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ABSTRACT. Subgenus Daphnia (Ctenodaphnia) 
Dybowski et Grochowski, 1895 (Crustacea: Cladocera) 
is a diverse group inhabiting a wide range of biotopes 
spreading from the Arctic to the Antarctic. D. (C.) studeri 
(Rühe, 1914) is one of only two species of Cladocera 
present in continental Antarctica, it is also distributed in 
Subantarctic islands. Earlier research showed that this 
species is closely related to D. atkinsoni s.l., an example 
of the so-called “crowned” D. (Ctenodaphnia) having 
a “crown of thorns”, a protective structure induced by 
the presence of predators. Moreover, D. (C.) studeri was 
earlier placed in “Daphniopsis Sars, 1903” genus with 
another protective structure, the caudal needle, being 
highly reduced or absent. We performed phylogenomics 
and mitogenomic analyses to explore evolutionary his-
tory of D. (C.) studeri. In the mitogenomic analyses, the 
D. (C.) atkinsoni species group (D. atkinsoni s.l. and D. 
studeri) is monophyletic and D. studeri appears in the 
sister position to D. atkinsoni s.l. On the other hand, in 
the nuclear phylogeny D. atkinsoni s.l. is paraphyletic 
with respect to D. studeri. However, based on the mor-
phological and mitogenomic evidence, and the results of 
the concordance factor analysis, we believe that the latter 
result is possibly an artefact. 

According to fossil-calibrated dating based on mitoge-
nomes, divergence of the D. (C.) atkinsoni species group 
and the closest outgroup, D. (C.) tibetana, happened ca. 
80 MYA, and divergence of D. (C.) studeri and D. (C.) 
atkinsoni s.l. happened ca. 60 MYA. Such dates cor-
respond well to the time of existence of the Oman–Ko-
histan–Ladakh Arc (~80–55 MYA), a hypothetical route 
between India and North Africa, possibly used by the 
earlier lineages for their dispersal. Moreover, an ancestor 
of D. (C.) studeri could have passed south via Kerguelen 
and Ninetyeast Ridge route, which had been open since 

the Late Cretaceous. Tracing the evolution of protective 
structures, we can hypothesize that their loss was associ-
ated with colonisation of refugial habitats (extreme arid 
regions with saline waters, high mountains of Tibet and 
Antarctic-sub-Antarctic regions). Such habitats lack most 
predators, including small-sized invertebrates, against 
which protection is provided by the caudal needle and 
the “crown of thorns”. 
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РЕЗЮМЕ. Подрод Daphnia (Ctenodaphnia) Dy-
bowski et Grochowski, 1895 (Crustacea: Cladocera) — 
разнообразная группа, которая обитает в широком 
диапазоне биотопов от Арктики до Антарктики. В 
континентальной Антарктике D. (C.) studeri (Rühe, 
1914) — это один из двух видов кладоцер, обитающих 
там. Предыдущие исследования показали, что этот 
вид близкородственен D. (C.) atkinsoni s.l., представи-
телю так называемых «коронованных» ктенодафний, 
обладающих «терновым венцом», защитной структу-
рой, индуцируемой в присутствие хищников. Более 
того, D. studeri ранее считалась принадлежащей к 
роду “Daphniopsis Sars, 1903”, у которого другая 
защитная структура, хвостовая игла, сильно реду-
цирована, если вообще присутствует. Мы провели 
фило- и митогеномные анализы чтобы исследовать 
эволюционную историю D. (C.) studeri. В митоге-
номных анализах, группа видов D. (C.) atkinsoni (D. 
atkinsoni s.l. и D. studeri) монофилетична, и D. studeri 
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оказывается в сестринской позиции к D. atkinsoni 
s.l. С другой стороны, в ядерной филогении D. (C.) 
atkinsoni s.l. парафилетична по отношению к D. (C.) 
studeri. Однако, основываясь на морфологических и 
митогеномных доказательствах, а также результатах 
анализа факторов конкордности, мы считаем, что 
данная топология скорее всего является артефактом. 

Согласно нашей митогеномной калиброванной да-
тировке, расхождение группы видов D. (C.) atkinsoni и 
ближайшей внешней группы, D. (C.) tibetana, произо-
шло около 80 MYA, и расхождение D. (C.) studeri и D. 
(C.) atkinsoni s.l. — около 60 MYA. Такие временные 
рамки хорошо соответствуют времени существования 
Оман–Кохистан–Ладахской арки (~80–55 MYA), гипо-
тетического пути между Индией и Северной Африкой, 
вероятно использованного ранними линиями для их 
распространения. Кроме того, предок D. studeri мог 
уйти на юг через Кергеленский и Восточно-Индий-
ский хребтовый путь, который был открыт начиная 
с позднего мела. Прослеживая эволюцию защитных 
структур, мы можем предположить, что их потеря 
была ассоциирована с колонизацией рефугиальных 
местообитаний (экстремально аридные регионы с со-
леными водами, высокогорье Тибета, Антарктико-Су-
бантарктические регионы). В таких местообитаниях 
отсутствует большинство хищников, включая мелких 
беспозвоночных, от которых защищают хвостовая 
игла и «терновым венец».

Introduction 

Among the microscopic inhabitants of continental 
water bodies, the genus Daphnia O.F. Müller, 1776 (Crus-
tacea: Cladocera: Anomopoda: Daphniidae) is probably 
the most famous taxon. The genus contains more than 100 
known species assigned to three subgenera [Colbourne et 
al., 2006; Adamowicz et al., 2009]: D. (Australodaphnia) 
Colbourne, Wilson et Heber, 2006, with a single taxon 
endemic to Australia, and two species-rich subgenera: 
Daphnia (Daphnia) and Daphnia (Ctenodaphnia) Dy-
bowski et Grochowski, 1895. The latter is a diverse group 
that inhabits a wide range of biotopes ranging from the 
Arctic to the Antarctic [Benzie, 2005]. In continental 
Antarctica D. (C.) studeri is one of only two species of 
Cladocera present [Pugh et al., 2002; Kotov, 2007]. This 
taxon also on several sub-Antarctic islands: Kerguelen, 
Marion and Prince Edward, Crozet, Heard and Macquarie 
[Benzie, 2005].

Benzie [1987], referring to data of Hebert [1978], 
pointed to contrasting distribution of the two extant 
subgenera: most species of D. (Daphnia) occur in the 
Northern Hemisphere, whereas those of Daphnia (Cteno-
daphnia) occur in the Southern Hemisphere. He hypoth-
esized that their differentiation was associated with the 
breakup of Gondwana and Laurasia. Subsequent studies 
have rejected this hypothesis because:

1) The non-calibrated molecular clock estimates in-
dicated that the genus Daphnia had an Early Mesozoic 
origin (≥200 MYA, Triassic period) and that its subgenera 
originated at ca. 175 MYA (Jurassic), see Taylor et al., 

[1996]. This means that they had already formed in Pan-
gaea, before the breakup of the continents.

2) Fossil ephippia belonging to two different sub-
genera were found at the Mongolian locality of Khotont, 
dated to the exact Jurassic/Cretaceous boundary (145 
MYA), therefore, both subgenera were present in Laurasia 
at that time [Kotov, Taylor, 2011].

3) The basal clade of the genus Daphnia, namely 
Daphnia (Australodaphnia) is endemic to Australia; al-
though most species of the subgenus D. (Daphnia) inhabit 
the Holarctic; the basalmost taxon of D. (Ctenodaphnia), 
namely D. (C.) ephemeralis [Schwartz, Hebert, 1985], is 
endemic to the Great Lakes basin in North America [Ad-
amowicz et al., 2009]. Therefore, the recent distribution 
ranges of earlier-derived clades strongly contradict Ben-
zie’s ideas. The very isolated position of earlier-derived 
clades possibly suggests their Pangaean origin.

4) Finally, an accurate re-calculation of the species 
numbers of D. (Daphnia) and D. (Ctenodaphnia) in 
different latitudinal zones of the planet led to the con-
clusion that the hypothesis of Benzie [1987, 2005] was 
based on erroneous (outdated) estimates. In reality, “the 
distribution of Daphnia s.str. is dissymmetric between 
the hemispheres (antipolar), while that of Ctenodaphnia 
is sub-symmetric (bipolar)” [Popova, Kotov, 2013]. Note 
that both patterns are typical of “ejected relicts” and have 
a Cenozoic rather than Mesozoic origin [Korovchinsky, 
2006; Kotov, Taylor, 2011].

Therefore, it is obvious that the genus Daphnia has a 
very long (from the Triassic through the entire Mesozoic 
and Cenozoic) and complex evolutionary history. We can 
conclude that the Quaternary history is relatively well-
studied due to a large series of phylogeographic publications 
[Taylor et al., 1996, 1998; Petrusek et al., 2007; Mergeay 
et al., 2008; Zuykova et al., 2019]. However, the early 
evolutionary history of the main lineages within the genus 
Daphnia remains unclear to date. Adamowicz et al. [2009] 
discussed the differentiation of several species complexes 
within particular continents (e.g., Australia) and pointed 
to possible intercontinental transitions that occurred more 
recently than the breakup of Pangaea and the onset of 
Gondwana/Laurasia drift. Cornetti et al. [2019] performed 
a fossil-calibrated phylogenomic analysis of Daphnia and 
concluded that the tree based on nuclear genes gives “very 
different estimates of branching event times compared 
to those based on mtDNA”. At the same time, the major 
genome-based clades generally agree with the major clades 
earlier found in the mitogenomic trees [Adamowicz et al., 
2009]; moreover, Beninde et al. [2026] reported “evidence 
of ancient introgression between species known to hybridize 
concurrently”. In general, information on the early evolu-
tionary history of Daphnia is scarce due both to the absence 
of any palaeontological records older than 145 MYA and 
to a limited set of species included in full-genome studies.

Our recent research program on the subgenus Daph-
nia (Ctenodaphnia) combines analyses of full-genome 
phylogenies and traditional mitochondrial trees with 
morphology-based taxonomic revisions [Garibian et al., 
2025; Pereboev et al., 2025]. The following conclusions 
have been drawn over the past two years:
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1) There are four major clades within D. (Ctenodaph-
nia), among which a single species, D. (C.) ephemeralis, 
represents an earlier-derived (=basal) clade.

2) In Major Clade 2, there are “crowned” Ctenodaph-
nia having a so-called “head plate” (in terms of Glagolev 
[1995]), sometimes provided with a marginal row of 
spines (= “crown of thorns” sensu Petrusek et al. [2009]). 
It is known that the “crown of thorns” is a protective 
structure induced by the presence of predators [Petrusek et 
al., 2009]. We have found that the “crowned” D. (Cteno-
daphnia) are non-monophyletic being represented by two 
lineages within the Major Clade 2: D. triquetra Sars, 1903 
[Pereboev et al., 2025] and the D. atkinsoni Baird, 1859 
s.l. group, consisting of at least three taxa [Garibian et 
al., 2025]. The same monophyletic clade contains several 
taxa completely lacking of the head plate: D. mediter-
ranea Alonso, 1985, D. tibetana (Sars, 1903) and D. 
studeri (Rühe, 1914); moreover, D. hispanica Glagolev et 
Alonso, 1990 is also close to this group [Pereboev et al., 
2025]. The genomes of most of the aforementioned taxa 
have been studied previously, while only a few COI and 
16S sequences are available for D. (C.) studeri to date.

To assess the hypothesis of ancient differentiation of 
the lineage leading to Daphnia (C.) studeri and to recon-
struct possible palaeobiogeographic implications of this 
species and related taxa, we set out to perform the most 
complete phylogenomic and mitogenomic analyses of 
the subgenus to date and to estimate divergence times for 
the Major Clades and some phylogenetic lineages within 
Major Clade 2.

Material and Methods
In this study, we obtained short-read whole-genome se-

quencing (WGS) data for a sample (an individual parthenoge-
netic female, fixed in 96% ethanol) of Daphnia (C.) studeri. 
This animal was collected by V.L. Syomin in Lake LH-64 
(–69.38661, 76.30254), Larsemann Hills, continental Antarctica 
on 11 February 2023. 

DNA was isolated from the whole animal using the QiAmp 
Micro Kit (Qiagen) according to the manufacturer’s protocol 
into 50 μL of eluent solution. Library preparation and whole 
genome sequencing (ca. 6.7 Gbp of paired reads of 150 bp, 
the DNBSEQ Platform) were performed by the BGI Genomics 
Co., Ltd. 

After filtering with fastp 0.23.4 [Chen, 2023], we assembled 
and annotated the mitochondrial genome as described earlier 
[Pereboev et al., 2025] using GetOrganelle v1.7.7.1 [Jin et 
al., 2020] and Mitoz v3.6 [Meng et al., 2019]. Since we were 
not able to determine the exact repeat pattern, we extracted 
the largest edge using Bandage [Wick et al., 2015]. Obtained 
data were combined with other mitogenomes of Daphnia (C.) 
publicly available (Supplementary Table 1), all protein-coding 
genes (PCGs) and rRNA genes were used for phylogenetic 
reconstruction. Individual genes were aligned using MAFFT 
v7.525 [Katoh et al., 2019], with the L-INS-i algorithm, and 
gappy regions from the rRNA genes were removed by trimAl 
v1.4.rev15 [Capella-Gutierrez, Silla-Martínez et al., 2009] 
with the -automated1 option. The data were partitioned in 4 
partiotions (rRNA genes, and 3 codon positions). We used IQ-
TREE 3.0.1 [Wong et al., 2025] with automatic model selection 
[Kalyaanamoorthy et al., 2017] to reconstruct ML phylogenetic 
trees with 1000 ultrafast bootstrap replicates [Hoang et al., 

2018] and 1000 SH-alrt replicates [Guindon et al., 2010]. The 
final mitogenome dataset were composed of 20 taxa, 4 parti-
tions with 13,472 total sites. The trees were rooted with D. 
(Daphnia) (represented by two different taxa) as an outgroup. 
Next, upon data used in previous publications [Adamowicz et 
al., 2009; Pereboev et al., 2025; Garibian et al., 2026] for up to 
3 mitochondrial loci (COI, 12S, 16S) and adding corresponding 
newly obtained sequences, a tree with wide taxonomic coverage 
was build as described above (see Supplementary Table 1 for 
the list of sequences). 

Finally, the mitogenomic dataset partitioned as described 
were also used to estimate divergence times using the BEAST2 
v2.7.6 package [Bouckaert et al., 2019]. In accordance to Van 
Damme & Kotov [2016], we set priors in the Late Jurassic 
(143.1–161.5 MYA) for both subgenera and the root (the genus) 
assuming their uniform distribution and ensuring the monophyly 
of the taxa. Optimised Relaxed Clock Model and Calibrated 
Yule Model were used, and the HKY substitution model with 
4 Gamma categories was applied for each partition. Two inde-
pendent runs of 50,000,000 generations with sampling every 
10000 generation were conducted, their convergence and and 
ESS values (should be >200) were checked with Tracer v1.7.2 
[Rambaut et al., 2018]. First 10% were discarded as burn-in and 
the CCD0 tree was produced [Berling et al., 2025].

Furthermore, raw reads were assembled by the MaSuRCA 
package [Zimin et al., 2013]. Publicly available genomic 
data (Supplementary Table 1) were added to the dataset, and 
BUSCO 5.8.3 [Manni et al., 2021] was run using lineage data-
set crustacea_odb12 to extract single-copy BUSCO genes for 
subsequent analysis. Shared single-copy BUSCO genes (981 in 
total) were aligned by MAFFT and all gaps were trimmed with 
trimAl. The phylogeny was reconstructed by IQ-TREE 3.0.1 
with 1000 ultrafast bootstrap replicates and automatic model 
selection for each gene in a separate partition [Chernomor et 
al., 2016]. The final phylogenomic dataset were composed of 
12 taxa and 981 partitions with 1,363,923 total sites. Moreover, 
site concordance factor analysis was performed, and to check 
violations of incomplete lineage sorting model we used a chi-
square test on the counts of sites supporting the two discordant 
topologies (site discordance test). To investigate the strength of 
the phylogenetic signal, we performed site concordance factor 
(SCF) analysis [Mo et al., 2023]. SCF corresponds to a fraction 
of decisive sites supporting given branch resolution against 2 
alternatives [Lanfear, Hahn, 2024], and to check violations of 
incomplete lineage sorting model we used a chi-square test on 
the counts of sites supporting the two discordant topologies 
(onwards: site discordance test). The SCF values of about 33% is 
expected when each resolution is randomly assigned, and values 
more than 50% demonstrate the majority of sites support the 
given topology. A failed site discordance test could be explained 
by violations of the incomplete lineage sorting model (e.g. by 
reticulate evolution, etc.), or by some kind of systematic error 
(dis)favouring one of the topologies.

Results

All the Major Clades from Pereboev et al. [2025] were 
robustly recovered in our mitogenomic analyses (Figs 1A, 
2), and the three-locus tree demonstrates a corresponding 
topology (Fig. 3). Since the taxa under discussion here 
belong to the Major Clade 2, all other major clades are 
not discussed below. The topology of the Major Clade 2 
in the Bayesian tree is the same as the in the Maximum 
Likelihood (ML) tree, but shows maximal posterior 
probabilities for all nodes, with D. hispanica in the basal 
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Fig. 1. Multigene phylogenetic reconstructions of the Daphnia (Ctenodaphnia) subgenus. Subgenus D. (Daphnia), represented by two differ-
ent taxa, is used as an outgroup. A — maximum likelihood mitogenomic tree based on both ribosomal genes and full nucleotide sequences of all 
protein-coding genes partitioned by codon positions. SH-like approximate likelihood ratio test (SH-aLRT) / Ultrafast bootstrap (Ufboot) supports 
are given at the nodes. Supports of the nodes with SH-aLRT ≥ 80% and Ufboot ≥ 95% are highlighted by bold type. Nodes with maximal supports 
are marked with black dots. Purple box indicates the group of “crowned” Ctenodaphnia; blue box — secondary loss of the “crown” but retaining 
of the developed caudal needle; green box — former members of “Daphniopsis” with lost “crown” and the caudal needle in adult females. B — 
maximum likelihood phylogenomic tree based on 981 shared single-copy BUSCO genes. All Ultrafast bootstrap supports are maximal and not 
shown. Site concordance factor values are given at the nodes, values > 50% are highlighted in bold. Nodes (branches) passed the chi-square test 
on the assumptions of an ILS model are marked by green dots, otherwise with red dots. 

Рис. 1. Мультигенные филогенетические реконструкции для подрода Daphnia (Ctenodaphnia). Подрод D. (Daphnia), представленный 
двумя различными таксонами, использован в качестве внешней группы. A — митогеномное дерево, построенное методом максимального 
правдоподобия на основе обоих рибосомальных и полных нуклеотидных последовательностей всех протеин-кодирующих генов, разбитых 
по позициям в кодоне. Поддержки теста приблизительного отношения правдоподобия с непараметрической коррекцией на базе алгоритма 
Шимодайры-Хасегавы (SH-aLRT) / ультрабыстрого бутстрэпа (Ufboot) даны возле узлов. Поддержки узлов с SH-aLRT ≥ 80% и Ufboot 
≥ 95% выделены жирным. Узлы с максимальными поддержками отмечены черными точками. Лиловым выделением обозначена группа 
“коронованных” ктенодафний; синим — вторичная потеря “короны” с сохранением развитой хвостовой иглы; зеленым — бывшие члены 
“Daphniopsis”, потерявшие “корону” и хвостовую иглу у взрослых самок. B — митогеномное дерево, построенное методом максимального 
правдоподобия на основе 981 общих однокопийных генов-ортологов BUSCO. Все поддержки ультрабыстрого бутстрэпа максимальны и 
не показаны. Значения сайтовых факторов конкордности даны возле узлов, значения > 50% выделены жирным. Узлы (ветви) прошедшие 
хи-квадрат тест на предположения модели неполной сортировки линий отмечены зелеными точками, остальные — красными.
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Fig. 2. Fossil-calibrated Bayesian inference mitogenomic tree of Daphnia (Ctenodaphnia) based on both ribosomal genes and full nucleotide 
sequences of all protein-coding genes partitioned by codon positions. Nodes with maximal posterior probabilities (PP) are marked by black dots, 
nodes with PP less than 95% are not labelled. Bars represent 95% Highest Posterior Density. Subgenus D. (Daphnia), represented by two different 
taxa, is used as an outgroup.

Рис. 2. Байесово калиброванное митогеномное дерево подрода Daphnia (Ctenodaphnia), построенное на основе обоих рибосомальных 
и полных нуклеотидных последовательностей всех протеин-кодирующих генов, разбитых по позициям в кодоне. Узлы с максимальной 
апостериорной вероятностью (АВ) отмечены черными точками, узлы с АВ меньше 95% не подписаны. Полосы показывает область 95%-
й наивысшей апостериорной плотности. Подрод D. (Daphnia), представленный двумя различными таксонами, использован в качестве 
внешней группы.

monophyly of the crowned Daphnia (D. atkinsoni s.l. and 
D. triquetra) is confirmed once more in the present study. 
D. studeri appears in the sister position to D. atkinsoni s.l. 
(D. atkinsoni, D. nuda, and D. ulomskyi), but the support 
(94 / 93) is rather modest. Unfortunately, the three-locus 
tree (Fig. 3) provided is rather uninformative, supporting 

position and the D. triquetra branch next after it. The 
congruent topology of the trees allows us to focus on the 
results of the ML analysis (Fig. 1A), without referring 
to the BI tree.

The D. atkinsoni species group (D. atkinsoni s.l. and 
D. studeri) is monophyletic with maximum support; non-
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Fig. 3. Maximum likelihood tree of Daphnia (Ctenodaphnia) based on up-to three mitochondrial genes (COI, 12S, 16S). Taxa used in the 
mitogenomic analyses are marked by bold type. SH-like approximate likelihood ratio test (SH-aLRT) / Ultrafast bootstrap (Ufboot) supports are 
given at the nodes. Only nodes with SH-aLRT ≥ 80% and Ufboot ≥ 95% are shown. Nodes with maximal supports are marked with black dots. 
Green boxes indicate former members of “Daphniopsis”. D. (C.) ephemeralis is used as an outgroup.

Рис. 3. Митогеномное дерево подрода Daphnia (Ctenodaphnia), построенное методом максимального правдоподобия с использованием 
до трех митохондриальных генов (COI, 12S, 16S). Таксоны, использованные в митогеномных анализах, выделены жирным. Поддержки 
теста приблизительного отношения правдоподобия с непараметрической коррекцией на базе алгоритма Шимодайры-Хасегавы (SH-
aLRT) / ультрабыстрого бутстрэпа (Ufboot) даны возле узлов. Указаны только поддержки узлов с SH-aLRT ≥ 80% и Ufboot ≥ 95%. Узлы 
с максимальными поддержками отмечены черными точками. Зеленым выделением обозначены бывшие члены “Daphniopsis”. D. (C.) 
ephemeralis использован в качестве внешней группы.
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the basal position of D. studeri but with insufficient sup-
port for any accurate conclusions. 

Finally, fossil-calibrated molecular dating based on 
mitogenomic data (Fig. 2) estimated the mean age of the 
MRCA of the crowned Daphnia at ca. 99 MYA, that of 
the D. atkinsoni species group at ca. 59 MYA, and D. 
atkinsoni s.l. at ca. 48 MYA.

In the phylogenomic tree based on single-copy 
BUSCO genes (Fig. 1B) all nodes were maximally sup-
ported. The topology is mostly consistent with the mitog-
enomic one; however, the structure of the D. atkinsoni 
species group is different. D. studeri appears in sister 
position to the D. atkinsoni + D. ulomskyi clade, effec-
tively making D. atkinsoni s.l. paraphyletic. Although all 
other branches inside the D. atkinsoni species group show 
a rather strong phylogenetic signal, the position of D. stu-
deri is weakly supported by the SCF analysis. Moreover, 
this branch failed the site discordance test, what further 
undermines credibility of the inference.

Discussion

Earlier molecular studies [Adamowicz et al., 2009] 
already demonstrated that the closest relative of the 
Antarctic D. (C.) studeri is D. (C.) atkinsoni s.l., a spe-
cies complex native to Western Eurasia and Northern 
Africa [Garibian et al., 2026]; although some sequence 
data from South America grouped with them, they do 
not appear to be unequivocally the closest lineage to the 
Antarctic species. Such situation is quite intriguing and 
may be explained either by ancient differentiation of the 
species groups in Daphnia (Ctenodaphnia) or by later 
dispersal. Since Cladocera appears to be a very old, relict 
group [Korovchinsky, 2006] and the earliest fossils of D. 
(Ctenodaphnia) date back to the Late Jurassic, the former 
explanation seems plausible to us.

Our results cannot unambiguously resolve the phylo-
genetic position of D. (C.) studeri within the Major Clade 
2 due to the apparent mito-nuclear discordance. Indeed, 
the nuclear phylogeny supports an unexpected resolution 
in which the highly morphologically similar [Garibian et 
al., 2026] D. (C.) atkinsoni species complex proves to be 
paraphyletic. Although researchers usually tend to explain 
mito-nuclear discordance by biological means, e.g. sex-
biased dispersal, adaptive introgression, etc. [Toews, 
Brelsford, 2012], we believe that this resolution is rather 
an artefact. Our concordance factor analysis has revealed 
that nuclear phylogenetic signal is weak, and the failed 
chi-square test is another reason to doubt this phylogeny. 
Thus, integrating both morphological and mitogenomic 
data, we assume the sister position of D. (C.) studeri to 
D. (C.) atkinsoni s.l.

D. (C.) studeri was initially [Rühe, 1914] placed to the 
genus Daphniopsis Sars, 1903, described as “somewhat 
intermediate between Daphnia and Simocephalus” [Sars, 
1903] and most characteristically lacking a dorsal carina 
and a caudal needle (= caudal spine, = tail spine) in adult 
females [Schwartz, Hebert, 1985]. This genus has now 
been shown to be incorporated into D. (Ctenodaphnia) 
into four distinctive species complexes, and all of them 

except D. ephemeralis appear to be somewhat related 
[Adamowicz et al., 2009]. Although we do not have 
genomic data on the D. pusilla complex, we think that 
these Australian endemics is a part of the second major 
ctenodaphnian clade sensu Pereboev et al. [2025], and our 
three-locus tree (Fig. 3) is congruent with this assumption. 
Moreover, another former member of Daphniopsis, Daph-
nia (C.) tibetana is placed basal to Daphnia (C.) studeri 
in both our nuclear and mitogenomic phylogenies. This is 
remarkable because D. studeri (inhabiting Antarctica and 
nearby islands) proves to be situated in the trees between 
species occurring, on the one hand, in Tibet and Mongolia 
(D. tibetana), and, on the other hand, in Europe, West Asia 
and North Africa (D. atkinsoni s.l.). Therefore, the ques-
tion arises as to how such a biogeographical pattern could 
be explained, is arising. As Cladocera is a very ancient 
group [Van Damme, Kotov, 2016], such a pattern could 
be explained by extinction of all intermediate lineages, 
whereas only a few have managed to survive to this day. 
On the other hand, this implies an ancient origin of the 
lineages in question. 

According to our fossil-calibrated dating, the diver-
gence of the D. (C.) atkinsoni species group and D. (C.) 
tibetana occurred ca. 80 MYA, and the divergence of 
D. (C.) studeri and D. (C.) atkinsoni s.l. occured ca. 60 
MYA. Such dates correspond well to the time of exist-
ence of the Oman–Kohistan–Ladakh Arc (~80–55 MYA), 
hypothetical route between India and North Africa (Fig. 
4) [Chatterjee, Scotese, 2010; Gobbo, Bertini, 2026]. 
We can assume that the ancestor of Major Clade 2 has 
a Gondwanan origin. The common ancestor of D. (C.) 
tibetana and D. (C.) studeri inhabited Africa and at the 
moment of the opening of the Arc migrated into India, 
where lineages of D. tibetana, D. studeri, and D. atkinsoni 
became separated. After that, the ancestor of D. atkinsoni 
s.l. migrated back, and the ancestor of D. studeri went 
south via Kerguelen and Ninetyeast Ridge route, which 
had been open since the Late Cretaceous [Chatterjee, 
Scotese, 2010; Gobbo, Bertini, 2026]. Interestingly, D. 
studeri was originally described from the Kerguelen 
Islands [Rühe, 1914]. Another possible scenario is the 
separation of the D. (C.) studeri lineage group in Africa 
and its subsequent colonisation of Antarctica through the 
aforementioned routes. In any case, these routes are not 
unique for our reconstructions; for example, they were 
proposed to explain global dispersal patterns in non-
marine Ostracoda [Gobbo, Bertini, 2026].

Therefore, we propose two plausible palaeobiogeo-
graphic scenarios of dispersal of Daphnia (C.) studeri and 
related taxa. Although these scenarios fit our data well, 
some precautions should be taken. The molecular clock, 
especially over such long time spans, could be quite inac-
curate, and palaeogeographic reconstructions are not im-
mune to errors. Nonetheless, this scenario seems to be the 
most realistic one. Further research is needed to elucidate 
the phylogeography of D. studeri; currently, molecular 
data are available only for some nearby populations from 
continental Antarctica. It will be very intriguing to obtain 
sequences from other more distant populations, first of all, 
from the type locality, the Kerguelen Islands.
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We can trace not only the biogeographic pattern in 
our trees, but also the appearance/disappearance of two 
protective morphological structures in the evolutionary 
history of the subgenus, namely the caudal needle and the 
head plate (Fig. 1A). Although adult females of D. (C.) 
ephemeralis (the basalmost member of Ctenodaphnia) 
have a rudimentary caudal needle, the needles of males 
and juvenile are more pronounced, therefore more or less 
developed caudal needle could be regarded as a plesio-
morphic state for the subgenus. In the evolution of Major 
Clade 2, a normally developed caudal needle disappeared 
independently in several taxa (e.g. D. studeri and D. ti-
betana, and possibly in the D. pusilla species group if it 
belongs to Major Clade 2). Also, the head plate appeared 
early within Major Clade 2, but then it was lost in several 
taxa (e.g. D. studeri, D. tibetana and D. mediterranea). 
We can hypothesize that such loss of protective structures 
was associated with colonisation of refugial habitats (ex-
treme arid regions with saline waters, high mountains of 

Tibet and Antarctic–sub-Antarctic regions). Such habitats 
lack most predators, including small-sized invertebrates 
protection against which is provided by the caudal spine 
and the “crown of thorns”. For example, notostracans 
are very rare or absent in sub-Antarctic and saline wa-
ters [Brendonk et al., 2008], and also in the Himalayas 
[Rogers, Padhye, 2015] which are close to Tibet, with its 
poorly studied notostracan fauna. Note that the induction 
of the “crown of thorns” was initially demonstrated just 
for notostracans [Petrusek et al., 2009].

Therefore, the formation of biogeographic pattern in D. 
(Ctenodaphnia) happened in parallel with ecological evolu-
tion, namely the penetration into new types of habitats and 
loss of protective structures useless in species-poor refugial 
ecosystems. The appearance of fundamentally new water 
bodies of different refugial types was happened due to 
global climatic cooling and aridisation in the second half of 
the Cenozoic which led to a mass extinction of cladocerans 
and their recent relict status [Korovchinsky, 2006]. 

Fig. 4. Hypothetical ancient intercontinental routes at the Mesozoic/Cenozoic boundary. Purple arrows indicate migrations through the 
Oman–Kohistan–Ladakh Arc; yellow arrows indicate migrations through the Kerguelen and Ninetyeast Ridge route; dashed red arrow indicates 
the movement of India towards Proto-Asia. Base map of K/T Boundary (66 MYA) from Scotese [2016] licensed under CC BY 4.0. 

Fig. 4. Гипотетические древние межконтинентальные коридоры около границы мезозоя и кайнозоя. Лиловые стрелки обозначают 
миграции через Оман–Кохистан–Ладахскую арку; желтые стрелки — Кергеленский и Восточно-Индийский хребтовый путь; пунктир-
ная красная стрелка — движение Индии в сторону Прото-Азии. Карта для границы мела и палеогена (66 млн.л.н.) для основы взята из 
Scotese [2016].
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