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Abstract To understand the unique success of the ma-
rine seaweed Fucus vesiculosus 1. (Phacophyceae) in the
brackish Baltic Sea, the performance of gametes from
Baltic 14.1-0.5%S (Salinity)] and marine populations
was studied. Sperm from Baltic K vesiculosus swam
with a path velocity of c. 30-110 um/s and could fertil-
ize egps in waters of salinitics from 4 to 33%¢S. In their
natural water, Baltic sperm were not negatively phototac-
tic, unlike marine sperm in seawater; this should de-
crease the sperm:egg concentration at the scafloor and
reduce the likelihood of palyspermy. Marine (Iceland,
Sweden) sperm in scawater had a path velocity of c.
80-100 pm/s, but performed poorly and could not fertil-
ize eggs in natural or artificial Baltc water £6%0S; there-
fore, Baltic populations have adapted or acclimated to
their brackish habitat. Baltic populations appear better
adapted to their natural low salinities because, even after
culturing Baltic and marine individuals in watcr from
both the Baltic (6.3%.S) and the marine Skagerrak
(21%¢S), Baltic sperm were in both cascs still able to
swim and fertilize eggs at lower salinities (4%0S) than
marine sperm; fertilization never occutred belween ma-
rine gametes al 4-6%eS. [lowever, F. vesiculosus accli-
mates to some salinitics, since sperm [rom Baltic and
marine males that had been cultured at 21%o0S swam bet-
ter (higher velocity, proportion that were motile and/or
linearity) in marine salinities (21-33%¢S) than when they
were cultured at 6.5%¢S. The effects of salinity on sperm
motility and fertilization werc osmolar rather than due to

E. A. Serrdo (=) - S. H. Brawley

Department of Plant Biology and Pathology,

5722 Deering Hall, University of Maine,

Oreno ME 04469-5722, USA

fax: (207) 581-2969; c~mail: 1020109 @maine. maine.edu

I.cna Kautsky
Department of Botany, Stockholm University,
$-106 91 Stockholm, Sweden

Permanent address:

! Unidade de Ciéncias e Teenelogias dos Recursos Aquéticos
Universidade do Algarve, Campus de Gambelas,

P-8000 Faro, Portugal

’

specific ionic requirements, over the tested range. The
osmolalities (< c. 100 mmol/kg) at which fertilization
success of Baltic gametes decreases nearly Lo zero corre-
spond to the osmolality of Baltic water at the northern-
most limil of distribution of I vesiculosus in the Baltic
Sea. Therefore, the present range of F vesiculosus in the
Baltic appears to correspond to the osmotic tolerance of
the gametes. Very small natural or anthropogenic in-
creases in ambient osmolality would be likely to cause &
substantial expansion of this species into the inner Baltic.

Key words Baltic biogeography - Fertilization ecology -
Osmotic stress - Polyspermy - Sperm motility

Introduction

The Baltic Sea is the largest body of brackish water in
the world, and its well-known history of large-scale sa-
linity changes makes it an unique model svstem for eco-
logical and evolutionary studies ol adaptation to environ-
mental change. The Balric Sea had a wide connection to
the Aflantic about 7500-3000 BP (the “Littorina Sea”
period) and appears to have had a rich marine biota (Ig-
patius et al. 1981). Salinity has decreased since that time
due to the narrowing connection to the Ailantic, and this
may have caused high rates of evolutionary change (Rus-
sell 1985). These rapidly changing conditions have led to
the disappearance of most of the Baltic’s marine biota,
but some species appear to have adapted by sclective sur-
vival of the more resistant phenolypes, resulting in evo-
lutionary divergence from their North Atiantic counter-
parts (e.g., Russell 1983, 1988, Rietema 1991). Among
the numerous fucoid species present in the North Sea,
Fucus vesiculosus is the only one that presently occurs
over most of the Baltic coast. Belt-forming populaticns
of F vesiculosus occur throughoul the Baltic to salinities
of c. 4%S [(Salinity) e.g., Kantsky et al. 1992], with oc-
casional reports of isolated and sparse populations in
cven lower sulinities [i.e., as low as 2%cS (sce Warn
1652)]. The only other species of Fucaceae that occur in



2 OECOILOGTA 107 {19%) © Springer-Verlag

the Baltic Sea are prescnt only to the Bay of Kiel [F eva-
nescens {Schueller and Peters 1994)] or to the island ol
Gotland [F serratus (Weaern 1952)]. £ vesiculosus is the
dominant macrophytic seaweed in the Baltic Sea, and it
has an essential role in the ecosyslem (e.g., Kautsky et
al."1992; Committce 1993).

The reproductive success of dioecious species with
external fertilization is dependent on the environmental
conditions that the gametes encounter upon release. Re-
productive adaptations are thus among the key adapta-
tions o the low salinities of the Baltic that the surviving
marine biota, such as F. vesiculosus, may have made.
Changes in salinity may decrease the success of fertiliza-
tion by decreasing the viability of the gametes, or they
may raise the level of polyspermy, which is lethal to the
embryo. Fucoid eggs block the entrance of more than
onc sperm (i.e., polyspermy) through a rapid depolariza-
tion of the egg based on an influx of sodium ions (Brawl-
ey 1991), as do many other marine cggs (Jaffe and Gould
1985). In low-sodium seawater, the rate and duration ol
this depolarization in marine F. vesiculosus are slower,
and polyspermy increases (Brawley 1987, 1991). In estu-
arine populaiions of 7 ceranoides, fertilization occurs in
the high-salinity portion of the tidal cycle, thereby avoid-
ing a potential increase in polyspermy caused by low
Nat+ (Brawley 1992). In the Baltic Sea, however, there
are populations of F vesiculosus living at very low
[Na+], and, because the Baltic Sea is non-tidal, there are
no windows ol higher salinity in which fertilization can
occur. Despite these conditions, natural polyspermy lev-
els are low (Serrdo et al. 1993), and this could be ex-
plained by the action of factors that decrease the proba-
bility of many sperm fertilizing an egg simullaneously,
such as if sperm motility were poor at low salinities.
Low salinities do decrease the motility of marine sperm
from several species of Fucus and decreasc fertilization
in laboratory experiments (Kniep 1907). Sperm motility
may be affected by salinity through (1) osmolality of-
fects, as in many animals {¢.g., Morisawa and Suzuki
1980; Morisawa 1994 and references therein) and/or
through (2) ionic requirements, since fucus sperm re-
quire external sodium and calcium in order to swim
(O’ Toole and Brownson 1992).

Using F. vesiculosus as a model system for studies of
the Ballic biota, we have addressed the following ques-
tions:

1. How is sperm motility from marine and Baltic popula-
tions affected by the range of salinities in which £ vesic-
ulosus occurs?

2. How does the success of fertilization in Baltic popula-
tions vary within that range of salinities?

3. Do those salinities affect sperm motility and fertiliza-
tion through effects of osmolality or specific ionic re-
quirements?

4. Are Baltic populations reproductively acclimated or
adapted to brackish water?

5. Does brackish watcr alter sperm motility in ways that
reduce the likelihood of polyspermy™”

6. Is the present distributional limit of F vesiculosus in
the Baltic Sea related to reproductive failure below that
salinity?

Our data suggesi that Baltuc populations are better adapt-
ed to reproduce in their brackish habitat than marine
populations, and that the present limit of distribution of
Baltic F. vesiculosus is set by osmotic tolerances of ga-
metes.

Methods

Effects of the natural range of salinities on motility
and fertilization

Agxtificial waters (AWs) were prepared to represent the major inor-
ganic ions of seawater [33%.S: 0.450 M NaCl, 0.030 M MgCl,,
0.016 M MgSO,, 0.009 M CaCl,, 0.010 M KCl, and 0.0025 M
NaHCO, (Brawley 1987)] and brackish water of the central Baltic
[6%S: 0.079 M NaCl, 0.0043 M MgCl,, 0.0049 M MgSO,,
0.0021 M CaCl,, 0.0016 M KC1, and 0.0011 M NaHCO; (5. An-
dersson personal communication, based on tables from Rcemane
and Schlieper 1971; Riley and Skirrow 1975)]. Other AWs were
prepared by appropriate dilution of 33%.S AW (i.e., 21, 16, 10 and
8%0S) and 6%eS AW {i.e., 4 and 3%.S); use of Baltic AW at 6%cS
(with slightly different ionic proportions than 33%0S AW) was
necessary because AWs of <6%.S prepared from dilution of 33%.S
artificial seawater would have concentrations of Ca?* in particular,
that would be much lower than in natural Baltic water. An AW of
3%08 was included to evaluate reproductive failure at a salinity
lower than the ambient salinity (=4%S) at the present limit of con-
tinuous populations of F. vesiculosus in the Gulf of Bothnia.
Gametes of F. vesiculosus are produced in receptacles, which
are reproductive structures located at the extremities of the thalli.
Receptacles from males release antheridia containing sperm (64
sperm/antheridium), and female receptacles release ovgonia con-
taining eggs (8 eggs/oogoniumy); external fertilization occurs be-
tween free sperm and cggs. The sperm have two tlagella inserted
laterally and oriented in opposite directions (Manton and Clarke
1956). They exhibit chemotaxis towards fucoserraten, the phero-
mone secreted by the eggs (Miiller and Gassimann 19783,
Receptacles of F vesiculosns were collected from iwe Baltic
and two marine populations (Fig. 1) in mid-late July 1993. The
Raltic populations were from AskS (=6.5%.S) and Jarnis
(=4.1%¢S), and the marine populations were from Tjirné (Swedish
west coast, =15-33%¢S, 30%¢S at the time of collection) and Re-
ykjavik (Iceland, =35%qS). Receptacles were blotted dry and
stored at 4°C for 1-2 days (Askd), 3-8 days (J4riis), 10 days (Ice-
land) or 3 days (Tjimé) prior to release. Gametes were released
by placing receptacles into the treatment seawaters (14°C;
100 wmol photons m— s-1) either directly from storage (Baltic ga-
metes) late in the afternoon (which is the natural period of release
for Baltic gamctes), or after treatment by standard techniques {ma-
rine gametes {Quatrano 1980)]. The treatments were AWs of 3, 4,
6, 10, 16, 21 and 33%.S, and ecach population’s natural water was
also included as a conirol, except seawater from Iceland, which
was unavailable. Motility of sperm from Iceland was also quanti-
fied at 8%¢S, to better understand the sharp difference observed
between 6 and 10%cS. Three males were used as replicates per
treatment. Treatments were monitored for sperm release approxi-
mately every 10 min. Maximal sperm motility was observed with-
in about IS min after sperm were released from antheridia. At this
time, sperm were diluted (1:9, sperm suspension: treatment solu-
fiom) to prevent artifactual increase of salinity or osmolality due te
the potential release of solutes by the recoptacles, and 1 ml of the
diluted suspension was transterred into a phytoplankton chamber
(24 mm diameter, 3 ml total capacity). Speim in the chamber were
filmed within 2 min of removal from the culture chamber, using a
video-camera (lkegami Tsushinki Comp. Ltd.) attached to an in-



Fig. 1 Map showing sites %O' 15"

OECOLOGILA 107 (1996) © Springer-Verlag 3

7010° 5 0 5 10" 15 207 257

[
where receptacles of Fucus

vesiculosus were collected., The
approximate locations of the
isohalines (in %cS) are indicated
(after Andersson et al. 1992)

L

X{ ! i 1 1 i ) \ b

5

verted microscope (Olympus CK2) and a video recorder (Panason-
ic NV-FS 200HQ). The images were taken from areas in the mid-
dle of the chamber in order to avoid edge artifacts.

Sperm velocity and path linearity were determined from the
video-tapes using the Hamilton Thorn internal visual optical
system (ITTM-IVOS, Hamilton-Thorn Research, Beverly, Mass.),
which delermines numerous parameters of the motion of cells. The
bright-ficld option was uscd for all analyses, and for cach scan.
sperm were tracked for 30 frames at a frame acquisition rate of
30 Hz. Multiple scans were performed per sample, until a mini-
mum of 20 sperm tracks had been analyzed. Each sperm track was
checked for accuracy after every scan, using the playback and edit
options of the HTM-IVQOS. This permitted tracks that did not re-
present the path of a single sperm (a result sometimes observed at
higher sperm densities) to be eliminated from the analysis. Three
measures of velocity and one measure of linearity were chosen
[rom the molility parameters measured by the HTM-IVOS system
(described in Anenymous 1992). Progressive velocity (VSL) is the
linear distance between the beginning and end of a track divided
by the elapsed time (see figure in Results). Track speed (VCL) is
the sum of the distances between successive positions for a given
cell during the acquisition of the track, divided by the elapsed time
{VSL<VCL). Path velocity (VAP, velocity of the average path) is
the total distance along the average path for each cell divided by
the clapsed time, where the average path is defined by the
smoothed average position of the center of brightness of the cell
(5-point running average); this reduccs the effect of lateral head
displacement and gives an average cell path velocity. VCL (track
speed) is strongly dependent on the frame acquisition rate, since
the track length depends on the time between frames. Due to
smoothing, VAP is less dependent on frame ratc and provides a
better estimate of the velocity of a cell’s average path; therefore,
this is the parameter we discuss in the results. The degree of de-
parture from linear progression was measured by linearity {LIN),
which is the ratio between VSL and VCL. Linearity is used here to
quantify differences in the swimming behavior of sperm before
contacting an cgg (when close to an egg. the swimming pattern of
the sperm 13 altered by pheromone, Maier and Miiller 1986). The

proportion of motile sperm in each treatment water was deter-
mined visually rather than with the HTM-IVOS due to the pres-
cnce of particles of similar size and brightness as the sperm in the
video-images. These determinations were performed using a VCR
{Panasonic, AG2500) to classify a minimum of 50 sperm per treat-
ment as motile or non-motile; these were chosen using a random
numbers table and a grid over the television screen.

Gameles from populations at Aské (in 1993 and 1994) and at
Tjarnd (in 1994) were used to study the influence of salinity on
the success of fertilization. The treatments were the same ones
used in the studies of sperm motility, that is: AWSs of 3, 4, 6, 10,
16, 21 and 33%.S. and controls, which were lertilizations in natu-
ral water from the Baltic at Askd (0.5%08) and Jérnis (4.1%S) for
Askd gametes (1993), or from Askd and 1jdrng (30%68) for pa-
metes from Aské and Tjarnd (1994), Sperm were always released
directly into the treatment solurions. In 1993, eggs from Askd
were released in natural water from Askd; whereas, in 1994, eggs
from Asko and Tjirno were released directly into the treatment so-
lutions, However, in AWs of 3 and 4%08, mast oogonia from Aské
females did not release eggs. Thus, eggs released at 6%.S were
transferred to AWs of 3 and 4%S to perform these treatments.
Similarly, most cogonia from Tjirnod females did not release eggs
in AWs of 6, 4 and 3%.S; eggs released in AWs of 8 and 10%0S
had to be transferred to these salinities. Intact oogonia were re-
moved from eggs by pouring the suspensions through 105 um
nitex (Small Parts, Inc.. Miami Lakes, Fla.) into fresh treatment
AWs. Fertilizations were performed at 4 1000:1 sperm:egg ratio in
3 ml (3993) or 5 ml (1994) of each AW. Two (1993) or three
(1994) pairs of males and females were used as replicates for all
treatments. Fertilization success was quantified ¢. 14 h later by
staining eggs in a 0.0001% solution of calcofluor white, a fluores-
cent dye that stains the cell wall; secretion of the cell wall in Fu-
cus begins a few minutes after fertilization (Evans et al. 1982;
Brawley and Bell 1987). The proportion of fertilized eggs was de-
lermined by counting a sample of at least 100 eggs from each rep-
licate.

Hierarchical (nested) three-factor ANOVAs (salinityxpopula-
tion nested within sea, where the factor sea has two levels: marine
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or Baltic) were used to test for differences between the means of
each dependent variable (path velocity, linearity and proportion
that were motile). One-way ANOVA was used to test or salinity
effects on suceess of ferilization. Velocity data were log-trans-
formed and propostions were arcsin transformed to improve ho-
mogeneity of variances, as checked by Cochran’s test, and normal-
ity. Tukey tests were used for all posthoc multiple comparisons of
means. For all of the experiments described in this paper, it will
only be indicated if P was above or below a 0.05 pre-selected level
of significance when referring to the results of one or several tests.

Acclimation experiments

F. vesiculosus was collected in May 1995 from the marinc Skag-
crrak (Tjarne, =15-33%S, 21%.8 at time of cellection; stored 1
day at 0°C during transport o Askd) and from the Baltic Sea
(Askd, =6.5%S; no storage). Individuals from both populations
were cultured together (males and females separated) for [6-18
days in aquaria (2/treatment, 8 1 each) with natural water [rom
TijEimd (21%S in May 1995) or fromn Askd (6.5%.S). The eight
aquaria were placed in a Jarge flow-through aquarium in a culture
chamber (18:6 h light:dark, 16x10'% quanta s~ cm2) to maintain
temperatures at ambient levels (c. 7°C) with Askd warter during the
study, The waters inside the eight aquaria were changed every 6
days. After culture [or 16-18 days, receplacles were collected,
blotted dry, and placed immediately in the treatiment waters: AWs
of1,2,3,4,5,6,7, 8, 10, 16, 21, 33%.S and controls, which were
natural waters from Aské (6.5%08) and Tjarné (21%.S). AWs of 6
and 33%cS were those described above; intermediate salinilics
were achieved by diluting 33%0S with 6%S, and AWs of <6%.S
were prepared by ditution of 6%0S. Sperm from three males (i.e., 3
replicates/treatment) were prepared, filmed, and analyzed with the
IVOS system as described above. Velocity data were log-trans-
formed to homogeneize variances {as checked with Cochran’s
test), proportions {proportion of sperm that were motile and lincar-
ity) were arc-sin transformed to normalize distributions. Three-
way factorial ANOVAs (populationxculturing salinityxtesting sa-
limty) and Tukey tests were used to test for differences between
means.

For fertilization assays, sperm were released in cach treatment
water (as for molility assays), whereas, cggs were released in nat-
ural water from Aské and Tjirnd and then transferred to the treat-
ments. Intact oogonia were removed from eggs by pouring the sus-
pension through 105 pm aitex (Small Parts, Inc., Miami Lakes,
Fla.) into fresh Askd or Tjdrns waters. Eggs released in Asko wa-
ter (6.5%¢S) were transferred to 1, 2, 3, 4, 5, 6, 7 and 8%.S, and
eggs released in Tjdrnd water (21%68) were transferred to all treat-
ments al salinitics >10%0S. Fertilizations were performed in glass
dishes with 5 ml of treatment water at ca. 2000:1 sperm:egg ratio.
The proportion of fertilized eggs was determined ca. 10-12 h later,
by counting at Ieast 100 eggs per treatment, using calcofluor white
(as described above). Data were arc sin rranstformed before statisti-
cal analyscs by three-way factorial ANOVA and Tukey tests.

Tonic versus osmolar effects on motility, fertilization
and phototaxis

Artificial waters (AWs) were prepared to correspond to the ionic
compositions of seawater (=33%4S) and natural waters in thc Bal-
tic Sea at Askd (=6.5%0S), Fiillsvik (=4.3%.S), and in areas of the
Bothnian Bay (=2.2%08). Water of 2.2%.8 was used because a few
individuals of F. vesiculosus have been reported to occur in isolai-
ed populations that have salinities this low during at least part of
the year (see Weern 1932), although 4%S is the present limit of
comtinuous populations (e.g., Kautsky et al. 1992). AWs of 33 and
6%cS were prepared as above. AW of 4.3%cS is 0.053 M NaCl,
0.0033 M MgCl,, 0.0030 M MgS0,, 0.0015 M CaCly, 0.0014 M
KCl, and 0.0011 M NaHCOj; (recipe based on direct analysis of
sample of Fillsvik water from July, 1993, by the Environmental
Chemistry Laboratory, University of Maine). AW of 2.2%.5 is

0.0241 M NaCl, 0.0012 M MgCI,, 0.0018 M MgSO,, 0.0006 M
CaCl,, 0.0006 M KCI, and 0.0008 M NalICO, (a dilution of the
Jarnis recipe, based on dircet analysis of 4 sumple from July 1993,
by the E.C.L., University of Maine). Othcr AWs were also pre-
pared with the same concentrations of cations as the AWs of 2.2
and 4.3%cS, but the osmolality of these AWs was increased with
N-methvl-glucamine chloride (N-methyl-glucamine is an imper-
meant cation, Brawley and Bell 1987} 10 180 and 980 mmol/kg
{the same osmolality as the 6 and the 33%:S AWSs, because the
sperm were known to swim well at these salinities). Osmolalities
were measured with a vapor pressure osmometer (Wescor 5500,
Logan, Ut), and salinities were measured with 2 portable induc-
tion salinomeicr (Beckman RS9, Fullerton, Calif.).

Sperm from Fillsvik (=4.3%:S) were used in this experiment.
The eight treatments were artificial waters of salinity and osmolal-
ity, respectively: (1) 2.2%0.S, 70 mmol/kg, (2} 4.3%.S,
123 mmolkg. (3) 6.0%S, 180 mmolkg, @) 33.0%.S,
980 mmol/kg, (5) composition of cations as in 2.2%0S, asmolality
increased with N-methyl-glucamine chlornide to 180 mmol/kg, (6)
composition of cations as in 2.2%S, osmolality increased to
980 mmol/kg, (7) same composition of cations as in 4.3%.S, os-
molality increased to 180 mmol/kg, (8) same composition of cat-
ions as in 4.3%.5, osmelality increased to 980 mmol/kg. Three
males were used as replicates. Sperm were released, filmed, and
analyzed using the HIM-IVOS system and VCR, as described
above,

Fertilizations were performed using gametes from Fillsvik
(=4.3%c8) in the same AWy as for the motilily assays. Fggs were
released in media of similar osmelality as in the treatments, to
avoid potential effects of large osmolality changes. Intact oogonia
were removed from eggs with 105 um nitex before inseminating
eggs in 10 ml of seawater, at a 1000 sperm:egg ratio. Eggs were
stained with calcofluor whitc (as above} approximately 9 h after
fertilication. The proportion of fertilized eggs was determined by
counting a sample of at least 100 eggs in each replicate of the
treatments.

Different combinations of ionic concentration and osmolality
were tested using one-way ANOVA for all four dependent vari-
ables (path velocity, linearity, proportion motile, and tertilization).
A two-way factorial ANOVA was not used, despite two factors be-
ing involved, because some of the orthogonal treatments were not
possible (e.g., it is impossible (o have the cationic composition of
a marine seawaler whilec keeping the osmolality as low as in a sea-
water of 2.2%0S). Propertions were arc sin transformed, and Tokey
tests were used for post hoc comparisons, as described above.

Effects of salinity on sperm phototaxis were studied with Bal-
tic and marine males by releasing sperm at separate times from
male receptacles from Askd (=6.5%05) and Fillsvik (=4.3%0S) in
their natural waicrs, and from Maine (USA, =32%0S) in their natu-
ral water and in AWs of 33%¢S, a 9%.S dilution, and an AW with
the same ionic composition of the 33%.S AW but with all NaCl re-
placed by N-methyl-glucamine chloride. The water conlaining
sperm was transferrcd into small beakers and stirred gently to
make the initial distribution of sperm homogensous within the
beaker. A unilateral light gradient (fiber optics or fluorescent
tubes) was established horizontally across the beakers and changes
in the distribution of sperm during the fellowing hour were noted.

Results

Lffects of the nalural range of salinities on motility
and fertilization

Lower salinities reduced the velocity (Fig. 2a) of sperm
from F vesiculosus and reduced the proportion of sperm
that were motile (Fig. 2b), but the responses differed be-
tween populations (P<0.05}. Sperm from marine [1]4rnd
and Iceland) populations of F vesiculosus were unable to
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Fig. 2a—c Motility of ¥ vesiculosus sperm trom two marine (Tce-
land and Tjéirnd) and two Baltdc (Aské and Jirnds) populations in
artificial waters of salinitics from 3 to 33%0S: a velocity of the av-
erage path (mean+SE), not determined for Aské sperm at 3%¢S be-
cause too few sperm were able to swim; b proportion of motile
sperm (mean=ST¥); legend for 2b (not shown) is the same as in 2a
and 2c; ¢ linearity (mean+SE). The digmonds represent controls:
sperm from JErodiy (=4.1%68), Asks {=6.5%.8), and Tjirnd
(=30%eS, in July 1993) in their natural watcrs; Icelandic scawater
was not available

swim af Baltic salinities below 6%cS. Path velocity of
Ieelandic sperm al 8-10%eS was reduced (P<0.05) to
about half the speed observed in scawater (Fig. 2a). A
small proportion (c. 3-10%) of Baltic (Jarnis and Askd)
sperm swam at 3%oS (Fig. 2b), although it was not possi-
ble to measure average path velocity of Askd sperm at
that salinity, because oniy one of three males released
sperm that could swim, and even these were too few for
analysis. However, at the salinities predominant in the

OECOLOGIA 107 (1996) © Springer-Verlag b]

(bl

YSL., 1
DY

30

Fig. 3a, b Tracks of sperm from E vesiculosus followed lor 1 s at
30 Hz (30 frames per second, the two tracks are at different
scales). a Track with high linearity, common above 10%.S in alt
sperm. b Track with low linearity (tumbling sperm); often ob-
served at 3—4%oS for Baltic sperm and at 8%¢S for marine sperm.
For each track, the 30 doty represent the positions of the center of
brightness of the spernt in each frame; the Jines represent the path
used to calculate each velocity: VOL is velocity of the center of
brightness, measured from the distances between successive posi-
tions; VAP is velocity of the average path, where the average path
18 defined by a 5-point running average; VSL is the progressive ve-
locity, measured from the straight line betwecn the initial and final
positions of the sperm {detailed explanation in Methods)

central Baltic Sea (4-8%¢S), Baltic sperm swam well (c.
55 um/s), especially when compared to sperm from ma-
rine populations (Fig. 2a). Indeed, no significant differ-
ences were found between the velocities of Baltic sperm
in their natural brackish water and in seawater (P>0.03).
Baltic sperm  swam  at  maximal  velocities  (c.
80-110 um/ss) at 10-21%.S, that is, at salinities that are
mtermediate between those of the Baltic Sea and the At-
lantic Ocean, and these velocitics were ecquivalent
(P>0.03) to the velocities of Icelandic and Tjarng sperm
in seawatcr. The proportion of sperm that were motile
was variable from male to male (Fig. 2b), but varied with
salinity in a similar pattern as the velocity of the average
path, the main difference being the low percentage of
sperm from Tjarnd that were motile below 20%.S.

Lower salinities appeared to affect linearity of the
sperm path (Fig. 2¢) less than velocity or the proportion
of sperm that were motile. The effects of salinity on lin-
earity differed between populations (P<0.05). The lower
the linearity, the higher the departure of the movement of
the sperm from a straight line path (see Methods). Thus,
if all sperm had perfectly straight paths, linearity would
be 100%. Sperm from Asko showed maximum linearity
at 16%.S, the same salinity at which they achicved maxi-
mal velocity, decreasing (P<0.03) towards higher and
lower salinities. At and below 6%6S, where only Baltic
sperm swam, the linearity of both Jirnis and Asko sperm
was lower (P<0.05). At 3 and 4%0S, motilc sperm often
oscillated or tumbled in circles (Fig. 3), instead of swim-
ming in any particular direction. Tumbling was also ob-
served in some marine (Icelandic) sperm at their lower
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Fig, 4a, b Proportion of fertilized eggs (mean +SE) of F vesic-
ulosus 14 h alter insemination in arfificial waters of 3-33%sS. a
Gameles [rom Aska (Baltic Sea, =6.5%0S). Square symbols repres-
cnt controls: fertilizations in patural waters from the Baltic at
Jamis (=4.1%6S) and Aské (=6.5%0S). The proportion of uninsem-
nated eggs from Asko that had lysed after [4 h of exposure to the
treatment salinities is also shown. b Gametes from Askd (Baltic
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(sguares): fertilizations in natural waters from the Baltic at Askd
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1994)

limit of motility (8%0S), and their Iinearity was low at
this salinity and 10%S, increasing (P<0.05) with salinity
up 1o 21%¢S, and being similar (P>0.05) at 21-33%.S.
The linearity of the paths of sperm from Tjdrn$ was sim-
ilar at all salinities between 10 and 33%eS.

Fertilization success (Fig. 4a.b) was affected by salin-
ity (P<0.05). The proportion of cggs from Agkd
(=6.5%cS) fertilized at 3, 4%.8 and in natural water from
Jirnis (=4.1%08) was very low or zero, and strongly dif-
fered (P<0.05) from the high success of fertilization at
all salinities beiween 6 and 33%0S (Fig. 4a, b). At
3-4%¢S. both inseminated and nninseminated eggs from
Asko swelled rapidly and most burst (Fig. 4a, data for in-
seminated eggs not shown). Al 6%eS and in natural Asko
water (=6.5%0S), fertilization protected a large propor-
tion of Askd eggs from lysis, which occurred in approxi-
mately 50% of uninseminated eggs (Fig. 4a) but in less

than 20% of the inseminated eggs (data not shown).
Sperm did not fertilize Tjamo eggs at 3-6.5%-S, whereas
fertilization success was high at 8—33%S (Fig. 4b).

Acclimation experiments

Sperm from Ask$ males cultured in marine waler from
the Skagerrak (Tjirnd, 21%06S) did not behave like ma-
rine sperm at 4-13%.S (I7ig. 5a, b, ¢); their performance
was similar (£>0.03) to that from males cultured in wa-
ter from Askd (6.3%08). The acclimation treatments only
affected the motility of Baltic sperm at marine
(21-33%.S) salinities, in which Baltic sperm swam faster
(P<0.05) when cultured in Tjirnd water than when cul-
lured in Askd water (Fig. 5a). Colturing Askd sperm at
21.5%6S also improved (P<0.05) the proportion of sperm
that were motile at 21-33%0S (Fig. 5h), whereas, the pro-
portions of motile sperm at all tested salinitics below
21%0S were similar (P>0.05) between males cultured in
walers from Tjdrnd and from Askd.

Culturing marine {Tjams, =15-33%cS) males in Bal-
tic (Askd, 6.5%¢S) water had no effect (P>0.05) on
sperin velocity (Fig. Sa) but reduced (P<0.05) the pro-
portion of motile sperm (Fig. 5b} at nearly all salinities
and also reduced (P<0.03) the linearity (Fig. 5¢) of the
sperm paths at marine salinitics. Between 21 and 33%S,
most Tjamo sperm from males cultured in Askd water
swam slower than those cultured m Tjdrnd water
(21%48), but these differences were not significant; thus,
we cannot distinguish if (1) they were caused by chance
or (2) if they were real differences but cur tests lacked
the power to detect them. At the lowest salinity (5%0S) in
which at least a few sperm from Tjirnd swam, sperm
from males cultured in Tjarné water swam faster
(P<0.03) than from males cultured in Ask$ water. How-
ever, this does not reflect a real difference in velocity;
the lower velocity from males cultured in Asko water is
due to one of the three replicate males having sperm that
were completely immotile at 5%¢S, thus lowering the av-
erage velocity of this treatment. The sperm from the oth-
er two replicates swam at a similar velocity to sperm
from males cultured in Tjirnsd water. The proportion of
sperm from Tjamo that were motile (Fig. 5b) was higher
(P<0.05) for males cultured in Tjirng water than in Askd
water except at 33%cS (P>0.05) and where very few or
none of the sperm from Tjdrnd swam in any of the treat-
ments, below 6%0S (P>0.03). The low proportion of
Tjarnd sperm that were motile when males had been cul-
rured at 6.5%0S may be a consequence of the fact that
marine F vesiculosus dies during prolonged periods of
culture in low salinity water (see discussion); individuals
from Tjiarnd cultured in Askd water were starting to de-
cay. Maost sperm from Tjdmd males cultured in Tjdrnd
water swam at 8-21%oS, but a smaller (P<0.05) propor-
rion were motile below 8%eS and at 33%¢S (Fig. 5b). The
small proportion (c. 55%) of sperm that were able to
swim at 33%0S seems surprising for a marine species, but
a similar trend for Tjamd versus Icelandic sperm was
Tound carlier (see Fig. 2b). The linearity (Fig. 5c) of the
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paths was reduced (P<0.05) at the highest salinities test-
ed (significant diffcrences at 21.5-33%.S for Tjarnd
sperm, 16-33%0S for Askd sperm) when males from ei-
ther population were cultured in Askd water. Sperm from
Ask$ swam with higher (P<0.05) linearity than sperm
from Tjdrnd at all salinities below 8%0S, independently
of the acclimation (reatments.

Fertilization success (Fig. 5d) in experiments with
Baltic or marine gametes was not aftected (P>0.05) by
the salinity of the water in which individuals had been
cultured (6.5 or 21%6S), except at 33%o0S, where c.
10-20% fewer eggs were fertilized in experiments with
gametes from  individuals cultured in Baltic water
(6.5%08). Fertilization with marine (Tjdrn0) gametes was
only possible above 6%eS, and was high (>80%) at
8-33%S; whereas, with Baltic (Askd) gametes il was
high at 6-33%.S, and at 4%.S, a small proportion of the
eggs were fertilized. At salinities <6%.S, most unfertil-
ized eggs had burst prior to assay.

Tonic versus osmolar effects on motility, fertilization
and phototaxis

Sperm from Fillsvik (=4.3%S; 125 mmol/kg) did not
swim in AW of 70 mmol/kg osmolality (2.2%.S), but
swam well if shed into 2.2%0S AW supplemented Lo an
osmolality ol 180 or 980 mmol/kg with NV-methyl-gluc-
amine chloride (Fig. 6a, b, ¢). Fillsvik sperm swam at c.
30 pm/s (Fig. 6a) in AW wilh the same ionic composi-
tion as Fillsvik water (=4.3%0S), but the path velocity in-
creased to ¢. 70 um/s if sperm were shed into 4.3%.S wa-
ter supplemented with N-methyl-glucamine chloride to
an osmolality of 180 or 980 mmol/kg (i.e., the osmolali-
ties of 6 and 33%.S waters). In these treatments, the ve-
locity of the sperm was similar to that in unamended wa-
ters of 6 and 33%cS. Thus, at this range of salinitics
(2.2-33%¢S), sperm velocity was dependent on osmolali-
ty (P<0.035), not the composition of Na*, Ca™, K+ or
Mg2+ in the AWSs.

Fertilization success (Fig. 6d) was affected by osmot-
ic changes in the media (P<(.05). Most eggs [rom
Fillsvik (=4.3%cS) were fertilized when inseminated in
AWs of 180 and 950 mmol/kg {corresponding 10 0$mo-
lality to 6 and 33%cS, respectively). The average levels

g B

Fig. 7a, b Eggs and cogonia from Baltic F. vesiculnsus at Fillsvik
(=4.3%¢S) immediately after release in artificial waters with osmo-
lalities of a 123 mmol/kg (=osmolality of 4.3%.S water) and ionic
composition of 4.3%S (see Methods) and b 980 mmol/kg (=osmo-
lality of seawater by supplemeniation with N-methyl-glucamine
chloride) and ionic composition of 4.3%S artificial water. Note
lysed egg (arrow) in a. Bar = 100 um

O

Q

b

O
P
T o

Fig. 8a—d Sperm (line drawings traced from photomicrographs)
from Baltic F. vesiculosus at Fillsvik (=4.3%08) immediately after
release in artificial waters of a 2.2%.S (i.e., 70 mmolkg), b
4.3%0S (Le., 125 mmol/kg), and ¢, d ionic composition of 4.3%.S
and osmolality supplemented {scc Methods) o e 180 mmol/kg
{=osmolality of 6%.S water} and d 980 mmol/kg (=osmolality of
seawater). Portions of the flagella are not shown because they

were out of the plane of focus. Arrow indicates eyespot. Bar
=10 um

of fertilization did not differ at these osmolalities
(P>0.05), but the proportion of eggs fertzlized at
70 mmol/kg differed from that at 125 mmol/kg and both
differed from all other treatments (P<0.03). Al 4.3%0S
(osmolality of 125 mmol/kg), fewer than 30% of the
eggs were fertilized. No eggs were fertilized at 2.2%.S.
Low osmolalitics (70-125 mmol/kg) caused an increase
in the volume of both the eggs (Fig. 7) and sperm
(Fig. 8), and most eggs that were not fertilized burst at
these salinities.

Fillsvik sperm were pear-shaped cells, similar to the
shape ol marine sperm, at the osmolalitics of marine
{980 mmol/kg) and Askd (180 mmol/kg) water, but were
slightly rounded at their normal salinity (4.3%.S), and
lost flagella at 2.2%0S (Fig. 8). The eyespot of Baltic



sperm was abnormally positioned in their natural water,
and under these conditions sperm from Baltic (Fillsvik
and Askd) populations lacked negalive phototaxis in
their respective natural waters (4.3%0S for Fallsvik,
6.5%0S for Askd). Marine sperm were not negatively
phototaclic in 9%.S AW, but swam to the darkest regions
of the light gradient when in 33%¢S AW or in a low sodi-
um AW with the same osmolality as a 33%.S AW,

Discussion

This study demonstrates adaptive [edtures ol populations
of a marine species that has had to withstand a recent
change of habitat to one that is nearly freshwater. Our re-
sults suggest that Baltic gametes of F vesiculosus are
partially adapted to their natural low salinities, since
sperm have good molility and laboratory fertilization is
successful at the salinities in which Baltic populations
live, ones in which marine populations perform poorly
cven after being cultured in Baltic water. However, at
most of the salinities in which F. vesiculosus lives in the
Baltic (c. 4-7%0S), sperm have larger volumes and
rounder shapes than marine sperm, and this appears to
cause 4 displacement of the sperm’s eyespot; this may
account for the lack of negative phototaxis of sperm in
brackish water. Acclimation (phenotypic change) may he
responsible [or the differences between Baltic and ma-
rine gametes in salinities approaching seawater, since
culturing males {from either population in natural waters
from the Baltic (0.5%6S) or from the marine Skagcrrak
(21%0S) respectively decreased or improved sperm mo-
tility at . 21-33%.S. In artificial waters of dilferent os-
motic and cationic compositions, sperm motility and fer-
lilization were dependent on osmolality, suggesiing that
osmolality-dependent effects on sperm and/or eggs may
be important in establishing the northernmost limit of £
vesiculosus in the Baltic Sea. If reproduction is impaired,
a papulation cannot establish itself, no matter how toler-
ant to salinity the adults might be, because F. vesiculosus
does not reproduce parthenogenetically or vegetatively
(Brawley and Bell 1987).

Whether F vesiculosus is acclimated or adapted to its
Baltic habitat is an important question. The hypothesis
that Baltic sperm are adapted (genetically) to swim al
lower salinities has not been falsified by our acclimation
experiments since Baltic sperm (Askd) were able fo
swim and fertilize cggs at lower salinitics (4-6%¢S) than
marine sperm (Tjiarnd) both when cultured in Asko
(6.5%:S) and in Tjarnd (21%S) water. Performance of
sperm from Askd populations at low salinities was unaf-
fected by culturing in Tjarno water. However, Baltic
Fucus acclimates to higher salinities; culturing adults in
21%0S improved sperm motility and fertilization success
at 21-33%.8, relative to controls cultured at 6.5%0S. We
and others (Bick et al. 1992: our unpublished work)
were previously unsuccessful in attempts to culture ma-
ring individuals in Baltic water. When we cultured repro-
ductive marine individuals from Tjamd in 1994 in water
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from the Baltic at Asko (6.5%0S, 10°C), the reproductive
structures decayed after a week, and, shortly thereafter,
the entirc thallus decayed. We were later (1995) able to
keep marine individuals from Tjirnd in culture in Asko
water for 2.5 weeks. A signilicant dilference may have
been the lower ambient salinity of Tjarnd water (21%-S
in 1995 versus 30%0S in 1994) when individuals were
collected for the acclimation cxperiments, and/or the
lower culture temperature (c. 7°C) in 1995 compared to
1994. Even under these conditions, the Tjérnd individu-
als cultured in 1995 had started to decay at the end of the
2.5-week period of culture in Askt water. The 2.5-week-
long culture period seems long eacugh for complete mat-
uration of gametes under acclimation conditions, he-
cause peaks of gamele release occur with a4 weekly or
fortnightly periodicity in association with lunar phases
(Andersson et al. 1694; Serrfio et al., in press).

Some marine specics can be partially acclimated to
lower salinities. For example, fertilization in sea urchins
cultured at 31%0S, was maximal in [ull strength seawater
and decreased abruptly below 15%cS to zero at 10%S;
however, it could be improved at the Jower salinities and
extended down to 8%¢S, il the adults had been acclimat-
ed to slightly lower salinity water [27-28%.S (Dinnel et
al. 1987 also see Hintz and Lawrence 1994)]. Marine
populations of K vesiculosus respond similarly to lower
salinity, and may be able to acclimate to lower salinities,
since some reproduclive characteristics of marine Fucis
were more similar to those of the Baltic populations dur-
ing a period when the ambient salinity was seasonally
low in spring (21%¢S). However, the degrec of possible
acclimation of Tjarnd males in our experiments was lim-
iled: the overall patlern of their performance was still
characteristic of marine sperm with slightly berter per-
formance at lower salinities (5-6%S, cf. Tj&n¢ in
Fig. 2a, b, and Tjirnd males cultured in Tjimé water in
Fig. 5a, b). Also, although it seems likely that the ability
ol some marine (Tjidrnd) sperm o swim at 5-6%o0S was
due to the sperm having matured at naturally lower salin-
ities (21%¢S) than in the initial experiment (30%0S), we
cannot rule out possible influences of two other variables
that differed between the two experiments: ambient tem-
peraturc and time of collection during the reproductive
season. The fact that the motility characteristics of sperm
from Tjirnd were consistently intermediate between
those of the Icelandic and Baltic populations may also be
explained by the location of this marine population near
the Baltic Sea, which causes it to be subjected to large
seasonal fluctuations in salinity (=15-33%0¢S) during the
reproductive season and requires the ability to tolerate
both high and low salinities. To sunmunarize, our acclima-
tion experiments indicate that (1) the hetter sperm motili-
ty and fertilization success of Baltic gametes at low sa-
linities (c. 4-6%+5) may be an adaptation. and (2} show
that acclimation can occur at salinities near marine levels
(21-33%08).

1n the study of Kniep (1907) of salinily tolerance of
gametes from the Norwegian coast at Bergen, the toler-
ance increased as F spiralis < F. serratus < F, vesiculo-



10 OECOLOGIA 107 (1996) @ Springer-Verlag

sus. In agreement with these results, both F serratus and
F. vesiculosus have populations in the brackish Baltic
Seca, with that of F. vesiculosus being particularly abun-
dant and widespread, whereas F. spirafis 1s absenl. The
results of Kniep (1907) indjcate that, in the absence of
acclimation, marine populations of F vesiculosus and F
serrarus are better adapted than F. spiralis to reproduce
in brackish habitats. However, the data presented here
suggest that Baltic populations of F vesiculosus are
adapted to even lower salinities than marinc populations.
Both our resuits and those of Kniep (1907) shaw that at
¢. 6%0S, sperm from marine £ vesiculosus Slop swim-
wing, and that at the Iower salinities in which motility is
possible, sperm may oscillate or tumble in the same
place for a short period before becoming completely im-
motile. Low salinities inhibited the release of eggs from
the oogonia, and the salinities at which this effect was
observed were also diffcrent for marine (at and below
6%cS) and Baltic (at and below 4%.8) populations. The
inhibition of release of eggs from vogonia from marine
F vesiculosus had already been reported by Kniep
(1907).

Other Baltic species also seem to be limited by effects
of salinity on sperm motility and fertilization (Solemdal
1967; Westin and Nissling 1991). Minimum salinities
necded for successful fertilization of Baltic flounder are
lower (6.5%¢S) than for marine [lounder [11%cS (Sole-
mdal 1967)]. However, for successful fertilization and
development of cod eggs, a minimum of 11%.S is need-
ed, which in the Baltic only occurs in a few deep basins
(Westin and Nissling 1991).

The effects of salinity in the range of 2.2-33%:S on
sperm motility and the success of fertilization in F vesi-
culosus were osmatic. Sperm of marine Fucus require
external Nat and Ca?* for motility (O’ Toole and Brown-
son 1992); however, we have found that at the salinities
in which Fucis lives in the Ballic Sea, the concentrations
of these ions were not low cnough to affect sperm motili-
ty, whereas low osmolality clearly did. If natural or an-
thropogenic changes to the inner Baltic (i.e., Bay of
Bothnia, Gulf of Finland) that increased osmolality even
slightly were to occur, a range expansion would become
likely. Tt is possible that the sparse isolated populations
reported at salinities of 2-4%0S (see Waern 1952) were
made possible by local or temporarily higher ambient os-
molality.

Media of low osmolality may decrease the proportion
of swimming sperm duc to the absence of an osmaric
stimulus to initiate motility, as in sperm {rom some ma-
rine animals {e.g., Morisawa and Suzuki 1980; Morisawa
1994 and rcferences therein). However, because velocity
and linearity of the sperm paths were also affected, it
seems more likely that most sperm were immotile be-
cause of damage caused by the increase in intracellular
osmotic pressure. In marine F. vesicuflosus, a hypotonic
medium causes a subslantial increase in the volume of
the sperm (Wright and Reed 1990), and we obscrved
changes in the shape of Baltic sperm at low osmolalities.
The response of spermn from £ vesiculosus to osmolality

was similar to other marine species (e.g., Morisawa and
Suzuki 1980} in that sperm swam beller above
300-400 mmolkg (equivalent to 10-14%0.S salinity),
even for Baltic populations, which may live at osmolali-
tics as low as 100 mmol/kg. However, it is notable that
Baltic (but not marine) sperm were still able to swim at
the same low osmolalities (i.e., 100-200 mmol/kg) need-
ed to trigger motility of sperm from some freshwater ani-
mals (e.g., Morisawa and Suzuki 1980).

Higher polyspermy in marine F vesiculosus results
when fertilization occurs in artificial seawaters of normal
osmolality but low sedium concentration (Brawley 1987,
1991), because the eiectrical polyspermy block is sodi-
um-dependent. Additionally, polyspermy increases under
all conditions as the sperm:egg ratio is increased (Brawl-
ey 1991). Despite the low [Nat] of Baltic water, natural
levels of polyspermy arc low (Serrdo et al. 1993), and
this may be explained by effects of low salinities in de-
creasing the likelihood of more than one sperm encoun-
tering and fusing with an egg simultancously, before the
polyspermy blocks are triggered by the first sperm entry.
Slower sperm motility, fewcr motile sperm, or an impair-
ment of orientation behaviors that concentrate sperm at
the egg surface are such possible effects. We have found
good sperm motility in brackish water, but only about
half of the sperm that were released were motile and,
perhaps most important, these sperm were unresponsive
to light gradients. In seawater, the negative phototaxis of
sperm is probably an important factor in increasing the
sperm:egg ratio at the egg surface, with final confact
with the negatively-buoyant egg occurring through a
short-range pheromonal attraction, which is operative in
Baltic gametes. Additionally, a slow rate of fertilization
after sperm are bound to the egg would protect against
polyspermy; Wright and Reed (1990) have suggested
that volumetric increases caused by low osmolahties
could alter the spatial relationships of the gamete recep-
tors in estuarine aigae {also see Stafford et al. 1992). Al-
ternatively, or additionally, polyspermy could still be low
in the Baltic if a change in the ionic basis of the fast
polyspermy block had occurred during adaptation of F
vesiculosus to decreasing salinities [e.g., instead of being
based on an influx of Nat, an efflux of Cl- could occur,
as in some freshwater species (Grey et al. 1982; Kobay-
ashi et al. 1994)]. In laboratory experiments we have
found variable rates and levels of fertilization in ditferent
portions of the reproductive season. However, in optimal
periods (early—mid July near Jérnis), sperm reach eggs
quickly, and a fertilization potential (i.e., the depolariza-
tion that is the fast block against polyspermy) is ob-
served as quickly as that which occurs between a marine
egg and sperm (S.H. Brawley, unpublished work). Natu-
ral data on sperm:egg ratios are required to confirm the
significance of our observations; however, some protec-
tion against polyspermy is likely to result from the ef-
fects of brackish water on sperm motility described here:
(1) lack of negative phototaxis, (2) lower motility than
thal of marine sperm in seawater and (3) a decreased
proportion of sperm that are motile.



The impairment of sperm motility, including loss of
flagella, at low osmolalities is sufficient to explain the
very low success of fertilization observed at 2-4%.S in
the laboratory. However, we have observed that, at salini-
ties below 6%3S, lysis of eggs occurs unless sperm fertil-
ize the eggs soon after their release from cogonia. This
suggests that the time available {or [ertlization to occur
in nature following gamete release in the central to
northern Baltic is short. By only 2-3 h post-fertilization,
zygotes of marine fucoids can tolerate brackish waler
that kills gametes or younger zygotes (Kniep 1907; Bur-
rows 1964), probably because of the protective effect of
the cell wall that forms following fertilization (Knicp
1907). Even the European estuarine fucoid F ceranoides
requires tidal windows of high salinity for reproduction
(Burrows 1964; Brawley 1992), and their absence in the
atidal Baltic 1s a sullicient explanation for the absence of
this fucoid in the Baltic Sca. Populations of F. vesiculo-
sus in the Baltic have no such windows of higher salinity
during which to reproduce, but ferlilization of Baltic
eggs in our laboratory experiments was successful (ap-
proximalely 50-953%}) at their ambient salinities. The low
or null fertilization success at osmolalities lower than c.
100 mmol/kg suggests that reproduction constrains the
distribution of F vesiculosus in the Baltic (Waern 1952)
to its observed northern limit. We conclude that the wide
distribution ol F. vesiculosus in most of the Baltic Sea is
possible becausc its gametes are partially adapted to low-
er salinities (i.e., osmolalities), allowing fertilization to
occur at salinilies in which gametes of marine F vesic-
ulosus (and other Fucus species) cannol [unction.
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