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Abstract

A necessary basis for environmental protection is thorough knowledge of the biodiversity to be protected. Setting
conservation priorities in taxonomically complex groups is an especially difficult task. The seashore sedges of the
Carex salina group (Cyperaceae) of the Russian White and Barents Seas form important parts of the coastal
ecosystems and include species listed as rare and endangered. However, their taxonomy is poorly understood and
supposed to be blurred by hybridization, also including the closely related C. aquatilis and possibly other species of
sect. Phacocystis (C. bigelowii, C. nigra s. lat.). We address the taxonomic situation in the C. salina group in the Kola
Peninsula with emphasis on taxa of supposed hybrid origin (C. salina and C. recta coll.). We analyzed 92 plants from
28 sites for 101 amplified fragment length polymorphisms (AFLPs) and 10 morphological characters. The plants
referred to three supposedly “pure” species (C. aquatilis, C. paleacea and C. subspathacea) formed different extreme
parts of the morphological and molecular variation. These species could be discriminated by a combination of
morphological characters. The two taxa of proposed hybrid origin had extremely variable morphology and could
not be clearly distinguished from each other or from the supposedly “pure” species. Our results demonstrate extensive
gene flow between all taxa, suggesting that the entire C. salina group including C. aquatilis acts as a single large
biological species.
© 2008 Elsevier GmbH. All rights reserved.
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Introduction investigations. It is, however, often problematic to
distinguish closely related species belonging to “‘species

A necessary basis for environmental protection complexes™ or “critical groups”. Setting conservation
is thorough knowledge of the biodiversity to be priorities in such taxonomically complex groups is
protected. Such knowledge must be based on taxonomic especially difficult, in particular if hybridization is

involved (Rieseberg and Gerber, 1995).
— . _ The sedges from the so-called *“Carex salina group”
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119899, Russian Federation. ecosystems, but belong to one such critical group of
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section, Temnemis (Raf.) V.I.LKrecz. The taxonomy of
this section is controversial; different authors have
accepted from six (Elven et al., 2005) to 15 (Egorova,
1999) species. Elven et al. (2005) suggested that all
species of this section belong to a single large
“biological” species, bridged by extensive gene flow. In
addition, vast hybridization between sect. Temnemis
and some mire and wetland species from the closely
related section Phacocystis Dumort. (for example with
C. aquatilis Wahl. or C. nigra (L.) Reichard) has
also been suspected. This led Standley et al. (2002) to
merge these two sections into the single section
Phacocystis s.1.

In northwestern Russia, four species are traditionally
accepted in the C. salina group (summarized in
Egorova, 1999): C. paleacea Schreb. ex Wahlenb.,
C. recta Boott, C. salina Wahlenb. and C. subspathacea
Wormsk. All of them are classified as belonging to
the rare species of Karelia (Kravchenko et al., 2000),
and C. paleacea and C. salina are listed as endangered in
the Red Book of the Murmansk region (Konstantinova
et al., 2003).

The taxonomy of the C. salina group has been well-
studied in North America. These studies included
meiosis in experimental hybrids, pollen fertility, and
morphology (Cayouette and Morisset, 1985), and
allozyme variation and foliar anatomy (Standley,
1990). Carex paleacea and C. subspathacea appeared
to be the most well-defined (““pure’) species, whereas
C. salina was concluded to represent a stabilized
hybrid between them. Carex recta turned out to be the
most problematic taxon. In North America, it was
hypothesized to consist of several entities derived
from more or less stabilized crosses between one
species from section Temnemis and one from section
Phacocystis, namely C. paleacea and C. aquatilis
(C. recta s. str.; Cayouette and Morisset, 1985; Standley,
1990).

However, morphological studies in northwestern
Europe have led to an alternative hypothesis on the
origin of C. salina and C. recta. Egorova (1999)
suggested that the Russian material referred to C. salina
is derived from C. recta x subspathacea. There are also
suggestions that a part of the northwestern European
material referred to C. recta could be derived from
C. nigra x paleacea (C. vacillans Drejer ex Hartman,
Faulkner, 1973) or C. aquatilis x salina (C. halophila
sensu auct. norv., non F.Nyl., Elven et al., 2005). Thus,
it is possible that the taxonomic situation, including
delimitation, characterization, and origin of the taxa,
may be different in Europe and North America. More
detailed investigations of European material are there-
fore needed.

It is clear that the conservation policy for rare species
strictly depends on their taxonomic status. For example,
in the case of species with recent hybrid origin, the best

way can be to protect the parental species. However,
clarification of the taxonomic status and testing of
hybrid hypotheses are difficult without using molecular
markers. This is especially true for the group under
consideration because common evidence of hybrid
origin such as low pollen fertility and intermediate
morphology can hardly be used in Carex (Cayouette
and Morisset, 1985; Egorova, 1999; Faulkner, 1972;
Standley, 1990). For example, high phenotypic plasticity
was reported in all members of the group based on
common garden experiments (Cayouette and Morisset,
1985; Faulkner, 1972), and the pollen fertility has been
shown to be very variable even in supposedly “pure”
species of this group (Egorova, 1999).

Here we address the taxonomic situation in the
C. salina group in the Kola peninsula with emphasis
on the taxa of supposed hybrid origin (C. salina and
C. recta coll.). We use amplified fragment length
polymorphism (AFLP), a high resolution molecular
method which is efficient for identifying interspecific
hybrids (e.g., Kapralov et al., 2006). We combined
molecular analysis with morphological analysis, an
approach shown to be a powerful tool for testing
hypotheses in complex low-level taxonomy (Hansen
et al., 2000; Shipunov et al., 2004).

Materials and Methods
Sampling

In 2005 and 2006 a total of 92 individuals were
sampled from 28 sites, ranging from one to five
individuals from each site (Fig. 1; Table 1). Several taxa
co-occurred in some of the sites. Because the plants are
rhizomatous and capable to form large clones, the
plants were collected Sm apart to minimize resampling
of the same clone. The plants were selected to represent
the morphological variation observed at each site. Leaf
samples from most plants were dried separately in silica
gel for DNA analysis, and the remains of each plant was
pressed as a voucher for morphological analysis. The
voucher specimens were later determined by R. Elven,
and his tentative determinations are used throughout
this paper. The plants were referred to C. salina, C. recta
coll., C. subspathacea and C. paleacea, and three
putative hybrid combinations (Table 1). Thus, our
sample included all European Russian species of section
Temnemis sensu Egorova, 1999. In addition, we
collected C. aquatilis from section Phacocystis (sensu
Egorova, 1999) because it has been suggested to be
involved in extensive hybridization with the C. salina
group. We also included a collection of C. subspathacea
from the Svalbard archipelago. Voucher specimens
from each site are deposited at the Botanical Museum
in Oslo (O).
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Fig. 1. The four geographic regions with the investigated sites of Carex (cf. Table 1). A — Karelia, Loukhi region, shore of the White
Sea, Kandalaksha Gulf, Russia, B — Terskij seashore, Kola Peninsula, between the rivers Varzuga and Ponoj, Russia,
C — Murmansk region, Severomorsk district, Kola Peninsula, Barents Sea shore, Russia, D — Spitsbergen, Svalbard, Norway.

DNA isolation and AFLP

DNA was extracted from dried leaf material using the
CTAB method following Schénswetter et al. (2002),
except that the samples were frozen for 15 min at —80 °C

after adding CTAB buffer. We used silica gel samples
from all but five of the sites. For these five sites, silica gel
samples were not available and we used leaves taken
from the voucher specimens (Table 1); we found no
significant differences between the results of AFLP
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Table 1. Collection data for Carex samples analysed in this study. Tentative determinations were made by R. Elven prior to the

molecular analysis

Site Geographic origin (cf. Fig. 1) Date Collectors® No. Taxon®
no. of
plants

A: Karelia, Loukhi region, shore of the White Sea, Kandalaksha Gulf, Russia

53 Sidorovyh Ostrova Arch., Cherepakha Isl., seashore, 66° 04.08.05 DM, AV 1 C. paleacea
21" N, 33° 52 E

73 Krasnaya Bay, between littoral zone and birch forest, 66° 11.08.05 OK, PB 1° C. paleacea
26’ N, 33° 35 E

54 Sidorov Isl., NE shore, 66° 21’ N, 33° 49" E 04.08.05 DM, AV 5 C. salina

55 Chupa Bay, Cape Ivanov Navolok, seashore, 300 m SE of 05.08.05 DM, AV 2 C. salina
the Ivan’kov Isl.,, 66° 20' N, 33° 40’ E

56 Chupa Bay, Bol’shoj Gorelyhj Isl., SE shore, 66° 18’ N, 07.08.05 DM, AV 1 C. aquatilis
33°36' E

71 Kem-Ludskij Arch., Asafij Isl., central bay of the S shore, 10.08.05 AV, AS 3 C. recta
66° 25’ N, 33° 50" E

75 Chupa Bay, 100m E of the vil. Nizhnyaya Pulonga, 12.08.05 EA 4 C. recta
seashore

61 Chupa Bay, 3km SE of the vil. Nizhnyaya Pulonga, 04.08.05 OK 4 C. halophila
seashore, 66° 17’ N, 33° 13’ E

57 Chupa Bay, Bol’shoj Gorelyhj Isl., E shore, 66° 19’ N, 33° 07.08.05 DM, AV 2 C. aquatilis x salina
36 E

60 Medvezh’ya Bay, Pryaostrov Isl., 66° 21’ N, 33° 3¢’ E 09.08.05 OK, LM 1° C. aquatilis x salina

62 Chupa Bay, 3km SE of the vil. Nizhnyaya Pulonga, 04.08.05 EA 5¢ C. aquatilis x salina
seashore, 66° 17" N, 33° 13’ E

64 Chupa Bay, central part of the vil. Nizhnyaya Pulonga, 04.08.05 OK, EA 1° C. aquatilis x salina
seashore, 66° 18’ N, 33° 17 E

67 Chupa Bay, 2.5km E of the vil. Nizhnyaya Pulonga, 06.08.05 OK 1€ C. aquatilis x salina
seashore, 66° 18’ N, 33° 20’ E

59 Chupa Bay, Bol’shoj Gorelyhj Isl., E shore, 66° 19" N, 33° 07.08.05 DM, AV 1 C. aquatilis x salina
39 E

B: Terskij seashore (Kola peninsula, shore of the White Sea between rivers Varzuga and Ponoj), Russia

310 NW part of Bol’shaya Bab’ya Bay, 24 km SW of the vil. 26.08.06 PV, LA, 5 C. salina
Sosnovka, coastal marsh, 66° 23, 4 N, 40° 18, 5 E YK

308 W shore of the riv. Bol’shaya Kumzhevaya, 300 m upriver, 23.08.06 PV, LA, 5 C. recta
coastal marsh, 66° 12, 5 N, 39°43, 7 E YK

311 Stream estuary, 1.5km SWS of the vil. Sosnovka, coastal 28.08.06 PV, LA, 3 C. subspathacea
marsh, 66° 29, 6’ N, 40° 74, 3' E YK

303 Sandy shore of stream, 5.5km ESE of the riv. Varzuga 13.08.06 PV, LA, 4 C. aquatilis+C. recta
estuary, 66° 15, I’ N, 37° 04, 2" E YK

306 Stream estuary 1.5km E of the riv. Strel’'na estuary, 18.08.06 PV, LA, 5 C. aquatilis+C. recta
coastal marsh, 66° 03, 7 N, 38°41, 5 E YK

304 Sandy shore of stream, 5km ESE of the riv. Varzuga 13.08.06 PV, LA, 5 C. aquatilis +C.
estuary, 66° 15, 25’ N, 37° 03, 54 E YK paleacea x recta

305 E shore of stream, 2km NW of the vil. Tetrino, coastal 17.08.06 PV, LA, 5 C. aquatilis
marsh, 66° 04, 2’ N, 38° 12, ' E YK

307 S shore of former river-bed of the riv. Chapomka, 3 km E 19.08.06 PV, LA, 5 C. salina +C.
of the vil. Chapoma, coastal marsh, 66° 06, 5’ N, 38° 55, 7/ YK halophila
E

309 W shore of the riv. Pulonga, 500 m upriver, coastal marsh, 24.08.06 PV, LA, 3 C. salina+C. nigra
66° 15,7 N, 39° 59, 0' E YK x subspathacea

C: Murmansk region, Severomorsk district, Kola Peninsula, Barents Sea shore, Russia

51 W shore of Gavrilovskaya Bay, 10km NE of the vil. 27.07.05 OK, DM, 3 C. salina+C.
Dal’niye Zelentsy, 69° 04’ N, 35° 22" E PV nigra x subspathacea

52 E shore of Gavrilovskaya Bay, 10km NE of the vil. 27.07.05 OK, DM, 1 C. halophila
Dal’niye Zelentsy, 69° 04’ N, 35° 22" E PV
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Table 1. (continued)

Site Geographic origin (cf. Fig. 1) Date Collectors® No. Taxon®
no. of
plants
301 Gavrilovskije Ostrova Arch., isl. Bol’shoj Gavrilovskij, 06.08.06 PV, LA, 5 C. aquatilis x salina
6 km NE of the vil. Dal’niye Zelentsy, wet rocks, 69° 10, 3’ DS
N, 35° 57,0 E
302 Gavrilovskije Ostrova Arch., isl. Bol’shoj Gavrilovskij, 06.08.06 PV 5 C. aquatilis x salina
6km NE of the vil. Dal’niye Zelentsy, stream shore, 69°
10, 3’ N, 35° 57, 0' E
D: Svalbard, Spitsbergen, Norway
312 Bolternosa Mtn., Adventdalen valley, wet marsh, 78° 20’ 07.08.06 KW, TP 5 C. subspathacea

N, 17° 00" E

4Collectors: AS, Shipunov, A.; AV, Vedenin, A; DM, Mordvinkin, D; DS, Sukhova, D; EA, Al'tshuler, E; KW, Westergaard, K; LA, Abramova,
L; ML, Lyovina, M; OK, Kudina, O; PB, Burchits, P; PV, Volkova, P; TP, Presto, T.; YS, Kosenko, Ya; VL, Loginov, V; VV, Vasenina, V.

PSeveral taxa occurred together in some sites.

°DNA was extracted from pressed plants (tested for DNA quality; see text).

analysis of these two types of samples taken from the
same individual plants (see also below). We extracted 19
randomly selected plants twice. These duplicates, as well
as negative controls, were included to test for reprodu-
cibility and contamination (cf. Bonin et al., 2004).

AFLP analysis was performed according to Gaudeul
et al. (2000), except that the reaction volumes in the
polymerase chain reaction (PCR) were reduced by 50%
and that the preselective PCR-products were diluted ten
times. Twenty-four primer pair combinations were
tested on eight plants representing several taxa. AFLP
profiles with many polymorphic markers and well
separated fragments were selected. A second primer test
was carried out using five primer pair combinations,
chosen from the first primer test, on 32 plants from
several taxa. Finally, three of the primer pair combina-
tions were chosen, which produced a manageable
number of fragments that were well separated. The final
AFLP analysis was carried out with the following
primer pair combinations: EcoRI AGA (6FAM)-Msel
CTG, EcoRI ATC (VIC)-Msel CTA, and EcoRI AAC
(NED)-Msel CAT. For each individual, 2.0 pl 6-FAM,
20ul VIC and 3.0ul NED labeled selective PCR
products were mixed with 11.7 pl formamide and 0.3 pl
GeneScan ROX 500 size standard and run on an ABI
3100 sequencer (Applied Biosystems).

Raw data were analyzed using the ABI prism
GeneScan version 3.7 analysis software (Applied Bio-
systems) and imported for scoring into Genographer
(version 1.6. available at http://hordeum.oscs.monta-
na.edu/genographer/). Fragments in the size range
of 70-500bp were scored as present or absent. The
average reproducibility, calculated as the average
proportion of correctly reproduced bands over all
replicates (Bonin et al., 2004), was 97% for the three
primer pair combinations. There was no significant

difference in average proportion of correctly reproduced
bands over herbarium and silica dried samples taken
from the same plant (12 pairs of samples tested) and
over all replicates (t-test: p = 0.6).

Morphometry

We initially explored the variation in a number of
characters that previously had been used to separate the
taxa (Altshuler and Shipunov, 2005). A final set of eight
primary and two derived characters were used for the
analysis (Table 2). The morphological measurements
were performed on the field-collected material.

Data analyses

Principal coordinate analysis (PCO) was used to
visualize pair-wise similarities between the AFLP multi-
locus phenotypes, using both the simple matching and
Dice similarity coefficients. The Dice coefficient takes
into account only similarity in presence of fragments,
while the simple matching coefficient takes into account
both presence and absence of fragments. PCO analyses
were executed in the R 2.1.1 environment for statistical
computing (R Development Core Team, 2004).

Analyses of molecular variance (AMOVA) were
computed with the software Arlequin 3.0.1 (Schneider
et al.,, 1997) to quantify genetic differentiation at
different hierarchical levels. The significance levels of
the variances were estimated in a permutation test with
10000 permutations.

The taxonomical structure was also examined by
genetic mixture analysis using the software STRUC-
TURE 2.1 (Pritchard et al., 2000) with a model-based
clustering method using Markov Chain Monte Carlo



Table 2. Morphological variation in the Carex salina group based on the tentative determinations given in Table 1

Character C. aquatilis (N = 10/15) C. paleacea (N = 1/2)  C. subspathacea C. salina (N =19/24)  C. recta coll. (N =13/ C. aquatilis x salina
(N=3/3) 17)
Mean SD Min Max Mean SD Min Max Mean SD  Min Max Mean SD  Min Max Mean SD Min Max Karelia (N = 6/9) Murmansk region

(N=8/9)

Mean SD  Min Max Mean SD  Min Max

Vegetative shoot length, cm (a) 37.0 13.00 26 71 390 - 39 39 247 360 21 28 362 1390 18 61 43.1 1540 23 83 62.7 2450 27 100 70.4 1550 41 90
Generative shoot length, cm (b) 39.0 13.00 21 66 50.8 26.52 32 70 17.8 344 14 20 320 1523 12 66 452 1371 24 71 433 1550 22 65 702 2036 41 111
a:b 097 0.130 0.8 1.3 120 - 1.2 1.2 140 0.083 1.3 1.5 137 0379 08 2.6 098 0245 05 1.4 120 0404 0.7 1.7 1.03 0213 08 1.5
Leaf width, mm (upper leaf) 40 072 3 6 55 071 5 6 27 058 2 3 35 105 2 5 40 126 2 7 41 073 3 5 53 100 4 7

Male spike length, mm (upper 28 6.50 17 40 195 212 18 21 127 L.I5 12 14 250 6.01 14 37 296 7.12 20 47 229 349 17 27 357 1076 17 50
spike)

Peduncle length, mm (lowest 89 808 0 30 460 5091 10 52 0.0 0.00 O 0 154 1001 2 47 137 756 0 28 103 460 2 19 439 885 30 55
female spike) (c)

Female spike length, mm (lowest 39 1516 16 70 355 1344 26 45 90 100 8 10 270 750 12 38 412 1059 23 57 319 957 16 52 519 991 42 7
spike) (d)

cd 0.22 0.165 0.0 0.6 1.10 1017 04 18 0.00 0.000 0.0 0.0 0.57 0310 0.1 1.4 034 0.18 0.0 08 032 0.113 0.1 0.5 085 0.156 0.6 1.1
Glume length, mm* 19 062 1 3 23 099 2 3 20 000 2 2 29 069 2 5 29 091 2 5 29 073 2 4 31 110 1 5
Awn length, mm* 00 013 0 1 58 38 3 9 00 000 0 O 09 087 0 3 1.0 095 0 3 03 037 0 1 1.2 130 0 3

Only plants used for AFLP analysis were included. N — number of plants measured (the first number concerns vegetative shoot length, vegetative shoot length: generative shoot length; the second
number (after slash) concerns all other characters). SD — standard deviation.
“measured in the middle of the lowest female spike; glume length exclusive awn.
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estimation. In this program it is possible to identify the
optimal number of groups (K) by comparing the
likelihood of the data estimated in different runs for
different numbers of groups. Individuals are assigned
(probabilistically) to one of the clusters defined by allele
frequencies at each locus. Our data were analyzed at the
Bioportal, University of Oslo (http://www.bioporta-
l.uio.no), with K ranging from one to 10, 10 replicate
runs for each K and a burn-in period of 2 x 10> and 10°
iterations. The no admixture model and uncorrelated
allele frequencies were assumed for the analysis.
Similarity coefficients among pairs of Structure runs
were calculated according to Rosenberg et al. (2002)
using the R-script AFLPdat (Ehrich, 2006).

We performed multilocus assignment tests using
AFLPOP (Duchesne and Bernatches, 2002) to test the
hypotheses on hybrid origins of plants referred to
C. salina, C. recta coll. and C. salina x C. aquatilis. In
AFLPOP the differences in frequencies at polymorphic
loci are used to assign a specimen to its most probable
species or simulated F; and F, hybrids or backcrosses
(see Kapralov et al., 2006 for details). Marker frequen-
cies of zero were replaced by 1/(sample size + 1).

Converting of the output of Genographer to an
AFLP data matrix for PCO and generating the input
files for Arlequin and STRUCTURE were made with
the R-script AFLPdat (Ehrich, 2006).

Results
AFLP variation

The AFLP analysis provided 101 polymorphic
markers. The PCO plot based on the Dice similarity
coefficient (Fig. 2) showed a continuum with the three
supposedly “pure” species (C. aquatilis, C. subspathacea
and C. paleacea) at its extreme parts, forming a triangle.
Interestingly, the geographically distant Svalbard sam-
ple of C. subspathacea were placed close together with
the Murmansk region plants of this species. The plants
referred to C. salina were, with three exceptions,
positioned between C. subspathacea and C. paleacea.
The plants referred to C. recta coll. occupied central
positions in the plot but in general intermediately
between C. aquatilis and C. paleacea, and three plants
referred to C. paleacea x recta were situated between
their putative parents. Four plants supposed to repre-
sent C. nigra x subspathacea were positioned between
those referred to C. aquatilis and those referred to
C. subspathacea. Finally, the plants referred to
C. agquatilis x salina were divided into two distinctly
separated groups corresponding to different geographic
origins: those from Karelia were placed between
C. aquatilis and C. subspathacea while those from
Murmansk region were situated more or less between

iz "“paleacea-group"
03 = % P group
g w
02 - .. —|—+
_ L
g 0.1 o
)
Z
o
® 00
~
&
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©
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. - ®
aquatilis- A "subspathacea-
s - group A group*
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axis1 (18% of variance)

L &9 aquatilis +-C. recta coll.

C. paleacea C. recta x paleacea
A\C. subspathacea XXC. nigra x subspathacea
O C. salina i C. aquatilisx salina

Fig. 2. Principal coordinate analysis (PCO) of all individuals
from the 28 collection sites of Carex based on Dice similarity
between AFLP multilocus phenotypes. The variation is
divided into three parts according to the STRUCTURE
analysis. The three supposedly ‘pure’ species are shown with
filled symbols.

C. aquatilis and C. paleacea. The PCO plot based on the
simple matching similarity coefficient showed a very
similar structure (not shown).

The STRUCTURE analysis clearly revealed three
groups, hereafter named after the three supposedly
‘pure’ species (Figs. 2 and 3). The ‘“‘paleacea-group”
included all plants referred to C. paleacea, C. palea-
cea x recta, and C. aquatilis x salina from Murmansk
region, as well as some of the plants referred to C. recta
coll. The “‘subspathacea-group” consisted of all
plants referred to C. subspathacea and C. salina as
well as some plants referred to C. recta coll. The
“aquatilis-group” included all plants referred to
C. aquatilis, C. nigra x subspathacea, C. aquati-
lis x salina from Karelia and the remaining plants
referred to C. recta coll. Thus, the plants referred
to C. recta coll. were divided among all three
STRUCTURE groups.

In the AMOVA analyses (Table 3), the largest
proportion of the genetic variation was found within
the tentative taxa (78%) and within the three supposedly
“pure” species (61%). There was also a much larger
proportion of the genetic variation within the three
STRUCTURE groups (78%) than among them. The
proportion of the genetic variation found among
the collection sites was almost the same as that within
them (57%).
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Fig. 3. STRUCTURE analysis of the AFLP data for Carex.
(a) Estimated likelihood for values of K ranging from 1 to 10.
(b) Similarity coefficients of the results from different runs of
STRUCTURE calculated according to Rosenberg et al.
(2002). Dots represent the average similarity coefficient for
the pairwise comparisons among 10 runs and triangles show
the standard deviation.

In the assignment tests, an AFLP phenotype was
assigned to a group if the likelihood was ten times higher
for belonging to this group than to any other group,
otherwise the AFLP phenotype was not assigned. The
plants referred to C. recta coll. were divided into three
groups according to the STRUCTURE results (Figs. 2
and 4) before conducting the tests. The first assignment
test was performed to find the most likely parents of
these three groups. The plants belonging to the
“paleacea-group’” were either assigned to the simulated
C. aquatilis x paleacea F; hybrid (two plants) or to

Table 3. Analyses of molecular variance (AMOVA) of the

AFLP data for the Carex salina group

Source of variation

% of total

variance

Among all taxa 22.3
Within all taxa 77.7
Among supposedly “pure” species (C. 38.8
aquatilis, C. subspathacea, C. paleacea)

Within supposedly “pure” species 61.2
Among three STRUCTURE groups 22.0
Within three STRUCTURE groups 78.0
Among collection sites 42.8
Within collection sites 57.2

p-values were <0.001 in all cases (estimated with 10 000 permutations).

paleacea

\ recta s.str.
("recta” from "paleacea-group"”

halophila s. auct. norv.
("recta” from "aquatilis-group")

aquatilisxsam(

|subspathacea |

Fig. 4. A tentative hypothesis on the relationships in C. salina
group based on AFLPOP analysis of the AFLP data. Arrows
indicate hybrid origin. Supposedly “pure’ species are shown in
rectangles, inferred hybrid combinations in ovals.

C. salina (one plant; five plants were not assigned). The
plants belonging to the ‘subspathacea-group” were
assigned to C. salina (two plants; two plants were not
assigned). All plants belonging to the “aquatilis-group”
were assigned to the simulated C. aquatilis x salina F,
hybrid (three plants).

The second assignment test was conducted to find the
most likely parents of the plants referred to C. salina.
The majority of these plants were assigned to the
simulated C. recta from the ‘‘paleacea-group” x
C. subspathacea F; hybrid (seven plants; nine plants
were not assigned). In the last test for the putative
C. aquatilis x C. salina hybrid only two Karelian plants
(the other five plants were not allocated) and the
majority of plants from the Murmansk region
(six plants; three plants were not allocated) were
assigned to the simulated F; hybrid between C. aquatilis
and C. salina.
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Morphological variation

The three supposedly “pure” species (C. aquatilis,
C. subspathacea and C. paleacea) could be discriminated
by a combination of morphological characters (Table 2).
The plants referred to C. paleacea could be separated
from the other two species by presence of long awns on
the glumes (mean 5.8 mm vs. absent in the other taxa)
and by its much longer peduncles of the female spikes
(46 vs. -9 mm). The plants referred to C. subspathacea
could be separated from those referred to C. aquatilis
mainly by size characters such as the length of the
generative shoots (178 +34 vs. 387+ 130mm, respec-
tively), the width of the upper leaf (2.7+0.6 vs.
4.0+0.7mm) and the length of the lowest female spike
(9+1 vs. 39+ 15mm).

The two taxa of proposed hybrid origin (C. salina and
C. recta coll.) had extremely variable morphology, and it
was not possible to distinguish them from each other or
from the supposedly “pure” species with certainty
(Table 2). It was neither possible to distinguish the
three genetic groups of plants of tentative C. recta coll.
found in the STRUCTURE analysis, nor plants
tentatively referred to C. recta s.str. and C. halophila.

The two genetic groups identified within C. aqua-
tilis x salina were only poorly separated morphologi-
cally (Table 2). For example, the Karelian plants
were somewhat smaller than those from Murmansk
(the length of the generative shoot was 433 +155 vs.
702 +204 mm, respectively) and had shorter peduncles
of the female spikes (10+5 vs. 4449 mm).

Discussion

The plants tentatively referred to the three supposedly
“pure” species (C. aquatilis, C. paleacea and
C. subspathacea) formed different extreme parts of the
morphological and molecular variation; all other plants
analyzed were more or less intermediate between them.
This result provides strong evidence for extensive gene
flow, supporting the hypothesis that the entire C. salina
group including C. aquatilis acts as a single large
biological species in the Kola Peninsula (Elven et al.,
2005).

The results of the STRUCTURE analysis and the
assignment tests suggest that what is named C. recta
coll. is heterogeneous and taxonomically polyphyletic
(Fig. 4). Our data provide support both for the
American (Cayouette and Morisset, 1985; Standley,
1990) hypothesis on the origin of C. recta (i.e., derived
from the cross C. aquatilis x paleacea, named C. recta
s.str.) and the European (Elven et al., 2005) hypothesis
(i.e., from the cross C. aquatilis x salina, named
C. halophila). In addition, some of the plants we initially
referred to as C. recta coll. belonged to the “subspatha-

cea-group”’ in the STRUCTURE analysis of the genetic
data, and turned out to be genetically very similar to the
plants referred to C. salina. However, these three groups
of C. recta coll. could not be distinguished based on
our morphological analysis and do not correspond to
the tentative separation between C. recta s.str. and
C. halophila.

The plants we tentatively referred to as C. salina seem
to represent a hybrid swarm between C. subspathacea
and C. recta s.str., thus supporting the European
hypothesis on the origin of C. salina (Egorova, 1999).
However, the difference between the American hypoth-
esis (suggesting that C. salina originated from
C. paleacea x subspathacea, see e.g. Standley, 1990)
and the European hypotheses is rather subtle, taking
into account the supposed origin of C. recta s.str.
(see above). We therefore conclude that more extended
sampling is needed to clarify the origin of the European
C. salina.

The plants referred to C. salina were as variable
morphologically as those referred to C. recta s.str. and
C. halophila. Egorova (1999) did not find any sharp
morphological boundary between C. salina, C. recta and
C. subspathacea in the territory of the former USSR.
This was confirmed by our analysis of the Karelian
plants, which were intermediate between C. salina and
C. subspathacea in morphology.

The taxonomic situation in the C. salina group in NW
Europe seems to be even more complex than that
described for North America (Cayouette and Morisset,
1985; Standley, 1990). Firstly, there is sympatric
existence of at least two differently named entities of
hybrid origin within C. recta coll. that cannot be reliably
distinguished by morphology. Secondly, a stabilized
part of C. salina (which obviously is a taxon of hybrid
origin) has probably acted as a parent for another entity
of hybrid origin (C. halophila). Moreover, there are
probably many instances of backcrosses and hybrids at
different levels of stabilization, making the identification
of separate plants in this aggregate almost impossible.
The morphological and molecular heterogeneity of
plants from Karelia and Murmansk that were referred
to C. salina x C. aquatilis adds to this complexity. It
should be noticed that more extensive sampling than we
had in this study would likely have revealed even more
complex patterns, including additional taxa of unclear
status (e.g. C. ramenskii from the Russian Far East). In
our opinion, the difference between the taxonomic
situations in the investigated group in NW Europe vs.
North America reflects the different agricultural and
glacial histories of these regions rather than a disagree-
ment on species concepts between European and
American systematists (cf. Elven et al., 2005).

Our data for C. aquatilis (sect. Phacocystis sensu
Egorova, 1999) as well as recent phylogenetic inference
based on nuclear and chloroplast DNA sequencing
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(J. Dragon, unpublished) do not support exclusion of
C. aquatilis from sect. Temnemis sensu Egorova (1999),
but agree with the wide concept of sect. Phacocystis
adopted by Standley et al. (2002) and the PAF checklist
(Elven et al., 2005). Interestingly, the morphology of the
chromosomes of C. aquatilis is more similar to that in
sect. Temnemis (for example to C. paleacea) than to
other species of sect. Phacocystis sensu Egorova
(Faulkner, 1973).

High levels of genetic variability within taxa, as
shown in our data, are typical for some rare plant
species (Bruederle, 1999). It has been suggested that rare
species may evolve means of maintaining high levels
of genetic variability, such as increased outcrossing
(Rabinowitz, 1981), which is especially pronounced in
the group under consideration where all species appear
to hybridize freely.

We argue that conservation efforts in the C. salina
group in the Kola peninsula should be focused on
the two rare “pure” species of the Karelia and
Murmansk region — C. paleacea and C. subspathacea
(cf. Konstantinova et al., 2003; Kravchenko et al.,
2000). The rarity of these two species in the Kola
peninsula is confirmed by our own observations: we
have observed C. subspathacea only once and
C. paleacea not at all along 200km of coastline
(vil. Ust’-Varzuga — vil. Sosnovka), although there
are several specimens of both C. subspathacea and
C. paleacea from this region in the herbaria of Moscow
State University (MW) and Komarov Botanical Insti-
tute (LE). These species can be easily recognized
morphologically (see for example Egorova, 1999), which
is important for successful realization of conservation
programmes. On the other hand, any attempts to
preserve more unstable taxa or hybrid swarms such as
C. salina, which currently is listed in the Red Book of
the Murmansk region (Konstantinova et al., 2003), will
probably be fruitless.

In order to conserve genetic variability, it is necessary
to maximize the number of populations preserved due to
significant within-species (i.e. among-population) com-
ponent of diversity (Bruederle, 1999). The other
important way is to preserve the habitats where parental
species (in our case C. paleacea, C. subspathacea and
C. aquatilis) co-occur and hybrids could originate and
become established, as a way to preserve the evolu-
tionary process (Pillon et al., 2006). The contact zones
between mires (the typical habitat for C. aquatilis) and
seashores (the typical habitat for C. paleacea and
C. subspathacea) serve as such habitats.

The most endangered region of the Kola peninsula
due to increased human pressure on the seashores is the
part of the White Sea shore between the rivers Varzuga
and Ponoj. However, the suggestion to establish
this shoreline as the National Park “Terskij bereg”,
proposed in 1994, was rejected in 1996 mainly according

to the administration’s and locals’ opinion. Thus,
nowadays in the absence of this National Park we see
no real opportunities for the realization of the con-
servation programmes for the C. salina group in the
Kola peninsula under conditions of constantly increas-
ing recreation and industry pressure on the seashores.
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