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Abstract

The Hyalella species diversity in the high-altitude water bodies of the Andean Altiplano is addressed us-
ing mitochondrial cox1 sequences and implementing different molecular species delimitation criteria. We 
have recorded the presence of five major genetic lineages in the Altiplano, of which one seems to be ex-
clusive to Lake Titicaca and nearby areas, whereas the rest occur also in other regions of South America. 
Eleven out of 36 South American entities diagnosed by molecular delimitation criteria in our study are 
likely endemic to the Titicaca and neighbouring water bodies. We have detected a remarkable disagree-
ment between morphology and genetic data in the Titicacan Hyalella, with occurrence of several cases of 
the same morpho-species corresponding to several Molecular Operational Taxonomic Units (MOTUs), 
some even distantly related, and other instances where a particular MOTU is shared by a morphologically 
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heterogeneous array of species, including species with body smooth and others with body heavily ar-
moured. Species diversification and incongruence between morphological and molecular boundaries 
within this species assemblage may be associated to the sharp changes in hydrological conditions experi-
enced by the water bodies of the Altiplano in the past, which included dramatic fluctuations in water 
level and salinity of Lake Titicaca. Such environmental shifts could have triggered rapid morphological 
changes and ecological differentiation within the Hyalella assemblage, followed by phenotypic conver-
gence among the diverse lineages. Factors such as phenotypic plasticity, incomplete lineage sorting or 
admixture between divergent lineages might lie also at the root of the morphological-genetic incongru-
ence described herein.
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Introduction

Ancient lakes – those with an uninterrupted 
history of more than 100,000 years (Gorthner, 
1994) – are remarkable by their exceptional 
species richness compared to other continen-
tal water bodies. In such type of lakes, some 
groups of organisms are prone to occur in the 
form of large “swarms” of closely related en-
demic species (Brooks, 1950; Fryer, 1991). 
For  instance, Lake Baikal harbours at least 
257  species and 74 subspecies of amphipod 
 crustaceans, all but one being endemic to the 
lake, representing around 14% of the known 
global  diversity of freshwater amphipods  
(Kamaltynov, 1999). Even more remarkable 
are the ca. 1,000 and 600 endemic species of 
cichlid fish estimated to live in the East Afri-
can rift valley lakes Nyasa and Victoria, re-
spectively (Fryer, 2000). How this extraordi-
nary diversity has originated and diversified 
in a limited space poses fundamental ques-
tions on the mechanisms of speciation, com-
munity structure and coexistence of closely 
related species (Cristescu et al., 2010).

A remarkable aspect of these swarms of la-
custrine species is the frequent occurrence of 
a mismatch between species delimited based 

on DNA sequences and those demarcated fol-
lowing more traditional, morphology-based 
criteria (Kroll et al., 2012; Naumenko et al., 
2017). Such taxonomic decoupling has been 
recorded to occur also in some of the large ra-
diations of oceanic island terrestrial inverte-
brates and may be related to the fast specia-
tion rate that concurs on such insular 
environments (Monaghan et al., 2006; Fryer, 
1996; Cristescu et al., 2010). Factors such as 
 genetic introgression, retention of ancient 
polymorphisms, morphological convergence 
among distant genetic lineages through selec-
tion, or through a combination of selection 
and hybridization, could be possible causes of 
the failure of both classical morphological 
and DNA barcoding approaches to resolve the 
taxonomy of many of these rapidly radiating 
lineages (Monaghan et al., 2006). This issue 
poses a challenge for the species identifica-
tion and inventorying of the rich biota pres-
ent in ancient lakes.

Lake Titicaca, at 3,806 m of altitude, is the 
only ancient lake present in South America. 
Although its age has not been precisely deter-
mined, it is assumed to date back to between 
3 and 2 Million years (Ma) (Kroll et al., 2012). 
In any event, it is not older than the formation 
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of the northern Andean Altiplano where it is 
located, which has been dated at 5.4 ± 1.0 Ma 
(Kar et al., 2016). The Titicaca is placed in a 
vast endorheic area (∼200,000 km2) which 
harbours also Lake Poopó and the salt flats 
of  Coipasa and Uyuni (fig. 1A, B). Like many 
other ancient lakes, the Titicaca has a com-
plex palaeo-environmental history (Cristes-
cu  et  al., 2010). Thus, the different Altiplano 

basins conformed a single hydrological unit 
from the Early to Middle Pleistocene (Baker & 
Fritz, 2015; Nunnery et al., 2019), when water 
level experienced at least three major expan-
sions (high stands) of up to 114, 104 and 54 m 
above present lake level (Fornari et al., 2001). 
Furthermore, the lake has passed through sev-
eral periods of retraction coincident with 
global interglacial periods, when its level 

FIGURE 1 A, map of South America showing location of the Andean Altiplano; B, approximate area of the 
Altiplano showing placement of its main water bodies; C, sampling sites placed outside Lake Titicaca; 
D, sampling sites at Lake Titicaca itself. Numbers identify sampling stations. See supplementary tables 
S1 and S2 for precise information on sampling sites. Maps were produced using R ggmap (Kahle & 
Wickham, 2013) and Google Maps (Google Inc., Mountain View, CA).
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dropped well below its outlet threshold, lead-
ing to a closed-basin configuration and an in-
crease in water salinity (Fritz et al., 2012). In 
the central and southern Altiplano – where 
Lake Poopó and the salt flats of Coipasa and 
Uyuni are located –, there is also evidence of 
the existence of palaeo-lakes at least since the 
Late Pleistocene. These lakes originated by 
waters overflowing from the Titicaca basin af-
ter the progressive erosion of the threshold 
between the northern and central Altiplano, 
a  process that was not completed until ca. 
60,000 yr BP (Fritz et al., 2004). In summary, 
the Altiplano lakes have a complex history of 
periodical basin connections, disconnections, 
episodes of desiccation, and abrupt changes 
in water salinity and depth, all of which may 
have exerted an important effect on the pat-
tern of species diversification in the area 
(Nunnery et al., 2019; Fornari et al., 2001).

Lake Titicaca harbours at least 533 species 
of aquatic organisms, of which only 12% are 
endemic to the lake (see Kroll et al., 2012, and 
references therein). Species flocks have been 
described in at least three different groups: 
gastropod molluscs (14 spp. of Heleobia; Kroll 
et al., 2012; Wolff et al., 2019), cyprinodontid 
fish (24 spp. of Orestias; Takahashi & Moreno, 
2015) and amphipod crustaceans (at least 18 
spp. of Hyalella). Hyalella S. I. Smith, 1874 
(Fam. Hyalellidae Bulycheva, 1957) is the only 
epigean amphipod present in continental wa-
ters of South America (Väinölä et al., 2008). 
The genus occurs only in the Nearctic and 
Neotropical regions and comprises ca. 76 spe-
cies thus far (Horton et al., 2019). Eighteen 
species have been recorded in the Altiplano, 
of which 15 are endemic to Lake Titicaca (Fax-
on, 1876; Chevreux, 1904, 1907; Weckel, 1910; 
González & Watling, 2001, 2003; González & 
Coleman, 2002; Coleman & González, 2006). 
Nevertheless, it is probable that this number 
was only a portion of the actual diversity pres-
ent in the lake (Dejoux, 1992; Hoffman, 2006; 

Crawford et al., 1993; Bousfield, 1996; González 
& Watling, 2003). The Hyalella from the Titi-
caca are morphologically remarkable since 
several species display the body integument 
strongly armoured with spines and ridges 
(fig. 2), an unusual feature rarely reported in 
non-marine amphipods (see below).

The molecular phylogeny of the Hyalella 
of Lake Titicaca has been recently studied by 
Adamowicz et al. (2018) using mitochondri-
al  cox1 and nuclear ribosomal 28S sequenc-
es. They concluded that they are polyphylet-
ic,  identifying at least five major distinct 
 evolutionary  lineages within the lake, all of 
them with an age estimated to be much older 
than the lake itself (20-12 Ma vs. maximum 
age of the  lake 5.4 Ma). Only two of these 
clades seem to have further diversified by an 
apparently recent intra-lacustrine diversifica-
tion (Adamowicz et al., 2018).

In the present study, we bring together 
DNA-sequence data and morphological ob-
servations derived from new material collect-
ed at Lake Titicaca and its main satellite lakes, 
plus at many other high-altitude water bodies 
of the Altiplano (see fig. 1) to explore the Hy-
alella species diversity and their diversifica-
tion pattern. Expanding the sampling scheme 
to cover as many localities as possible around 
the Titicaca is crucial to elucidate the modes 
of diversification of its amphipod species 
flock since many of these high-altitude lakes 
were captured by the Titicaca in former peri-
ods of high-water level (see above). We make 
use of an extensive cox1 dataset resulting from 
merging our sequences to the ones available 
in BOLD (www.boldsystems.org) to explore 
the Hyalella species diversity in the Altiplano 
using mPTP, GMYC and ABGD species delimi-
tation criteria. The species delimitation pro-
posals are contrasted with the morphological 
variation displayed by Titicacan Hyalella, ex-
ploring the following questions: (1) have the 
armoured bodies of some Hyalella species 
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evolved only once or did they arise indepen-
dently in several Titicacan lineages? (2) how 
congruent are the different molecular delimi-
tation methods implemented and how do 
they relate to the morphospecies known to 
occur in the Andean Altiplano? Our study also 
aims to build a genetic reference cox1 library 
as a platform to be used in future morphologi-
cal and evolutionary studies of this amphipod 
lineage endemic to an ecologically complex, 
ancient lake system.

Material and methods

Samples
We collected Hyalella specimens at 51 differ-
ent sites in Lake Titicaca and at 35 sites from 
30 additional water bodies of the Altiplano 
and nearby areas of Perú and Bolivia (see fig. 
1C, D, and supplementary tables S1 and S2 for 
the location of sampling sites and composi-
tion of the Hyalella assemblage per site). Fur-
thermore, we used also three samples of H. 
cajasi Alonso & Jaume, 2017, from southern 
Ecuador (collected at high-altitude lakes of El 
Cajas Massif; Azuay), and one of H. franciscae 
González & Watling, 2003, from southernmost 
Chile (Madre de Dios Island; Magallanes Re-
gion), all of them out of the study area. Speci-
mens were collected directly with hand-held 
plankton nets or with a small dredge thrown 
either from the shore of the lake or from a 
boat, and preserved in 96% ethanol. Individu-
als were first sorted out and identified based 
on morphological characters and classified as 
“morphospecies”. To explore the correspon-
dence between morphospecies and Molecu-
lar Operational Taxonomic Units (MOTUs) we 
used ten taxa easily and unambiguously diag-
nosable based on morphology (see below for a 
key to all Hyalella species from Lake Titica-
ca  and other water bodies of the Altiplano 
area). Unfortunately, we failed to collect any 

representative of the species triplet H. echinus/  
crawfordi/ gauthieri, easily distinguishable by 
the common display of combined midline   
and lateral armature on body tergites (see 
Coleman & González, 2006). The species H. 
 tiwanaku, H. kochi and H. cuprea are likely to 
include hidden diversity and were used only 
as a preliminary morphospecies reference. 
The species considered were as follows: H. 
longipes (eleven spines on dorsal midline; 
fig. 2K); H. neveulemairei (six spines on dorsal 
midline; fig. 2F); H. longipalma (five spines on 
dorsal midline, one on each pereionites 6–7 
and pleonites 1–3, respectively; fig. 2B); H. sol-
ida (also five spines on dorsal midline, but this 
time one on each pereionites 5–7 and pleon-
ites 1–2, respectively; fig. 2A); H. armata (one 
spine laterally-directed on each pereiopodal 
coxal plates 1–4; fig. 2G, H); H. knickerbockeri 
(two spines on dorsal midline, one on each 
pleonites 1–2, respectively; fig. 2I); Hyalella n. 
sp. 1 (body smooth, compact, with shortened 
antennules and antennae; fig. 2J); Hyalella n. 
sp. 2 (body smooth, with medial margin of 
merus and carpus of pereiopods 3–4 fringed 
with long setae); H. nefrens (three spines on 
dorsal midline, one on each pereionite 7 and 
pleonites 1–2, respectively, and mandible inci-
sor smooth); H. montforti (four dorsal spines, 
one on each pereionite 7 and pleonites 1–3, 
respectively, and with male first uropod with 
a  modified spine on endopod; fig. 2C); and 
H.  latimanus (also with four dorsal spines as 
H. montforti, but with male first uropod lack-
ing modified spine on endopod).

Molecular procedures
Genomic DNA was individually purified from 
whole specimens using the Qiagen DNeasy 
Blood & Tissue kit (Qiagen, Hilden, Germany) 
following the manufacturer protocol. Vouch-
er  specimens and DNA aliquots are deposit-
ed  at  the Instituto Mediterráneo de Estu-
dios  Avanzados (IMEDEA, Spain). A total of 
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FIGURE 2 Morphological disparity within the Hyalella species-flock of Lake Titicaca. A, H. robusta; B, H. longi-
palma; C, H. montforti; D-E, H. crawfordi; F, H. neveulemairei; G-H, H. armata; I, H. knickerbockeri; J, 
Hyalella n. sp. 1; K, H. lucifugax. See key to species for description of precise armature arrangement 
on each species. [A-C, E: after Chevreux (1907); D, E: after Coleman & González (2006); G, H: after 
González & Coleman (2002); I: modified from Weckel (1910); K: modified from Faxon (1876)]Downloaded from Brill.com02/23/2021 11:52:37AM
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197  specimens were sequenced for a fragment 
of the mitochondrial cytochrome c oxidase sub-
unit 1 gene (cox1) using the primer-pair LCO/ 
HCO (Folmer et al., 1994), and a subset consist-
ing  of 69 individuals for a fragment of the  
nuclear  gene Histone H3 using the primer pair  
H3aF/H3aR (Colgan et al., 1998) (GenBank  
accession numbers MN582154 - MN582350  
and MN582351 - MN582419, respectively; see 
supplementary table S3). The cox1 sequences 
obtained were distributed as follows: 183 indi-
viduals from the Titicaca and nearby areas in 
Perú and Bolivia, 13 from Ecuador and one 
from Chile (see fig. 1C, D, and supplementary 
tables S1 and S2 for details on sampling 
sites). For phylogenetic and species delimita-
tion analyses our sequence data set was 
merged with the cox1 sequences of South 
American Hyalella available at the BOLD da-
tabase (http://www.boldsystems.org; project 
“TTKK”; included partially in the study of Ad-
amowicz et al., 2018). The resulting dataset 
represents an extensive South American Hy-
alella cox1 repository of 1,139 sequences from 
Perú and Bolivia (mostly collected at Lake 
Titicaca and areas nearby), 122 from Argenti-
na, 65 from Chile and 13 from Ecuador. Sanger 
sequencing followed standard protocols de-
scribed elsewhere (Bauzà-Ribot et al., 2011). 
Sequences were filtered using the Perl script 
uniqHaplo.pl (Takebayashi, 2015), retaining 
unique haplotypes for subsequent analyses. 
The resulting dataset consisted of 560 Hyalel-
la cox1  sequences and was used for subse-
quent  phylogenetic and species delimitation 
analyses.  The histone H3A sequences ren-
dered only nine haplotypes with a total of 23 
 parsimony-informative nucleotide positions 
and a remarkably low phylogenetic signal (see 
results).

Phylogenetic analyses
The 560 cox1 mitochondrial DNA sequences 
were trimmed to start and end with complete 
triplets, aligned at the amino acid level using 

MAFFT 7 (Katoh & Standley, 2013) in SeaView 
(Gouy et al., 2009) to inspect for the absence 
of indels and stop codons, and finally back-
translated to nucleotides preserving the align-
ment by codons, resulting in final nucleotide 
alignment of 648 bp. Histone H3 sequence 
alignment was also performed with MAFFT7 
using the default FFT-NS-1 algorithm. As no 
robust support for a reciprocal monophyletic 
relationship of North and South American Hy-
alella was obtained in preliminary analyses, 
seven Platorchestia spp. cox1 sequences re-
trieved from GenBank (accession numbers 
KC578469, KC578473, KC578478, KC578488 
and KC578494, KC578495, MG936436) were 
used as outgroup in the mitochondrial phylo-
genetic analyses. Cox1 phylogenetic trees were 
built under a maximum likelihood (ML) 
framework in IQ-TREE (Nguyen et al., 2014) 
and under Bayesian analyses with BEAST 
v1.8.4 (Drummond & Rambaut, 2007). The 
best partition schemes and models were ex-
plored in PartitionFinder (Lanfear et al., 2012). 
The optimal partitioning strategy and evolu-
tionary models consisted of subdividing the 
cox1 data set by codon positions with the mod-
els TRN+I+G, GTR+G and GTR+I+G, respec-
tively. For Bayesian analyses, best partition 
schemes, two different molecular clock (strict 
and lognormal-relaxed) and two diversifica-
tion models (constant size coalescent and Yule 
speciation process) were compared using 
Bayes Factors based on marginal likelihood es-
timations through path sampling and stepping- 
stone calculations in BEAST (Baele et al., 2012). 
The optimal scheme consisted in partitioning 
the data by codon sites, and the specification of 
a lognormal-relaxed clock with constant size 
coalescence tree model (supplementary table 
S4). Analyses with the optimal scheme consist-
ed of four independent runs of 200 million gen-
erations each. MCMC chain convergence and 
the burnin fraction (10%) was assessed in Trac-
er v1.7 ensuring parameter values to have ESS 
values >200.
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Molecular species delimitation
Species were first delimited based on the in-
group 560 cox1 unique haplotypes using ge-
netic distances in Automatic Barcode Gap 
Discovery (ABGD; Puillandre et al., 2012). This 
approach finds recursively the slope above a 
cut-off value that splits the data in intra- and 
interspecific distances starting from an arbi-
trary minimum (p) and maximum (P) values. 
We used the default value p = 0.001, enabling 
the existence of nearly identical haplotypes 
and P = 0.1 after the maximum intraspecific 
distance previously found in a densely sam-
pled amphipod species (Bauzà-Ribot et al., 
2011). Distances were calculated using the K2P 
nucleotide substitution model with a lower 
cut-off value (X = 1.0). These values were used 
to estimate the minimum optimal gap be-
tween intra- and interspecific distances. Spe-
cies boundaries and their support were also 
estimated with the Multi-rate Poisson Tree 
Processes method (mPTP), a method that fits 
the branching events of each delimited spe-
cies to a distinct exponential distribution and 
does not require of any similarity threshold as 
input (Kapli et al., 2017). This analysis was per-
formed based on the obtained rooted ML IQ-
TREE phylogenetic tree after removing the 
outgroups and using two independent MCMC 
chains at 100,000,000 generations each with a 
sampling frequency of 1,000.

Finally, the Generalized Mixed Yule Coales-
cent model (GMYC; Pons et al., 2006; Fujisa-
wa  & Barraclough, 2013) was also used to 
 delimitate species. This method applies a like-
lihood  ratio test to compare a single coales-
cent branching rate across a clock-like tree 
as  a null  hypothesis with a model including 
both  coalescent and Yule branching tree- 
bifurcating patterns. The R library SPLITS v1.0-
19 (Ezard et al., 2009) was used for this analy-
sis, specifying a single threshold on the 
ultrametric tree estimated with BEAST v1.8.4 
as described above. The GMYC support value 
of each node  representing a transition from 

 species to  population was calculated as the 
sum of Akaike weights of candidate delimita-
tion models where the node is included (Fuji-
sawa & Barraclough, 2013). A node support 
value of 1 means that all models tested point 
to the occurrence of a speciation event at that 
node, while lower values indicate that fewer 
support for it. We set an arbitrary minimum 
value of 0.9 to consider a GMYC entity as sup-
ported by most coalescent models.

Results

Mitochondrial phylogeny
Both ML and Bayesian cox1 trees showed con-
sistent topologies and yielded seven monophy-
letic clades with high bootstrap and posterior 
probability support values (called A to G from 
now onwards), although their inter-clade phy-
logenetic relationships are not well resolved 
with this mitochondrial marker (fig. 3 and  
supplementary figs S1 and S2). The Histone H3 
tree topology obtained from a reduced number 
of the sampled individuals was less informa-
tive than the mitochondrial one but pointed to 
the presence of the same major clades (supple 
mentary fig S3). Five of these clades include 
taxa present in the Andean Altiplano (Adamo-
wicz et al., 2018). Members of clade D occur 
only at Lake Titicaca and surrounding riverine 
and lagoon habitats of the Altiplano, whereas 
clades A, B, C and E display  a much broader 
South American distribution, encompassing 
Argentina and Chile aside the  Altiplano of 
Perú and Bolivia (see supplementary table S5, 
fig. 3 and supplementary fig S1). Clades F and G 
include only taxa from Ecuador and Argentina, 
respectively.

Species molecular delimitation and 
geographic distribution
The ABGD method identified a total of 
30  MOTUs in the pool of South American Hy-
alella. The application of the mPTP method 
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 delimited 34 molecular entities as possible 
species, a number that scaled up to 56 using 
the GMYC algorithm, applying the rigorous 
option of considering only entities support-
ed  by more than 90% of the tested models. 
We  decided to follow a conservative species 
delimitation scheme based on (1) consen-
sus of the three species delimitation methods, 
(2) posterior probability support values of 
each putative species, and (3) reciprocal 
monophyly in the phylogenetic tree. This re-
duced the number of molecular entities to 
36  (figs. 3 and  4; supplementary fig S1) that 
showed a mean intergroup K2P distance of 

0.171 (SD = 0.041) and an intragroup (MOTU) 
distance of 0.011 (SD = 0.008) (supplementary 
table S6).

Eight out of the 36 MOTUs identified in the 
analyses belong to clade A, of which all but 
two (MOTUs A7 and A8, limited to occur in 
Argentina) are circumscribed to the Titicaca 
and/or the Altiplano area, although some 
members of MOTU A1, broadly distribut-
ed  across the Altiplano, occur also in the 
 nearby  Atacama region of Chile (fig. 3 and 
supplementary fig S1). Clade B includes six 
 MOTUs,  of which only the putative species 
B1 is limited to occur in the target study area 

FIGURE 3 Bayesian phylogeny and molecular species delimitation of South American Hyalella based on 
currently available cox1 mitochondrial data (present work and Barcode of Life DATA Systems (BOLD) 
repository project TTKK). Nodes with maximum nodal support are remarked with circles. Purple dots 
on branch tips indicate haplotypes exclusively sampled in South America outside the Altiplano area 
(see supplementary fig S1 for details). See main text for details on molecular species delimitation 
methods and results.
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(Titicaca + Altiplano area + the Atacama Des-
ert area of Chile) (fig. 3, supplementary fig S1 
and supplementary table S5). Out of the seven 
MOTUs included in clade C, only species C1 
occurs exclusively in Lake Titicaca whereas 
species C2 inhabits in both Atacama (Chile) 
and several lagoons of the Altiplano. The rest 
of species in this group dwell in Argentina 
and  Chile (fig. 3 and supplementary fig S1). 
Clade D comprises only two putative species 
defined by molecular methods, of which one 
(molecular entity D1) has a broad distribution 
across the Altiplano including the Titicaca, 
and the second (D2) is represented by a sin-
gle  specimen collected at the extra-limital 
Lake Langui-Layo beside the northern border 
of the Peruvian Altiplano (station no. 79 in 
fig. 1C) (fig. 3 and supplementary fig S1). Final-
ly, Clade E includes nine MOTUs, of which 
only four occur exclusively in the Titicaca 
and/or Altiplano area, with one (E5) recorded 
also in the neighbouring Atacama region; the 
rest of species in this clade occurs only in Ar-
gentina (fig. 3 and supplementary fig S1).

Incongruence between morphological and 
molecular species boundaries
The mitochondrial lineages of Hyalella recog-
nized in the Altiplano show largely overlap-
ping geographical ranges and a considerable 
lack of congruence with morphological spe-
cies delineations (fig. 1 and table 1). We as-
signed the individuals collected in the area to 
at least twelve already described and two pre-
viously unknown morphospecies (table 1). 
Two of these taxa show a broad distribution 
across the Altiplano and share a smooth, non-
processiferous body, namely H. kochi and 
H.  tiwanaku; each one of these species might 
represent a species complex and will not be 
considered further in the analyses (table 1). 
Our results also show that (1) all clades but B 
include species with a processiferous body 
(figs. 3 and 4); (2) occurrence of  incomplete 
lineage sorting of mitochondrial  haplotypes 
of morphospecies is widespread  across the 
phylogeny; and (3) many cases of well-defined 
species based on morphology are in conflict 
with mitochondrial DNA lineages (see table 1 

FIGURE 4 Multidimensional scaling plot based on Kimura 2-parameters genetic distances of the 560 unique cox1 
haplotypes detected in Hyalella. Dot colours refer to the main Hyalella lineages inferred in the molecu-
lar species delimitation analyses. Dots have been numbered according to their MOTU assignment.
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TABLE 1 Distribution of the Hyalella morpho-species of the Titicaca/Altiplano across the different MOTUs 
delimited in the analyses

A1 A2 A3 A6 B1 C1 C2 D1 D2 E1 E2 E3 E4 Armoured body

armata + yes
cuprea + + no
knickerbockeri + + yes
kochi + + + + + + + + no
latimanus + + + yes
longipalma + + yes
longipes + yes
montforti + + + yes
nefrens + yes
neveulemairei + + yes

solida + yes
tiwanaku + + + + + + + + + no
n. sp. 1 + no
n. sp. 2 + no

and supplementary fig S1). For instance, the 
morphospecies H.  knickerbockeri, H. latima-
nus, H. longipalma, H. montforti, H. nefrens or 
H. neveulemairei – each easily identifiable on 
the basis of the display of a precise pattern of 
integumentary ornamentation (see key to 
species below) – all include A1 mitochondrial 
haplotypes, but some of them also haplotypes 
from genetically distant clades (e.g., D1, case 
of H. longipalma and H. neveulemairei; D1 and 
E2 in H. latimanus; E1 and E2 in H. montforti) 
(table 1). Only three morphospecies display a 
single MOTU each, viz. H. armata and Hyalel-
la n. sp.1, which share the same MOTU C1, and 
Hyalella n. sp. 2, which displays MOTU A6 
(see table 1).

In summary, eleven out of the South Amer-
ican mitochondrial entities diagnosed by mo-
lecular methods in the present study appear 
as endemic to the Titicaca + Altiplano area 
(MOTUs A2-A6, C1, D1-D2, E2-E4) whereas an-
other four seem to have expanded their range 
to outside the boundaries of the Altiplano (A1, 
B1, C2, E1), in particular to the Atacama Desert 
in Chile. Clades A and E are the most diversi-
fied at this high-altitude territory, including 

six and four genetically differentiated MOTUs, 
respectively.

Discussion

Our cox1 sequences coalesced in most cases 
with those of Adamowicz et al. (2018) data set, 
except for the mitochondrially delimited pu-
tative species E3, E4 and D2 from the Peruvian 
Altiplano lagunas Orurillo, Súchez, and Lan-
gui-Layo, respectively (stations 69, 81 and 79 
in fig. 1C). The connection between popula-
tions in the Altiplano and the Atacama Desert 
in Chile put forward repeatedly in our analysis 
might suggest a possible role of shorebirds in 
the dispersal of Hyalella species across the 
area (Rosine, 1956; Daborn, 1976; Swanson, 
1984). Adamowicz et al. (2018) used Barcode 
Index Numbers (BINs), a method that imple-
ments a species threshold value of 2%, to de-
tect 48 BINs among their South American 
 Hyalella data set, twelve of them occurring at 
the Titicaca area including six uniquely sam-
pled in the lake itself. However, studies in ma-
rine amphipods using different barcode gap 
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 detection techniques have concluded that a 
single threshold may be unsuitable to delimi-
tate species in this order of crustaceans and 
could even be misleading (Costa et al., 2007, 
2009; Tempestini et al., 2018; Jażdżewska & 
Mamos, 2019). Furthermore, the use of a sin-
gle threshold for species delimitation can be 
particularly problematic in island and island-
like rapid radiating lineages (Monaghan et al., 
2006). In our case, the results of the three dif-
ferent species delineation methods –two of 
them based on gene trees and one on distance 
matrices– differed in the number of species 
diagnosed in the South American Hyalella 
sample, with GMYC arising as the method de-
limiting the highest number of molecular en-
tities. The ABGD approach produced the low-
est estimate of diversity rendering a total of 30 
molecular entities. The Generalized Mixed 
Yule Coalescent model has been shown to be 
useful in detecting incipient speciation 
events, where both intra- and interspecific 
distances are expected to be low, but it is 
known to frequently overestimate species 
numbers (Hendrich et al., 2010, Talavera et al., 
2013, Kekkonen et al., 2015). It has been sug-
gested that assessing the uncertainties in tree 
topology and the support obtained by differ-
ent coalescent models in GMYC can lead to a 
more robust estimation of species numbers 
(Talavera et al., 2013, Fujisawa & Barraclough, 
2013). Indeed, our Hyalella mitochondrial tree 
shows relatively long inter-clade but shallow 
within-clade branches, which is consistent 
with a scenario of recent diversification and 
the idea of “ecological opportunity” (Wagner 
et al., 2012). This applies in particular to clades 
A, D and E, that are the ones that more likely 
derive from incipient intra-lacustrine diversi-
fication (fig. 3 and supplementary fig S1). 
GMYC clearly over-splits the number of enti-
ties present in clade A, where twenty-one 
MOTUs were identified by this method, while 
ABGD and mPTP diagnosed only three and 

eight, respectively (supplementary fig S1). 
Therefore, it is preferable to apply different 
methodologies and to check for their congru-
ence (Carstens et al., 2013). The Multi-rate 
Poisson Tree Processes method (mPTP) may 
be particularly well suited to our Hyalella da-
taset since it assumes the sampled species 
show different levels of intraspecific genetic 
diversity, arising either from differences in 
their evolutionary history or the uneven sam-
pling of each taxon (Kapli et al., 2017). This 
method predicted the occurrence of 34 mo-
lecular entities in our sampling. We applied a 
conservative approach (see methods) to con-
clude that at least 36 molecular entities can be 
diagnosed in the South American Hyalella da-
taset, eleven of them occurring exclusively in 
the Andean Altiplano.

An assessment of the Hyalella species di-
versity present in our samples based on mor-
phological criteria pointed to the presence of 
a minimum of twelve known described spe-
cies and two presumably new (table 1 and 
supplementary tables S1 and S2). Our results 
clearly show that mitochondrial sequence 
phylogenetic relationships are largely at odds 
with suggested species delineations based on 
morphological features, as a single MOTU, or 
even haplotype, is often shared by a hetero-
geneous array of morphospecies (see table 1). 
For instance, MOTU C1 is shared by H. arma-
ta (a species characterised by the display of a 
long transverse spine on each pereiopodal 
coxal plates 1–4; fig. 2G, H) and Hyalella n. sp. 
1 (a species devoid of any body armature and 
characterised by its compact body and short-
ened antennules and antennae; fig. 2J; see 
also key to species below); MOTU D1 is pres-
ent in  all the species with 5, 6 or 11 dorsal 
spines, aside of several species devoid of in-
tegumentary armature. Only the nominal 
species H. longipes, H. solida, H. nefrens and 
Hyalella n. sp. 2 display cox1 sequences falling 
in a single clade and MOTU (although all 
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 except the latter species share their respec-
tive MOTU with other morphospecies; see 
Results and table 1). In other instances (e.g., 
H.  neveulemairei; H.  longipalma; H. latima-
nus) the same morphospecies includes MO-
TUs falling in several of the five main clades 
present in the Altiplano. The widespread dis-
cordance between molecular and morpho-
logical divergence suggests an evolutionary 
scenario of rapid morphological and ecologi-
cal differentiation accompanied by pheno-
typic convergence within the different lin-
eages, a pattern common to other ancient 
lake radiations such as those of the cichlid 
fishes of the East African lakes (e.g., Meyer  
et al., 1990; Kocher, 2004) and the amphipod 
assemblage of Lake Baikal (Macdonald et al., 
2005; Naumenko et al., 2017). Although the 
age and geological history of Lake Titicaca 
and Lake Baikal are notably different – as are 
the level of taxonomic diversity and the an-
cestral colonizing lineages in their respective 
amphipod assemblages –, a common pattern 
arises. It includes the remarkable level of 
morphological disparity attained in both am-
phipod assemblages; the episodic develop-
ment of spiny morphologies; the presence of 
morphologically well- differentiated species 
that are hardly differentiated genetically 
(e.g., Parapallasea spp. and Oxyacanthus spp. 
at Lake Baikal) and the occurrence of cases 
of cryptic differentiation (e.g., Eulimnogam-
marus cruentus at Lake Baikal; Naumenko 
et al., 2017).

The phylogeny obtained shows that ar-
moured spiny morphologies have evolved in-
dependently multiple times in the Altiplano, 
since they appear in all but one of the clades. 
Spiny morphologies are frequent among 
members of typical amphipod marine fami-
lies such as the Iphimediidae Boeck, 1871, 
Dexaminidae Leach, 1814 and the Atylidae 
 Lilljeborg, 1865, but occurs rarely among epi-
gean continental water forms. Only some 

members of the Lake Baikal species-flock 
(Takhteev, 2000, 2019), several Caspian gam-
maroids (Sars, 1894, 1896), and the monotypic 
genus Fuxiana Sket, 2000 from Lake Fuxian 
(another ancient lake, from Yunnan, China; 
Sket, 2000) share with the Hyalella from the 
Titicaca a comparable integumentary orna-
mentation. Spiny morphologies have evolved 
independently in amphipods of Lake Baikal 
at least in four occasions, with at least two 
cases recorded of reversal to non-spiny forms 
(Naumenko et al., 2017). Interestingly, spinose 
and heavily calcified shells are also frequent 
among the endemic gastropods of ancient 
lake Tanganika, where these morphologies 
have appeared convergently several times. As 
in the case of the amphipod species flocks 
present in some ancient lakes, spinose shells 
occur frequently in marine gastropods but 
not in freshwater ones, a fact that has been 
interpreted as defensive adaptations against 
predators in a coevolutionary arms race sce-
nario (Vermeij and Covich, 1978; West and Co-
hen, 1996). In the Titicaca, the development 
of this armature might be related to the pre-
dation pressure exerted by the cyprinodontid 
killifish endemic to the lake (Orestias Valenci-
ennes, 1839; up to 24 spp.; Lauzanne, 1992; 
González & Coleman, 2002), similarly as it 
has been demonstrated for the amphipods 
Gammarus pulex and G. roeselii (Bollache  
et al., 2005; Copilas-Ciocianu et al., 2020). In 
the latter case, an extreme  variation in both 
the number and shape of spines has been re-
ported despite the little inter-populational 
cox1 differentiation, a scenario attributed to 
the combination of fish predation with either 
phenotypic plasticity or local adaptation (Co-
pilas-Ciocianu et al., 2020).

Both our results and those of Adamowicz 
et al. (2018) clearly show that Lake Titicaca 
has been colonized by multiple South Ameri-
can Hyalella lineages, raising the possibility 
that hybridization between some of them 
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 resulted in an increase in diversification rates 
as has been demonstrated in the cichlid fishes 
of several African lakes (see below). Adamow-
icz et al. (2018) found a general concordance 
between mitochondrial cox1 and ribosomal 
rRNA gene (28S) phylogenies in the Titicacan 
Hyalella, with only one case of presumed oc-
currence of unidirectional hybridization. Un-
fortunately, our limited Histone 3 nuclear 
gene sequence dataset rendered a low phylo-
genetic signal, impeding to address a de-
tailed  analysis of the congruence between 
nuclear and mitochondrial gene trees. Cyto-
nuclear discrepancies and complex relations 
with morphological variation are frequent is-
sues among the cichlid fishes of the East Afri-
can lakes Malawi, Tanganyika and Mweru 
 (Egger et al., 2007; Nevado et al., 2009; Kobl-
müller et al., 2017; Meier et al., 2019). The ori-
gin of such discrepancies has been related to 
the occurrence of secondary contacts linked 
to lake level fluctuations among the differenti-
ated lineages, followed by introgression or to 
the occurrence of incomplete lineage sorting  
(Koblmüller et al., 2017).

Lake Titicaca and other water bodies of the 
Andean Altiplano have experienced drastic 
changes in hydrological conditions during the 
geological past. Thus, retraction or even ex-
tinction of lacustrine populations might have 
been triggered by the increase in water salini-
ty associated to the establishment of low wa-
ter stands in the Titicaca basin. These oc-
curred as recently as between 8,000–3,600 yr 
BP, when the water level receded 90 m below 
its present level, and especially during a peri-
od that ended up at 90,000 yr BP, when it 
dropped 240 m. During the latter period, the 
lake volume decreased by 80% and its exten-
sion and depth attained only 2,000 km2 and 40 
m, respectively (D'Agostino et al., 2002). For a 
closed-basin interval of 9,500 years just before 
2,000 yr BP, Cross et al. (2001) estimated that 
the maximum salinity of the lake should have 

increased to about half the seawater value. Al-
though some Hyalella have been reported to 
thrive in waters up to 37‰ in salinity in some 
Canadian athalasohaline lakes (Hammer  
et al., 1990), the genus is mostly found at water 
salinities below 8 ‰ (Colburn, 1988; Galat  
et al., 1988; Alcocer et al., 1998). In the Altipla-
no area, Hyalella has not been recorded at wa-
ter salinities above 2.4 ‰ (pers. obs.; Dejoux, 
1993). During these past stressing periods, Hy-
alella might have found temporal refuge in 
those sectors of the Titicaca where salinity re-
mained low due to river or groundwater dis-
charge, or even in the assemblage of lakes and 
rivers of the Altiplano area, which offer plenty 
of opportunities to population subdivision 
and recolonization, enabling also the hybrid-
ization between different lineages. These epi-
sodes may have played a major role in the di-
versification of the Hyalella across this vast 
high-altitude area.

The present study examined Hyalella mito-
chondrial sequences distributed across Lake 
Titicaca and other water bodies of the Ande-
an Altiplano. We confirmed previous results 
of Adamowicz et al. (2018) on the occur-
rence of five major monophyletic clades there, 
and  delimited conservatively fifteen mito-
chondrial molecular entities within this as-
semblage,  although they appear mostly in 
conflict with the morphospecies recorded in 
the area, which are not resolved as monophy-
letic groups in our cladogram. The mitochon-
drial genetic diversity present in the studied 
sequences reveals Altiplano amphipods have 
a complex evolutionary history that needs ro-
bust nuclear and mitochondrial phylogenetic 
hypotheses to explore in deeper detail which 
factors may have contributed to their evolu-
tionary history. This may be achieved via the 
analysis of high-resolution genomic data such 
as complete mitochondrial genomes, ortholo-
gous nuclear genes, and Single Nucleotide 
Polymorphisms.
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Key to the Hyalella species from Lake 
Titicaca and the Altiplano area

(Abbreviations: A1, antennule; A2, antenna; 
G2, gnathopod II; P1-7, pereionites I-VII; PL1-3, 
pleonites I-III; U1, uropod I)

1.  Mandible incisor smooth .........H. nefrens 
González & Watling, 2003

- Incisor dentate  .......................................... 2.
2. Body processiferous  ................................. 3.
- Body smooth  .............................................. 8.
3. Armature developed only on midline of 

body tergites ................................................ 4.
- Armature developed on both midline 

and lateral margins of body tergites ....12.
- Armature developed only on pereiopo-

dal coxal plates I-IV ..................................14.
4. Body with 2 dorsal spines (one on each 

pleonite I-II) .....“H. knickerbockeri” sensu 
Weckel, 1910

- Body with 4 dorsal spines or flanges (on 
P7+PL1-3)...................................................... 5.

- Body with 5 dorsal spines or flanges .... 6.
- Body with 6 dorsal spines (one on each 

P5-7+PL1-3) ..H. neveulemairei Chevreux, 
1904

- Body with 11 dorsal spines (two on P1; 
one on each P6-7+PL1-3) .......................... 7.

5. Male U1 ordinary  ... H. latimanus (Faxon, 
1876)

- Male U1 with modified spine on endo-
pod ................ H. montforti Chevreux, 1907

6. Dorsal flanges on P5-7+PL1-2 ...................... 
H. solida Chevreux, 1907

- Dorsal spines on P6-7+PL1-3 ....................... 
H. longipalma (Faxon, 1876)

7. First 5 dorsal spines short and directed 
backward ...........H. longipes (Faxon, 1876)

- First 5 dorsal spines long and procurved 
 ...........................H. lucifugax (Faxon, 1876)

8. Medial margin of merus and carpus of 
pereiopods III-IV fringed with long setae
 .............................................. Hyalella n. sp. 2

- Medial margin of merus and carpus of 
pereiopods III-IV ordinary, armed with 
short spines ................................................. 9.

9. Male U1 with modified spine on endo-
pod ............. H. kochi González & Watling,  
2001

- Male U1 ordinary .......................................10.
10. A1 & A2 shortened, hardly longer than 

head ...................................................Hyalella  
n. sp. 1

- A1 & A2 much longer than head ............11.
11. Male G2 propodus with posterior mar-

gin longer than palm margin ...................... 
H. tiwanaku González & Watling, 2003

- Male G2 propodus with posterior mar-
gin much shorter than palm margin ........ 
H. cuprea (Faxon, 1876)

12. Pereionites II-VII each with 3 dorsal and 
2 lateral processes ...................H. crawfordi  
Coleman & González, 2006

-  Pereionites II-VII each with 2 dorsal and 
2 lateral processes ..................................... 13.

13.  Pleonites I-III each with 2 dorsal pro-
cesses only ....................H. echinus (Faxon,  
1876)

- Pleonites I-III each with 2 dorsal and 2 
lateral processes ...................... H. gauthieri  
Coleman & González, 2006

14. Body longer than breadth between tips 
of coxal plate IV spines ................................ 
H. armata (Faxon, 1876)

- Body broader than long ......H. longispina 
González & Coleman, 2002
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