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Mysid crustaceans are predominantly marine, but there are two important continental exceptions: (i) the de-
scendants of Arctic marine Mysis in circumboreal lakes and the Baltic Sea (‘glacial relicts’ of the Mysis relic-
ta group) and in the Caspian Sea, and (ii) autochthonous Ponto-Caspian mysids, with about 20 species in the
Black, Azov and Caspian seas. The origin and zoogeographical history of these continental taxa have been
subject to much controversy. This thesis applied morphological, molecular and physiological data to analyse
the evolution of the continental mysid elements and the importance of various factors that have generated
and maintained their diversity at different temporal and spatial scales and at different systematic levels.
The taxonomic part of the study explored the morphological differences among four species of the Mysis
relicta group, earlier only identified on molecular grounds. Formal taxonomic descriptions of three new spe-
cies and M. relicta s. str., based on both molecular and morphological characters, were presented. A system-
atic and distributional analysis suggested that different species have colonised continental waters at different
times. The stenohaline European M. relicta and the North American M. diluviana have probably lived in
lakes of the two continents through most of the Pleistocene. The more euryhaline European M. salemaai and
the circumarctic coastal M. segerstralei are more closely related and have penetrated fresh waters later.
The phylogeny of the genus Mysis was assessed in a simultaneous analysis of seven molecular and
morphological characters sets. The analysis supported the monophyly of the Mysis relicta group, of the four
Caspian Mysis endemics, and of these two continental groups together. The diversification of the M. relicta
group appears much older than speciation of the morphologically diverse endemic Caspian Sea Mysis.
Analyses of mitochondrial DNA variation within each of M. salemaai and M. segerstralei revealed little
large-scale phylogeographic structure, except for a local Beringian lineage in the latter species. Overall, the
data suggested efficient (late)glacial long-distance gene flow in the supposedly weakly-dispersing crusta-
ceans, across NW Europe and the Arctic basin, respectively; past exchange of mitochondria between the two
species has also been identified. In the Ponto-Caspian autochthonous mysids, similar Late-Pleistocene dis-
persals across the Caspian, Azov and Black seas were inferred from mtDNA data of three species, while two
further species showed distinct inter-basin structuring. Ecological characteristics of the individual species,
such as salinity tolerance and vagility, seem to have controlled their responses to paleoenvironmental condi-
tions and ability to disperse along the transient Pleistocene connections among the Ponto-Caspian basins.
Comparisons between post-glacially isolated Mysis populations in lakes and the Baltic Sea revealed
unexpected patterns of molecular and physiological evolution. A clear-cut organisation of mtDNA varia-
tion among Scandinavian populations of M. salemaai suggested that post-glacial rates of mtDNA sequence
change could be ten times higher than commonly used molecular clocks extrapolated from the sister-species
divergences. Inter-population comparisons of a presumably adaptive trait, the spectral sensitivity of the
eyes, failed to corroborate a previously postulated direct association between the ambient light environment
and visual properties of M. relicta.
Overall, there was no congruence in the extent of molecular divergence among co-distributed taxa, either
in the ‘glacial relicts’ or in Ponto-Caspian elements; similar zoogeographical patterns seem to have been
created at different time scales.

Asta Audzijonyté, Finnish Museum of Natural History, Teollisuuskatu 23 (POB 26), FI-00014, Helsinki,
Finland
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1. INTRODUCTION

When and how did all the spectacular forms
of nature’s diversity originate? This ques-
tion is probably as old as human cognition,
spurring an array of answers in different
cultures and different times. The recent up-
surge in speciation studies and the results
they have generated has brought important
understanding of the causes and process of
species diversification (Otte & Endler 1989,
Barton 2001, Wu 2001, Coyne & Orr 2004).
Current molecular analyses allow the iden-
tification of genetic factors underlying re-
productive isolation (Orr 2001, Turner et
al. 2005), conditions required for specia-
tion can be predicted in natural ecosystems
or in laboratory experiments (Miyatake &
Shimizu 1999, Taylor et al. 2000, Lande et
al. 2001), while the development of phylo-
geography has bridged micro-evolutionary
processes with the genealogical organisa-
tion of nature (Avise et al. 1987, Riddle
1996, Hewitt 2000). However, the never-
ending discussions of species concepts (Wu
2001, Mallet 2001, Mayr 2001) or the ge-
ography of speciation (Via 2001, Losos &
Glor 2003, Coyne & Orr 2004) demonstrate
that some questions have not been resolved
since Darwinian times. For example, how
many species are there and how can we de-
fine them (Hey 2001, Hebert et al. 2003,
Will & Rubinoff 2004)? Is sympatric speci-
ation a common phenomenon or a rare ex-
ception (Mallet 2001, Losos & Glor 2003,
Coyne & Orr 2004)? Do unstable environ-
mental conditions, like Pleistocene glaci-
ation cycles, promote or impede species
diversification (Klicka & Zink 1997, Ber-
natchez & Wilson 1998, Hewitt 2000, Ben-
net 2004, Johnson & Cicero 2004, Lister
2004, Weir & Schluter 2004)?

Many of the recent important advances
in evolutionary studies have been fostered

by the application of molecular characters
(proteins, DNA), which have generally rev-
olutionised a number of long-established
concepts about the diversity, relationships
and biogeography of extant organisms.
First of all, molecular analyses have uncov-
ered a new world among most, and particu-
larly minuscule organisms, suggesting that
traditional morphology based taxonomies
have underestimated species diversity by
a factor of 10 to 100, or even more (Blax-
ter 2004). Even for the best studied ecosys-
tems, like the Baltic Sea, and ecologically
important macroinvertebrate taxa, molecu-
lar approaches have revealed cryptic species
and deep intra-specific subdivisions in, for
example, the Mysis relicta group (Vainola
1986), Macoma bivalves (Viinola & Var-
vio 1989a), Mytilus bivalves (Viindld &
Hvilsom 1991), Marenzelleria polychaetes
(Bastrop et al. 1995, Sikorski & Bick 2004)
and Hediste polychetes (Rohner et al. 1997).
Views on the organisation of nature’s diver-
sity have also been shattered at nearly all hi-
erarchical levels, for instance as regards the
phylogenies of metazoans and arthropods,
or the monophyly of Crustacea (i.e. insects
are actually ‘flying crustaceans’) (Halanych
2004, Regier et al. 2005). In biogeograph-
ic studies, in turn, the advent of molecular
techniques has provided both a more objec-
tive way to evaluate species richness and
the degree of endemism, as well as crucial
information about the timing of taxonom-
ic diversification at various divergence lev-
els (Arbogast & Kenagy 2001, Donoghue
& Moore 2003).

1.1. Continental mysids in
zoogeographic and evolutionary studies

Mysids (Crustacea, Mysida) are compara-
tively small crustaceans (5-50 mm), which



carry their developing embryos and young
in a brood pouch and hence are also com-
monly referred to as opossum shrimps. Tra-
ditionally (e.g. Mauchline 1980, Miiller
1993), mysids (Mysida) have been grouped
with lophogastrids (Lophogastrida) in-
to the order Mysidacea and superorder
Peracarida, the latter also including orders
like Amphipoda, Isopoda, Cumacea. Mo-
lecular data have, however, suggested af-
finities between Mysida and Decapoda, al-
beit with only a weak support (Jarman et
al. 2000, Spears et al. 2005). The current
consensus treats Mysida and Lophogastri-
da as separate orders within the Peracarida
(Martin & Davis 2001) (Table 1). Recent
estimate of Mysida diversity suggests ap-
prox. 1 000 species, of which about 90%
are exclusively marine (Wittmann 1998).
Of the remaining species, most are con-
fined to a few coastal lakes or caves that
were accessible via direct marine inunda-
tions (Mauchline 1980). Finally, about 30
currently recognised species from eight
genera have attained widespread continen-
tal occurrences (Table 1, Fig. 1). These con-
tinental distributions of primarily marine
organisms with restricted dispersal abili-
ties (i.e. an inability to migrate upstream or
to be distributed by natural external agents
such as birds) make mysids an interesting
object of biogeographic and evolutionary
studies (Lovén 1862, Hogbom 1917, Sars
1927, Ekman 1953, Segerstrale 1957, Mor-
dukhai-Boltovskoi 1979, Viinola 1995).
Furthermore, continental mysids often oc-
cur in large densities and play an impor-
tant role in aquatic food webs (Tattersall &
Tattersall 1951, Mauchline 1980, Salemaa
et al. 1986), a fact exemplified by contro-
versial attempts to exploit mysids as a food
source via transplantations beyond the nat-
ural distribution limits (Ioffe 1963, Lasen-
by et al. 1986, Nesler & Bergersen 1991).

The continental mysids addressed here
belong to two zoogeographical groups that
also comprise numerous other invertebrate
and vertebrate taxa; their diversification
is usually associated with two large-scale
paleogeographical events. The first group
includes primarily Arctic marine crusta-
ceans, fishes and seals (Lovén 1862, Ek-
man 1953, Segerstrdle 1982), which conti-
nental occurrences have likely been defined
by Pleistocene glaciations. Arctic continen-
tal mysids belong to the genus Mysis La-
treille, 1802, and encompass four species
of the Mysis relicta group (‘glacial relicts”)
and four Caspian Sea endemics (‘arctic im-
migrants’) (Table 1). The second zoogeo-
graphical group comprises Ponto-Caspian
taxa, originally endemic to the Black, Azov
and Caspian seas. These seas are remnants
of the mid-Tertiary (20 Myr) inland Pa-
ratethys Sea and throughout their exist-
ence experienced a series of environmental
and paleogeographic changes that repeat-
edly separated and connected the basins
(Banarescu 1991). The Ponto-Caspian ar-
ea harbours rich endemic diversity, partic-
ularly in crustaceans (Zenkevitch 1963),
and include about 20 currently recognised
mysid species, mostly of the diverse genus
Paramysis Czerniavsky, 1882. The Ponto-
Caspian mysids comprise species endem-
ic to the Caspian or Black seas, as well as
brackish water taxa represented by disjunct
populations in diluted parts of all the three
basins (Table 1). This thesis focuses on the
latter, shared element, and the term ‘Ponto-
Caspian’ is used in its more narrow sense to
exclude species endemic to a single sea (i.e.
Caspian or Pontic).

The peculiar occurrences of the continen-
tal mysids and of other co-distributed taxa
have attracted much interest and specula-
tion on their zoogeographical origin, adap-
tive history and the ancestor-descendant



Table 1. Taxonomic position of mysids (according to Martin & Davis 2001) and list of species analysed in
this thesis. Abbreviations: BLA = Black Sea; AZO = Azov Sea; CAS = Caspian Sea; + = present in the area;
— = absent from the area. Distributions in Ponto-Caspian rivers are indicated with + when natural occur-

rences were known from > 1 000 km upstream.

CLaASS Malacostraca Latreille, 1802

SUBCLASS Eumalacostraca Grobben, 1892
SUPERORDER

ORDER Mysida Haworth, 1825 (4 families)
FamiLy Mysidae Haworth, 1825 (6 subfamilies)
SUBFAMILY Mysinae Haworth, 1825 (7 tribes)
TRIBE Mysini Haworth, 1825 (ca 50 genera)
ARCTIC ELEMENTS

Genus Mysis Latreille, 1802

CONTINENTAL GROUP

M. relicta Lovén, 1862

M. salemaai Audzijonyté & Viinold, 2005
M. segerstralei Audzijonyté & Viinold, 2005
M. diluviana Audzijonyté & Viinold, 2005
M. caspia Sars, 1895

M. macrolepis Sars, 1907

M. amblyops Sars, 1907

M. microphthalma Sars, 1895

MARINE GROUP

M. oculata (Fabricius, 1780)
M. cf. litoralis

M. litoralis (Banner, 1948)
M. polaris Holmquist, 1959
M. mixta Lilljeborg, 1852
M. gaspensis Tattersall, 1954
M. stenolepis Smith, 1873

PONTO-CASPIAN ELEMENTS

Limnomysis benedeni (Czerniavsky, 1882)
Paramysis lacustris (Czerniavsky, 1882)
P. sowinskii Daneliya, 2002

P. baeri sensu lato Czerniavsky, 1882

P. ullskyi Czerniavsky, 1882

P, kessleri G. O. Sars, 1895

P. intermedia (Czerniavsky, 1882)

Ponto-Caspian mysids not analysed in this study:
Caspian Sea endemics — Paramysis loxolepis, P. incerta, P. eurylepis, P. inflata, P. grimmi, Schistomysis elegans, Caspiomysis
knipowitschi, Diamysis pusilla
Black Sea endemics — Paramysis kroyeri, P. pontica, P. agigensis, P. kosswigi, Diamysis pengoi
Ponto-Caspian species — Katamysis warpachowskyi, Hemimysis anomala

Peracarida Calman, 1904 (9 orders including Lophogastrida, Amphipoda, Isopoda, Cumacea)

North European lakes, Baltic Sea

North European & British Isles lakes, Baltic Sea, Siberian coasts
Circumarctic coastal, arctic lakes

N North America, continental lakes

Middle and Southern Caspian Sea, depth 50-400 m

Middle and Southern Caspian Sea, depth 50-400 m

Middle and Southern Caspian Sea, pelagic

Middle and Southern Caspian Sea, pelagic

Circumarctic, marine
Circumarctic, coastal
NE Pacific, coastal
High arctic, under ice
N Atlantic, Baltic Sea
NW Atlantic, intertidal
NW Atlantic, intertidal

Natural distribution in estuaries Offshore Rivers
BLA AZO CAS CAS
+ + + — -
+ + + — -
+ + — -
+ + + + +
+ + + — +
+ - + + -
+ + + — -
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Fig. 1. Distributions of the continental mysids (polar view). A. A hypothetical ancestor of the continental
Mpysis. B. A recent Ponto-Caspian invader into Northern Europe Hemimysis anomala (photo: Alexander
Gorbunov).



relationships involved (e.g. Lovén 1862,
Hogbom 1917, Sars 1927, Derzhavin 1939,
Ekman 1953, Holmquist 1959, Mordukhai-
Boltovskoi 1979, Viinold 1995). While
most of these studies have focused on one
of the two components, these lines of re-
search have several uniting aspects:

1) Zoogeographical interest in factors
that define distributions of fauna with limit-
ed dispersal abilities. Relying on direct len-
tic connections for their dispersal, mysids
may act as suitable markers of areas that
were accessible via past marine inunda-
tions or periglacial lakes, events that were
also important in shaping the diversity and
biogeography of numerous other taxa.

2) Two different biogeographic hypothe-
ses invoked to explain disjunct marine-con-
tinental or brackish water occurrences in
the two groups, i.e. recent dispersal (< 0.1
Myr) and ancient vicariance (10-30 Myr).

3) Effects of Pleistocene climatic os-
cillations on the diversification and distri-
butions of species in different geographi-
cal areas that were either directly covered
by ice-sheets or affected by correspond-
ing changes in temperature, humidity and
drainage patterns.

4) Comparative analysis of speciation
and adaptive evolutionary rates in sympat-
ric and allopatric populations, isolated at
different times and in different geographi-
cal areas.

Finally, the two zoogeographical groups
also came into contact in the course of past
and currently on-going range changes be-
tween the two zoogeographical regions
(Fig. 1). The arctic Mysis element has giv-
en rise to a small endemic species flock in
the Caspian Sea (Sars 1895, 1907), whereas
the autochthonous Ponto-Caspian mysids
are currently invading aquatic ecosystems
of Northern Europe as a result of human ac-
tivities (Leppédkoski et al. 2002).

As to the origin of the continental My-
sis occurrences, an initial view advocated
their Late Quaternary descent from land-
locked populations of the marine Mysis
oculata (Fabricius, 1780) (Lovén 1862, Ek-
man 1919, Thienemann 1925, Hutchinson
1967). Under this transformation hypoth-
esis, forms that were phenotypically in-
termediate between the marine M. oculata
and the freshwater M. relicta were expect-
ed in intermediate brackish water salinities
(Olofsson 1918, Ekman 1919) as suggest-
ed, for example, in the original description
of the coastal Northwest Atlantic species
M. gaspensis Tattersall, 1954. The four en-
demic Caspian Mysis taxa were considered
to have derived from the ‘glacial relict” M.
relicta (sensu lato) that was transported to
the Caspian Sea during drainage shifts of
ice-dammed lakes (Derzhavin 1939, Ek-
man 1953, Tarasov 1997). The idea of
close similarity between M. oculata and M.
relicta (sensu lato), as well as between M.
relicta and Caspian Mysis was, however,
mostly based on zoogeographical tradition
(Thienemann 1950, Zenkevitch 1963) rath-
er than on character analyses. On the other
hand, the morphological and ecological di-
versity of the continental Mysis, particular-
ly of the four Caspian endemics, is consid-
erable, with body lengths ranging from 8 to
25 mm, nectobenthic and entirely pelagic
life styles, and reduction of eyes in two spe-
cies (Derzhavin 1939). Indeed, the authors
that assessed their morphological charac-
teristics in more detail proposed an ancient,
possibly mid-Tertiary (ca 30—40 Myr) ori-
gin of the Caspian Mysis, when a direct ma-
rine connection between the current Arc-
tic ocean and the Ponto-Caspian basin was
still open (Sars 1927, Holmquist 1959); the
boreal freshwater Mysis were considered of
similar age.

For the disjunct inter-basin distributions
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ofthe brackish water Ponto-Caspian mysids
in the estuaries of the Black, Azov and Cas-
pian seas, an immigration view has simi-
larly advocated a recent dispersal from the
Caspian Sea via transiently-established
connections in Middle and Late Pleistocene
times (Beklemishev 1923, Birshtein 1935,
Mordukhai-Boltovskoi 1960). It was be-
lieved that throughout the Pleistocene, en-
vironmental changes in the Black and Azov
seas were too drastic to allow the surviv-
al of ancient fauna, and the taxa shared
among the Ponto-Caspian region were
thus referred to as Caspian (Mordukhai-
Boltovskoi 1979, Zubakov 1988, Reid &
Orlova 2002). The alternative vicariance
view, in turn, argued that current disjunct
distributions of the brackish water species
are remnants from the Tertiary Sarmatian
(ca 10 Myr) or Pontian (ca 6 Myr) seas,
which connected the Ponto-Caspian basins
to form a large water body; the fauna in
question were termed Sarmatian or Pontian
relicts (Sars 1907, Derzhavin 1939, Ekman
1953, Weish & Tiirkay 1975). River deltas
and lagoons were seen as long-term refugia
enabling their survival during unfavourable
environmental conditions (Starobogatov
1970, Grigoriev & Gozhik 1976).

1.2. Molecular markers in studies of
continental mysids

The initial application of molecular mark-
ers led to the reconsideration of many tra-
ditional concepts about the systematics and
zoogeography of continental mysids. Allo-
zyme studies of Mysis revealed: (i) deep
molecular subdivisions within the pheno-
typically uniform circumpolar Mysis relic-
ta taxon, indicating presence of four dis-
tinct species (M. relicta spp. I-1V; Viinola
1986, Viinola et al. 1994); (i1) relatively

ancient separation of the M. relicta group
from Caspian endemic Mysis (Vainola
1995); (iii) recent, possibly Late Pleis-
tocene, diversification of the Caspian My-
sis species flock (Vdindld 1995); and (iv)
little congruence in marine-continental di-
vergence depths between Mysis and other
similarly distributed ‘glacial relict’ crusta-
ceans (Vdinold & Varvio 1989b, Viinola
et al. 2001). Molecular analyses of Ponto-
Caspian crustaceans generally rejected the
hypothesis of Late Pleistocene dispersals
between disjunct Black and Caspian Sea
populations, suggesting that despite tran-
sient contacts among the basins, faunal ex-
change was limited (e.g. Cristescu et al.
2003, 2004). As with ‘glacial relicts’, lit-
tle congruence in the depth of divergence
could be seen among co-distributed Ponto-
Caspian invertebrate taxa (Cristescu et al.
2003, Therriault et al. 2004).

While molecular markers have so far
given new important insights into the diver-
sification of continental mysids, many old
questions remain unresolved and an array
of new ones was opened. For example, nei-
ther the monophyly of the M. relicta group,
nor that of all continental Mysis could be
corroborated by allozyme data. The rela-
tionships among the M. relicta group spe-
cies have also remained unresolved, and
the lack of formal taxonomic descriptions
has impeded the appreciation of the new di-
versity in ecological studies. The estimated
age of the marine-continental split in Mysis
(3—15 Myr) does not fit any known paleo-
geographic events that might have allowed
a continental invasion, and a sister group
to the continental Mysis has not be confi-
dently identified among the marine taxa.
The resolution of intra-specific relation-
ships and population history has been lim-
ited, for example regarding the post-glacial
colonisation routes of ‘relict’ mysids in the



Baltic Sea basin; due to requirement for
fresh material for allozyme analysis, the
diversity in remote geographical areas has
remained unknown. In the Ponto-Caspian
region, sampling has generally remained
fragmented, particularly in the Azov and
Caspian seas, and limited to a few crusta-
cean and mollusc taxa. Virtually nothing is
so far known about the molecular diversity
of mysid crustaceans in disjunct brackish-
water populations of the region. Comparing
their phylogeographies with those of other
co-distributed crustaceans and molluscs
having different dispersal abilities should
allow broader phylogeographic generalisa-
tions about the Ponto-Caspian species his-
tory. Finally, molecular characters alone
give only a one-sided view of the diversity
and evolutionary dynamics of organisms.
Comparison and integration of phenotypic
and molecular information is important for
more informed taxonomic decisions and
could greatly improve understanding of
species adaptations in nature and finally of
factors affecting the diversity itself.

2. OUTLINE OF THE THESIS

This thesis analysed importance of vari-
ous factors in origin and maintenance of
diversity on different temporal and spa-
tial scales, using continental mysid crusta-
ceans as a model group, and applying data
from morphological (I, II, III, VI), molecu-
lar (II, III, IV, VI), and physiological (V)
analyses. The patterns of diversity were as-
sessed at different systematic levels — inter-
specific (I, II, II1, V), intra-specific (IV, VI,
V), as well as the boundaries between these
two (IV, VI) — and on different geographi-
cal scales — among zoogeographical zones
(marine, boreal lakes, Ponto-Caspian),
among circumpolar lakes of the Northern
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Hemisphere (I-IV), among drainages of
the Ponto-Caspian region (III, VI), as well
as among different populations in Europe
(IV), and the Baltic Sea drainage (V). More
specifically, the study analysed morpholog-
ical and molecular differentiation among
the Mysis relicta group species (I, II) and
presented their formal taxonomic descrip-
tion (II). Combined analysis of morpholog-
ical and molecular data was used to resolve
the long-standing question on origin of the
continental Mysis species and the affini-
ties (monophyly) of the ‘glacial relict’ taxa
in the circumpolar boreal lakes and ‘arc-
tic immigrants’ in the Caspian Sea (III). At
the intra-specific level the effects of Pleis-
tocene paleogeography and species ecolog-
ical characteristics on distributions of ge-
netic lineages and molecular diversity were
studied in comparative phylogeographic
analyses of a European boreal and a circum-
arctic coastal Mysis species (IV), and of
seven Ponto-Caspian mysids taxa (VI). Fi-
nally, the importance of species and pop-
ulation history and of environmental fac-
tors on adaptive evolution in two European
mysid species was assessed in a physiolog-
ical study of their visual properties (V).

3. MATERIAL AND METHODS
3.1. Samples

Most mysids analysed in this thesis belong
to two geographically widespread genera
— the primarily arctic marine genus Mysis
Latreille, 1802 and its representatives in
the continental waters, and the speciose
Ponto-Caspian-Atlantic genus Paramy-
sis Czerniavsky, 1882. Another, monotyp-
ic Ponto-Caspian genus Limnomysis Czer-
niavsky, 1882 is also included (Table 1).
The three genera are traditionally assigned
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to the tribe Mysini (Miiller 1993), but the
monophyly of this taxon has been ques-
tioned on the basis of molecular 18S
rRNA data (Remerie et al. 2004). The phy-
logenetic position of the genera analysed
in this thesis was assessed from an approx.
850 bp fragment of the nuclear 18S rRNA
gene, using data from Remerie et al. (2004)
and new data from Mysis (III) and Para-
mysis (unpubl.). The analysis was further
suggestive of the paraphyly of Mysini (al-
though with no significant node support)
and showed relatively close relationships
among Mysis, Paramysis and Limnomysis
(Fig. 2).

The material of Mysis was obtained
from samples collected for various previ-
ous studies in 1980-1996 (Kinsten 1986,
Viainola 1992, 1995, Viinola et al. 1994),
and from additional samples collected for
this work. Reference material of most sam-
ples is deposited in the Finnish Museum of
Natural History. Additional material from
samples stored at zoological museums
in Europe and Canada was also included.
The taxonomical and distributional analy-
sis of the Mysis relicta species group (I, II)
was based on altogether approx. 300 sam-
ples from various continental and coast-
al localities of the Northern Holarctic. Of
these, approx. 240 samples (5-20 speci-
mens per sample, if available) were ana-
lysed for morphological and morphometric
characters and 66 samples (197 specimens)
for mtDNA variation. Allozyme character

data from approx. 200 samples was also
used (Viinola 1986, Viinola et al. 1994).
Part of the material (44 samples, 169 spec-
imens) was used for mtDNA phylogeo-
graphic study of two M. relicta group spe-
cies — M. salemaai and M. segerstralei — on
the circumarctic and North European scales
(IV). Analyses of spectral light sensitivities
of the eyes of two European ‘glacial relict’
mysid species — M. relicta and M. salemaai
— were conducted on samples from three
sites in the Baltic Sea and from two lakes
in southern Finland (V). The sampling was
designed to test the effect of environment
on visual adaptations and included sympat-
ric occurrences of different species (same
environment — different taxa) and allopatric
occurrences of the same species in differ-
ent light conditions (different environments
— same taxon). Phylogenetic analysis of the
genus Mysis (II1) included all known spe-
cies of the genus (Table 1); 1-30 individ-
uals from each species were analysed for
morphological and molecular (mitochon-
drial and nuclear DNA, and allozyme) var-
iation. The Ponto-Caspian mysid diversi-
ty and phylogeography was studied using
mitochondrial COI gene sequence variation
from seven mysid taxa belonging to two
genera (Paramysis and Limnomysis), col-
lected in 18 localities across the region in
1991 and 20002004 (V).

Samples newly collected for molec-
ular and morphological analyses were
stored deep frozen (-80 C°) or in ethanol

Fig. 2. Single MP tree (1246 steps) of various Mysida, based on approx. 850 bp of the nuclear 18S gene,
aligned using default parameters in ClustalW (see description of methods in section 3.3.2.1); gaps were
treated as the S5th character state. Mysis and Paramysis data are from this study, other sequences are from
Remerie et al. (2004). Thick branches indicate nodes also supported by direct optimisation analysis (gap
insertion costs 1 or 2 relative to base change costs). Bootstrap support is shown above the branches; scale bar
indicates the number of inferred changes. Continental mysids analysed in this study are listed in bold; taxa
that do not belong to the tribe Mysini are underlined. No 18S data of P. kessleri and P. baeri was available
and their position is approximately inferred from the analysis of 28S gene (unpubl.).
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(80-96%). Samples for vision analyses (V)
were transported to laboratory and kept in
aquaria until analysis (Lindstrém & Nils-
son 1988). Samples obtained from museum
collections included both formalin and etha-
nol fixed material and were mostly used for
morphological assessment (II, III). Part of
the material, collected in the 1950s—1960s
andfixed and stored in strong ethanol (Holm-
quist 1963, 1975) nevertheless turned out
to be usable for molecular analyses (IV).

3.2. Laboratory analyses
3.2.1. Morphological characters

For morphological and morphometric anal-
yses specimens were inspected and meas-
ured under a dissecting microscope (10x—
50x magnification) and from slide mounts
using light microscopy (including phase
contrast microscopy) (I, II). Computerised
digital image analysis software was used
to measure 26 characters used in the mor-
phometric study of the Mysis relicta group
(D). Qualitative morphological variation in
Mysis was also assessed using scanning elec-
tron microscopy (I, IIT). All external body
parts were screened for taxonomically and
phylogenetically informative variation. The
final selection of characters useful for spe-
cies identification included about 20 mor-
phological traits (II). For the phylogenetic
analysis of the genus Mysis 33 morphologi-
cal characters were selected, namely those
deemed stable within species and amenable
to coding into discrete states (II1).

3.2.2. Molecular characters

Molecular analyses were conducted from
sequences of mitochondrial and nucle-

ar DNA. Although recently criticised (e.g.
Ballard & Whitlock 2004, Thalmann et al.
2004, Hurst & Jiggins 2005), mitochondrial
DNA remains the most widely used marker
in phylogeographic and lower-level phy-
logenetic studies (e.g. Avise 2000, Hewitt
2004). The advantages of mtDNA include
its relative ease of amplification owing to
a large number of copies and to availabil-
ity of universal primers (e.g. Folmer et al.
1994), predominantly uniparental inherit-
ance and hence general absence of recom-
bination, and a comparatively fast rate of
evolution. In this thesis sequences of a 600—
630 bp segment of the mitochondrial pro-
tein coding cytochrome c oxidase subunit I
gene (COI) were used to explore the phylo-
geographic histories of two species in the
M. relicta group (IV), and of seven Ponto-
Caspian mysid taxa (VI). For phylogenetic
analysis of the genus Mysis (I11) a larger set
of molecular characters was assembled, in-
cluding partial mtDNA sequences of COI,
cytochrome B (CytB) and the large subunit
rRNA (16S) genes, and nuclear DNA se-
quences of the partial small subunit rRNA
gene (18S) and the entire internal tran-
scribed spacer 2 region (ITS2) of the rRNA
operon. Allozyme character data from pre-
vious studies (Vainold 1986, 1992, 1995)
were also incorporated into the taxonomic
and phylogenetic studies (I, III). Labora-
tory procedures are described in (III), (IV)
and (VI).

3.2.3. Eye spectral sensitivity

Spectral sensitivities of the eyes of two
mysid species were studied using electro-
retinogram (ERG) analyses (V). The spec-
tral sensitivity of an organism with com-
pound eyes, as typical for many arthropods,
is a result of light absorption of both visual



pigments and of intraocular filters (screen-
ing pigments) present in the ommatidia
(Goldstein & Williams 1966, Goldsmith
1978). The visual pigment consists of a
protein (opsin) and a chromophore (vitamin
A), which in crustaceans, including Mysis,
can be either in the form of retinal (A1) or
3,4-dehydroretinal (A2) (Jokela-Maittd et
al. 2005). The spectral sensitivity of Mysis
can therefore vary either due to amino-acid
changes in the opsin protein, due to switch
from chromophore A1 to A2 (which causes
a shift of spectral sensitivity towards longer
wavelengths), or by interference of screen-
ing pigments. In the ERG analysis the re-
sponse of eye to light of different wave-
lengths is measured directly by inserting an
electrode into an eye; the method thus as-
sesses a ‘total’ response that includes light
absorption of both the visual and screening
pigments. In this respect the ERG analysis
is different from, e.g. microspectrophotom-
etry (MSP), where spectral sensitivity is re-
corded from an isolated visual pigment on-
ly. Generally it is considered that screening
pigments in a dark-adapted eye are with-
drawn and will not affect the spectral sen-
sitivity; results from various measures of
spectral sensitivity have thus been com-
pared directly (e.g. Archer et al. 1999). Yet,
in a number of organisms a pronounced dif-
ference has been found between the wave-
lengths of maximum sensitivity measured
from the eye and from the visual pigment
separately, suggesting that screening pig-
ments may affect vision also in a dark-
adapted state (Goldsmith 1978, Frank &
Widder 1999, Jokela-Méitti et al. 2005). It
remains to be tested which approach gives
results that are closer to the actual vision of
an organism in nature.
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3.3. Data analyses
3.3.1. Morphometric data

Morphometric data on populations of the
four Mysis relicta group species (I) were
analysed using two common multivariate
statistical approaches, principal component
analysis (PCA) and canonical variate anal-
ysis (CVA, also called discriminant analy-
sis) (Pimentel 1979). PCA is useful in sum-
marising the main patterns of multivariate
data on fewer dimensions (principal com-
ponents), whereas CVA helps to identi-
fy variables that allow best differentiation
among a priori defined groups (i.e. varia-
bles with small within-group but large be-
tween-group variance). A major problem
with traditional linear morphometric meas-
urements is to account for ontogenetic size
variation in organisms of variable sizes at
maturity. In such measurements all varia-
bles are generally influenced by the over-
all size, i.e. all dimensions of body increase
in the course of growth. In PCA of linear
measurements most of the size variation is
summarised in the first principal compo-
nent (PC1), which typically also accounts
for the largest proportion of the total vari-
ance (70-95%) and is strongly and positive-
ly correlated with all other variables; it has
been therefore suggested that PC1 can be
used as a summary measure of ‘size’ (e.g.
Teissier 1938 cited in Cadrin 2000). A sim-
ple separation of PC1 as ‘size’ has never-
theless been criticised and in fact all meth-
ods proposed to account for size effects in
traditional morphometric analyses have
either biological or statistical limitations
(Thorpe 1983, Rohlf 1990, Cadrin 2000). In
this study, we nevertheless assumed PC1 to
account for most of the size variation, and
other components to embody information
about ‘shape’. Effects of size were tested
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by comparing CVA of raw measurements to
results of same analysis performed on PCA
scores with PC1 either included or exclud-
ed (‘size-in’ and ‘size-out’, Thorpe 1983).
CVA was carried using the four species
(identified by allozyme characters) as a pri-
ori identified groups, or alternatively using
populations as groups with no prior species
assignment. The latter approach helped to
asses whether populations cluster into the
four taxonomic units. A pair-wise discrimi-
nant function to identify two sympatrically
occurring European species was developed
and its applicability was tested with an in-
dependent data set.

3.3.2. Molecular data

3.3.2.1. Phylogenetic analysis. The phylo-
genetic parsimony analysis of the genus
Mpysis (IIT) was conducted on seven differ-
ent data sets, including five DNA sequenc-
es (mitochondrial and nuclear), a set of 33
morphological characters, and a set of 8 al-
lozyme loci. In addition to assessing rela-
tionships among Mysis species, the study
explored two currently debated methodo-
logical aspects of phylogenetic analysis,
1.e. the alignment of length-variable DNA
regions (a priori alignment and direct op-
timisation) and the combining of different
data sets into a simultaneous analysis.
Alignment of length-variable DNA re-
gions (ITS2 in case of Mysis) is one of
the major challenges and a recent bone of
contention in phylogenetic analyses. On
the one hand, the independence of align-
ment and tree search (a priori alignment)
has been advocated as a sound scientific
method to postulate primary homologies
(sensu de Pinna 1991), i.e. alignment, and
then to test them in a subsequent phyloge-
netic analysis (Simmons 2004). On the oth-

er hand, such an independent treatment of
data has been blamed for logical inconsist-
ency because it introduces a number of as-
sumptions about character state changes,
i.e. insertion-deletion events that are not
revised in the course of the analysis (re-
ciprocal illumination sensu Hennig 1966).
Moreover a priori alignment is also typi-
cally produced on a basis of a guide tree,
which logically should be, but is typical-
ly not, the same as the tree obtained from
phylogenetic analysis (Schulmeister et al.
2002). The proposed alternative approach,
direct optimisation (DO), discards primary
and secondary homologies and introduces a
topology and parameter dependent dynam-
ic homology (Wheeler 1996). Here a search
for an optimal topology and optimal align-
ment (according to the chosen optimality
criterion, i.e. parsimony or likelihood) is
conducted simultaneously and homologies
of nucleotide bases are allowed to change
in order to minimise incongruence (Wheel-
er 1996, Wheeler et al. 2003). Such a proc-
ess finally assumes as few as possible DNA
changes, and logically trees obtained using
DO are shorter or equal to trees from a pri-
ori alignments of the same data (Wheeler
2001). But exactly for this reason direct op-
timisation has been criticised as ‘automat-
ed scheme to purge the data of homoplasy’
(Simmons 2004). On the other hand, while
use of primary and secondary homologies
is a good theoretical framework in morpho-
logical analysis, it is hardly applicable to
length-variable DNA data, where the pro-
posed criteria to identify primary homolo-
gies (i.e. topographical and structural sim-
ilarity, change during ontogeny; de Pinna
1991) cannot be applied. To some extent
the primary homology statements could
be strengthened from an inferred second-
ary structure, if this is known with the suf-
ficient certainty (e.g. for rRNA, Wuyts et



al. 2001, 2002). However, secondary struc-
tures suggested for the internal transcribed
spacer regions (ITS1 and ITS2) seem to
vary a lot and their broader applicability
remains to be tested (Mukha et al. 2002,
Young & Coleman 2004). Moreover, the
inconsistency of a priori alignments also
pertains to the fact that different parame-
ters (e.g. gap insertion versus base change
costs) are typically used during the align-
ment and the tree search and their effects
on the obtained topology are not explored
(Wheeler 2001).

It is widely accepted that phylogenetic
inference should be conducted on a wide
range of characters, the more the better.
However, how the different data sets should
be treated — analysed separately or together
in a simultaneous analysis — has not been
settled so far. On the one hand, evaluating
repeatability of clades from separate analy-
sis of data partitions allows assessing con-
fidence in the obtained topology through
independent investigations (e.g. Chen et
al. 2003). On the other hand, combining
data partitions into simultaneous analysis
is preferable because separate analyses of
small data sets suffer from large sampling
error and typically yield unresolved topolo-
gies (Cummings et al. 1995, Schulmeister
et al. 2002). The underlying assumption
of simultaneous analysis is expectation of
homoplasy being distributed more or less
randomly across data partitions — the very
fact doubted by advocates of separate anal-
ysis (Naylor & Adams 2001). The philo-
sophical arguments remain disputed (e.g.
Chen et al. 2003, Kluge 2004), but the
emerging consensus is that exploration of
data — whether in separate or simultane-
ous analysis — should constitute an impor-
tant step in identifying potentially mislead-
ing signals in the data partitions (Wheeler
1995, Giribet 2003, Lecointre & Deleporte
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2004, but see Grant & Kluge 2003).

In this study exploration of data was per-
formed using both separate and simultane-
ous analysis. While identifying conflicts
among data from separate analysis typi-
cally involves comparison of tree topolo-
gies, the simultaneous analysis provides a
framework to compare support of data sets
for each node by using partitioned Bremer
support (PBS) values (Baker & DeSalle
1997). Moreover, it also enables to reveal
the so-called hidden partitioned Bremer
support (HPBS; Gatesy et al. 1999) which
is not seen in separate analysis. For exam-
ple, if a data set I has 5 characters support-
ing grouping A(B,C) and 4 characters sup-
porting grouping (A,B)C, whereas data
set II has 1 character for grouping A(B,C)
and 10 characters for grouping (A,B)C, the
consensus from the two separate analyses
will yield unresolved topology (A,B,C)
(Fig. 3). However the A(B,C) grouping is
in total supported by 6 characters, where-
as (A,B)C by 14 characters. Thus the data

Data set Total no.
Topology I 11 characters
A B C

5 1 6
A B C

4 10 14

Strict consensus from
separate analyses

Topology from
simultaneous analysis

A B C A B C

\/ \%4

Fig. 3. Results of separate and simultaneous anal-
yses of two data sets that have different degree of
support for two alternative topologies.
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set I has a ‘hidden’ support of 4 characters
for the topology (A,B)C that can be detect-
ed in simultaneous, but not separate analy-
ses. The formal procedure to calculate PBS
and HPBS values is described in (II1). An-
other way to assess contributions of data
partitions in simultaneous analysis is sen-
sitivity analysis (sensu Wheeler 1995).
Here tree searches are conducted using a
varying set of the analysis parameters (e.g.
gap insertion-nucleotide base substitution
costs, transitions-transversion costs, differ-
ent weights of the data) and the stability of
the nodes in the obtained topology is eval-
uated. Stable nodes are judged as reliable
(Giribet 2003).

3.3.2.2. Phylogeographic analysis. In phy-
logeographic analyses of two M. relicta
group species (IV) and of seven Ponto-
Caspian taxa (VI), relationships among
sampled units were assessed both in terms
of haplotype genealogies and at the popula-
tion level.

Relationships among all haplotypes
were first assessed from neighbour-joining
(NJ) trees constructed on uncorrected (p) or
Kimura-2-parameter distances with gamma
correction for rate heterogeneity (K2P+I")
(e.g. Nei & Kumar 2000). Parsimony anal-
yses were then conducted on smaller data
sets. Analyses of closely related intra-spe-
cific haplotypes however often yield large
numbers of equally parsimonious trees and
unresolved consensus summaries. To deal
with specific problems of intra-specific re-
lationships, i.e. small amount of overall var-
iation to reliably infer topologies, presence
of ancestral haplotypes, multifurcations
and reticulation, phylogeographic analy-
ses are increasingly switching from trees to
networks (Posada & Crandall 2001). While
there are different methods to construct net-
works and they do differ in performance

(Cassens et al. 2003), by far the most com-
mon is the statistical parsimony method
(Templeton et al. 1992) also applied in this
thesis. This method uses the coalescence
theory (Hudson 1990) to make predictions
about the expected amount of variability in
a sample of haplotypes (assuming an equi-
librium population). The analysis starts by
defining a number of steps (changes) be-
tween two haplotypes, which can be con-
sidered parsimonious with a defined (e.g.
95%) probability. This parsimony limit
depends on the length of the analysed se-
quence and the total amount of genetic var-
iation (0) in the data set and is estimated
through Bayesian analysis (from the co-
alescence theory, for mitochondrial data
0 = 2N;u, where N; is the effective popula-
tion size of females and u is the mutation
rate) (Templeton et al. 1992, Clement et al.
2000). Once the connection limit (in terms
of number of steps) has been defined, all
haplotypes that differ by fewer steps are as-
sembled into a network using the parsimo-
ny optimality criterion.

Population level relationships were an-
alysed using a matrix of population pair-
wise @, distances (which reflect shared
haplotypes in the samples as well as diver-
gences among them), which was analysed
in an explicit spatial context using spatial
analysis of molecular variance (AMOVA,
SAMOVA) (Excoffier et al. 1992, Dupan-
loup et al. 2000) (IV, VI). AMOVA par-
titions molecular variance into compo-
nents among predefined (e.g. geographical)
groups of populations (@), among popula-
tions within the groups (@), and among all
population (®@,). The a priori definition of
groups can be avoided in SAMOVA, where
optimal grouping of populations is searched
iteratively on the basis of molecular and ge-
ographical distances among them.

Levels of molecular diversity in popu-



lations and intra-specific groups were as-
sessed using standard diversity indices
such as haplotype (%) and nucleotide () di-
versities (Nei 1987). Deviations of the pat-
terns of molecular diversity from the ex-
pectations in equilibrium situations (i.e.
neutrality and constant population size)
were assessed using Tajima’s D and Fu’s F
statistics and mismatch distributions (Taji-
ma 1989, Rogers & Harpending 1992, Fu
1996, Schneider & Excoffier 1999). Under
directional selection, after selective sweeps
or after a population expansion the num-
bers of segregating sites and of rare alle-
les in a population is excessive compared
to the average number of differences be-
tween the sequences and hence Tajima’s D
and Fu’s F statistics have negative values;
effects of balancing selection or popula-
tion subdivision are opposite (Simonsen et
al. 1995). Mismatch distributions provide
a straightforward summary of the average
coalescence depths in the sample, i.e. av-
erage distance in mutation generation units
(t) from the most recent common ancestor.
In an equilibrium population all but one of
the coalescences of the sampled haplotypes
are expected to occur within half-time to the
most recent common ancestor of the sample;
the last coalescence of the two remaining
lineages will take another half of the time
(Hudson 1990). This means that most hap-
lotypes are derived from two long separat-
ed lineages and the distribution of pair-wise
differences in the sample will be bimodal.
In contrast, in an expanding population ma-
jority of haplotypes coalesce prior, but not
after the expansion event, producing a star
phylogeny and a single peak in the distri-
bution of pair-wise differences (Rogers &
Harpending 1992). While mismatch distri-
butions are widely used in phylogeographic
studies, there are several reservations as re-
gards their utility. For instance, strong het-
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erogeneity in mutation rates will also cause
unimodal distributions resembling the case
of expansion (Schneider & Excoffier 1999),
but its effect on Tajima’s D values will be
opposite (Aris-Brosou & Excoffier 1996).
On the other hand, strong population subdi-
vision after the demographic and range ex-
pansion and relatively low levels of gene
flow among the demes will produce com-
plex gene genealogies with short and long
branches; in such cases population expan-
sion will not be detected using the standard
statistics even if global size of the species
increased by several orders of magnitude
(Ray et al. 2003). Generally, summary sta-
tistics require large sample sizes to confi-
dently reject neutrality / population equi-
librium (Simonsen et al. 1995) and do not
make full use of the haplotype genealogies;
a number of other coalescence based meth-
ods have been developed for demographic
inferences (Emerson et al. 2001). Yet, re-
gardless of the method, effects of selection
and demographic changes are practical-
ly indistinguishable using data from a sin-
gle locus, as is the case with mitochondrial
DNA (Galtier et al. 2000). The interpreta-
tion of the mismatch distributions in such
studies is therefore only suggestive.

4. RESULTS AND DISCUSSION

4.1. Diversity of the ‘glacial relict’
element — the Mysis relicta species
group (I, I, I1I)

Mysid crustaceans conventionally attrib-
uted to Mysis relicta Lovén, 1862 have a
broad circumpolar distribution in boreal
and subarctic lakes of the previously glaci-
ated continental areas of Europe and North
America and in estuarine and coastal re-
gions of the arctic seas (Jagerskiold 1912,



20

Segerstrale 1957, Holmquist 1959). The
variation in morphological and biologi-
cal characteristics of this zoogeographical-
ly peculiar taxon has been studied exten-
sively (e.g. Lovén 1862, Sars 1867, Smith
1873, Czerniavsky 1882, Samter & Weltner
1900, Kane 1901, Lonnberg 1903, Linko
1908, Ekman 1919, Holmquist 1949, 1959,
Johnson 1964). Yet no taxonomic subdi-
visions were maintained through most of
the 20th century, even though morphologi-
cal differences among various populations
were documented (Holmquist 1959, John-
son 1964). The view on phenotypic differ-
entiation was, however, largely guided by
the prevalent idea of gradual morphologi-
cal transformation from a presumed ma-
rine ancestor M. oculata to the freshwater
M. relicta, initially proposed by Lovén
(1862), and by a search for the correspond-
ing morphological transformation. As no
correlation between salinity and morphol-
ogy could be found, the attention was final-
ly focused on the absence of intermediate
forms rather than on the existence of dif-
ferences in itself. Application of allozyme
characters, however, readily disclosed deep
systematic differentiation within the M.
relicta group (Vainold 1986, Viinola et al.
1994), but the documented species diver-
sity remained largely overlooked in eco-
logical studies. The aim of this work was
to place the recognised M. relicta group di-
versity in a formal taxonomic framework,
to find diagnostic morphological characters
that could facilitate the identification of the
taxa, to characterise their distributions on
the circumpolar scale, and to infer relation-
ships among the four species.

Both quantitative morphometric and
qualitative morphological analyses demon-
strated consistent differentiation among the
four species in the M. relicta group. In the
morphometric approach (I) 97-100% iden-

tification efficiency was achieved using
pair-wise discrimination functions based
on 3-10 best-discriminating characters
each. These chosen characters were partly
the same as those assessed by earlier au-
thors (Ekman 1919, Holmquist 1949, 1959,
Johnson 1964), and included the numbers
of spine-setac on telson, the depth of tel-
son cleft, the numbers and lengths of short
and long spine-setae on the maxilla, and the
relative carapace length. In the qualitative
morphological assessment (II) taxonomi-
cally diagnostic differences were also re-
corded in the setation of the second maxil-
lipede, mandibular palp and finer details of
setation of maxilla, but following a broader
assessment, less weight was finally put on
the number of lateral spine-setae on telson
and shape of its cleft.

The formal taxonomical species diag-
noses (II) were based on three sets of char-
acters, i.e. (1) nine allozyme loci (Viinola
1986, Viinola et al. 1994), (ii) sequence of
a 634-bp mitochondrial COI gene segment
(GenBank accession numbers AY920491—
920494), and (iii) about ten main morpho-
logical traits. Binomial Linnaean names
were assigned to the four species to re-
place the earlier used provisional names M.
relicta spp. I-1V (Viinold 1986, Viinola
et al. 1994): M. relicta Lovén, 1862 (= M.
relicta sp. 1), M. salemaai Audzijonytée &
Viinold, 2005 (= sp. II), M. segerstralei
Audzijonyté & Viinold, 2005 (= sp. 1) and
M. diluviana Audzijonyté & Viinola, 2005
(= sp. IV). The new morphological diagno-
sis also allowed identification of museum
material not suitable for molecular analy-
ses; altogether the distributions of the four
species were surveyed from about 300 sam-
ples across the northern Holarctic (Fig. 4).

M. relicta (s. str.) is the prevalent My-
sis species in lakes of Northern Europe and
peripheral parts of the brackish Baltic Sea.
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M. salemaai inhabits offshore habitats of
the Baltic Sea and a range of lakes from
the British Isles, Scandinavia and Karelia
to coastal northern Siberia. M. segerstralei
has a circumpolar distribution along the
Arctic coasts and islands of Eurasia and
North America and also occurs in lakes of
these northern regions. M. diluviana inhab-
its continental freshwater lakes of the once-
glaciated northern North America. Sever-
al contact zones between the four species
were identified based on earlier (Vainola
1986, Viinola et al. 1994) and the newly
obtained data, i.e. sympatric and parapatric
occurrences of M. relicta and M. salemaai
in some European lakes and the Baltic Sea,
and contact zones (but no sympatric occur-
rences known so far) of M. salemaai and
M. segerstralei along the European and Si-
berian arctic coasts, and of M. segerstralei
and M. diluviana in the Mackenzie River
delta.

As the four species of the M. relicta spe-
cies group until now were typically treat-
ed as a single morphospecies in ecological
literature, the question of their monophyly
might seem straightforward or even irrel-
evant. However, neither the allozyme char-
acters (Vaindla 1992, 1995), nor the DNA
(COI, CytB, 168, 18S, ITS2) and morpho-
logical data partitions could resolve mono-
phyly of this group when analysed sep-
arately (III). The monophyly of the M.
relicta group was nevertheless supported
in a simultaneous analysis of the molecular
and morphological data sets and the node
was stable under majority of the parame-
ters explored in sensitivity analysis (III).
The failure of the morphological data to re-
solve the monophyly of the seemingly uni-
form species group should not however im-
ply an absence of phylogenetic signal, but
rather reflects a restricted choice of charac-
ters suitable for discrete coding. The results

confirm the well recognised difficulty of
converting mostly quantitative morpholog-
ical variation into discrete character states,
particularly at lower taxonomic levels (e.g.
McLeod & Forey 2002).

The importance of methodological as-
pects of morphological analysis was clear-
ly exemplified by the conflicting results
that different approaches gave on the rela-
tionships among the four M. relicta group
species (I, II, III). The quantitative mor-
phometric study (I) indicated distinctness
of the coastal M. segerstralei, and this spe-
cies was also suggested as basal to the oth-
er M. relicta group species in the separate
parsimony analysis of morphological da-
ta (III) and in allozyme studies (V&inola et
al. 1994). However, the simultaneous par-
simony analysis of molecular and morpho-
logical data (IIT) and a broader qualitative
morphological assessment (II) supported
a close sister group relationship between
M. segerstralei and M. salemaai, while M.
relicta and M. diluviana were considerably
more distant. The same was shown by mi-
tochondrial DNA data alone (I, IV), where
the M. salemaai + M. segerstralei com-
plex contained three equidistant and close-
ly (2%) related lineages that did not show
a reciprocally monophyletic distribution
in the two species, and were contrasted by
considerably more diverged M. relicta and
M. diluviana (approx. 8% from each other
and from the M. salemaai + M. segerstralei

clade).

4.2. Phylogeny of Mysis and history of
marine-continental invasions (I11, IV)

The origins of the primarily arctic marine
taxa in circumpolar freshwater lakes and in
the deep waters of the continental, brackish
Caspian Sea have been a widely discussed



topic in Holarctic zoogeography (e.g. Hog-
bom 1917, Sars 1927, Ekman 1953, Viinola
1995). The main questions have been: (i)
was there a single marine-continental inva-
sion event or several independent invasions,
i.e. are the taxa in boreal lakes and the Cas-
pian Sea monophyletic? (i1) when did these
continental invasions occur, and were they
simultaneous in the different similarly dis-
tributed ‘relict’ genera? (iii) which marine
taxa make the sister group (‘ancestors’) of
the continental species?

A simultaneous analysis of 33 morpho-
logical characters along with three mito-
chondrial and two nuclear gene segments
supported the monophyly of the continental
Mpysis, i.e. of the M. relicta group (‘glacial
relicts’) and the four Caspian Sea endem-
ic species (‘arctic immigrants’) (Fig. 5). In
the direct optimisation analysis a clade of
three marine circumarctic taxa (M. oculata,
M. litoralis and a newly disclosed M. cf.
litoralis) was recovered as a sister group
to the continental species. Unlike in ear-
lier allozyme character analyses (Vaindla
1992, 1995), the NW Atlantic M. gaspensis
showed distant relationships to the conti-
nental Mysis, but grouped closer with an-
other NW Atlantic taxon M. stenolepis. As
with allozymes, the DNA data however
showed deep divergences among the phe-
notipically relatively uniform M. relicta
group taxa, but close molecular relation-
ships among the four morphologically di-
verse endemic Caspian Mysis spp. The ra-
diation of the pelagic Caspian Mysis flock
indeed appears recent, e.g. the entire ITS2
region, often highly variable in interspecies
comparisons, was uniform in the analysed
Caspian specimens, allozyme loci showed
extensive allele sharing (Vainold 1995),
and mtDNA trees did not correspond to the
morphological species identities, a pattern
congruent with several other cases of mito-
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chondrial-species tree discordance in simi-
lar endemic species radiations (Seehausen
2004). Given that the four taxa are large-
ly pelagic, and that no geographic subdivi-
sions of the central and southern Caspian
Sea is evident during Pleistocene, the speci-
ation of the Caspian Mysis was likely sym-
patric (Vainold 1995). Even the stringent
condition of resource partitioning, required
to infer sympatric speciation (Coyne & Orr
2004), is justified in Caspian Mysis species
that have different ecologies and food pref-
erences (Bondarenko 1991).

To address the timing of the continen-
tal invasions, we must refer to the quanti-
tative molecular divergences and external
molecular clock assessments. If the widely
cited rate calibration of the invertebrate mi-
tochondrial COI gene at approx. 2—4% per
Myr is applicable to Mysis (Knowlton &
Weigt 1998, McCartney et al. 2000, Wares
& Cunningham 2001, but see 1V), the split
between the circumarctic M. relicta spe-
cies group and the Caspian clade (approx.
13% K2P+T corrected divergence, Table 2)
could be of 3—6 Myr age, an estimate which
also falls within the range suggested from
allozyme data (Vainold 1995). However, so
far we lack the evidence for corresponding
hydrographic connections that could have
allowed immigration of northern taxa into
the Caspian basin in those times.

This estimate does not fit either of the
earlier proposed time periods, i.e. major
Middle and Late Pleistocene glaciations
(< 1 Myr) (Arkhipov et al. 1995), generally
considered as the agent of continental dis-
persals (Hogbom 1917, Hutchinson 1967,
Segerstrale 1982) or mid-Tertiary (ca 30—
40 Myr) connection between the current
Arctic and the Ponto-Caspian basins (Holm-
quist 1959). With this in mind, and con-
sidering disparate arctic — Caspian diver-
gences in other similarly distributed taxa
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(Table 2), the parsimonious biogeographi-
cal hypothesis of a single continental inva-
sion remains poorly corroborated, even if
the monophyly of the Mysis taxa involved
is supported. The same applies to the group
of four circumboreal ‘glacial relict’ taxa as
well. On the one hand, the topological rela-
tionships among the M. relicta group spe-
cies, inferred by the simultaneous analysis
(II), and supported by morphological, mo-
lecular and ecological data (I, IV), were in
line with the more general pattern of cir-
cumpolar zoogeography, i.e. a principal
split between the North American conti-
nental taxa (M. diluviana) versus those in
Eurasia, Beringia and the American Arctic
(M. relicta, M. salemaai, M. segerstraleri)
(Bernatchez & Dodson 1994, Kontula &
Viinola 2003, Van Houdt et al. 2005). On
the other hand, in quantitative terms (‘mo-
lecular age’) the Nearctic-Palearctic diver-
gences are not concordant among different
groups (Table 2). Although a directly com-
parable molecular clock should not be ex-
pected for all the different groups (also see
IV), the wide discrepancies still suggest
that colonisations to the different continen-
tal areas — to the Caspian Sea and to the
lakes of the Nearctic and Palearctic — were
independent and asynchronous both among
different ‘relict’ genera and within the M.
relicta group itself. The two stenohaline
Moysis species, M. relicta and M. diluviana,
have likely lived in freshwaters throughout
most of the Pleistocene and independently
colonised their ranges in Europe and North
America respectively (Vainola et. al. 1994,
I, III). The separation of M. salemaai and
M. segerstralei and continental European
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invasion of M. salemaai, in contrast, took
place more recently and its sympatric oc-
currences with M. relicta in the Baltic Sea
basin (Vdinold & Vainio 1998, II) represent
a secondary contact established in a course
of range perturbations during the Quater-
nary (III, IV). Finally, the coastal circum-
arctic M. segerstralei is zoogeographically
not identifiable with the other true conti-
nental ‘glacial relicts’. This taxon may best
represent the continuity of a lineage that
survived in diluted northern waters through
the Pleistocene (‘the marine ancestor’); its
current occurrence in coastal lakes is as-
sociated with recent marine inundations,
similarly known from other coastal marine
species (Holmquist 1959, 1973, Mauchline
1980).

In the methodological aspect of the phy-
logenetic study (III) the direct optimisation
analysis generally gave a better resolution
than analysis with a priori alignment, but
overall no strong incongruence was found
between the two approaches. The simulta-
neous analysis of the data partitions was im-
portant for the resolution of overall Mysis
relationships, as different data sets contrib-
uted to different nodes. Particularly evi-
dence for the monophyly of the continental
Mysis taxa and that of the M. relicta group
was mostly from the ‘hidden’ support, not
seen in separate analyses. In terms of total
contribution to the resolution (partitioned
Bremer support values), mitochondrial pro-
tein coding data appeared to contain most
phylogenetic signal (83%). However, the
support from these genes was concentrated
just on three nodes and grouped taxa where
cyto-nuclear discordance, due to intro-

Fig. 5. Phylogeny of Mysis. Simultaneous analysis topology from the direct optimisation parsimony analysis
of molecular and morphological characters (Bremer support values above the branches), and distributions of
the species with sampling sites indicated (for individual relicta group species, see Fig. 4).
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Table 2. Mitochondrial sequence divergences (K2P+I" corrected mean divergence, %) among main zoo-
geographical zones in arctic continental elements and among different basins of the Ponto-Caspian
area. Abbreviations: PAL = Palearctic ‘glacial relict’ taxa; NEA = Nearctic ‘glacial relict’ taxa; CAS =
Caspian taxa; ARC = arctic marine taxa; BLA = Black Sea populations; AZO = Azov Sea population;
—=no data available; * = no natural occurrences in the region.

Arctic elements PAL-ARC CAS-ARC PAL-CAS PAL-NEA

Mpysis (COI) 14.0 14.7 13.2 11.5

Gammaracanthus amphipods (COI)! 17.5 5.5 17.0 *

Phoca seals (COI+COII+CytB)? 0.0 3.5 3.5 *

Myoxocephalus quadricornis fish (CytB+ATPase)® 0.5 * * 0.9

Coregonus lavaretus fish (mtDNA, RFLP)* * * * 1.0

Group Ponto-Caspian species BLA-CAS BLA-AZO AZO-CAS

Mysida Limnomysis benedeni 2.0 1.0 1.7
Paramysis baeri (s. 1.) 0.6 (12) 0.5 0.6 (12)
Paramysis ullskyi - — 1.3
Paramysis lacustris 1.7 4.9 5.1
Paramysis kessleri 0.6 * *

Amphipoda Pontogammarus robustoides’® 3.9 - -
Pontogammarus maeoticus® 15.7 - -
Obesogammarus crassus? 2.5 — —
Echinogammarus ischnus ¢ 8.3 - —

Cladocera Cercopagis pengoi’ 1.3
Cornigerus maeoticus’> 1.5 — —
Podonevadne trigodna’® 1.5 0.0 1.5

Bivalvia Cerastoderma glaucum’ 0.0 —

Dreissena rostriformis® 0.5 *

Mysida data are from this study. Data from other taxa are indicated by superscript numbers that refer to
"Wiinolé et al. (2001); 2Palo & Viinolad (2006); *Kontula & Vainola (2003); “‘Bernatchez & Dodson (1994),
Cristescu et al. (2003); Cristescu et al. (2004); Nikula & Viin6ld (2003); *Therriault et al. (2004). For
Ponto-Caspian taxa all data came from the cytochrome ¢ oxidase I (COI) gene. Comparisons that involve
only central and southern Caspian populations are indicated in bold figures.

gression or incomplete lineage sorting, ap-
peared likely, i.e. the Caspian Mysis spp.,
M. oculata - M. litoralis, and M. salemaai
- M. segerstralei clades (III, IV). Overall,
the proportion of nodes likely showing mi-
tochondrial tree — species tree discord in

Mysis (about 25%) was similar to the aver-
age in other invertebrate taxa (Funk & Om-
land 2003), which again underlines the lim-
itations of mitochondrial genes as simple
taxonomic tools (DNA barcoding, Hebert
et al. 2003). As regards phylogenetics,



whenever several sets of nuclear and mi-
tochondrial markers are available, data ex-
ploration should allow identifying cyto-
nuclear conflicts and is deemed crucial in
justly presenting the information content
and possible misleading signals in the data
(Lecointre & Deleporte 2004, but see Grant
& Kluge 2003). In Mysis such cyto-nuclear
incongruence however generally seems to
concern sister taxa and would not seriously
affect the topology.

4.3. Phylogeographies of a European
and a circumarctic mysid: strong
regional but weak global structures and
fast rates of mtDNA evolution (IV)

It may be theoretically predicted that taxa
that have invaded formerly glaciated areas
will have reduced levels of genetic diversi-
ty and be characterised by few widespread
dominant haplotypes, as typical for popu-
lations undergoing extensive demographic
and range fluctuations (Avise 2000, Hewitt
2000). Indeed phylogeographic studies
have generally revealed decreasing lev-
els of genetic diversity towards the north
and considerably larger dispersal distanc-
es in the northern latitudes (Bernatchez &
Wilson 1998, Taberlet et al. 1998, Hewitt
2004). Many aquatic organisms, particular-
ly fishes, seem to have colonised newly de-
glaciated areas from just a few glacial refu-
gia, their long-distance dispersal facilitated
by vast periglacial lakes (Bernatchez &
Dodson 1994, Brunner et al. 2001, Hewitt
2004, Van Houdet et al. 2005). For the North
European aquatic fauna, the two main re-
fugia most likely were in eastern perigla-
cial lakes and in the North Sea basin and its
rivers (Nesbg et al. 1999, Koskinen et al.
2000, Kontula & Viinola 2001, Nilsson et
al. 2001, Vainio & Viinold 2003, Tonteri et
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al. 2005). Much less is known about main-
tenance and structuring of genetic diversity
in arctic coastal taxa, particularly on broad-
er circumarctic scales (Weider & Hobaek
2000, Hewitt 2004). Cases of low genetic
variability and of considerable allelic rich-
ness have both been reported among such
organisms, and instances of strong geo-
graphic subdivision are contrasted by oth-
ers with little structure (Bernatchez & Dod-
son 1994, Weider et al. 1999, Brunner et al.
2001, Hewitt 2004).

Mitochondrial phylogeographies of the
European M. salemaai and the circumarctic
coastal M. segerstralei showed a number of
deviations from the general expectation.
Both species showed high levels of mito-
chondrial diversity (2 = 0.98; 7 = 0.90%)
and were characterised by strong region-
al, but little global genetic structuring. The
mtDNA variation of M. salemaai showed
two unexpected patterns: (a) clear subdivi-
sion among six post-glacially (12 kyr) iso-
lated Scandinavian lakes, with monophylet-
ic haplotype groups in each of them, and (b)
an even further elevated molecular diversi-
ty in four Irish populations, where all ana-
lysed specimens (N = 22) had unique haplo-
types on average 1.1% divergent from each
other (Fig. 6). At the same time, no deeper
structuring was evident across the studied
North European range, and the mean coa-
lescence depth of all Scandinavian haplo-
types was only about twice that observed in
the post-glacial intra-lake groups.

With the lack of broader structure, the
mtDNA of M. salemaai failed to corrobo-
rate a subdivision between Irish and Scan-
dinavian populations, which was earlier ob-
served in allozyme data and was proposed
to reflect a late-glacial disjunction between
refugia in the Irish Sea and eastern peri-
glacial lakes respectively (Viainold et al.
1994). Moreover, while the small allozyme
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differentiation among Scandinavian lakes
(Fy = 0.05) suggested substantial post-
glacial effective population sizes of the or-
der of 100 000, the intra-lake monophyly of
mitochondrial haplotype groups would im-
ply small effective female population sizes
of less than 6 000 individuals. As the mysid
sex ratios are typically 1:1 and genetical-
ly determined at least in Mysis (Mauchline
1980, Viinola 1998), it is likely that fac-
tors other than neutral genetic drift have af-
fected diversities of either of the molecular
characters.

In all, mtDNA data per se could not con-
fidently identify broader geographical sub-
divisions in the M. salemaai data and so
refute the hypothesis of a single European
refugium. Yet considering post-glacial col-
onisation pathways to areas as distant as the
Baltic Sea, Southwest Scandinavia and Ire-
land, neither of the earlier proposed refu-
gia, i.e. eastern periglacial lakes or the Irish
Sea appears as a likely candidate. We may
propose instead that the geographically in-
tervening North Sea basin would have been
the main refugium for M. salemaai dur-
ing the last glaciation — the area that also
contributed to post-glacial colonisation of
a number of fishes (e.g. Bernatchez 2001,
Sdisd et al. 2005). Yet the eastern occur-
rence of M. salemaai in a Karelian lake
presumably directly derived from the peri-
glacial lakes and not accessible from the
Baltic Sea (Vidinola et al. 1994; Fig. 4) in-
dicates that the species did exist also in an
eastern refugium, a hypothesis that remains
to be tested.

The mitochondrial variation of the cir-
cumarctic coastal M. segerstralei showed a
similar general picture with a few distinct
regional clades superimposed on a pattern
of little global structure (Fig. 6). A deeply
diverged lineage was identified in the Ber-
ingian region, and can be associated with
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the isolation by the repeatedly established
Beringian land bridge. Distinct local groups
were also found in the western White Sea
region and in some Canadian arctic lakes
— these clades could have been related with
local late glacial refugia that however did
not contribute to the broader circumpolar
M. segerstralei diversity. In contrast, little
structure and closely related haplotypes in
coastal European, Siberian and Alaskan
populations suggest extensive post-glacial
gene flow across the entire arctic region,
plausibly from the unglaciated Alaskan-
North American coasts towards the for-
merly glaciated European arctic. This is al-
so in line with inferences of similar late- or
post-glacial trans-arctic (Pacific/Beringian/
NE Atlantic to Barents/White Sea) disper-
sal suggested for Macoma bivalve mol-
luscs, Pacific herring, and Atlantic salmon
(Vainola 2003, Jerstad 2004, Makhrov et
al. 2005).

Estimation of the mitochondrial COI
substitution rate, based on the observed
intra-clade diversities in monophyletic hap-
lotype groups in individual post-glacially
isolated M. salemaai lakes suggested a
rate of 0.27% per 10 kyr (27% per Myr),
i.e. about 10 times faster than the wide-
ly used 1-4% per Myr estimates obtained
from sister-species comparisons (Brown
et al. 1979, Fleischer et al. 1998, Knowl-
ton & Weigt 1998, McCartney et al. 2000,
Wares & Cunningham 2001, Kontula et al.
2003). The estimated rate was in fact simi-
lar to that reported from pedigree-level mu-
tation accumulation studies (Denver et al.
2000), assumed to indicate strong purify-
ing selection in natural populations even
at silent sites. It may be possible that cal-
ibration points used in phylogenetic com-
parisons do not allow identification of ini-
tial fast accumulation of substitutions and
cannot be extrapolated to date recent diver-
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gences. On the other hand, the fast COI rate
in M. salemaai might be caused by other
reasons (e.g. effects of population size and
selection) and requires further studies for
broader inferences.

4.4. What factors define visual
adaptations in two ‘glacial relict’
mysids? (V)

It is generally assumed that vision in ani-
mals is well adapted to the light character-
istics of their environments (Lythgoe 1979,
Johnson et al. 2002). In aquatic habitats
with small and high amount of organic mat-
ter the wavelength of the dominant light
can vary from 470 to 700 nm respective-
ly (Kirk 1994) and the spectral sensitivities
of organisms living in these conditions are
expected to be adapted accordingly. On the
other hand, the evolution of vision, just as
of any other adaptive trait, is affected by a
number of limitations, including functional
constraints on the permissible amino-acid
changes, physiological trade-offs, efficien-
cy of selection in populations of finite size
and phylogenetic history of species and
populations (Donner et al. 1990, Douglas
& Partridge 1997, Archer et al. 1999, Yoko-
yama 2000). The interplay of selection and
constraints is not well understood, particu-
larly because physiological studies tend to
interpret the observed patterns as a priori
adaptive (e.g. Lythgoe 1979). Well dated
isolation of lakes and populations of ‘gla-
cial relict’ Mysis, and variable light condi-
tions in these habitats therefore provide a
good model system to explore visual adap-
tations on post-glacial time scales. Indeed,
pronounced difference in spectral sensitivi-
ties between two populations from differ-
ent light environments was taken as an evi-
dence for a rapid post-glacial evolutionary

adaptation to the long-wave dominant light
environment in a dark humic water lake
(Lindstrom & Nilsson 1988). A difference
in spectral sensitivities was also found be-
tween inshore and offshore Mysis popula-
tions in the Baltic Sea that likely represent-
ed the two sibling species — M. relicta and
M. salemaai (Lindstrom 2000). However,
as the two species also came from different
light environments, the effect of environ-
ment versus genetically determined species-
specific characteristics remained unclear.

In this study spectral sensitivities were
first compared between the two different
species M. relicta and M. salemaai, prob-
ably reproductively isolated for at least a
million years (Viinold 1986, II) and cur-
rently living in the same (sympatric) or in
different (parapatric, allopatric) light envi-
ronments. Although both M. relicta and M.
salemaai are known from fresh and brack-
ish waters, their different salinity prefer-
ences and broad-scale distributions suggest
long-term evolution in different salini-
ty regimes (Viinold et al. 1994, Viinola
& Vainio 1998, II, IV). It could be there-
fore expected that the more strictly fresh-
water M. relicta should have peak sensitiv-
ity at longer wavelengths, as characteristic
for species from freshwater habitats with
generally higher amounts of organic mat-
ter (Jerlov 1976, Lythgoe et al. 1994, John-
son et al. 2002). The results from the Baltic
Sea populations of the two species indeed
conformed to the prediction: regardless
of the current light conditions M. relic-
ta had maximum sensitivity at approx. 20
nm longer wavelengths than M. salemaai,
with estimated wavelength of peak sensi-
tivity M(S,.x) at approx. 565 nm and approx.
545 nm respectively (Fig. 7).

In the second part of the study, spectral
sensitivities were compared among four
post-glacially isolated populations of M.
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relicta, currently exposed to strongly dif-
ferent light environments. The four popu-
lations are likely derived from a single peri-
glacial refugium and isolated for ca 10 kyr
(Viéinola et al. 1994). The observed spectral
sensitivities however did not follow the ex-
pectations in this case. The two lake pop-
ulations, living in clear and in dark water,
were both characterised by a peak sensitivi-
ty at longer wavelengths (A(S,,..) = 590 nm)
that differed clearly from those in the Baltic
Sea (M(Spar) = 563 nm) (Fig. 7). The results
may suggest that, in contrast to the earli-
er hypothesis, the long-wave sensitivity is
not a post-glacial adaptation, but an ances-
tral state inherited from periglacial popula-
tions, from which both analysed lakes were

isolated in the early stages of deglaciation
(ca 10 kyr ago). Consequently, the short-
wave shift must have occurred later in the
Baltic Sea.

The study thus demonstrates that infor-
mation on the current light environment is
not sufficient to explain differences in spec-
tral sensitivities of Mysis species and pop-
ulations and proposes that internal genetic
constraints or other environmental factors
may affect the rates of adaptation. At the
same time, however, a large difference in
MSa) between recently isolated Baltic vs.
lacustrine M. relicta shows that spectral
sensitivity shifts can occur relatively fast.
Given that the populations in the Baltic Sea
and those of each lake have been isolated
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from each other for ca 10 kyr, a fundamen-
tal question remains unanswered — why has
the spectral sensitivity changed in the Baltic
Sea, but not in the clear water lake? From
the physiological point of view, other things
being equal, the short-wave sensitive visu-
al pigments are more advantageous as they
are inherently less ‘noisy’ (Donner et al.
1990); thus the long-wave sensitivity in the
clear water lake does not appear adaptive.

4.5. Mysid vicariance-dispersal history
among subdivisions of the Ponto-
Caspian basin (VI)

The brackish-water fauna of the Ponto-
Caspian region has recently come into sci-
entific focus for three reasons: (i) interest
in the origin and diversity of endemic spe-
cies in ancient lakes, such as the Caspian
Sea (Martens 1997, Goldman 2003, Schon
& Martens 2004); (ii) revived interest in
the contrasting views on the biogeography
of the Ponto-Caspian region itself (Ek-
man 1953, Mordukhai-Boltovskoi 1979,
Cristescu et al. 2003); (iii) the accelerat-
ed flow of human-mediated invasions of
Ponto-Caspian species into European and
North American aquatic ecosystems and
the attempts to apply molecular characters
to identify their sources (Cristescu et al.
2001, Leppékoski et al. 2002). As with the
case of ‘glacial relicts’, the Ponto-Caspian
biogeographic arguments centre around (i)
the relative importance of vicariance and
dispersal events and two alternative tem-
poral scales proposed to explain origin of
the disjunct populations, i.e. Tertiary (‘Sar-
matian relicts’ 10-5 Myr) and Late Pleis-
tocene (< 0.1 Myr), and (ii) the congruence
of cladogenies and depths of divergence
among various co-distributed taxa, e.g.
mysids, amphipods, cumaceans, and gas-

tropod and bivalve molluscs.

The comparative phylogeography of
seven mysid taxa distributed across the
Ponto-Caspian region (comprising the
Black, Azov and Caspian Sea basins) re-
vealed highly variable patterns of diver-
gence and suggested that both historical
paleogeographical factors and the ecologi-
cal characteristics of organisms have been
important in shaping their molecular diver-
sity. Generally, both the ancient vicariance
and recent dispersal scenarios were support-
ed for different species. Three main phylo-
geographic patterns were distinguished in
the data: (a) no deep subdivisions across
the entire Ponto-Caspian region; (b) gene-
alogical splits matching geographical bor-
ders between the Black + Azov vs. Caspian
seas, or between all the three basins; (c)
little differentiation among Black + Azov
and the northern Caspian Sea, but divergent
lineages within the Caspian itself. At least
two cryptic species within the Caspian Sea
were identified in what was initially treated
as Paramysis baeri, as demonstrated by ap-
prox. 9% uncorrected COI divergence and
specific morphological characteristics.

Almost no differentiation across the
Ponto-Caspian basin was found in Para-
mysis kessleri. In contrast, the widespread
and stenohaline (< 2-3%o upper salinity
limit) P. lacustris exhibited strong structur-
ing among the three basins and among the
Black Sea rivers. Particularly the Azov Sea
clade was distinct from those in the Cas-
pian and Black seas, with COI divergence
of about 5%, but no consistent morphologi-
cal differentiation was recorded to corrob-
orate taxonomic distinction. For this tax-
on the data thus supported the importance
of long-term refugia throughout the Pleis-
tocene period, but not as ancient as the Sar-
matian. In other mysid species however no
subdivision between Black and Azov sea



populations was recorded. The Azov-Black
sea divergence in the stenohaline P. lacus-
tris but not in more euryhaline taxa sug-
gests that even during the most desalinated
phase of the Black Sea the salinity was too
high (> 3—4%o) for inter-refugial exchange
in P. lacustris (cf. Ryan et al. 1997, Mudie
et al. 2002).

Most mysid species had more or less dis-
tinct Black/Azov and Caspian Sea lineag-
es (Fig. 8), a pattern also reported in clado-
ceran and amphipod crustaceans (Cristescu
et al. 2003). However, the geographical
distribution of these lineages did not al-
ways match the borders among the basins,
e.g. in P. baeri (sensu lato) and P. ullskyi
the Black/Azov lineage was also found in
the delta of the Volga River, draining to
the Caspian. Overall, the Ponto-Caspian
mysid phylogeography was characterised
by discordant depths of molecular subdivi-
sions among co-distributed taxa; this was
even more evident when other inverte-
brate taxa were included in the comparison
(Fig. 8; Table 2). The data thus add support
to the more general observation that simi-
lar phylo- and biogeographic patterns have
been formed at completely different times
(e.g. Donoghue & Moore 2003). Evidently,
in some species gene flow occurred recent-
ly across large parts of the Ponto-Caspian
region, while populations in other taxa re-
mained isolated. Ecological characteristics
of species might have played an important
role in shaping these migrations. In case of
mysids, species that showed least amount
of differentiation among the recently con-
nected Black, Azov and northern Caspian
seas, were also those with largest body
sizes, and partly known for their ability to
disperse upstream (Buchalova 1929, Mor-
dukhai-Boltovskoi 1957).

The mitochondrial phylogeographies
disclosed a wave of recent migrations
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of Caspian P. lacustris and Limnomysis
benedeni to the Azov Sea basin through
the Volga-Don canal that was opened in
1950s. The inferred direction of migration
was opposite from the proposed dominant
invasion flow into the Caspian Sea (Grigo-
rovich et al. 2003). The data also have im-
plications for attempts to trace the origins
of recent Ponto-Caspian invaders in Euro-
pean waters using mitochondrial genes (e.g.
Cristescu et al. 2001). Such approaches
should be efficient in P. lacustris and partly
in L. benedeni, which showed geographi-
cally well-structured mitochondrial diver-
sity among basins. In other taxa however
mitochondrial data will provide no power
to distinguish most of the Caspian, Azov
and Black Sea populations.

5. CONCLUSIONS

This thesis has applied combined infer-
ences from molecular, morphological, and
physiological data to study factors that
have defined the diversity and distributions
of continental mysids in two main zoogeo-
graphical groups: the continental elements
of the primarily arctic marine genus Mysis,
and the endemic Ponto-Caspian brackish-
water taxa. The results are partly in line
with earlier data and with theoretical pre-
dictions, but the work has also revealed a
number of new unexpected patterns that
call for further investigations.

Despite the long research tradition on
the focal taxa, the application of molecu-
lar characters disclosed new cryptic spe-
cies diversity in both Mysis and Paramysis
genera (III, VI), a typical outcome in mod-
ern molecular systematic work. A more de-
tailed analysis also demonstrated morpho-
logical differences among the four Mysis
relicta group species earlier only identified
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on molecular grounds (I, II) and this also
turns out to hold for the newly discovered
Mpysis cf. litoralis (II1) and Paramysis cf.
baeri (VI). In all, a combined appraisal of
molecular and morphological differences
gave the best insights into delimitation of
species boundaries and phylogenetic reso-
lution (I, II, III, VI). For instance, only in
a simultaneous parsimony analysis of mo-
lecular and morphological characters was
clear support obtained for the main hypoth-
eses of the monophyly of the Mysis relicta
group, that of all continental Mysis (M.
relicta group and Caspian endemics), and
recognition of the sister group of the conti-
nental taxa in a clade of three (circum)arctic
marine species. However, even with seven
data sets of molecular and morphological
characters, parts of the intra-generic phy-
logeny remained poorly resolved; for in-
stance, the monophyly of the continental
Mpysis species, although stable, remained
weakly supported.

The relationships among the four Mysis
relicta group species, inferred from the
morphological, molecular, and ecological
data, were in line with other similarly dis-
tributed taxa in having a principal split be-
tween Nearctic continental versus Palearc-
tic continental and Holarctic coastal taxa
(IT, III). The molecular divergence and tax-
onomic status (intra- to inter-specific) of
the Nearctic and Palearctic taxa, howev-
er, were not congruent (Table 2) and sug-
gested asynchronous marine-continental
colonisations in different ‘glacial relicts’
and within the M. relicta group itself (III,
IV). The stenohaline European M. relicta
and the North American M. diluviana are
morphologically and molecularly distinct
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species (I, II, IIT) that probably existed in
freshwaters of the two continents through-
out most of the Pleistocene. The euryha-
line M. salemaai and M. segerstralei were
more closely related (1L, III, IV), which im-
plies a relatively recent colonisation of Eu-
ropean freshwaters by the ‘glacial relict’ M.
salemaai where it has met the earlier colo-
niser M. relicta.

Post-glacial isolation of ‘glacial rel-
ict” mysid populations in Fennoscandian
lakes provided a model system to analyse
patterns of divergence on a Holocene time
scale, which in turn brought up a number
of unexpected results concerning molec-
ular and physiological evolution (IV, V).
The mitochondrial phylogeography of
M. salemaai (IV) revealed strong genet-
ic structuring among Scandinavian lakes
with monophyletic haplotype groups in
each of them. The inferred effective pop-
ulation sizes were about 10 times smaller
than estimates from nuclear allozyme data,
whereas estimates of COI divergence rate
were about 10 times greater than the com-
monly used 1-4% Myr . This could mean
that molecular clock calibrations based on
sister-species divergences fail to account
for the initial accumulation of mutations at
the intraspecific level and are not suitable
for dating recent events. In contrast to clear
inter-lake subdivisions, no deeper structur-
ing could be seen in M. salemaai that would
enable inferences about distinct long-term
glacial refugia, typically disclosed in other
aquatic species of Northern Europe. The
hypothesis of a single refugium for the ana-
lysed NW European M. salemaai, possibly
in the North Sea basin, was not rejected.
High molecular diversities and a weak glo-

Fig. 8. Neighbor-joining trees (K2P+I" distance) of seven Ponto-Caspian mysid taxa based on approx. 600 bp
of mtDNA COI gene. A map of the sampling sites in the Ponto-Caspian region is included.
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bal structure were also observed in the cir-
cumarctic coastal M. segerstralei (IV), sug-
gesting that the last glaciation facilitated
long distance dispersals across the circum-
arctic coasts.

The variation in vision properties of My-
sis eyes showed that species and population
histories could also have influenced genetic
factors underlying likely adaptive physio-
logical traits. Current light conditions were
not sufficient to explain spectral sensitivi-
ties of Mysis at the inter- and intra-specific
levels (V). In the Baltic Sea, the two spe-
cies M. relicta and M. salemaai showed
consistent spectral sensitivity differences in
sympatry and in parapatry. M. relicta popu-
lations in two lakes however showed peak
sensitivities at longer wavelengths than
conspecifics from the Baltic Sea, regardless
of whether the spectral properties of ambi-
ent light in lakes were different from the
Baltic. Thus, in contrast to earlier inferenc-
es of fast adaptive evolution of long-wave
sensitivity in dark-water environments, the
long-wave sensitivity could be an ances-
tral state inherited from precursors in peri-
glacial lakes from which both lake popu-
lations were isolated in the early stages of
deglaciation. However, it remains unclear
why the visual characteristics would sub-
sequently have changed in the clear water
Baltic Sea, but not in the clear water lake.

While historical factors, such as paleo-
geography and population history, have
clearly played an important role in shap-
ing current distributions and adaptations
of mysids, the ecological characteristics
of the animals, particularly salinity toler-
ance and vagility, in turn have controlled
their response to paleoenvironmental con-
ditions. The importance of species ecology
was well demonstrated in Ponto-Caspian
mysid phylogeography, characterised by a
startling lack of congruence in the extent

of intra-specific molecular differentiation
among co-distributed taxa (VI). Disjunct
brackish water populations in the Black,
Azov and Caspian seas contained nearly
identical mitochondrial haplotypes in some
mysid species, but were approx. 1-5% di-
vergent in others. Overall, most taxa did ex-
hibit two main genealogical lineages match-
ing a long-term isolation in Black/Azov and
Caspian Sea basins, yet the boundaries be-
tween the clades and geographical regions
did not always match. Comparative phylo-
geography of seven mysid taxa and other
co-distributed invertebrates suggested a
complex pattern of vicariance, dispersals
and extinctions in separate species at dif-
ferent temporal scales.

The lack of genealogical subdivisions
across a circumarctic range (IV) or the
Ponto-Caspian region (VI) in some species
of mysids — organisms that are considered
to be poor dispersers — showed that long-
distance migrations have been common
and must be considered as an important
factor in biogeography. Further, the lack of
congruence in extent of molecular diver-
gence among co-distributed zoogeographic
elements, both ‘glacial relicts’ and Ponto-
Caspian taxa, appeared more the rule than
an exception (Table 2). The observations
suggest that either the rates of molecular
evolution vary tenfold in different taxa or
that similar zoogeographical patterns have
been created repeatedly at different time
scales and reflect not zoogeographic con-
gruence, but pseudo-congruence. To eval-
uate the earlier biogeographic hypotheses,
neither any particular period in middle or
late Tertiary (30-3 Myr) nor Late Pleis-
tocene (< 0.1 Myr) was supported as an
important period of mysid species diversi-
fication. Speciation has been a continuous
and still on-going process. Furthermore,
the low correlation between the amount



of molecular vs. morphological differenti-
ation in Mysis implied that, at least at the
intra-generic level, divergence in molecu-
lar and morphological traits may proceed
in an uncoupled manner. Information from
either one of the characters is therefore not
sufficient to predict the level of variation
in the other. Objective assessment of mor-
phological differentiation, however, poses
a number of methodological challenges,
especially at lower taxonomic levels where
phenotypic variation is largely polymorphic
and quantitative (I, II, III). Pitfalls of mito-
chondrial DNA characters are, on the other
hand, shown in the frequent mitochondrial-
species discord (approx. 25% of Mysis spe-
cies, III, IV). Overall, the results support
the recognised, but inconvenient fact that
well-grounded taxonomic and phylogenet-
ic inferences require extensive data, with
respect to both the characters and the speci-
mens assessed.
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