs were collected 
during the present study. The 30 Potamonautes sidneyi s.s. sample localities are represented by solid, black triangles; the 
eight P. danielsi sample localities are represented by brown squares, while the four sample localities for P. karooensis sp. nov. 
are represented by a turquoise circle and three sample localities for P. valles   sp. nov., are represented by a green diamond. 
The Papkuilsfontein locality of P. barbarai was combined with specimens from 13 conspecific populations sequenced by 
Daniels et al. (2006) and represented by a red triangle. The sample numbers correspond to the 59 localities in Table 1.
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(Drummond et al., 2006), and the analyses were run 
using the program BEAST2 v.2.4.8 (Drummond & 
Rambaut, 2007).

A multiple coalescent model was used (Heled & 
Drummond, 2010). jModelTest2 v.2.1.6 (Posada & 
Crandall, 1998) on XSEDE through CIPRES (Miller 
et al., 2010) was used to determine the parameters 
and substitution models for each locus. One hundred 
million generations were run for ten independent 
MCMC chains, with sampling performed every 
5000 generations. After an appropriate burn-in, 
the convergence of the ten combined chains was 
determined by ESS for each parameter in TRACER 
(v.2.4.8, https://beast.community/logcombiner, 
Rambaut et al., 2014). Trees were assessed and 
a maximum clade credibility tree was formulated 
using TreeAnnotator. The program Figtree 
v.1.4.3 (Rambaut, 2009) was used to formulate a 
chronogram.

SpecieS Delimitation uSing aSap, Bptp anD 
Bgmyc

Candidate lineages were identified for further 
analyses using the COI phylogenetic topology. We 
used COI data for four genera for which we had 
multiple samples available per species to test the use 
of the species delimitation methods employed. These 
included COI data for Liberonautes, Nesonautes and 
Seychellum, from three previous studies (Daniels, 
2011; Daniels et al., 2016; Daniels & Klaus, 2018). 
Since the taxonomy of the three aforementioned 
genera is stable or has undergone recent revision, 
this allowed us to test the morphologically defined 
species designations (Cumberlidge & Daniels, 2013, 
2019). These three genera represent three distinct 
evolutionary scenarios: in Liberonautes, at least two 
MOTUs are present that are sister to L. rubigimanus 
Cumberlidge & Sachs, 1989; in Seychellum, three 
allospecies that are geographically distinct and 
confined to island clusters are known; in Nesonautes, 
the two species are the result of sympatric speciation. 
For Potamonautes, we combined COI data for South 
African species including P. barnardi Phiri & Daniels, 
2014, P. barbarai, P. brincki (Bott, 1960), P. depressus 
(Krauss, 1843), P. clarus Gouws et al., 2000, P. flavusjo 
Daniels et al., 2014, P. lividus, P. parvicorpus Daniels 
et al., 2001, P. ntendekaensis Daniels et al., 2019 
and P. ngoyensis Daniels et al., 2019, P. perlatus and 
P. tuerkayi Wood & Daniels, 2016 (Daniels & Bayliss, 
2012; Phiri & Daniels, 2014, 2016; Wood & Daniels, 
2016; Daniels et al., 2019, 2020) with representative 
sequences for P. sidneyi s.l. and P. danielsi generated 
during the current study, including data from four 
earlier studies (Daniels & Bayliss, 2012; Daniels et al., 
2014, 2019; Daniels, 2017).

We used the newly developed assemble species 
by automatic partitioning (ASAP) (Puillandre 
et al., 2021). The method uses genetic distances to 
hierarchically cluster species partitions (https://
bioinfo.mnhn.fr/abi/public/asap). ASAP first assigns a 
probability that each new clustering is a new species 
and then computes the relative width of the barcode 
gap of a partition in relation to the previous partitions. 
These metrics are combined into an ASAP score to 
rank all partitions detected in the analyses. Since 
ASAP is an exploratory method that does not consider 
the evolutionary history among sequences, we report 
the first two partitions ranked by ASAP score, using 
p-distances and the default setting splitting groups 
below probability < 0.01.

A Bayesian implementation of the Poison tree 
processes (bPTP) was run on the online bPTP web 
server (https://species.h-its.org/ptp/) for its ability to 
delimit species without a priori knowledge of population 
parameters (Zhang et al., 2013). The analysis was 
run for 500 000 MCMC generations with a thinning 
value = 100 and burn-in = 0.20. The convergence of the 
MCMC chain was visually confirmed as recommended 
by Zhang et al. (2013). The latter parameters were 
utilized for each of the four Afrotropical freshwater crab 
genera. We also employed a Bayesian implementation 
of the GMYC model using the R package bGMYC (Reid 
& Carstens, 2012). To account for error in phylogenetic 
estimation, 500 post-burn-in trees were randomly 
selected for analysis. A Markov chain was run for 
50 000 generations, sampling the chain every 1000th 
generation and 4000 generations were discarded as 
burn-in. A uniform prior for the number of species was 
applied to each genus with a lower bound of one and 
varied upper bounds set to the number of sequences 
in the analyses. For Potamonautes, an upper bound 
of 319 was implemented, for both Liberonautes and 
Nesonautes, an upper bound of 102 was implemented 
and, finally, for Seychellum an upper bound of 83 was 
implemented. Convergence was assessed visually by 
examining the performance of the chain. The ‘check 
rates’ function was used to determine the rate of 
branching of the coalescent model relative to that of 
the mixed Yule model. The latter parameters were 
utilized for each of the four genera under investigation 
during the bGMYC analyses. Outgroups were removed 
for all three delimitation methods.

morphology

For the taxonomic description of newly discovered 
species, characters for male and female specimens 
from possible new lineages were considered separately, 
since freshwater crabs exhibit sexual dimorphism. 
The following measurements were taken with digital 
callipers: carapace length (CL); the carapace width 
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at widest point (CWW); the width of the posterior 
margin of the carapace (CWP); the distance between 
the postfrontal crest and the anterior margin of the 
carapace (PFCD); the frontal width, measured between 
the medial margins of the orbits (FW); the distance 
between the exorbital teeth (CWA); the carapace 
height (CH); the length and width of the merus of 
pereiopods 2 and 5 (PML and PMW, respectively), the 
length of the propodus of the major cheliped (MCPL), 
as well as the major cheliped dactylus length (MCDL). 
All measurements are given in millimetres (mm). 
Specimens of the two new species were deposited in 
the South African Museum of Natural History, Iziko 
Museums of Cape Town (SAM). In addition, the 
major and minor chelipeds of the new species were 
photographed with the aforementioned camera setup. 
The structure of gonopods 1 and 2, and the maxillipeds 
of the two new species were compared.

RESULTS

comBineD mtDna topology For the 
Potamonautes sidneyi SpecieS complex

For the 16S rRNA locus, we amplified a 431 base pair 
(bp) fragment for 123 new specimens and deposited 
in GenBank (accession numbers for P. karooensis, 
OL685395–OL685398, OL685401–OL685411; P. sidneyi 
s.s., OL685412–OL685417, OL685423–OL685238, 
OL685442–OL68503; P. danielsi, OL685356–OL685368; 
P. valles, OL685399–OL685400, OL685418–OL685422, 
OL685439–OL685440; P. barbarai, OL685504); a 
further 151 novel sequences from five previous studies, 
and 25 sequences of P. barbarai resulted in a total of 176 
sequences. The DNA substitution model for 16S rRNA 
was TIM2+I+G. The tree topologies derived from the BI 
and ML analyses retrieved a monophyletic P. sidneyi 
s.l. species complex (> 0.95 PP/ > 75%). However, 
nodal relationships were poorly supported (Supporting 
Information, Fig. S1) and the analyses of the 16S rRNA 
alone were of limited utility to resolve relationships 
among the species complex. Basal in the tree topology 
was a clade exclusive to the Great Karoo Basin in the 
Eastern Cape Province, South Africa. Second, a large 
P. sidneyi s.l. grouping, comprising specimens from 
KwaZulu-Natal, Gauteng, Mpumalanga, Limpopo 
and the Northern Cape provinces, was retrieved with 
P. barbarai nested within the latter complex. In addition, 
a clade of P. danielsi from the southern KwaZulu-Natal 
and the coastal and adjacent interior of the Eastern 
Cape was sister to a clade comprising specimens from 
eastern Mpumalanga Province (Muilhuis at Blyde River 
Canyon Nature Reserve and Sterkspruit) in South 
Africa and specimens from Eswatini were statistically 
well supported (> 0.95 PP/ > 75%). The 16S rRNA 

haplotype network (Supporting Information, Fig. S2) 
comprised 51 haplotypes, and failed to yield any distinct 
phylogeographic groupings, as there was sharing of 
haplotypes between haploclusters, suggesting that the 
marker was of limited phylogeographic utility.

For the COI locus, a 583 bp fragment was amplified 
for 53 new specimens, combined with 43 COI sequences 
of  P. sidneyi s.l. from five previous studies. The COI data 
were combined with the corresponding 16S rRNA data 
for a total of 96 specimens, plus the corresponding two 
markers for P. barbarai. The DNA substitution models 
for the 16S rRNA and COI loci were TIM2+I+G and 
TVM+I+G, respectively. Novel sequences were submitted 
to GenBank (accession numbers OL660567–OL660572, 
OL660578–OL660587 for P. sidneyi s.s.; OL685173–
OL685185 for P. danielsi; OL660552–OL660566 for 
P. karooensis; for P. valles, OL660549–OL660551, 
OL660573–OL660577; for P. barbarai OL660588). The 
combined mtDNA dataset (16S rRNA + COI) comprised 
1015 bp. The tree topologies derived from both the BI 
and ML analyses were near identical; hence only the 
ML topology is shown (Fig. 2). Five statistically, well-
supported clades were retrieved (> 0.95 PP/ > 75%). 
Clade 1 contained P. barbarai exclusively and comprised 
specimens from the Gamtoos and Gourits rivers in the 
Eastern Cape and a single specimen from Papkuilfontein 
in the Northern Cape provinces. Clade 2 was exclusive 
to the Great Karoo Basin interior of the Eastern Cape 
Province and contained samples from Erasmuskloof, 
Ouberg Pass, Asante Sana and Langfontein. Clade 3 
was comprised exclusively of the P. sidneyi s.s. and is 
widespread in three provinces: KwaZulu-Natal (Ngoye 
Forest, Manguzi Forest, Hlatikulu Forest, Kosi Bay, 
Mpophomeni, Lake Sibaya, Hluhluwe and Nkandla 
Forest), Mpumalanga [Blyde River Canyon Nature 
Reserve (BRCNR), Verloren Vallei Nature Reserve, 
Iona Farm and Lake Chrissiesmeer] and the Northern 
Cape (Upington). Potamonautes sidneyi s.s. (clade 
3) was sister to clades 4 and 5 (Fig. 2). Clade 4 comprised 
specimens from the Muilhuis section of the BRCNR in 
the Mpumalanga Province, South Africa specimens and 
specimens from near Mbabane in Eswatini. Clade 5 was 
comprised exclusively of P. danielsi specimens collected 
from southern KwaZulu-Natal (Sani Pass, Oribi Gorge 
Nature Reserve, Mhlanga and Mtamvuna) and the 
adjacent coastal (Dwesa Nature Reserve and Mbotyi) 
and the interior (Hogsback, Fort Fordyce Nature 
Reserve and Thorn River) of the Eastern Cape Province.

The minimum uncorrected interspecific COI ‘p’-
distance between clades 2 and 3 (the latter being 
comprised of P. sidneyi s.s.) was 7.33%, while the 
uncorrected COI ‘p’-distance between clades 4 and 5 
(the latter being comprised of P. danielsi exclusively) 
was 10.29%. The maximum uncorrected ‘p’ intraspecific 
COI distance within clade 2 was 1.02%, within clade 3 
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Figure 2. Maximum likelihood phylogenetic tree topology derived from the combined 16S rRNA + COI sequence data, 
demonstrating the evolutionary relationships within the P. sidneyi s.l. species complex. Statistical support for nodes is 
provided as posterior probability values above nodes (> 0.95 PP) and bootstrap values below nodes (> 75%). An * or # 
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it was 6.90%, within clade 4 it was 2.23% and, finally, 
within clade 5 it was 5.14%. Clades 2 and 4 are here 
described as the new species P. karooensis and P. valles, 
respectively.

SpecieS Delimitation uSing aSap,  
Bgmyc anD Bptp

The results of the three species delimitation methods 
were largely incongruent for the four Afrotropical 
freshwater crab genera (Fig. 3A–D; Table 2). For 
Potamonautes, the first two partitions retrieved by 
ASAP differed only slightly in the amount of putative 
species identified, with the first and second partitions 
retrieving 15 and 17 putative species, respectively. 
Partition two recognized more genetic structuring 
within clades, especially for those in which certain 
specimens falling basal relative to the remainder of 
the clade. As for the focal Potamonautes species in 
the present study, both partitions retrieved P. sidneyi 
s.s., whereas partition one clustered P. barbarai, 
P. karooensis and P. perlatus as a single putative 
species. Further, both partitions clustered P. barbarai 
and P. karooensis as a single putative species. 
Potamonautes danielsi and P. valles were retrieved 
as distinct putative species by both partitions (Fig. 
3A). Within the genus Liberonautes, partition one 
retrieved 12 putative species, while partition two 
retrieved five putative species, the same number of 
lineages suggested by Daniels et al. (2016) (Fig. 3B). 
Within Nesonautes, partition one identified eight 
putative species, while partition two identified two 
putative species; the latter is identical to the number 
of described species (Fig. 3C). In Seychellum, partition 
one identified two species; however, partition two 
overestimated the number of species present, with 24 
putative species being retrieved (Fig. 3D).

In order to delimit species, the output of the Bayesian 
implementation of the bGMYC analysis requires an 
established threshold at which individuals could be 
considered conspecific. Due to the lack of inclusion of 
outgroups outside of the focal genera, the analysis was 
more sensitive to population-level variation. Therefore, 
a conservative threshold of P > 0.5 was chosen for 
each of the four genera based on its relative accuracy 
in comparison to each of the established taxonomies. 
The bGMYC analysis retrieved 28 putative species 
for Potamonautes, two species for Nesonautes, eight 
species in Liberonautes and five species for Seychellum. 
The latter results overestimated the number of species 

within Liberonautes, Seychellum and Potamonautes, 
but recognized three of the focal species within 
Potamonautes, P. barbarai, P. karooensis and P. valles 
as distinct species. Both P. danielsi and P. sidneyi s.s. 
showed the same pattern of intraspecific clades being 
retrieved as distinct species.

The bPTP analysis overestimated the number 
of species for Potamonautes, retrieving 53 putative 
species. However, two of the five focal species, 
P. karooensis and P. valles, were supported as distinct 
(Fig. 3A). The remaining three focal species, P. sidneyi 
s.s., P. danielsi and P. barbarai, were oversplit with 
intraspecific clades and intraspecifically divergent 
specimens being retrieved as distinct species. Further 
oversplitting throughout the topology could be 
attributed to the retrieval of random specimens as 
distinct putative species, as seen in P. barbarai, a result 
that could not be attributed to genetic variation based 
on both the phylogenetic analyses and the other species 
delimitation methods employed. The bPTP analysis 
exhibited a similar trend of overestimation for the 
remaining three genera, retrieving 14 putative species 
for Liberonautes, 22 putative species for Nesonautes 
and 17 putative species for Seychellum. Among these 
three genera, the bPTP analysis assigned putative 
species statuses to a number of consecutive individual 
specimens from intraspecific clades.

phylogenetic placement oF two novel lineageS 
among the Southern aFrican Potamonautes 

anD Divergence-time eStimation

The southern African Potamonautes was retrieved as 
monophyletic (Fig. 4). The small-bodied mountain-
stream species formed a distinct clade. Among these 
three Great Escarpment mountain species, P. baziya 
Daniels et al., 2021, P. clarus and P. depressus were 
a sister-clade to the five species from the Cape 
Fold Mountains, Potamonautes (from Hogsback) 
was sister to P. parvispina Stewart, 1997 from the 
Cederberg Mountains, with these two species sister 
to P. parvicorpus, P. brincki and P. tuerkayi. The 
following clade contained the coastally distributed 
species, with P. valles, and P. danielsi as successive 
basal taxa to P. isimangaliso Peer & Gouws, 2015 and 
P. lividus. This coastal clade was sister to a clade of 
subtropical/temperate species containing most of the 
recently described large-bodied riverine species. In 
the subtropical/temperate clade, P. dentatus Stewart 
et al., 1995 was sister to P. mhlophe Daniels, 2017, 

denotes nodal relationships that were not supported (< 0.95 PP/ < 75%). Potamonautes sidneyi s.s. (clade 3) localities are 
marked with a dark blue triangle, while P. danielsi (clade 5) localities are marked by an orange square. The two new species, 
P. karooensis, (clade 2) and P. valles (clade 4), are marked by a light-blue circle and a green diamond, respectively. Specimens 
of P. barbarai are confined to clade 1.
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with this clade basal to a larger clade of three forest-
dwelling taxa, P. mariepskoppie Daniels et al., 2021, 
P. ngoyensis and P. ntendekaensis, which was sister to 
a clade containing P. flavusjo, P. mulanjeesis Daniels 
& Bayliss, 2012, P. gorongosa Cumberlidge et al., 
2017 and P. mutareensis Phiri & Daniels, 2013. In 
the large-bodied riverine crab clade, the species with 
spines on the anterolateral margin, P. bayonianus 
(Brito-Capello, 1864), was sister to P. warreni (Calman, 
1918) and P. unispinus Stewart & Cook, 1998, 
which together were sister to those species lacking 
dentition on the anterolateral carapace margins; the 
latter group comprised successive sisters P. sidneyi, 
P. karooensis, P. perlatus and P. barnardi to P. barbarai 
and P. granularis Daniels et al., 1998.

Divergence-time estimates within the monophyletic 
southern African freshwater crabs suggest that 
cladogenesis initiated 10.35 million years ago (Mya) 
(95% HPD 14.18–7.39 Mya) during the middle Miocene 
(Fig. 4). The small-bodied mountain-stream ancestor 
diverged from the main stem lineage 7.71 Mya (95% 
HPD 10.86–5.33 Mya). Divergence among the three 
Drakensberg Mountain species was initiated 3.95 Mya 
(95% HPD 5.95–2.32 Mya). Divergence within the Cape 
Fold Mountain lineage was initiated 5.90 Mya (95% 
HPD 8.40–3.95 Mya). Within the ancestral riverine 
lineage, divergence occurred 8.02 Mya (95% HPD 10.94–
5.65 Mya), diverging into a temperate and tropical 
coastal forest lineage 5.29 Mya (95% HPD 7.60–3.39), 
with P. valles, being basal in the clade during the Late 
Miocene–Early Pliocene. The next divergence occurred 
when the ancestor radiated into subtropical and large-
bodied riverine clades, 7.43 Mya (95% HPD 10.13–5.23 
Mya). Within the subtropical clade, divergence was 
initiated 6.03 Mya (95% HPD 10.94–5.65 Mya) toward 
the Late Miocene. The latter clade contains most of 
the recently described diversity. In the large-bodied 
riverine species, divergence started 3.89 Mya (95% 
HPD 5.56–2.59 Mya), and the divergence between 
P. karooensis and P. sidneyi s.s. occurred 1.72 Mya (95% 
HPD 2.68–0.99 Mya) during the Plio/Pleistocene.

Figure 3. Ultrametric BEAST tree phylogeny of the 
COI sequence data for the four Afrotropical genera: 
A, Potamonautes; B, Liberonautes; C, Nesonautes; D, 

Seychellum. The four vertical-coloured bars represent 
alternative taxonomies with each segment representing 
distinct species according to the respective delimitation 
method employed. The first two bars represent results 
from the ASAP method (partitions one and two). Statistical 
support for nodes is derived from the species tree methods 
bGMYC (above branch, posterior probability values 
derived from the BEAST analysis) and bPTP (below 
branch as bootstrap values derived from the maximum 
likelihood analysis). Non-supported nodal relationships 
(< 0.95 PP/ < 75%) are shown by their relevant symbols: 
(#) bGMYC and bPTP. Dark brown segments within the 
PTP bars represent the retrieval of individual specimens 
as putative species. 
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Figure 3. Continued.
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TAXONOMY

SuBorDer Brachyura linnaeuS, 1758

SuperFamily potamoiDea ortmann, 1896

Family potamonautiDae Bott, 1970

SuBFamily potamonautinae Bott, 1970

genuS Potamonautes macleay, 1838

Potamonautes karooensis sp. nov.
(FigS 2, 4, 5 a–c, 6a, B, 7a–D; taBle 3)

Z o o b a n k  r e g i s t r a t i o n :  u r n : l s i d : z o o b a n k .
org:act:220C7F3B-1829-42AB-81C7-322F8464CBE2.

Holotype: Erasmuskloof farm, Eastern Cape Province, 
32°16′ 44.0″ S, 24° 47′ 44.0″ E, 1326 m above sea level 
(a.s.l.) South Africa, SAM MB-A094477; one male. 
Collected by A. Barnes and S. R. Daniels, 2 May 2021 
in a flowing stream (Fig. 3A, B).

Paratype: Asante Sana, Waterkloof hike, Eastern 
Cape Province, 32° 16′ 12.3″ S, 24° 57′ 25.4″ E, 1090 
m a.s.l., South Africa, SAM MB-A094478; one male. 
Hand collected by A. Barnes and S. R. Daniels, 1 
May 2021. Collected in a forested stream under 
rocks.

Table 2. Four Afrotropical freshwater crab genera where COI sequence data were collected and subjected to three species 
delimitation methods (ASAP for the two partitions, bGYMC and bPTP). N represents the number of described species 
based on current taxonomy. Daniels et al. (2016) showed additional lineages in Liberonautes and suggest the presence of 
five species in their analyses

Dataset Reference study COI sequences N  ASAP (1) ASAP (2) bGYMC PTP 

Seychellum Daniels (2011) 83 3 2 24 5 17
Liberonautes Daniels et al. (2016) 102 5 12 5 8 14
Nesonautes Daniels & Klaus (2018) 102 2 8 2 2 22
Potamonautes +Present study 323 20 15 18 28 53

+Reference studies for Potamonautes for which COI data were used: Gouws et al. (2015); Daniels et al. (2019), Daniels & Bayliss (2012); Phiri & Daniels 
(2014, 2016) and Wood & Daniels (2016).

Figure 4. BEAST chronogram of the three concatenated mtDNA loci (16S rRNA, 12S rRNA + COI) dataset for all the 
described southern African Potamonautes species. Node bars show 95% highest posterior distributions for each divergence 
date estimate. The terminal labelled P. sp. nov., represents a yet undescribed species from Hogsback. Posterior probability 
values > 0.95 (PP) together with bootstrap values > 75% are shown above and below branches, respectively.
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Additional material examined:  Asante Sana, 
Waterkloof hike, 32° 16′ 12.3″ S, 24° 57′ 25.4″ E, 
1090 m a.s.l., Eastern Cape Province, South Africa, 
SAM MB-A094479; four males and two females. 
Collected by A. Barnes and S. R. Daniels, 1 May 
2021 in a flowing stream along the mountain side. 
Langfontein farm, 32° 11′ 8.12″ S, 24° 09′ 9.05″ E, 
976m a.s.l., Eastern Cape Province, South Africa, SAM 
MB-A094480; four females. Collected by A. Barnes 
and S. R. Daniels, 2 May 2021. Hand collected in a 
flowing stream under boulders. Ouberg Pass, 32° 04′ 
0.93″ S, 24° 21′ 4.20″ E, 1178 m a.s.l., Eastern Cape 
Province, South Africa, SAM MB-A094481, four 
females. Collected by A. Barnes and S. R. Daniels, 4 

May 2021. Hand collected in stagnant water under  
a bridge.

Diagnosis: Carapace very flat (CH/CL = 0.43) (Table 
3); postfrontal crest well-defined, complete, lateral 
ends meeting anterolateral margins; epigastric crests 
faint, median sulcus between crests short, not forked 
posteriorly; exorbital, epibranchial teeth reduced to 
granules; anterolateral carapace margin with small 
epibranchial tooth (Fig. 5A–C). Third maxilliped: 
ischium with distinct vertical sulcus; s3/s4 complete, 
V-shaped, deep, midpoint almost meeting anterior 
margin of sternopleonal cavity; margins of s4 low, not 
raised (Fig. 5B). Cheliped: dactylus (moveable finger) 
slim, highly arched, enclosing oval interspace, with 
three larger teeth interspersed by smaller teeth along 
length; propodus (fixed finger) with four larger teeth 
interspersed by smaller teeth along length (Fig. 6A, 
B); carpus inner margin distal tooth large, pointed, 
proximal tooth reduced to granules; medial inferior 
margin of merus lined with series of small granules 
terminating distally at small, low distal meral tooth, 
lateral inferior margin smooth. G1 terminal article: 
one-third length of subterminal segment; first-third 
straight in line with longitudinal axis of subterminal 
segment, middle part directed outward at 45°, widened 
by raised rounded ventral lobe, tip curving sharply 
upward (Fig. 6A, B).

Description: Based on male holotype (holotype CWW 
63.95 mm, Table 3). Carapace with small distinct 
tooth on the anterolateral margins; widest anteriorly, 
narrowest posteriorly (CWP/CL 0.50); flattened (CH/
CL 0.43) (Fig. 5C); front broad, one-third CWW (FW/
CWW 0.35); urogastric, cardiac grooves distinct, other 
grooves faint or missing; postfrontal crest complete, 
anterolateral margin posterior to epibranchial tooth 
granulated, meeting epibranchial teeth; epigastric 
crests faint, median sulcus between crests short, forked 
posteriorly; exorbital, epibranchial teeth each reduced 
to granule; anterolateral margin between exorbital, 
epibranchial teeth faintly granulated, curving slightly 
outward, lacking intermediate tooth (Fig. 5A–C); 
branchiostegal wall vertical, sulcus faint, meeting 
longitudinal sulcus, dividing branchiostegal wall into 
three parts, suborbital, dorsal pterygostomial regions 
granulated, hepatic region smooth; suborbital margin 
faintly granulated. Third maxilliped: filling entire 
buccal frame, except for respiratory openings; exopod 
with long flagellum, ischium with faint vertical groove 
(Fig. 7D). Epistomial tooth large, triangular, margins 
lined by large granules. Mandible: palp two-segmented; 
terminal segment simple; tuft of setae at junction 
between segments. Sternum: s1, s2 fused; s2/s3 deep, 
completely crossing sternum; s3/s4 complete, V-shaped, 
deep, midpoint almost meeting anterior margin of 

Figure 5. Potamonautes karooensis  sp. nov., male holotype 
(CL = 47.48 mm) (SAM-MB A094477) Erasmuskloof, 
Eastern Cape Province, South Africa. A, whole animal dorsal 
aspect; B, whole animal ventral aspect; C, cephalothorax, 
frontal aspect. Scale bar represents 10 mm.
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sternopleonal cavity; margins of s4 low, not raised. 
Cheliped: dactylus (moveable finger) slim, arched, 
enclosing oval interspace, with three larger teeth 
interspersed by smaller teeth along length; propodus 
(fixed finger) with four larger teeth interspersed 

by smaller teeth along length (Fig. 6A, B); carpus 
distal tooth large, pointed, proximal tooth small but 
distinct, followed by granule; both inferior margins of 
merus lined by series of small granules, distal meral 
tooth small, pointed. Pereopods: walking legs slender, 
pereopod 3 longest, pereopod 5 shortest; dorsal margins 
of pereopods with fine sharp bristles, dactyli of walking 
legs ending in sharp point, with rows of spine-like 
bristles along segment. Pleon: outline broadly triangular 
with straight margins. G1 terminal article: short 
(one-third length of subterminal segment), curving 
away from midline, first-third straight in line with 
longitudinal axis of subterminal segment, middle part 
directed outward at 45°, widened by low raised rounded 
ventral lobe, tip curving gently upward. G1 subterminal 
segment broad at base, tapering to slim junction with 
terminal article distally where these two parts have 
same width, ventral side of segment with heavily setose 
margins; with setae-fringed flap covering lateral half of 
segment; dorsal side of segment smooth, no flap, with 
broad membrane on the dorsal side of suture marking 
junction between terminal, subterminal parts (Fig. 7A, 
B). G2: terminal article long, flagellum-like, 0.5 times 
length of subterminal segment (Fig. 7C).

Molecular diagnosis: 16S rRNA GenBank accession 
numbers: OL685395–OL685398, OL685401–
OL685411, OL685504. COI GenBank accession 
numbers: OL660552–OL660566, OL660588.

Distribution: Known from the Great Karoo Basin 
around the town of Graaff-Reinet, Eastern Cape 
Province, South Africa.

Remarks: Morphologically, Potamonautes karooensis, 
is most likely to be confused with P. sidneyi, 
P. barbarai, P. barnardai, P. granularis and P. perlatus. 
Geographically, P. karooensis is confined to the Great 

Table 3. Potamonautes karooensis sp. nov., measurements (in mm) of the holotype and the range of additional male and 
female specimens examined

Variable Abbreviation Holotype Male Females 

carapace length CL 47.48  46.08 48.20–37.43
carapace width at widest point CWW 63.95  64.08 64.78–50.11
carapace posterior margin CWP 23.75  20.80 23.35–17.58
frontal width FW 23.01  24.34 27.01–17.96
distance between postfrontal 

crest and anterior margin
PFCD 5.43  6.29  6.55–4.32

carapace height CH 20.85  22.43 25.37–17.15
major cheliped propodus length MCPL 45.78  54.13 46.95–30.92
major cheliped dactylus length MCDL 27.10  34.37 27.83–18.71
pereiopod 2, merus length P2ML 23.56 24.90 22.33–18.54
pereiopod 2, merus width P2MW 10.68  9.92  9.73–8.48
pereiopod 5, merus length P5ML 22.17  23.90 24.05–18.89
pereiopod 5, merus width P5MW  9.64  9.85  9.66–8.13

Figure 6. Potamonautes karooensis  sp. nov., male holotype 
(SAM-MB A094477) A, major right cheliped; B, minor left 
cheliped. Scale bar represents 10 mm.
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Karoo Basin, Eastern Cape Province, South Africa 
where it is present in small, temporary, high-lying 
mountain streams (Supporting Information, Fig. S3A). 
Potamonautes karooensis, is brown-coloured with orange-
tipped chelipeds (Supporting Information, Fig. S3B). 
Potamonautes perlatus is also a large riverine species 
that is flat (CH/CL = 0.69) and wide (CWW = 60.5 mm) 
(Phiri & Daniels, 2014). The species occurs along the 
interior and coastal margins of the Western Cape 
Province where it is common in large rivers and streams 
at low altitude, such as the Berg, Bot, Eerste, Olifants 
and Doring rivers (Phiri & Daniels, 2014). Potamonautes 
granularis is present only in the lower Olifants River, 
Western Cape and is a large-bodied riverine species, 

with a granulated anterolateral carapace margins 
and orange-tipped chelipeds (Daniels et al., 1998). In 
addition, two additional large-bodied riverine species are 
present in the Western Cape extending into the Eastern 
Cape provinces, South Africa. Potamonautes barbarai is 
present in the Gamtoos and Gourits river systems (in 
the Western and Eastern Cape provinces), the species is 
large (CWW = 63 mm) and has a swollen carapace (CH/
CL = 0.58), while P. barnardai is present in the Breede 
River system, and is large-bodied (CWW = 54.6 mm) 
and flat (CH/CL = 0.61). Potamonautes sidneyi s.s. 
occurs in rivers, streams and wetlands in southern 
KwaZulu-Natal, Gauteng, Mpumalanga, Limpopo 
and the Northern Cape provinces of South Africa 
into Mozambique. The latter species is flat (CH/
CL = 0.54) and wide (CWW = 52.4 mm) (Peer et al., 
2017). Geographically, the other large-bodied riverine 
species that P. karooensis occurs in close geographic 
proximity to is P. danielsi, despite being phylogenetically 
distantly related. Potamonautes danielsi is confined to 
the coastal forest rivers and streams in the Eastern 
Cape and southern KwaZulu-Natal provinces (Daniels 
et al., 2022). Potamonautes danielsi is smaller-bodied 
(CWW = 25.8 mm) and flat (CH/CL = 0.49). Four 
described small-bodied, mountain-stream living crabs 
with highly arched dactyli are present in first and 
second order streams along the Cape Fold Mountains; 
these include P. parvicorpus (Cape Peninsula and 
Table Mountain, Jonkershoek, Helderberg Mountains), 
P. parvispina (Cederberg Mountains), P. brincki 
(Hottentots Holland Mountains), P. tuerkayi (Overberg 
Mountains), while an undescribed mountain-stream 
potamonautid crab is known from Hogback (N. Peer, 
pers. comm.).

Etymology: Named after the Great Karoo Basin of 
South Africa. A semi-desert region in the interior of 
South Africa.

Potamonautes valles sp. nov.
(FigS 2, 4, 8a–c, 9a, B, 10a–D; taBle 4)

Z o o b a n k  r e g i s t r a t i o n :  u r n : l s i d : z o o b a n k .
org:act:6C7215BD-74DA-4780-9589-375930C5981C.

Holotype: Muilhuis section, Blyde River Canyon 
Nature Reserve, Northern Escarpment, 24° 40′ 14.8″ 
S, 30° 52′ 34.1″ E, 1320 m a.s.l., Mpumalanga Province, 
South Africa, SAM MB-A 094482, one male. Hand 
collected by H. Marais, 12 July 2021. Collected in fast-
flowing mountain streams.

Paratype: Muilhuis section, Blyde River Canyon 
Nature Reserve, Northern Escarpment, 24° 40′ 14.8″ 
S, 30° 52′ 29.2″ E, 1308 m a.s.l., Mpumalanga Province, 
South Africa, SAM MB-A 094483, one male. Hand 

Figure 7. Potamonautes karooensis  sp. nov., male holotype 
(SAM-MB A094477) A, left gonopod 1, anterior view; B, left 
gonopod 1 posterior view; C, left gonopod 2 anterior view; D, 
right third maxilliped. Scale bar represents 10 mm.
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collected by H. Marais, 12 July 2021. Collected in fast-
flowing mountain streams.

Additional material examined: Muilhuis section, 
Blyde River Canyon Nature Reserve, Northern 
Escarpment, 24° 40′ 14.8″ S, 30° 52′ 34.1″ E, 1320 
m a.s.l., Mpumalanga Province, South Africa, SAM 
MB-A 094484, one male. Collected by H. Marais, 25 
November 2020. Collected in a fast-flowing mountain 
stream. Unnamed locality, 30 km north-east of 
Mbabane 26° 12′ 24.1″ S, 31° 17′ 59.6″ E, 1200 m a.s.l., 
Hhohho Province, Eswatini, 1 February 2019. One 
recently moulted male, SAM MB-A 094485 collected 

by Theo Busschau. Unnamed locality, 30 km north-
east of Mbabane 26° 12′ 35.4″ S, 31° 17′ 07.2″ E, 1200 
m a.s.l., Hhohho Province, Eswatini, three males, five 
females, three juveniles, SAM MB-A 094486 collected 
1 February 2019 by Theo Busschau. One adult male, 
SAM MB-A094580 from Katrinasrust trout farm, 25° 
42′ 05″ S, 30° 30′ 38″ E, 1664 m, Mpumalanga Province, 
South Africa, collected 28 November 2021 by Graeme 
Gullacksen. One adult female, SAM MB-A094581 from 
Katrinasrust trout farm, 25° 42′ 05″ S, 30° 30′ 38″ E, 
1664 m Mpumalanga Province, South Africa, collected 
1 December 2021 by Graeme Gullacksen. One adult 
male, SAM MB-A094582 from Katrinasrust trout 
farm, 25° 42′ 05″ S, 30° 30′ 38″ E, 1664 m Mpumalanga 
Province, South Africa, collected 15 January 2022 by 
Graeme Gullacksen.

Diagnosis: Carapace very flat (CH/CL = 0.51) (Table 
4); postfrontal crest well defined, complete, lateral 
ends meeting anterolateral margins; epigastric 
crests faint, median sulcus between crests short, 
not forked posteriorly; exorbital, epibranchial 
teeth reduced to granules; anterolateral carapace 
margin granulated (Fig. 8A–C). Third maxilliped: 
ischium with distinct vertical sulcus (Fig. 8C); s3/s4 
complete, V-shaped, deep, midpoint almost meeting 
anterior margin of sternopleonal cavity; margins 
of s4 low, not raised (Fig. 8B). Cheliped: dactylus 

Figure 8. Potamonautes valles sp. nov., male holotype 
(CL = 30.90 mm) (SAM-MB A094482) from Muilhuis 
section, Blyde River Canyon Nature Reserve, Mpumalanga 
Province, South Africa. A, whole animal dorsal aspect; B, 
whole animal ventral aspect; C, cephalothorax, frontal 
aspect. Scale bar represents 10 mm.

Figure 9. Potamonautes valles sp. nov., male holotype 
(SAM-MB A 094482). A, major right cheliped; B, minor left 
cheliped. Scale bar represents 10 mm.
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(moveable finger) slim, highly arched, enclosing 
oval interspace, with three larger teeth interspersed 
by smaller teeth along length; propodus (fixed 
finger) with four larger teeth interspersed by 
smaller teeth along length (Fig. 9A, B); carpus 
inner margin distal tooth large, pointed, proximal 
tooth reduced to granules (Fig. 8A); medial inferior 
margin of merus lined with series of small granules 
terminating distally at small, low distal meral 
tooth, lateral inferior margin smooth. G1 terminal 
article: one-third length of subterminal segment; 
first-third straight in line with longitudinal axis of 
subterminal segment, middle part directed outward 

at 45°, widened by raised rounded ventral lobe, tip 
curving sharply upward (Fig. 10A, B).

Description: Based on male holotype (holotype 
CWW 40.24 mm, Table 4). Carapace anterolateral 
margins granulated; widest anteriorly, narrowest 
posteriorly (CWP/CL 0.42); arched (CH/CL 0.51) 
(Fig. 8C); front broad, one-third CWW (FW/CWW 
0.40); urogastric, cardiac grooves distinct, other 
grooves faint or missing; postfrontal crest complete, 
anterolateral margin posterior to epibranchial tooth 
granulated, meeting epibranchial teeth; epigastric 
crests faint, median sulcus between crests short, 
forked posteriorly; exorbital, epibranchial teeth each 
reduced to granule; anterolateral margin between 
exorbital, epibranchial teeth faintly granulated, 
curving slightly outward, lacking intermediate tooth 
(Fig. 8A–C); branchiostegal wall vertical sulcus faint, 
meeting longitudinal sulcus, dividing branchiostegal 
wall into three parts, suborbital, dorsal pterygostomial 
regions granulated, hepatic region smooth; suborbital 
margin faintly granulated. Third maxilliped: filling 
entire buccal frame, except for respiratory openings; 
exopod with long flagellum, ischium with faint vertical 
groove (Fig. 10D). Epistomial tooth large, triangular, 
margins lined by large granules. Mandible: palp 
two-segmented; terminal segment simple; tuft of 
setae at junction between segments. Sternum: s1, s2 
fused; s2/s3 deep, completely crossing sternum; s3/s4 
complete, V-shaped, deep, midpoint almost meeting 
anterior margin of sternopleonal cavity; margins 
of s4 low, not raised. Cheliped: dactylus (moveable 
finger) slim, arched, enclosing oval interspace, with 
three larger teeth interspersed by smaller teeth along 
length; propodus (fixed finger) with four larger teeth 
interspersed by smaller teeth along length (Fig. 9A, B); 
carpus distal tooth large, pointed, proximal tooth small 
but distinct, followed by granule; both inferior margins 
of merus lined by series of small granules, distal 
meral tooth small, pointed. Pereopods: walking legs 
slender, pereopod 3 longest, pereopod 5 shortest; dorsal 
margins of pereopods with fine sharp bristles, dactyli of 
walking legs ending in sharp point, with rows of spine-
like bristles along segment. Pleon: outline broadly 
triangular with straight margins. G1 terminal article: 
short (one-third length of subterminal segment), 
curving away from midline, first-third straight in line 
with longitudinal axis of subterminal segment, middle 
part directed outward at 45°, widened by low raised 
rounded ventral lobe, tip curving gently upward. G1 
subterminal segment broad at base, tapering to slim 
junction with terminal article distally where these 
two parts have same width, ventral side of segment 
with heavily setose margins; with setae-fringed flap 
covering lateral half of segment; dorsal side of segment 
smooth, no flap, with broad membrane on the dorsal 

Figure 10. Potamonautes valles sp. nov., male holotype 
(SAM-MB A 094482). A, left gonopod 1, anterior view; B, left 
gonopod 1 posterior view; C, left gonopod 2 anterior view; D, 
right third maxilliped. Scale bar represents 10 mm.
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side of suture marking junction between terminal, 
subterminal parts (Fig. 10A, B). G2: terminal article 
long, flagellum-like, 0.5 times length of subterminal 
segment (Fig. 10C).

Molecu lar  d iagnos i s :  16S  rRNA GenBank 
ac cess i on  numbers :  OL685399–OL685400 , 
OL685418–OL685422, OL685439–OL685441. 
COI GenBank numbers: OL660549–OL660551, 
OL660573–OL660577.

Distribution: Known from the Blyde River Canyon 
Nature Reserve, Katrinasrust trout farm (in the 
vicinity of Mbombela) and Sterkspruit in the north-
east of the Mpumalanga Province in South Africa, 
as well as 30 km north-west of Mbabane, Eswatini  
(Fig. 1; Supporting Information, Fig. S4A, B).

Remarks: Potamonautes valles is sister to P. danielsi 
in our phylogenetic analyses (Fig. 4). Geographically 
the two species are distinct: P. valles is confined to 
the north-eastern corners of southern Africa, while 
P. danielsi occurs from southern KwaZulu-Natal along 
the Indian Ocean coastal (IOCB) forest belt and the 
adjacent interior into the Eastern Cape Province 
of South Africa. Morphologically the two can also 
be distinguished. Potamonautes valles is flat (CH/
CL = 0.51) and large bodied (CWW = 40.24 mm), while 
P. danielsi is also flat (CH/CL = 0.49) but smaller 
bodied (CWW = 25.8 mm) (Peer et al., 2017). The 
terminal segment of gonopod 1 is short and 0.21 times 
the length of subterminal segment (Peer et al., 2017). 
Potamonautes sidneyi s.s., is flat (CH/CL = 0.54) and 
large bodied (CWW = 47 mm). When alive, P. valles 
has a chocolate-brown colour with a purple pair of 
chelipeds with black tips (Supporting Information, 
Fig. S4C). In addition, two burrowing swamp forest 
dwelling species are in this clade, P. isimangaliso 

and P. lividus. Potamonautes isimangaliso is endemic 
to the False Bay region of the iSimangaliso Wetland 
Park in the north-eastern KwaZulu-Natal Province, 
while P. lividus is present along the IOCB forest belt 
in KwaZulu-Natal and the Eastern Cape provinces 
of South Africa (Daniels et al., 2020b). Ecologically, 
both P. isimangaliso and P. lividus are distinct from 
P. valles, because these species burrow into soil in their 
respective habitats, while P. valles is a boulder-stream 
dwelling species. The cephalothorax of P. lividus is 
ovoid, the postfrontal crest is incomplete, the carapace 
is vaulted and the branchial regions are convex. 
Potamonautes lividus has a sharp but small exorbital 
tooth but lacks epibranchial teeth and the carapace is 
highly vaulted (CH/CL = 0.64), indicative of a semi-
terrestrial mode of life (Gouws et al., 2001). The species 
is moderately large (CWW = 37 mm) (Gouws et al., 
2001). The chelipeds are highly arched and adapted for 
burrowing (Gouws et al., 2001). Potamonautes lividus 
has a silver-blue shine of its carapace and may also 
be red to dark orange in colour (Gouws et al., 2001). 
The terminal segment of gonopod 1 is 0.25 times the 
length of the subterminal segment (Gouws et al., 
2001). Similarly, the cephalothrax in P. isimangaliso 
is also ovoid, lacks epibranchial teeth, the exorbital 
teeth are reduced, the carapace is highly vaulted (CH/
CL = 0.57) and the species lacks any dentition on the 
anterolateral carapace margins (Peer et al., 2015). 
Potamonautes isimangaliso varies in colour from 
light brown, maroon, purple or brown/black in colour 
while it is light orange between the joints (Peer et al., 
2015). Potamonautes isimangaliso is large bodied 
(CWW = 55.1 mm) and inhabits ephemeral pans in 
sand forest where it burrows into the soil to a depth 
of 2–50 cm (Peer et al., 2015). The terminal segment 
of gonopod 1 is short and 0.23 times the length of 
the subterminal segment (Peer et al., 2015). In the 

Table 4. Potamonautes valles sp. nov., measurements (in mm) of the holotype and the range of additional male and 
female specimens examined. An * indicates that the structure was missing

Variable Abbreviation Holotype Males Females 

carapace length CL 30.90 38.18–23.95 29.13–26.73
carapace width at widest point CWW 40.24 50.91–31.07 38.92–34.82
carapace posterior margin CWP 13.24 19.47–11.64 15.01–13.93
frontal width FW 16.48 19.40–10.96 13.92–13.36
distance between postfrontal 

crest and anterior margin
PFCD 4.47  4.46–3.20  3.49–2.91

carapace height CH 15.86 17.32–16.83 14.08–13.05
major cheliped propodus length MCPL 31.38 40.22–18.90 23.91–21.09
major cheliped dactylus length MCDL 19.22 23.75–10.78 13.86–12.93
pereiopod 2, merus length P2ML 18.44 *–11.75 14.70–13.81
pereiopod 2, merus width P2MW  6.53  *– 4.94  6.44–5.90
pereiopod 5, merus length P5ML 17.76  *–12.77 15.91–14.11
pereiopod 5, merus width P5MW  6.44  *–5.18  6.10–5.92

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article/doi/10.1093/zoolinnean/zlac068/6793744 by O

U
P R

estricted Live U
niversity Test user on 02 N

ovem
ber 2022

http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlac068#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlac068#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlac068#supplementary-data


22 S. R. DANIELS ET AL.

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, XX, 1–29

Mpumalanga Province of South Africa, five additional 
species are present, P. flavusjo, P. mariepskoppie, 
P. sidneyi s.s., P. unispinus and M. calcaratus. These 
species can be easily distinguished from P. valles. 
Potamonautes flavusjo is a semi-terrestrial, burrowing 
species that lives in marsh (vlei) areas adjacent to small 
streams. In P. flavusjo the habitat is burrows in peat 
soils adjacent to streams. The species burrows straight 
down into the peat soil to a depth of near 1 m, but the 
depth of the burrow will be determined by the water-
table depth. During the winter months, the species 
seals the burrow entrance with soil from the tunnel 
and sits in a small, water-filled chamber at the base of 
the burrow. The species generally comes to the surface 
after the first summer rainfalls (Daniels, pers. obs.). 
The chelipeds of P. flavusjo show limited adaptations 
for burrowing (Daniels et al., 2014). Potamonautes 
flavusjo is a large-bodied species (CWW = 58.42 mm) 
(Daniels et al., 2014). The carapace of P. flavusjo is 
highly arched (CH/CL = 0.48) and the anterolateral 
margins of the carapace is smooth (Daniels et al., 
2014). In addition, P. flavusjo is sulphur yellow 
ventrally and has yellow spots on the dorsal carapace 
surface. The terminal segment of gonopod 1 is short 
and 0.24 times the length of the subterminal segment 
(Daniels et al., 2014). Potamonautes mariepskoppie is 
a narrow endemic species confined to the Mariepskop 
area of the Blyde River Canyon Nature Reserve where 
it occurs in swampy areas. The species has a modified 
cheliped, and the dactylus is large and shovel-shaped 
and adapted for burrowing into soft mud (Daniels 
et al., 2021). Unpublished genetic data corroborate 
the presence of the species at Haenertsburg in the 
Limpopo Province (Daniels, unpublished). In P. valles, 
the dactylus and propodus are both highly arched, 
a pattern typically observed in stream-dwelling 
mountain crab species that live under rocks and 
boulders, and are not associated with a burrowing 
mode of life. In addition, in P. valles, the anterolateral 
carapace margin lacks any dentition. Potamonautes 
unispinus has a single tooth on the anterolateral 
carapace margin and is common and widespread in 
rivers (Stewart & Cook, 1997). Potamonautes valles can 
be differentiated from P. sidneyi s.s. by its highly arched 
dactylus and propodus, and its confinement to fast-
flowing mountain streams. Maritimonautes calcaratus 
is phylogenetically distinct from P. valles, with a near 
ovoid and arched carapace (CH/CL = 0.51), and a thin 
spine-like tooth on the anterolateral carapace margin 
(Reed & Cumberlidge, 2004; Cumberlidge & Daniels, 
2022). In P. valles, the anterolateral carapace margin 
is granulated and it lacks a spine. The chelipeds (both 
propodus and dactylus) of M. calcaratus are flat and 
broad and adapted for digging (Daniels, pers. obs). 
Maritomonautes calcaratus inhabits ephemeral pans, 
where it burrows into the soft, sandy edges of the 

pans to a depth of 70 cm (Daniels et al., 2002). The 
terminal article of gonopod 1 in M. calcaratus is short 
in comparison with P. valles (Cumberlidge & Daniels, 
2022). The distribution of M. calcaratus in South Africa 
is restricted to the Mpumalanga Province where it is 
present in the Kruger National Park, and the species 
is also present in neighbouring Mozambique (Reed & 
Cumberlidge, 2004; Cumberlidge & Daniels, 2008). 
The distribution range and habitat of M. calcaratus 
does not overlap with P. valles.

Etymology: Named for its presence in valleys, hence 
the Latin word valles was used as a species epithet. It 
is a noun in apposition.

DISCUSSION

The three species delimitations (ASAP, bGYMC 
and bPTP) retrieved varying, albeit limited degrees 
of success in delineating species among the four 
Afrotropical freshwater crab genera based on the 
COI datasets (Table 2; Fig. 3A–D). Among the 
three methods, the ASAP (partition two) analyses 
retrieved the highest degree (50%) of congruence 
with the number of described species based on the 
existing morphological taxonomy for two freshwater 
crab genera (Liberonautes and Nesonautes). Within 
Potamonautes, P. karooensis, was recovered as distinct 
by ASAP (partitions one and two), while P. valles was 
supported as a distinct lineage by all three species 
delimitation methods. In addition, five Potamonautes 
species were consistently retrieved by all three 
delimitation methods (Fig. 3A–D). The distance-based 
ASAP is thought to perform well in the presence 
of low rates of speciation (Puillandre et al., 2021). 
We observed similar results in Nesonautes, where 
ASAP (partition two) and bGYMC corroborated the 
presence of the two morphologically described species. 
In contrast, bPTP exhibited limited congruence with 
the number of species defined based on morphology 
and overestimated the number of MOTUs. Several 
studies have observed over- or underestimations in the 
possible number of MOTUs using these two coalescent-
based methods (Zhang et al., 2013; García-Melo et al., 
2019; Ellepola et al., 2021). Both bGMYC and bPTP 
consider the evolutionary relationship of sequences, 
while bGMYC attempts to maximize the likelihood 
score of an ultrametric tree for intra- and interspecific 
processes; bPTP attempts to determine the transition 
point from a between to a within species process (Kapli 
et al., 2017). Considering that bPTP uses substitutions 
directly, it does not require an ultrametric tree topology 
or a sequence input threshold, and it frequently yields 
better results compared to bGYMC. We did not observe 
these results in our study. However, bPTP does not 
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account for highly divergent intraspecific variation. 
In our study, where marked intraspecific variation 
and genetic differentiation was observed among 
species within all four Afrotropical genera, bPTP 
overestimated the number of MOTUs. Both bGMYC 
and bPTP are known to perform poorly when the 
contrast of intra- versus interspecific divergence is low, 
which was especially evident for clades 3 and 5. The 
latter can further be influenced by mutation rates, 
population sizes and the degree of within-species 
population structure, all of which could have played a 
role in the incongruency observed in the present study 
(Pante et al., 2015; Ritchie et al., 2018; Pentinsaari 
et al., 2017). Barley et al. (2018) cautioned against 
the exclusive reliance of species delimitation methods 
in taxonomic studies and argued that, at present, 
we have a limited understanding of the complexities 
of these methods (with respect to model sensitivity, 
coalescent parameters, gene flow, population structure, 
in-species complexes and speciation rates). Future 
species delimitation methods should also incorporate 
the geographic aspects of the species distribution 
and morphological character sets, since these may 
aid species recognition. Furthermore, incongruence 
between the three species delimitation methods has 
been attributed to the sensitivity of the analyses to 
detect structure and violations in the assumptions 
of these analyses. For example, coalescent-based 
methods are dependent on the input tree and selected 
priors. Moreover, we are cognizant that we used only 
COI data, a rapidly evolving, maternally inherited 
locus that reflects only a single the gene tree. The use 
of a single locus can bias results, particularly where 
the marker is saturated (not present in our data).

Sensitive nuclear DNA markers, capable of resolving 
fine-scale differences, need to be incorporated into 
systematic studies. Nuclear DNA sequence loci for 
decapods are notoriously slowly evolving and since 
most of the divergence we observed in the present 
study is relatively recent, these markers would be 
of limited utility in recognizing these species. Phiri 
& Daniels (2016) reported that in the Drakensberg 
Mountain crabs, the two nuclear sequence markers 
employed were near invariant and unsuitable for 
phylogeographic inference. In addition, Daniels & 
Klaus (2018) reported genetic invariance between two 
mtDNA clades of N. margaritarius (A.Milne-Edwards, 
1869) using the histone 3 (H3) locus from the Island of 
São Tomé. The genetic invariance of widely used nuDNA 
sequence markers among recently diverged groups 
of decapods remains problematic; therefore, rapidly 
evolving genomic DNA markers are urgently required 
to aid taxonomic resolution. Recent comparative 
studies using first and next generation sequencing 
platforms in Eumetazoa have been complementary and 
revealed high levels of congruence with respect to the 

number of MOTUs recovered by species delimitation 
methods (Ramírez-Portilla et al., 2022). While our 
results are derived from three mtDNA loci, nuclear 
genetic data that differentiates P. sidneyi s.s. and 
P. valles, is available (Fig. 2; Supporting Information, 
Fig. S1). An allozyme study by Stewart & Cook (1998) 
reported the presence of a near fixed allele difference 
at the peptidase glycyl leucine (GL) locus between 
Sterkspruit (P. valles) and P. sidneyi s.s. from Vaal, 
Wakkerstroom, Mukhasa and Tchiombedi (Supporting 
Information, Fig. S1), while dramatic allele frequency 
shifts were observed for glucose phosphate isomerase 
(GPI) and phosphoglucomutase (PGM).

Our phylogenetic results demonstrated the presence 
of two novel lineages nested within the Potamonautes 
sidneyi s.l. species complex (Fig. 2). Clade 2 was 
comprised exclusively of specimens from the interior 
mountainous areas of the Great Karoo Basin in the, 
Eastern Cape Province, while clade 4 (Fig. 2) was 
exclusive to the highlands in the southern Mpumalanga 
Province of South Africa and neighbouring Eswatini. 
When representatives of clades 2 were placed in a 
phylogenetic context (Fig. 4), they were shown to be 
equidistant between P. sidneyi s.s. and P. perlatus, 
while specimens from clade 4 were sister to P. danielsi. 
If we consider both clades as conspecific it will render 
P. sidneyi s.l. paraphyletic. Species paraphyly can 
be attributed to several factors, among these the 
most prominent are poor taxonomy, introgression 
(intraspecific hybridization) and incomplete lineages 
sorting (Funk & Omland, 2003). The failure of alleles 
when recently diverged may also result in non-
monophyletic species, particularly in recently diverged 
groups. In the latter instances, monophyly as a basis for 
species identification could be troublesome. While it is 
difficult to differentiate between the three competing 
hypotheses for paraphyly, given our exclusive mtDNA 
dataset, we favour the hypothesis that our results 
reflect inaccurate taxonomic designation.

Cladogenesis in the southern African Potamonautes 
was initiated during the Early to Late Miocene and 
continued into the Plio/Pleistocene. The divergence of 
the Greater Karoo and Mpumalanga/Eswatini clades 
can be associated with Miocene/Pliocene/Pleistocene 
climatic changes in the region (Fig. 4). The Late Miocene 
was globally characterized by cooling and enhanced 
aridification. Consequently, the habitat of aquatic taxa 
would have contracted with xeric habitats becoming 
more widespread. This trend continued into the Plio/
Pleistocene. The Late Pliocene was characterized 
by an intensification of aridification. This period in 
subcontinental southern Africa is thought to have 
seen the continuation and enhancement of xeric/mesic 
cycles enhancing habitat fragmentation, resulting 
in a general decrease in precipitation and increased 
temperatures. These climatic factors likely contracted 
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the inland aquatic habitat to higher-lying regions, 
limiting gene flow among lower-lying population and 
promoting cladogenesis. Shi et al. (2021) demonstrated 
that precipitation and temperatures were important 
abiotic drivers of divergence in a Chinese freshwater 
crab species complex, Sinopotamon yangtsekiense 
Bott, 1967. It is evident from our results that episodes 
of aridification resulted in major habit shifts, which 
probably restricted aquatic fauna to refugial areas 
promoting divergence. Furthermore, the Miocene/
Pliocene/Pleistocene represents epochs of major 
cladogenic activity among several endemic terrestrial 
faunal lineages in South Africa (Engelbrecht et al., 
2013; Diedericks & Daniels, 2014; Hofmeyr et al., 
2017; Busschau et al., 2019, 2021; Taylor et al., 2020; 
Raphalo et al., 2021b).

Why the discrepancy between the molecular species 
delimitations and the morphologically based alpha-
taxonomy of the four freshwater crab genera? The 
morphological designations may potentially be an 
underestimation based on the traditional taxonomic 
characters, such as gonopods 1 and 2, and carapace 
morphology, which may be highly conserved at 
times. However, we are convinced that all three 
species delimitation methods overestimated the 
diversity within the four genera. While the ASAP 
analyses provided a more conservative estimation of 
the number of species, the two remaining methods 
(bGYMC and bPTP) frequently overestimated the 
taxonomic diversity in the presence of genetically 
highly structured species where several clades were 
present. Hence, we interpret the taxonomic results 
of the present study with caution. Much of the 
novel diversity in South Africa and elsewhere in the 
Afrotropical region are being delineated with the aid 
of molecular studies (Daniels, 2011, Daniels et al., 
2014; Phiri & Daniels, 2016; Peer et al., 2017), since 
many of the traditional morphological characters 
such as gonopods 1 and 2, carapace and mandibular 
palp features exhibit only subtle different between 
cryptic lineages. For example, using genetic data 
Cumberlidge et al. (2021) revealed the presence of 
two new species within the geographically widespread 
species Lirrangopotamonautes lirrangensis (Rathbun, 
1904). Similarly, within the monophyletic Malagasy 
freshwater crab fauna a taxonomic revision by 
Cumberlidge et al. (2020) demonstrated the presence 
of five new genera and several new species based on 
mtDNA sequence data. In our study, we found marginal 
differences in gonopods 1 and 2 morphology among 
sister-freshwater crab species. A recent molecular 
systematic study of the Neotropical freshwater 
crab genus Fredius Pretzmann, 1967 also reported 
discordance between genetic clades and species based 
on gonopod 1 morphology (Mantelatto et al., 2022).

The uncorrected ‘p’ COI sequence distances between 
sister-species were generally > 7%, including the two 
novel taxa (clades 2 and 4, Fig. 2) and their sisters. 
For example, a value of 7.90% was reported between 
P. lividus and P. isimangaliso, and a value of 8.12% 
was reported between P. dentatus and P. mhlophe 
and, finally, a value of 8.10% was reported between 
P. ntendekaensis and P. ngoyensis (Wood & Daniels, 
2016; Daniels, 2017; Daniels et al., 2019). Similarly, 
an uncorrected ‘p’-distance of 4.92% was recorded 
between N. margaritarius and its sympatric sister 
N. soatomensis  Cumberlidge & Daniels, 2018 
(Daniels & Klaus, 2018). Phiri & Daniels, (2016) 
reported a mean COI distance value of 9.81% in the 
P. clarus/P. depressus species complex. The values we 
recorded in the present study compare favourably with 
those from earlier systematic studies (Gouws et al., 
2015; Daniels, 2017; Daniels & Klaus, 2018). Notably, 
uncorrected ‘p’ COI distance values may be variable 
and should be interpreted cautiously when recognizing 
novel lineages, and these values should be integrated 
into a framework with additional character suites, 
such as, morphological, ecological and phylogenetic 
data to validate the designation of novel taxa.

We used the following six, more conservative criteria 
in an integrative framework to recognize putative 
lineages: (1) clades (by implication monophyletic) 
that were statistically well supported; (2) geographic 
exclusivity of clades; (3) subtle morphological 
differences between sister-species in gonopods 1 and 
2; (4) marked, uncorrected ‘p’ COI sequence distance 
values > 7%; and (5) the overall paraphyly observed 
when we included the representative DNA sequence 
data from clades 2 and 4 into the phylogenetic 
framework for the southern African freshwater crabs. 
Here, P. karooensis was equidistant to P. sidneyi s.s. 
and P. perlatus, while P. valles was sister to P. danielsi 
and, in the latter instance, also geographically 
distinct (Fig. 4). Finally, as criterion (6), we consider 
congruence among the three species delimitation 
methods in supporting clades 2 and 4 as distinct. 
We define a species as an irreducible group whose 
members decent from a common ancestor and possess 
a combination of certain fixed character differences 
equating to a phylogenetics species concept (Nixon 
& Wheeler, 1990). We are convinced that our results 
provide overwhelming evidence for the presence 
of two novel river crab species. We advocate that 
taxonomists (where possible) employ both molecular 
and morphological characters to delineate species 
boundaries and to explore the congruence among 
character sets. Species delimitation methods, 
notwithstanding their limitations, provide a useful 
guide tool to explore the possible presence of novel 
lineages.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

Figure S1. Maximum likelihood phylogenetic tree topology derived from the 16S rRNA sequence data only. 
Statistical support for nodes is provided as posterior probability values above nodes (> 0.95 PP) and bootstrap 
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values below the node (> 75%). An * or # denotes nodal relationships that were not supported (< 0.95 PP/ < 75%). 
Clade labels correspond to those in Figure 2.
Figure S2. Haplotype network derived from the 16S rRNA sequence data for P. sidneyi s.l. representing 
connectivity amongst all sample localities. Haploclusters dominated by haplotypes from each focal species are 
defined by grey boxes, despite haplotypes being shared throughout the network.
Figure S3. A, stream habitat of Potamonautes karooensis sp. nov., at Asante Sana, Eastern Cape Province, South 
Africa. B, live image of P. karooensis sp. nov., from Asante Sana, Eastern Cape Province, South Africa.
Figure S4. A, stream habitat of Potamonautes valles sp. nov., at Muilhuis section (BRCNR), Mpumalanga 
Province, South Africa. B, habitat of P. valles sp. nov., at an unknown locality 30 km north-east of Mbabane, 
Hhohho Province, Eswatini. C, live image of P. valles sp. nov., from Muilhuis section of BRCNR, Mpumalanga 
Province, South Africa.
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