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Abstract: Comparative phylogeography has become a powerful approach in exploring hidden or

cryptic diversity within widespread species and understanding how historical and biogeographical

factors shape the modern patterns of their distribution. Most comparative phylogeographic studies

so far focus on terrestrial and vertebrate taxa, while aquatic invertebrates (and especially freshwater

invertebrates) remain unstudied. In this article, we explore and compare the patterns of molecular

diversity and phylogeographic structure of four widespread freshwater copepod crustaceans in

European water bodies: the harpacticoids Attheyella crassa, Canthocamptus staphylinusand Nitokra

hibernica, and the cyclopoid Eucyclops serrulatus,using sequence data from mtDNA COI and nuclear

ITS/18S rRNA genes. The three taxaA. crassa, C. staphylinusand E. serrulatuseach consist of deeply

diverged clusters and are deemed to represent complexes of species with largely (but not completely)

non-overlapping distributions, while in N. hibernicaonly little differentiation was found, which may

however re�ect the geographically more restricted sampling. However, the geographical patterns

of subdivision differ. The divisions in A. crassaand E. serrulatusfollow an east–west pattern in

Northern Europe whereas that in C. staphylinushas more of a north–south pattern, with a distinct

Fennoscandian clade. The deep mitochondrial splits among populations of A. crassa, C. staphylinus

and E. serrulatus(model-corrected distances 26–36%) suggest that divergence of the lineages predate

the Pleistocene glaciations. This study provides an insight into cryptic diversity and biogeographic

distribution of freshwater copepods.

Keywords: phylogeography; cryptic species; freshwater; copepoda; diversi�cation

1. Introduction

Freshwater animals generally comprise well-de�ned populations separated by un-
suitable habitats and geographical barriers, and often manifest remarkable intraspeci�c
diversity, facilitated by limited gene �ow between populations [ 1]. Studies on the genetic
diversity of widespread freshwater taxa, largely applying DNA barcoding methods, are
increasingly revealing complex patterns of cryptic variation. Apart from investigations of
freshwater �shes [ 2] and other macroscopic taxa [3], studies on the phylogeny of smaller
freshwater crustaceans, such as cladocerans [4–6], isopods [7], amphipods [ 8–10], and
copepods [11] have demonstrated the presence of hidden genetic diversity and occurrence
of cryptic species across presumed conspeci�c populations.

The concept of cryptic or hidden species has various de�nitions in the literature, the
most commonly holds that cryptic species are two or more (genetically) distinct species that
were classi�ed as a single species due to their morphological similarity [ 12]. The frequency
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with which cryptic species are uncovered using DNA sequence data suggests that the
morphospecies concept is no longer suf�cient but must be complemented by molecular
data [3]. The abundance of new cryptic diversity described in the literature raises such
questions as how should the boundaries between cryptic species be de�ned? What are the
main causes and processes of cryptic speciation? What is the age of a cryptic species?

When using molecular methods for species identi�cation and delimitation, generally
from the variation in the cytochrome c oxidase subunit I (COI) gene (widely applied for
freshwater animals [ 13–16]), most studies involve evaluation of genetic distances between
populations and application of species delimitation algorithms such as jMOTU, GMYC,
and ABGD, which diagnose the difference between intra- and inter-speci�c variability by
statistical criteria [ 17–19]. Although these methods have been widely tested in aquatic
taxa [5,20–24], only a few studies use them in a comparative setting, i.e., simultaneously
on several co-distributed freshwater species from the same area. However, such compara-
tive studies are essential in revealing general patterns and recognizing baseline levels of
divergence for distinguishing cryptic species and investigating historical and geographical
factors that commonly affect the distribution of intraspeci�c diversity [25–27].

Identifying phylogeographic patterns and determining borders between cryptic species
are necessary steps in exploring the speciation process of freshwater organisms [28]. The
�rst attempts to see how earth features and history shape geographic patterns of diver-
si�cation were already in the late 19th century by Alfred Russel Wallace, who mapped
distributions of multiple vertebrate and invertebrate taxa to develop the system of ter-
restrial zoogeographic regions and subregions, which is used more or less unchanged
to this day [ 29]. Current comparative phylogeographic studies, which often use both
morphological and genetic data, elucidate various processes that shape biodiversity, such
as allopatric and sympatric speciation, contact zones, demographic history and gene �ow,
dispersal vectors, etc. [30]. While congruent phylogeographic patterns are interpreted as
mirroring common geologic or climatic events that shaped the diversity [ 31], incongruent
structuring re�ects the presence of different taxon-speci�c ecological and organismal traits
that may have differentially affected dispersal and distributions [32].

In terms of time, the Pleistocene glacial cycles are generally considered as key events
that shaped the cladogenesis and distributions of the extant species in northern parts of
the Palearctic, by increasing fragmentation and opportunities for vicariance, allopatric
divergence and speciation [33]. However, studies in several taxa have indicated that many
splits trace back much further, to Pre-Pleistocene times [34,35]. It may be hypothesized
that the phylogeographic structures of certain Palearctic groups indeed result from a
combination of deep splits during the Miocene or Pliocene, that themselves may remain
cryptic, followed by restructuring of population sizes and the addition of new layers
of complexity during the Quaternary [ 36–38]. To understand the age of cryptic species,
methods such as estimation of lineage divergence times using molecular clocks [39] or,
in lack of fossils/appropriate calibration nodes, demographic tests which detect recent
changes of effective population sizes [40] are usually used.

Although continental studies of cryptic diversity and comparative phylogeography
are common in zoology, they are heavily biased towards vertebrates and terrestrial organ-
isms, with aquatic (especially freshwater) invertebrates remaining underrepresented [ 30].
Copepod crustaceans are critical components of the world's freshwater and marine ecosys-
tems and are sensitive indicators of local and global climate change and key ecosystem
service providers [ 41,42]. They manifest morphological and behavioral diversity among
conspeci�c populations in association with environmental and geographical factors [ 43].
Whereas molecular phylogeny and phylogeography of marine copepods has been broadly
explored [20,44–47], fewer studies have addressed the diversity in freshwater copepods [ 26].
Particularly, comparative studies allowing a general view to the dynamics of diversi�cation
are lacking [25]. At any rate, the studies of individual freshwater taxa tend to challenge the
general `cosmopolitanism paradigm' of widespread copepod species and instead reveal
previously unrecognized hidden regional diversity [21,25,26,48–52].
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Here we present a comparative survey of the broad phylogeographic patterns and
cryptic diversity in four one of the most widespread freshwater copepods in Northern
Europe, Attheyella crassaSars [53], Canthocamptus staphylinusJurine [54], Eucyclops serrulatus
Fischer [55], and Nitokra hibernicaBrady [56]. We use our previous mtDNA sequence data
for A. crassa[51], C. staphylinus[52], and E. serrulatus[48] and supplement them with new
mtDNA data from several additional populations and with nuclear DNA sequences, and
newly analyse mtDNA data for N. hibernica. We analyze the intra-species phylogenies
and genetic structuring and compare the patterns of cryptic diversity and distribution to
understand how the potential cryptic subdivision is formed, what the contact zones and
divergence levels between cryptic species are, and what are the implications on the views
of the age of diversity.

2. Materials and Methods
2.1. Overview of the Studied Taxa

The harpacticoid copepod Attheyella crassais widespread in Europe in different types
of freshwater water bodies, and the overall distribution is Palearctic [ 43,57,58]. The short
life cycle (4–6 weeks) has facilitated its use as an experimental organism in ecotoxicological
studies, which have shown that exposure to toxic substances can signi�cantly affect the
body length, individual fertility, and genetic diversity of populations [ 59,60]. Preliminary
studies of structuring among several European populations revealed signi�cant differentia-
tion in morphometric characters and marked genetic divergence (c 20% between two main
clades [51].

Canthocamptus staphylinusis one of the most widely distributed freshwater harpacti-
coid copepod taxa in the Palearctic [43,61]. It is considered a stenothermal and psy-
chrophilic species inhabiting water bodies with temperatures from 0 � C to 19 � C [62,63].
As part of their life cycle, adult C. staphylinusrest encysted in the bottom mud. They occur
in a wide range of habitats, from small spring pools to large lakes and rivers. Populations
are both geographically and ecologically variable in several morphological characteristics,
including the structure of the �fth pair of thoracal legs, numbers of spinules on the anal
operculum, form of the spermatophore, and the development of the aesthetask on the
fourth segment of the antennule [ 43,52,61]. Two distinct mitochondrial clades (22–23%
divergence in COI) were recently reported [ 52], which raises the question whether the
different forms described as C. staphylinusin the literature actually represent a group of
closely related species.

Eucyclops serrulatusis a widespread cyclopoid copepod, which was considered a
cosmopolitan taxon until recent splits and a comprehensive revision of the E. serrulatus
group [ 64]. In the Palearctic, the range of this broader E. serrulatusgroup extends from
North Africa to continental Europe and central Asia to Eastern Siberia. All records from
Australia, North America, and other zoogeographical regions are likely the result of recent
invasions [64]. Recent studies from East European mountains and European water bodies
showed signi�cant differences in morphology of setae on caudal rami and swimming legs,
as well as in mtDNA. Eight clades with high mitochondrial divergences (around 30%) have
been recognized [25,48].

Nitokra hibernicais a benthic harpacticoid with broad salinity tolerance, occurring in
fresh, brackish, coastal, and estuarine waters. It is usually associated with macrophyte beds
occurring in nearshore zones of large rivers and lakes. It has a broad distribution in Eurasia,
e.g., in the Black and Caspian Seas, the coasts of the Atlantic and Baltic Seas, inland waters
in the South, East, and Central Europe as well as in Central Asia and the Caucasus [65,66].
N. hibernicawas probably introduced in ballast water to the Great Lakes of North America,
where it has become one of the most common nearshore harpacticoids [67,68]. No previous
information on mitochondrial diversity is available.























Planck collaboration:Planckearly results. XXIV.

127° 125° 123°Gal. lon.

33°

36°

39°

42°

G
al

. l
at

.

123°125°127°Gal. lon.

33°

36°

39°

42°Gal. lat.

0.16

0.86

127° 125° 123°Gal. lon.

33°

36°

39°

42°Gal. lat.

353 GHz

123°125°127°Gal. lon.

33°

36°

39°

42°

G
al

. l
at

.

127° 125° 123°Gal. lon.

33°

36°

39°

42°Gal. lat.

0.43

3.36

123°125°127°Gal. lon.

33°

36°

39°

42°Gal. lat.

545 GHz

127° 125° 123°Gal. lon.

33°

36°

39°

42°

G
al

. l
at

.

123°125°127°Gal. lon.

33°

36°

39°

42°Gal. lat.

1.07

10.53

127° 125° 123°Gal. lon.

33°

36°

39°

42°Gal. lat.

857 GHz

123°125°127°Gal. lon.

33°

36°

39°

42°

G
al

. l
at

.

127° 125° 123°Gal. lon.

33°

36°

39°

42°Gal. lat.

1.48

7.99

123°125°127°Gal. lon.

33°

36°

39°

42°Gal. lat.

3000 GHz

127° 125° 123°
Gal. lon.

33°

36°

39°

42°

G
al

. l
at

.

123°125°127°
Gal. lon.

33°

36°

39°

42°Gal. lat.

0.55

1.55

127° 125° 123°
Gal. lon.

33°

36°

39°

42°Gal. lat.

5000 GHz

data HI model residual
POLNOR

127° 125° 123°Gal. lon.

24°

27°

30°

G
al

. l
at

.

123°125°127°Gal. lon.

24°

27°

30°Gal. lat.

0.20

1.72

127° 125° 123°Gal. lon.

24°

27°

30°Gal. lat.

353 GHz

123°125°127°Gal. lon.

24°

27°

30°

G
al

. l
at

.
127° 125° 123°Gal. lon.

24°

27°

30°Gal. lat.

0.57

6.76

123°125°127°Gal. lon.

24°

27°

30°Gal. lat.

545 GHz

127° 125° 123°Gal. lon.

24°

27°

30°

G
al

. l
at

.

123°125°127°Gal. lon.

24°

27°

30°Gal. lat.

1.39

19.49

127° 125° 123°Gal. lon.

24°

27°

30°Gal. lat.

857 GHz

123°125°127°Gal. lon.

24°

27°

30°

G
al

. l
at

.

127° 125° 123°Gal. lon.

24°

27°

30°Gal. lat.

1.74

11.39

123°125°127°Gal. lon.

24°

27°

30°Gal. lat.

3000 GHz

127° 125° 123°
Gal. lon.

24°

27°

30°

G
al

. l
at

.

123°125°127°
Gal. lon.

24°

27°

30°Gal. lat.

0.62

2.04

127° 125° 123°
Gal. lon.

24°

27°

30°Gal. lat.

5000 GHz

data HI model residual
POL

Fig. 10.Like Fig. 4, for �elds POLNOR (left) and POL (right).

857 GHz map. For further iterations this threshold was relaxed,
bringing in more pixels in the map compatible with the iterated
model.

As discussed above, the presence of dust emission associated
with molecular gas can positively skew the PDF, and empiri-
cally the PDF ofR857 is indeed positively skewed for the eight

remaining �elds (Fig.12). To determine the set of pixels to be re-
tained, we used a Gaussian �t to the lower, rising part of the PDF,
up to the PDF maximum, and estimated the� (see the red curves
in Fig.12). With the above motivation, we assume that the lower
part of the PDF is representative of pixels where the �t works
well (i.e., for these pixels the residual is normally distributed).
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