


Dissertation for the Degree of Doctor of Philosophy in Plant Ecology presented at
Uppsala University in 2002

ABSTRACT
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The aim of this thesis was to examine factors affecting the distribution of macroalgal
species both vertically (depth zonation) and geographically along the Baltic Sea salinity
gradient. Interactions between the physical environment and basic biological traits of the
algae are emphasised.

Previously well-described macroalgal vegetation profiles were re-investigated. Long-
term changes of the vegetation that can be coupled to an increased large-scale eutrophi-
cation were recorded in both the Baltic Sea and in the Skagerrak.

Photosynthetic properties of macroalgae with different morphologies from typical
depth zonations in the Skagerrak and the Baltic Sea were assessed. A novel method that
makes it possible to classify macroalgal species along a morphological gradient based on
photosynthetic properties is presented. Such a gradient can be used as an alternative to
more discrete subdivisions into functional-form groups.

Small-scale variation in the natural sediment load was shown to affect the composition
of sublittoral rocky-shore macroalgal communities in a long-term field experiment. Gen-
erally, species with an extended reproductive period were more tolerant to sedimentation
than species depending on short periods of spore release. The effect of the sediment
treatments increased with depth.

Field experiments in the Baltic Sea showed that fragments of Furcellaria lumbricalis,
Polysiphonia fucoides and Rhodomela confervoides are able to reattach to the substrate under field
conditions. This enables persistence of populations since these species are practically
sterile in the area. Field observations suggested that sessile animals can facilitate the
fixation of algal fragments to the substrate.

Genetic variation of the chlorophyte Cladophora rupestris was assessed by allozyme
electrophoresis. Two genetically differentiated groups of populations were found, one
Baltic Sea group and one North Sea group, with a distinct border in the southern Kattegat
near the entrance to the Baltic Sea.
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…Se där ett ämne mer upphöjt och värdigt än något an-
nat att ägna all sin flit åt! Det finns inget lämpligare
spörsmål på vilket bildat folk kan pröva sina krafter.
Vi är emellertid ingalunda omedvetna om vår egen
bräcklighet i förhållande till uppgiftens tyngd och svårig-
het. Vi är alltför obetydliga och svaga för att ge oss i
kast med en forskningsuppgift där inte ens de lärdaste
mäns samlade klokskap skulle räcka till eller all värl-
dens väldiga volymer kan ge besked. Av detta skäl har
vi beslutat att endast lätt beröra huvudsakerna och redo-
göra för de mest iögonenfallande förhållandena i naturens
tre riken vad avser levande varelsers fortplantning, uppe-
hälle och undergång, och för den lärda världen lägga
fram vad vi misstänker överstiga menige mans fattnings-
förmåga. Vi hoppas därmed att en gemensam fond av
vetande genom detta vårt företag skall uppkomma och
utökas; i synnerhet om andra bidrar med sin kunskap
till de iakttagelser som vi gjort i dessa ämnen.

Ur Carl von Linnés Oeconomia naturae – Naturens hushållning
utgiven 1749, översättning Anders Pilz.
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INTRODUCTION

Rocky-shore macroalgae

Role in the ecosystem
One of the most conspicuous features of rocky seashores, especially in temperate
areas, is the magnificent growth of macroalgae. These organisms belong to three
different phyla: Rhodophyta (red algae), Phaeophyta (brown algae) and Chloro-
phyta (green algae). This vegetation, together with sea-grass meadows and man-
grove forests, is extremely important for life in the seas. Macroalgae are not to a
great extent utilised by primary consumers as food, but they do create a three-
dimensional environment that provides shelter for numerous smaller organisms
which constitute prey for larger ones. Several of the economically most important
fish species are entirely dependent on the macroalgal zones in their early life stages.
Macroalgal vegetation also increases the available substrate for benthic microalgae,
the main food for small herbivores. In addition, decaying macroalgae substantially
contribute to the substrate for the microbial loop in coastal food webs (Mann 1982,
Lüning 1990).

Morphology
Rocky-shore macroalgae come in several different shapes, from very simple, small
and delicate filaments to the large, parenchymatous and highly differentiated thalli
of the Fucales and Laminariales. Functional-form models for macroalgae have been
developed by e.g. Littler & Littler (1980) and Hay (1986), using functional attributes
like light harvesting ability, nutrient uptake and grazing susceptibility in relation to
morphological and anatomical traits. This enables predictions on the function of
single species and of whole communities, based on the functional-form group clas-
sifications of the model. However, classifications of species into distinct functional-
form groups will always be arbitrary. Littler & Littler (1983) suggested that their
groups are ‘recognizable units along a continuum’. Still, their model has turned out
to be a usable tool for macroalgal ecologists and it has also been subjected to exten-
sive testing (e.g. Littler & Arnold 1982, Littler et al. 1983 , Gacia et al. 1996, Hani-
sak et al. 1988, Rosenberg et al. 1995). In paper III we present an alternative
method that makes it possible to classify macroalgal species along a morphological
gradient based on photosynthetic properties. Morphological properties of species
are also important in determining the ability to withstand physical stress factors
such as wave action, desiccation and sediment load, which may strongly affect the
local distribution of macroalgal species.
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Distribution
The vertical distribution of macroalgae has intrigued scientists for centuries. Light
must be considered the ultimate factor in determining the deepest occurrences of
macroalgal species since there is a definite lower light limit for each species where
photosynthesis can uphold the vital functions. Photosynthetic properties, such as
compensation and saturating irradiances, have been suggested to regulate the zona-
tion of macroalgae on rocky shores (Lüning 1981). Deeper-growing algae are gen-
erally more sensitive to light (have lower compensation irradiances), which is con-
sidered an adaptation to low light levels at greater depth. Extinction of different
wavelengths with increasing depth varies depending on the type of water (Jerlov
1976), and the light quality could thus also be expected to be important in deter-
mining depth distributions. Engelmann (1883) suggested that different groups of
marine algae (i.e. green, brown and red) dominate at different depths because their
pigment composition was adapted to use the light quality at these depths. However,
these ideas are not supported by later studies (reviewed by Ramus 1981, Dring
1981). Sensitivity to UV radiation may also influence the zonation pattern (Bischof
et al. 1998). One would expect species growing closer to the water surface to be
more tolerant to UV and to recover better after periods of high UV radiation. Spe-
cies with tougher and thicker thalli may also be less sensitive to UV radiation as a
result of more protective tissue. In paper III we examine photosynthetic properties
and UV sensitivity of species from typical zonations in the Skagerrak and in the
Baltic Sea proper. In addition to light, there are a number of factors that influence
the vertical zonation of algae. These factors include abiotic components like desic-
cation risk, ice-scouring, fluctuating salinity, and sedimentation regime and biotic
interactions such as competition for space and grazing intensity (Russell & Fielding
1981, Lüning 1990, Dring 1992, Lobban & Harrison 1997).

During the last decades decreased depth distributions of macroalgal species have
been reported from different sea areas (Schramm & Nienhuis 1996). This has
largely been attributed to decreased light penetration in the water column caused by
increased pelagic production. However, increased pelagic production also leads to
increased sedimentation. Shallower bottoms will be cleared from sediments by
waves more often than deeper bottoms. Effects of increased sedimentation is thus
expected to be larger with increasing depth (Håkansson & Jansson 1983) and could
contribute to the reported changes of depth distributions of macroalgae. In Paper
IV we test these ideas in a four-year field experiment on the establishment of spe-
cies and the development of the macroalgal vegetation on artificial substrate with
manipulation of the sedimentation regime.

The presence of a macroalgal species in a particular sea area is determined by geo-
logical and evolutionary history (Lüning 1990, Van den Hoek 1975). Although bi-
otic interactions may adjust the boundaries on a finer scale, physical factors largely
set the limits of geographical distributions of species (Druehl 1981, Lüning 1990).
Temperature has proved to be of paramount importance (Van den Hoek 1984,
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Breeman 1988, Lüning 1990). Usually it is a certain stage of an algal life cycle that is
sensitive to temperature. A well-known example is the kelp Alaria esculenta, which is
common along the coasts of Norway and Great Britain. For this species it has been
shown that growth of the young sporophytes is impeded when summer tempera-
tures rise above 16ºC (Sundene 1962). The distribution of A. esculenta also correlates
well with the 16ºC summer isotherm. Sometimes a combination of temperature and
day-length determines the geographical distribution. This is the case for the game-
tophyte generation of Bonnemaisonia hamifera in northern Europe. Lüning (1980) has
shown that tetraspores of this species can only be produced under short day condi-
tions at 15ºC. In Scandinavia temperature is too low when days are short enough
for this to happen and the life cycle is never completed. Predicted changes in the
relationship between temperature and photoperiod due to global climate change
could thus affect species distributions in the future (Beardall et al. 1998). Also sa-
linity can act as a limiting factor in the distribution of macroalgal species. In estuar-
ies organisms are subjected to large daily fluctuations in salinity and only species
adapted to these fluctuations can survive. In areas of low but stable salinity, as in
the brackish Baltic Sea, other adaptations may be favoured and only very few ma-
rine species can persist in this area (Wallentinus 1991, Snoeijs 1999).

Life histories
Many studies on the life histories of marine macroalgae have been carried out dur-
ing the last hundred years. The major part of these previous studies was performed
in the laboratory and the results have clarified a number of taxonomic uncertainties.
However, in field conditions several species may be hindered by environmental
constraints to complete their life cycles. Dixon & Irvine (1977) distinguish between
the ‘theoretical’ life history studied in the laboratory and the ‘biological’ life history
actually occurring in the field. For an ecologist the latter will be the more interesting
one. Mode of reproduction can vary within the distribution of a species. Several red
algae lose the ability to reproduce sexually when approaching their limits of distri-
bution at high latitudes and only tetrasporophytes occur (Dixon 1965, Dixon &
Irvine 1977). At the extremes of the geographical ranges also spore production is
hampered and dispersal will be solely dependent on vegetative propagation. Spores
and zygotes normally attach to the substrate and enable persistence of the macroal-
gal populations. If a species has lost the ability to produce these propagules, reat-
tachment of fragments should become important for persistence of attached
populations. In paper V we analyse the ability of fragments of some common Baltic
marine macroalgae to reattach to the substrate in the field. Asexual reproduction
may be advantageous in suboptimal environments since it will create clones that are
efficient colonisers of a habitat to which the parent plant is well suited (Norton &
Mathieson 1983).
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The Baltic Sea Gradient

Hydrology
The Baltic Sea is one of the largest brackish-water bodies on earth. It has profound
and stable south-north environmental gradients from marine temperate to low-
salinity subarctic conditions. The salinity gradient is created by a large inflow of
freshwater into the Baltic Sea from over 200 rivers in combination with the semi-
enclosed geographical position of the Baltic basin (Bergström & Carlsson 1994;
Fonselius 1995). The Baltic Sea is a transitional area between freshwater and marine
water, and therefore resembles a giant estuary or threshold fjord. However, the
Baltic Sea (mean depth ca. 55 m, maximum ca. 450 m) is larger and deeper than an
estuary. It has a much longer water turnover time and virtually no tidal fluctuations.
The salinity gradient is very stable from the northern Bothnian Bay (ca. 3 psu) to
the entrance of the Danish Straits (ca. 10 psu). In estuaries, salinity usually varies on
several time scales: diurnal, seasonal and irregular (Fairbridge 1980), and the organ-
isms living in such environments are adapted to repeated drastic variations in salin-
ity. The Danish Straits and the Kattegat constitute a transitional area between the
Baltic Sea and the North Sea, which is strongly influenced by the outflowing Baltic
water. The mean surface salinity ranges from 10 psu in the south to ca. 25 psu at
the border to the Skagerrak in the north, and salinity fluctuations in the area can be
as high as 10 psu. Still in the Skagerrak it is possible to trace the influence from
Baltic water and salinity fluctuations in the surface water may be large.

Postglacial history
The Baltic Sea is geologically young and all organisms living here are postglacial
immigrants. Since the last glaciation, salinity conditions have changed several times
and freshwater periods have alternated with brackish or marine periods (Ignatius et
al. 1981, Björck 1995). The last freshwater stage, the Ancylus Lake, ceased with the
opening of the Danish Straits at about 7500 years BP and was succeeded by the
Littorina Sea with higher salinities and a warmer climate than the present Baltic Sea.
Russell (1985a) proposed that the Baltic marine flora was recruited during this pe-
riod. About 3000 years BP the climate successively became cooler and the water
less saline. Most of the marine biota went extinct and the surviving species had to
adapt to increasingly adverse conditions. Thus, the recent geological development
of the Baltic Sea area after the last ice age is the ultimate determining factor for the
nature, structure and composition of the Baltic biological communities.

Macroalgal diversity
Along the salinity gradient the species richness of red, brown and green algae de-
creases (Wallentinus 1991, Snoeijs 1999). Almost 300 species with upright thalli >1
mm are found in the outer Skagerrak while only 30 occur in the northern Bothnian
Bay (Vaucheria and Charales not included). This decrease is accompanied with a
shift from a dominance of red and brown species on the Swedish west coast to a
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dominance of green algae in the northern Baltic Sea. The reason for this shift is the
increased number of freshwater algae of which the majority belongs to the Chloro-
phyta. Many marine algae, which on the Atlantic coasts are found in intertidal and
upper sublittoral zones, occur in increasingly deeper water when following the sa-
linity gradient from the Skagerrak into the Baltic Sea. This phenomenon is called
the ‘downward process’ (Waern 1952, 1965, Pedersén & Snoeijs 2001), and may be
explained by the absence of tides, increased ice scouring and released competition
when species numbers successively decrease along the salinity gradient. Another
common feature of marine macroalgae in the Baltic Sea is reduced size compared
to their North Sea counterparts. This can be apparent for the whole thallus (e.g.
Coccotylus truncatus, Levring 1940, Waern 1952) or for the single cells (e.g. Cladophora
rupestris, Thomas et al. 1990). Throughout this thesis nomenclature follows Nielsen
et al. 1995.

Macroalgal evolution
Marine organisms in the Baltic Sea are subjected to strong selection in this low sa-
linity environment. The narrow connection through the Danish Straits efficiently
separates the Baltic Sea from the rest of the Atlantic Ocean. This isolation is further
enhanced by a general inflow of deep water and an outflow of surface water. Unlike
the much older Mediterranean and Caspian Seas, the Baltic Sea has not had a long
enough history of isolation for speciation to have occurred. However, recent re-
search indicates that many of the macroalgae of the Baltic Sea probably can be clas-
sified as ecotypes/subspecies, i.e. that a certain degree of genetic differentiation has
taken place. Such possible differentiations have been described for a range of mac-
roalgae based on growth experiments, physiological responses, morphology and
anatomy, e.g. for Chorda filum (Russell 1985b, 1988), Delesseria sanguinea (Rietema
1993), Fucus vesiculosus (Russell 1985a; Raven & Samuelsson 1988, Bäck et al. 1991,
1992, 1993; Kalvas & Kautsky 1993, Serrão et al. 1996), Membranoptera alata
(Rietema 1993), Phycodrys rubens (Rietema 1991), Pilayella littoralis (Russell 1994), Rho-
domela confervoides (Rietema 1995) and Scytosiphon lomentaria (Kristiansen et al. 1994).
Surprisingly few attempts have been made to detect possible differentiation using
genetic markers. Van Oppen et al. (1995) distinguished two groups of Phycodrys
rubens in the North Sea - south-western Baltic Sea area but no correlation with the
salinity gradient was found. Recently, Gabrielsen et al. (2002) were able to distin-
guish Baltic and North Sea nuclear genotypes of the marine alga Ceramium tenuicorne.
Their RAPD data suggested strong differentiation along the salinity gradient. In
paper VI genetic differentiation of the marine chlorophyte Cladophora rupestris is
investigated along the gradient from the Norwegian west coast to the southern
Gulf of Bothnia.
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Recent changes in the ecosystem
The drainage area of the Baltic Sea is about 4.5 times larger than the water surface
area of 355 000 km2, and ca. 85 million people live in this area. Because of its lim-
ited water exchange with the ocean, the Baltic Sea is therefore subjected to a heavy
impact of human activities by discharges of nutrients and pollutants. During the last
hundred years the phosphorous load to the Baltic Sea has increased about eight-
fold and the nitrogen load about four-fold (Larsson et al. 1985). As a consequence,
the pelagic primary production has increased by an estimated 50 % (Elmgren 1989)
and sedimentation of organic carbon five to ten-fold (Jonsson & Carman 1994).
Changes of the macroalgal vegetation that can be coupled to increased eutrophica-
tion have been recorded from several parts of the Baltic Sea area (e.g. Mäkinen et
al. 1984, Kautsky et al. 1986, Breuer & Schramm 1991, Kukk & Martin 1992, Mid-
delboe & Sand-Jensen 2000). These changes are similar to those described from
other sea areas (Schramm & Nienhuis 1996, Cloern 2001), and include decreased
depth penetrations and loss of canopy-forming species as well as increased abun-
dances of fast-growing filamentous and sheet-like species with efficient nutrient
uptake. Thanks to the detailed vegetation studies carried out by Mats Wærn and his
students from the 1930's to the 1960's, i.e. before the major eutrophication started
(Dybern et al. 1984, Rosenberg 1984, Grimås 1987), we have had the opportunity
to revisit exactly the same diving profiles. Thus, we were able to record changes in
the macroalgal vegetation in areas not directly affected by land-runoff or point
sources of nutrient discharge (Papers I and II).
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OBJECTIVES OF THIS THESIS

The aim of this thesis was to examine factors affecting the distribution of macroalgal
species both vertically (depth zonation) and geographically along the Baltic Sea gra-
dient. Interactions between the physical environment and basic biological traits of
the macroalgae have been emphasised. Field surveys as well as field and laboratory
experiments have been used in these studies. The following specific hypotheses
were investigated:

Long-term changes in macroalgal species distributions are affected by
man-made environmental change and patterns of change are similar in the
Baltic Sea and the Skagerrak. (Paper I and II)

Macroalgal species distributions are related to thallus morphology,
photosynthetic properties and UV sensitivity of the species. (Paper III)

Small-scale differences in sedimentation regime can affect species
distributions in the Baltic Sea. (Paper IV)

Baltic macroalgae that lack normal reproductive structures reproduce by
reattaching fragments, which enables populations to persist at the
extremes of species distributions. (Paper V)

Baltic marine macroalgae are genetically differentiated from their North
Sea counterparts. (Paper VI)

MATERIAL AND METHODS

Study areas

The studies on long-term changes of macroalgal vegetation were carried out in the
Öregrund archipelago in the southern Bothnian Sea (Paper I) and at the mouth of
the Gullmar Fjord in the southern Skagerrak (Paper II). Photosynthetic studies
(Paper III) were performed at the mouth of the Gullmar Fjord and in the Askö
area in the northern Baltic Sea proper. The long-term study on sedimentation ef-
fects (Paper IV) and the study on reattachment of macroalgal fragments (Paper V)
were both carried out at Näskubben on Björkö Island. This site is located close to
the border between the Gulf of Bothnia and the Baltic Sea proper. The study areas
are shown in Fig. 1 together with all sampled populations in the genetic study (pa-
per VI) except for the Norwegian population FØ. This is located in Florø, the
westernmost town in Norway, at 65º31'N, 05º00'E slightly south of the border
between the North Sea and the Norwegian Sea.
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FIG. 1. Study areas for Papers I-V and populations sampled ( ) for Paper VI except
population FØ on the Norwegian west coast at 65º31'N, 05º00'E.

Re-investigations of diving profiles (Papers I and II)

The macroalgal vegetation was described along transects perpendicular to the
coastline from the deeper end of the profiles to the surface (paper II) or to 2 m
depth (paper I) during SCUBA diving. The total cover of the macroalgal vegetation,
cover of individual taxa, the borders of the algal belts, substrate and depth were
recorded. Rare species and species difficult to identify under water were put in net
bags and brought to the laboratory for identification. In both studies the exact lo-
cations of previous vegetation studies were revisited. Diving profiles were relocated
with the help of line-drawings, photographs and text in published and unpublished
material. The reference study of Paper I was carried out in 1943-44 (Wærn 1952). A
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previous reinvestigation from 1984 (Kautsky et al. 1986) was also used for compari-
son. For Paper II the reference study was performed in 1960-61 (Pedersén 1971).
Vegetation data were compared between the reference and our new diving studies.
In Paper I we mainly focused on Fucus vesiculosus and Sphacelaria arctica, two charac-
teristic belt-forming brown algae in the Baltic Sea. In Paper II we used a functional-
form approach (modified after Littler & Littler 1980). For both Papers I and II ad-
ditional comparisons with extensive, ecologically organised herbaria were accom-
plished. The herbarium sheets from the reference investigations and from Paper II
are kept in the ‘Mats Wærn Ecological Algal Herbarium’ at the Department of
Plant Ecology, Uppsala University.

Photosynthetic properties and UV sensitivity (Paper III)

Altogether, 32 macroalgal species (19 rhodophytes and 13 phaeophytes) belonging
to different functional-form groups according to Littler & Littler (1980) were col-
lected by snorkelling and SCUBA diving at their maximum abundance depths be-
tween the surface and down to 20.5 m of depth. For the Skagerrak the species were
selected to maximise the variation in water depth and thallus shape as much as pos-
sible for both red and brown algae. To provide an area-representative data set, only
species that were common in the area were included. The Baltic Sea has very low
macroalgal diversity (Snoeijs 1999), and all common red and brown species en-
countered in the Askö area during the study period were included.

Photosynthetic and respiratory rates were measured as O2 evolution in an Illumi-
nova  Light Dispenser System (‘Light Pipette’), equipped with a halogen lamp and
a patented IR deflector and waveband definer delimiting radiation between 400 and
700 nm. In this system both light control and measurements are managed by a
computer, which allows repeated measurements with high accuracy. Pieces of thal-
lus were incubated in filtered natural site water of 100% O2 saturation in a 2.6 ml
incubation chamber with an O2 electrode inserted.

Two different types of experiments were carried out. The first type consisted of a
1200 seconds long sequence including 8 dark pulses and 7 light pulses of 80 sec-
onds each. The light pulses increased in photon flux density during each sequence:
10, 20, 50, 100, 300, 600 and 900 µmol photons m-2 s-1, respectively. Data from
these measurements were used to construct photosynthesis versus irradiance (PI)
curves (Falkowski & Raven 1997). The second type of experiment consisted of five
successive runs with the same thallus piece at 300 µmol photons m-2 s-1. Each run
consisted of a 600 seconds long sequence and the water in the incubation chamber
was exchanged between the runs to keep O2 saturation below 130 % and to avoid
carbon limitation. In runs 2-4 ultraviolet (UV) radiation close to natural levels for
UV B at the water surface was added. The first run was used as a control and the
last run as a postcontrol (recovery test). The UV effect was expressed as the per-
centage O2 evolution left after 30 minutes of UV treatment and the recovery was
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expressed as the percentage O2 evolution (of the control) regained after 10 minutes
postcontrol.

Field experiments on sedimentation effects (Paper IV)

We examined the effects of sedimentation on the establishment and development
of the algal vegetation over time at two different depths (8 and 15 m) using clay
bricks as artificial substrate for macroalgal colonisation. We manipulated the depo-
sitional environment by manually removing loose sediment from half the number
of bricks once every month throughout the study (sediment removal treatment).
The other bricks were subjected to natural sedimentation (natural sedimentation
treatment). Bricks were sampled from the experimental set-up in an irregular time
series over 4.5 years. Since the development of the community was much slower at
15 m than at 8 m of depth, we used different sampling intervals for the two depths.

In the laboratory, we visually estimated the cover of each species and the length of
all individual algae. To examine how the different species were recruited to the
bricks, we examined the size distribution when they first appeared in the time se-
ries. If a species colonised the bricks in equally sized cohorts with many small indi-
viduals (> 20 individuals per brick) this suggests that they were established from
spores. Throughout the study, we also noted finds of reproductive structures,
fragmented individuals entangled or attached with secondary rhizoids, stolon-like
rhizoid development and persistent resting stages. The last year of the study, addi-
tional samples of the species with no noted finds of reproductive structures were
collected from the surrounding vegetation each month and scanned for reproduc-
tive structures. Furthermore, we compiled published information from the Baltic
Sea on the reproduction of the species present.

Field experiments on reattachment of algal fragments (Paper V)

Fragments of algae were fastened under loops of round, textile-covered elastic
stretched around clay bricks that were placed in the water. Three consecutive ex-
periments were carried out: April - October 2000, October 2000 – April  2001 and
May 2001 – March 2002. In total, four treatments with different depths and under
different physical influence (shading and sweeping) of a Fucus canopy were in-
cluded. Altogether, five common epilithic species: Furcellaria lumbricalis, Coccotylus
truncatus, Polysiphonia fucoides, and Rhodomela confervoides (Rhodophyta) and Cladophora
rupestris (Chlorophyta) were investigated. At termination of each experiment reat-
tachment, vigour, rhizoid development and epiphytic cover were determined.

Genetic variation in Cladophora rupestris (Paper IV)

Altogether, 11 populations of the thick-walled filamentous chlorophyte Cladophora
rupestris were sampled; four in the inner Baltic Sea, six along the Swedish west coast
and one on the Norwegian west coast. At all localities the algae were collected from
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the undergrowth in the Fucus-belts, i.e. intertidally in Norway and down to 4 m
depth at the innermost Baltic Sea localities. The samples (n = 20 – 53 per popula-
tion) were ground in liquid nitrogen, a 0.1 M Tris-HCl buffer with 12% sucrose was
added, and the crude extracts were absorbed onto paper wicks that were stored at -
86ºC until electrophoresis. Proteins were separated by horizontal starch-gel electro-
phoresis. Allelic frequencies were inferred directly from allozyme phenotypes as we
assumed the material to consist of (haploid) gametophytes.

Measures of genetic variation, including the proportion of polymorphic loci (P),
mean number of alleles per locus (A/L) and average gene diversity (H, Nei 1987),
were calculated for each population. Unbiased genetic distance values (D, Nei
1978) were computed for pairwise comparisons of the 11 populations. FST values
were calculated for pairwise comparisons of the 11 populations as measures of ge-
netic differentiation for individual loci among populations. Based on the results
obtained from H, D and FST we distinguished two groups of populations. The va-
lidity of this grouping was tested with a hierarchical analysis of variance. To check if
genetic differentiation among populations fits an isolation by distance model, we
performed a Mantel test (Mantel 1967) between FST and the natural logarithm of
geographic distance (km) between the populations.

RESULTS AND DISCUSSION

Long-term changes of macroalgal vegetation and effects of increased sedi-
mentation (Papers I, II and IV)

Changes in the macroalgal vegetation since the early 1940’s and 1960’s were re-
corded in the Öregrund archipelago (Baltic Sea, Paper I) and at the Gullmar Fjord
mouth (Skagerrak, Paper II), respectively. In the Öregrund archipelago we con-
firmed the decreased depth penetration of Fucus vesiculosus reported in the 1984
study of Kautsky et al. (1986). The weighted average depth of the F. vesiculosus belt
in 1996 was about 1.7 m shallower than in 1943-44, and the lower distribution limit
of this species was about 2.5 m shallower. For Sphacelaria arctica, that was proposed
to have met a similar fate (Kautsky et al. 1992), we could not record any significant
changes in maximum cover or weighted average depth between 1943-44 and 1996.
However, in one of the profiles the Sphacelaria belt was heavily impoverished and
replaced by red algae and Cladophora rupestris. In the Skagerrak study (Paper II) all
profiles ended in soft bottoms and the limited depth of the profiles (less than 13 m)
gave little opportunity to detect larger changes in depth distributions of perennial
species. In a similar study on Bornö in the inner Gullmar Fjord (Eriksson et al.
2002) one of the profiles extended much deeper and perennials such as Phycodrys
rubens had completely disappeared from the deeper parts of the profile. Pedersén
and Snoeijs (2001) confirm decreased depth penetration for several species along
the Swedish west coast. In the Skagerrak study, the major change between 1960-61
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and 1997 was the conspicuous increases of perennial red algae with delicate folia-
ceous thalli (Delesseria sanguinea, Phycodrys rubens) at the two localities most exposed
to wave action (Paper II). At the more sheltered locality perennial red algae with
tougher foliaceous thalli (Phyllophora truncata [syn. Coccotylus truncatus] and Phyllophora
pseudoceranoides) prevailed. Changes for the functional form groups between 1960-61
and 1997 are summarised in Fig 2. We hypothesise that increased abundance of
delicate species with a large growth potential are caused by eutrophication, but that
this effect may be counteracted when eutrophication results in a high load of sedi-
mentation since tougher species better withstand a heavy load of sediment. Thin
filamentous ephemerals had increased in both studies (Papers I and II). This is one
of the typical aspects of increased eutrophication in coastal areas (Schramm &
Nienhuis 1996), but results from single observations should be treated with caution
since these species show large variation between years and seasons. The observed
changes suggest that Swedish coastal waters are affected by large-scale eutrophica-
tion.

In Paper I and II, as well as in Eriksson et al. (2002), increased sedimentation due
to eutrophication is suggested to be partly responsible for the vegetation changes
recorded. Pedersén & Snoeijs (2001) also suggest that absence of sedimentation
may explain deep occurrences (compared to coastal sites) of macroalgal species on
offshore stone reefs subjected to strong currents in the Kattegat. The effects of
different sedimentation regimes on establishment and development of a macroalgal
vegetation in the northern Baltic Sea proper were further studied in Paper III. We
found a clear effect of sediment removal on macroalgal abundance and species
composition. Colonisation and development of the macroalgal community were
favoured by sediment removal and there was a significantly higher total algal cover
in the sediment removal treatment compared with the natural sedimentation treat-
ment at both 8 and 15 m depth (Fig 3). Generally, species with an extended repro-
ductive period, either by long continuous spore release (Cladophora glomerata and
Enteromorpha spp.) or vegetative dispersal by fragmentation (for example Rhodomela
confervoides and Polysiphonia fucoides) were most tolerant to sedimentation. C. glomerata
and Enteromorpha spp. also produced large amounts of resting stages that further
allowed persistence. At 8 m depth establishment of Fucus vesiculosus was almost ex-
clusively observed in the sediment removal treatment. At this depth , Fucus vesiculo-
sus was the species most favoured by sediment removal.



Factors Affecting the Distribution of Rocky-Shore Macroalgae on the Swedish Coast

19

(e) <5 cm

0
2
4
6
8

10
12
14

-4 -3 -2 -1 0 1 2 3 4

Brown

Green

Red

(f) 5-10 cm

0

2

4

6

8

10

12

-4 -3 -2 -1 0 1 2 3 4

(g) 10-50 cm

0
2
4
6
8

10
12
14
16

-4 -3 -2 -1 0 1 2 3 4

(b) Thin filamentous

0

5

10

15

20

25

-4 -3 -2 -1 0 1 2 3 4

N
u

m
b

er
 o

f 
sc

o
re

s

(h) >50 cm

0

2

4

6

8

10

-4 -3 -2 -1 0 1 2 3 4

Difference in abundance scale

(c) Thick filamentous

0
2
4
6
8

10
12
14

-4 -3 -2 -1 0 1 2 3 4

N
u

m
b

er
 o

f 
sc

o
re

s

(d) Foliaceous

0

2

4

6

8

10

12

14

-4 -3 -2 -1 0 1 2 3 4

Difference in abundance scale

N
u

m
b

er
 o

f 
sc

o
re

s
(a) All algae

0

10

20

30

40

50

-4 -3 -2 -1 0 1 2 3 4

N
u

m
b

er
 o

f 
sc

o
re

s

FIG. 2. Compilation of differences in abundance scales between 1960-1961 and 1997
in the whole data set (all scores and all profiles), subdivided into the different
taxonomic groups for: (a) all algae, (b-d) separated into different thallus shapes, and
(e-h) subdivided into different size classes. ‘Number of scores’ = one score for each
time a particular taxon had the difference in abundance scale between 1960-1961
and 1997 indicated on the X-axis.
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 Since the visible lower limit of Fucus plants was around 6.5 m depth in the study
area, this indicates that the recruitment of F. vesiculosus was limited in depth by the
natural sedimentation. The effect of the sediment treatments increased with depth
as relatively more species were favoured by sediment removal at 15 m than at 8 m
depth: at 15 m depth 6 out of 7 species were significantly favoured by sediment
removal and at 8 m depth 7 out of 13.

Fig. 3. Effects of sediment removal on the establishment and development of the total
algal cover on artificial substrates (bricks) introduced in the water in October 1997, at a) 8
m depth and b) 15 m depth. Data are mean percent cover (± 1 SD, n = 5 bricks). Note
that the scales on the y-axes are different.

These results show that small-scale variation in the natural sediment load may con-
strain local distributions and abundance of species, and affect the composition of
sublittoral rocky-shore macroalgal communities. Our results indicate that effects of
increased sediment loads on macroalgal vegetation should act in the same direction
as has been suggested for other eutrophication effects. These eutrophication effects
are promotion of opportunistic ephemeral algae over large slow-growing perennial
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algae by increased nutrient availability and decreased depth distribution of the
vegetation by increased turbidity (Cloern 2001).

Photosynthetic properties and UV sensitivity in relation to morphology and
depth zonation (Paper III)

Differences in morphology were reflected in photosynthetic properties. High Pmax
(maximum net photosynthesis) and Rd (dark respiration) were associated with high
surface to volume ratios (sheet-like and filamentous algae), while relatively low Pmax
and Rd were associated with low surface to volume ratios (coarsely branched and
thick leathery algae). A striking feature was the shape of the curve, with higher 
(the initial slope of the photosynthesis versus irradiance curve) and lower Ik (satu-
rating irradiance) for the deeper-growing species. We present a novel approach to
analyse PI data with principal component analysis (PCA, Fig. 4). When original
measuring data were used, PCA axis 1 showed a gradient in morphology with
thicker thalli to the left of the ordination and thin thalli to the right (Fig. 4a). This
axis was strongly correlated to Pmax , Rd and . When using the relative proportions
of each of the 7 measuring points used to construct the curves (i.e. the shape of the
curve irrespective of Pmax and Rd) axis 1 showed a gradient in water depth with
shallow water to the left of the ordination and deep water to the right (Fig. 4d).
This axis was related to , Ic (compensation irradiance) and Ik.

These results show that more detailed algal photosynthetic responses to light can be
assessed when the effect of algal morphology is removed from PI data. In our case,
these detailed responses consist of differences between the two investigated sea
areas, which are probably related to the generally lower Ic and Ik of the Baltic Sea
algae. The method makes it possible to classify macroalgal species along a mor-
phological gradient based on photosynthetic properties. Such a gradient can be
used in ecological studies as an alternative to more subjective discrete subdivisions
into functional-form groups.

UV sensitivity clearly showed different patterns for the Skagerrak and the Baltic
Sea. Among the Skagerrak algae, UV sensitivity varied along a depth gradient, with
algae growing deeper being more sensitive to UV radiation. Moreover, species with
thin thalli also recovered better after UV treatment than species with thicker thalli.
No clear patterns of variation in UV sensitivity were found for the Baltic Sea algae.
This indicates that no real deep-water species occur here and this interpretation is
further supported by the lack of a clear pattern in Ic and Ik values with depth for the
algae in the Baltic Sea. Our results suggest that the reduced species diversity of the
Baltic Sea is also coupled to a loss of functional groups in the sense of general
photosynthetic performance and not only in the sense of pure morphology (loss of
canopy-forming species).
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Fig. 4 PCA ordination plots: (a), (c) analyses with original data, eigenvalues for axis 1 (M-
axis) = 0.94 and for axis 2 = 0.05, (b), (d) analyses with relative data, eigenvalues for axis 1
(D-axis) = 0.86 and for axis 2 = 0.09. (a), (b) PCA score symbols show morphology, (c),
(d) PCA score symbols show water depth intervals.

Reproductive traits in relation to environmental conditions (Papers IV and V)

Responses of macroalgal species to the sediment treatments were clearly species-
specific (Paper IV), e.g. ephemeral green algae (Cladophora glomerata and
Enteromorpha spp.) were highly tolerant to sedimentation while belt-forming
perennial brown algae (Fucus vesiculosus and Sphacelaria arctica) were not. We
identified various strategies of propagation and dispersal on the bricks. Vegetative
propagation was common in the study area and many species predominantly (or
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exclusively) dispersed by fragmentation. Furcellaria lumbricalis, Polysiphonia fucoides and
Rhodomela confervoides mainly colonised the bricks by fragmented individuals that at-
tached with secondary rhizoids to the substrate. Ceramium tenuicorne, Cladophora ru-
pestris and Polysiphonia fibrillosa were mainly found as fragments, entangled or, for the
red algae, loosely attached with secondary rhizoids in the red algal canopy. For the
majority of these species we did not find any viable spore-producing structures
during the study. Previous studies in the area suggest that this group of species
mainly disperses by fragments in the lower sublittoral. For C. glomerata, Enteromorpha
spp, F. vesiculosus, Pilayella littoralis and S. arctica, our observations indicate that they
mainly dispersed by spores during the study. This is also consistent with the litera-
ture. C. glomerata and Enteromorpha spp. have long continuous periods of spore pro-
duction throughout the growing season and they colonised the bricks by large co-
horts early in the succession. After initial spore dispersal they produced large
amounts of resting stages that contributed to a well developed bank of microscopic
forms (sensu Chapman 1986) on the brick surfaces. P. littoralis and S. arctica devel-
oped an abundance of spore-producing structures and colonised the bricks by large
even-sized cohorts, while F. vesiculosus was found only as sporelings on the bricks.
These species are dependent on shorter periods of spore release timed to seasonal
cues, either in winter (P. littoralis and S. arctica) or summer (F. vesiculosus). Rhodochor-
ton purpureum and S. arctica produced moderate amounts of stolon-like rhizoids used
for vegetative propagation at 8 m depth.

Species-specific responses to sediment removal at 8 m depth were related to the
species’ reproductive strategies. Cladophora glomerata and Enteromorpha spp. that had
long continuous periods of spore release were the species most tolerant to sedi-
mentation. Fucus vesiculosus, Pilayella littoralis and Sphacelaria arctica that depended on
short periods of spore release, all showed a significantly higher cover in the sedi-
ment removal treatment compared with the natural sedimentation treatment. F.
vesiculosus was most favoured by sediment removal of all species. For the 7 species
of which we identified fragmentation as the main (or only) source of dispersal,
three species (Polysiphonia fucoides, Rhodomela confervoides and Ceramium tenuicorne) had a
significantly higher cover in the sediment removal treatment compared with the
natural sedimentation treatment. Furcellaria lumbricalis and especially Coccotylus trun-
catus only sparsely colonised the bricks and no significant responses to the treat-
ments were found. Dispersal by fragments probably increases the likelihood of
finding suitable patches of substrate in a temporally unstable sediment environment
due to an extended reproductive period. Loose thallus fragments survive for longer
periods in the water than free spores and the release of fragments will not be con-
fined to one short period in time. Dispersal by fragments probably also decreases
post-settlement mortality, as small sporelings are more easily buried by sediment
than larger thallus parts. Reduced settlement success and decreased survival of al-
ready established macroalgal sporelings by small amounts of sediment have been
demonstrated both in laboratory experiments (Devinny & Volse 1978) and under
field conditions (Umar et al. 1998). Our results indicate that there is a potential for
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sedimentation to select against dependence on spores for propagation. Over a wide
range of terrestrial habitats, species that reproduce by vegetative propagation are
more common in sub-optimal environments (for example at high elevations and
where nutrient availability is low) and Klimeš et al. (1997) showed that this is an
evolutionary significant trait-environment relationship. Our results suggest that ex-
tending the reproductive period is a more successful strategy to cope with sedi-
mentation, than strategies timing reproduction to seasonal cues since the sediment
load vary unpredictably.

The study of reattachment (Paper V), confirmed that fragments of Furcellaria lumbri-
calis, Polysiphonia fucoides and Rhodomela confervoides are able to reattach under field
conditions. However, the other two species, Coccotylus truncatus and Cladophora rupes-
tris, never reattached during the experiments. Species usually common as under-
growth in the Fucus belt (Cladophora rupestris, Coccotylus truncatus and Furcellaria lumbri-
calis) showed a higher vigour in shaded treatments and also had a lower epiphythic
cover when subjected to sweeping Fucus fronds. Reproductive traits (from the lit-
erature and as observed in Paper IV) of all species used in Paper V are presented in
Table 1. Our observations suggest that activity of sessile animals can facilitate the
fixation of algal fragments to the substrate. For example, Corophium and polychaetes
that construct refuges of sand and debris had placed their tubes in immediate con-
tact with Polysiphonia fucoides fragments and the bricks. These fragments were, with
no exception, attached and in full growth. Corophium spp. have been shown to in-
crease nitrogen flux in sediments (Pelegri & Blackburn 1994; Rysgaard et al. 1995).
Our observations suggest that the algal fragments may benefit from the local nutri-
ent enrichment caused by a single animal individual. However, there is no doubt
that fixation of fragments by animals increases the probability of reattachment. A
permanent attachment requires fastening of the alga to the rock itself and the ani-
mals may mediate the contact by capturing the fragments and keeping them in
place long enough for secondary rhizoids to develop. We observed that Mytilus bys-
sus seems to be very important for fragment fixation in the area, especially for
coarser species such as F. lumbricalis and C. truncatus. The attached populations of C.
truncatus could be explained by fixation with Mytilus byssus long enough to enable
the algae to produce new holdfasts that can reattach.

Selection for traits that facilitate reproduction by reattaching fragments is highly
probable in areas where sexuality and spore production are lost. Thus, it is possible
that Baltic marine macroalgae deviate in several of these traits from their counter-
parts in areas where sexual reproduction and spore production prevail. However, it
is likely that reattaching fragments may be important also in the cores of species’
distributions. A common sight when diving at temperate coasts is overcrowded
bottoms with several layers of macroalgae growing epiphytically on each other. In
such an environment unoccupied patches, with enough light for spores and zygotes
to be able to grow, are extremely scarce and fragments reattaching in the canopy
may be a superior strategy for reproduction and dispersal.
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Fig. 5. Allelic variation of the SOD-3 locus in the 11 investigated populations of Clado-
phora rupestris. Allele ‘a’ has the highest anodal electrophoretic mobility and ‘g’ the lowest.
n = number of individuals analysed. See Fig. 1 for positions of the populations.
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Genetic differentiation along the Baltic Sea gradient (Paper VI)

Altogether, 11 loci could be interpreted for the populations of Cladophora rupestris
along the Baltic Sea gradient. Ten of these turned out to be monomorphic, while
one, SOD-3 encoding superoxide dismutase, was polymorphic. For this locus a to-
tal of 7 alleles were distinguished (Fig. 5). SOD-3e was the most common allele in
the Baltic Sea group but it was found at low frequencies also in the North Sea
group. This may indicate that this is an allele with selective advantages in the Baltic
Sea environment. Another explanation could be that this allele has arisen in the
Baltic Sea and dispersed out into the North Sea. SOD-3f on the other hand was
found only in the Baltic Sea group where it was the second most common allele
and it is possible that this allele actually did arise in the Baltic Sea.

We identified two groups of populations, one Baltic Sea group (populations SK,
NH, SN, AR and AH) and one North Sea group (populations GÖ, BS, IG, KK,
EK and FØ), based on pairwise genetic distances and FST values between the
populations and average gene diversity. There was a distinct border in the southern
Kattegat near the entrance to the Baltic Sea between the groups. Hierarchical analy-
sis of variance showed that 29.6 % of the total variation in the SOD-3 locus was
explained by variation between the two groups, while only 4.2 % was explained by
variation among the populations within the groups. The remaining variation (66.2
%) was found within the populations. Forty-six percent of the genetic differentia-
tion found in C. rupestris could be explained by geographic distance between the
populations.

Superoxide dismutase and other peroxidases protect algal cells from oxidative
stress. Cladophora rupestris is growing in the sublittoral in the Baltic Sea while it is
mainly found in the intertidal zone on North Sea coasts. The light climate in the
Baltic Sea water is also different and algal responses to light are different between
the Baltic Sea and the Skagerrak (Paper III). Thus, oxidative stress in C. rupestris
caused by high light intensity is presumably less in the atidal Baltic Sea than in the
intertidal zone on North Sea coasts. On the other hand, marine algae are stressed
by low salinity and the different species disappear successively along the Baltic Sea
gradient with lower salinity (Snoeijs 1999). Thus, natural selection in the Baltic Sea
may influence oxidative enzymes such as SOD or peroxidases.

The FST values were generally higher among the Baltic populations than in the
North Sea populations. This indicates less gene flow, which could be the result of
two processes or a combination of these: decreased sexual reproduction and loss of
the diploid generation (no recombination) in the Baltic Sea and differences in pat-
terns of gene flow between the two areas. Loss of sexual reproduction in marine
algae along the Baltic Sea gradient is common for many species (Hällfors et al.
1981) and may also be the case in C. rupestris. Asexual reproduction and natural se-
lection can be complementary factors. The low level of polymorphism, the low
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average number of alleles, the low gene diversity and the high number of fixed loci
observed in C. rupestris, strongly suggest the occurrence of asexual reproduction.
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POPULÄRVETENSKAPLIG SAMMANFATTNING

Vegetationen längs Sveriges klippiga havskuster utgörs huvudsakligen av
makroalger, t. ex blåstång. Till skillnad från mikroalgerna är makroalgerna synliga
för blotta ögat och de största arterna i Sverige blir upp till 2 meter. Liksom land-
växterna binder makroalgerna koldioxid och vatten och bildar socker och syrgas
med solljus som energikälla genom fotosyntesen. Makroalgerna kan delas in i tre
stora grupper: grönalger, brunalger och rödalger. Endast ett fåtal av djuren i havet
kan utnyttja makroalgerna direkt som föda. Deras viktigaste funktion i ekosystemet
är istället strukturskapande. Makroalgsvegetationen fungerar som skydd för väldigt
många små organismer och därigenom som skafferi åt de större. Många av de eko-
nomiskt viktiga fiskarterna är helt beroende av de grunda algtäckta bottnarna under
sina tidigaste livsstadier. Makroalgsvegetationen ger stort utrymme för fastsittande
organismer att växa på jämfört med en bar stenbotten. Fleråriga makroalger kan
användas som indikatorer för miljöförändringar men då behövs ingående kun-
skaper om de faktorer som påverkar makroalgarters utbredning, både på djupet och
geografiskt. Jämfört med landväxter är dessa kunskaper mycket bristfälliga.

Om man följer Sveriges kust från Bottenviken och ut till Skagerrak går man
från nästan sött vatten, med en salthalt lägre än 3‰, till marina förhållanden med
högre än 30‰ salthalt. Marina organismer har svårt att klara förhållandena i det
bräckta östersjövattnet och det totala antalet arter ökar kraftigt ju längre ut mot
Nordsjön man når. I Östersjön är salthalten mycket stabil medan ytvattnet har stora
variationer under korta tidsperioder längs Sveriges västkust. Östersjön är ett mycket
ungt havsområde i ett geologiskt perspektiv. Sedan istiden har vattnet omväxlande
varit sött och salt beroende på om det har funnits någon förbindelse med världs-
haven. De marina makroalgerna invandrade under den sista saltvattensperioden,
men för ca 3000 år sedan blev klimatet kallare och en utsötning av vattnet inleddes.
Många  marina organismer dog ut och de som blivit kvar har tvingats att anpassa
sig till de för dem allt mer ogynnsamma förhållanden. I mina studier har jag påvisat
en genetisk skillnad mellan västkust- och östersjöpopulationer av den marina grön-
algen bergborsting. Många makroalgsarter i Östersjön kan bara föröka sig asexuellt.
Detta är ett vanligt fenomen hos organismer som lever i extrema miljöer och före-
kommer ofta hos normalt sexuellt förökande arter i utkanten av utbredningsom-
rådena.

Under de senaste hundra åren har våra hav fått ta emot en ökad mängd nä-
ringsämnen genom övergödning från orenade avlopp, jordbruk och biltrafik. Växt-
plankton som svävar fritt i vattnet drar nytta av de ökade näringshalterna och ökar i
mängd. Detta leder till att ljusgenomsläppligheten i vattnet minskar och djupgrän-
sen där fotosyntes är möjlig flyttas uppåt. Ökningen av planktonproduktionen leder
till högre sedimentation eftersom plankton, när de dör, faller till botten. Tillväxten
av fintrådiga alger med effektivt näringsupptag ökar också och dessa kan täcka de
fleråriga större algerna. De fleråriga arterna kan därför så småningom slås ut. I
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större delen av Östersjön är blåstången den enda strukturskapande arten och eko-
systemet blir därför extra känsligt.

Genom att återbesöka och undersöka exakt samma havsbottnar som be-
skrivits noggrant på 40 - 60-talet har jag kunnat påvisa förändringar av makroalgs-
vegetationen som kan knytas till övergödning. Den ökande sedimentationen som
följer av övergödningen skulle kunna förklara en del av dessa skillnader. I ett fält-
experiment, där utvecklingen av makroalgsvegetationen följdes under flera år, visa-
de det sig att makroalgerna påverkades av experimentellt minskad sedimentation.
Arter som har en kort, årstidsbunden förökning gynnades av minskad sedimenta-
tion medan arter som kontinuerligt producerar sporer eller har förmågan att sprida
sig genom fragmentering var minst känsliga för sedimenttäckning. Jag har också
visat att fragment av flera av de arter som förlorat sexuell förökning och sporpro-
duktion har förmågan att växa fast och bilda nya plantor. Blåmusslor, som fäster till
underlaget med s.k. byssustrådar, verkar kunna hjälpa algerna genom att binda till
fragmenten och underlätta fastväxning.

Ljusmängden på olika vattendjup är en viktig faktor som påverkar hur djupt
olika makroalger kan nå. Samtidigt spelar arternas form, t. ex. deras bladtjocklek,
roll för förmågan att utnyttja det tillgängliga ljuset. Jag har utvecklat en metod för
att kunna förklara varför olika arter växer på olika djup som tar hänsyn till formen
hos algerna.

Dessa kunskaper kan hjälpa oss att förstå hur miljöförändringar påverkar
algvegetationen längs våra kuster.
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COMPREHENSIVE SUMMARY
Table 1 should look like this:

Page 18, second paragraph, row 7: instead of “Paper III”, read “Paper IV”.
PAPER I

Page 243, Data analysis, row 15: the formula should read “WA= (d·cd·ctot
-1)”.

Page 244, first column, row 13: instead of “p<0.05”, read “p>0.05”.
Figs 2-5, at site 2: instead of “1944” read “1943”.

PAPER II
Page 124, second column, row 10: The statement “The nomenclature used is that given in
Nielsen et al. (1995)”, is false.

PAPER IV
Page 12, second paragraph, row 16: instead of “microscopic stages”, read “microscopic forms”.

PAPER V
The following reference is missing: Wallentinus I. 1991. The Baltic Sea gradient. In: Mathieson
AC, Nienhuis PH, editors. Ecosystems of the world 24: Intertidal and littoral Ecosystems.
Amsterdam: Elsevier. p. 83-108.

TABLE 1. Strategies of propagation, dispersal and persistence of the macroalgal species used in
Paper V.

Species Observations made during the
Paper IV study

Previous observations from
the Baltic Sea

Cladophora
rupestris

- Only fragmented and entangled
individuals observed

- Empty sporangia like cells
observed

Coccotylus
truncatus

- Only fragmented and entangled
individuals observed

- No spore producing structures
observed

- No fertile individuals reported in the
northern Baltic Sea (Wt)

- Frequently observed loose and
entangled (W)

Furcellaria
lumbricalis

- Establishments by fragmented
individuals attaching with
secondary rhizoids

- No spore producing structures
observed

- Reproductive structures very rarely
reported in the northern Baltic Sea
(Wt)

Polysiphonia
fucoides

- Establishments mainly by
fragmented individuals attached
with secondary rhizoids

- Degenerated tetrasporangia at
the basal part of the thallus
(unusual position) rarely
observed

- No fertile individuals reported in the
northern Baltic Sea (Wt)

- Frequently observed loose and
entangled (W)

Rhodomela
confervoides

- Establishments mainly by
fragmented individuals attaching
with secondary rhizoids

- No spore producing structures
observed

- Frequently observed loose and
entangled (W)

- Tetrasporangia rarely observed (R,
M)

Notes: W = Wærn 1952, R = Ravanko 1968, M = Mathieson 1974, Wt = Wallentinus 1979, K =
Kiirikki & Lehvo 1997
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