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Abstract 

 
This thesis deals with physical factors and biological interactions affecting the 
distribution of two fucoid species, Fucus vesiculosus and F. serratus, in the Baltic Sea. 
Studies have been carried out in two quite different environments: an archipelago, and 
an open rocky coast. The archipelago has an extremely long coastline with a 
heterogeneous submerged landscape of different substrate types, slopes, water 
qualities, and degrees of wave exposure. The factors influencing F. vesiculosus 
distribution, morphology and epiphyte composition were studied in the Stockholm 
archipelago using field surveys and spatial modelling in Geographic information 
systems (GIS). A GIS-method to estimate wave exposure was developed and validated 
by comparing the result to an index based on vertical zonation of lichens. Wave 
exposure was considered an important factor for predicting the distribution of F. 
vesiculosus by its ability to clean hard surfaces from silt, and a predictive model was 
constructed based on the information of wave exposure and slope of the shore. It is 
suggested that the lower distribution boundary of attached F. vesiculosus is set by 
sediment in sheltered parts of the archipelago, and by light availability in highly wave 
exposed parts. The morphology of F. vesiculosus was studied over a wave exposure 
gradient, and several characters responded in accordance with earlier studies. 
However, when separating effects of wave exposure from effects of other confounding 
water property parameters, only thallus width was significantly different. Several 
water property parameters were shown to be correlated with wave exposure in the 
Stockholm archipelago, and the mechanism responsible for the effects on F. 
vesiculosus morphology is discussed. The composition of epiphytes on F. vesiculosus 
varied over a wave exposure gradient with a positive correlation to Elachista fucicola, 
and a negative to Chorda filum.  
At an open coast the physical environment is much less heterogeneous compared to an 
archipelago. The distributions of F. vesiculosus, F. serratus, turf-forming algae, and 
the seafloor substrate, were surveyed along the open coasts of Öland and Gotland. 
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Turf-forming algae dominated all hard substrates in the area, and Polysiphonia 
fucoides was most abundant. At the Gotland coast F. vesiculosus was less abundant 
than at the Öland coast, and F. serratus occurred only in the southern-most part. Fucus 
serratus was increasingly more common towards south which was interpreted as an 
effect mainly of the Baltic salinity gradient, or the variation of salinity that has 
occurred in the past. The effects of turf-forming algae and sediment on F. serratus 
recruitment at 7 m depth off the Öland east coast were studied in the field, and by 
laboratory experiments. Almost no recruits were found in the algal turf outside the F. 
serratus patches. More fine sediment was found in the turf than in the F. serratus 
patches, suggesting that the turf accumulates sediment by decreasing resuspension. 
Both filamentous algae and sediment decreased the attachment ability of F. serratus 
zygotes and survival of recruits, and sediment had the strongest effect. It is therefore 
suggested that F. serratus has difficulties recruiting outside its patches, and that these 
difficulties are enforced by the eutrophication of the Baltic Sea, which has favoured 
growth of filamentous algae and increased sedimentation. An overall conclusion is that 
Fucus distribution is affected by large-scale-factors, such as the eutrophication and 
salinity changes of the Baltic Sea, as well as by small-scale variation in wave 
exposure, substrate and slope, and by surface competition with neighbouring species.  
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Introduction 
 
Physical conditions determine the potential distribution of all species is. Plants for 
example, depend on light for photosynthesis. Marine plant species will therefore only 
thrive in the upper part of the water column that is reached by sunlight, while animals 
are found at all depths. On a global scale, temperature is one of the main climatic 
factors influencing the distribution of both terrestrial and marine species. Species 
occurring at a site must first have dispersed or evolved there, and then managed to 
withstand the abiotic and biotic environment at the site. Within the range of physically 
potential habitats the species is constrained by life-history characters and interactions 
with other organisms. 
 
Light and water movement are considered the most important physical factors 
influencing macroalgal distribution and density (Sheperd & Womersley 1981). Visual 
light is scattered and absorbed while penetrating the water column, both by plankton 
and other particles as well as by the water itself (Kirk 1994). The amount of plankton 
in the water varies over the year. The availability of light at the bottom, which is 
decreased by water turbidity and depth, is considered a major factor limiting depth 
distribution of submersed plants (Chambers & Kalff 1985, Kiirikki 1996, Schwarz et 
al. 2002). 
 
Hard substratum is a scarce resource in the marine sublittoral zone. Both sessile 
animals and algae compete for rock, stone or other hard surfaces. The hard surfaces 
may be covered by sediment, i.e. gravel, sand or finer mineral or organic particles, that 
may block the hard surface from colonization  (Eriksson & Johansson 2003). Vascular 
plants lower the resuspension of sediment by their structure and inhibit erosion of 
sandy bottoms (Scoffin 1970, Duarte 2000), and macroalgal turfs may accumulate 
sediment on hard substrata by decreasing resuspension (Kendrick 1991). The 
interaction between plants and sediment may therefore have significant effect on the 
distribution of sessile algae and animals.  
 
Effects of waves on macroalgae are both direct and indirect. Water motion affects 
macroalgae directly by drag force (Koehl 1984), or by increasing gas exchange when 
water flow over the thallus surface (Hurd 2000). As a result, there is morphological 
variation in shore species between sites with different degree of wave exposure. For 
example, macroalgal fronds are often broader, more undulated, and thinner in sheltered 
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areas compared to more elongated and thicker in exposed areas (Koehl & Alberte 
1988, Gaylord et al. 1994, Friedland & Denny 1995, Blanchette et al. 2002). Wave 
action may indirectly affect macroalgae by turning boulders and thereby open patches 
for succession (Sousa 1979). Water motion may further be an effective vector for 
propagule dispersal (Reed et al. 1988). There are many examples of wave effects on 
macroalgal communities. Storms may form gaps in macroalgal canopies causing 
patches of secondary succession (Lubchenco & Menge 1978), or erase whole kelp 
forests (Seymour et al. 1988). The amount and species composition of epiphytes may 
vary between sites of different wave exposure (Rönnberg & Ruokolahti 1986). 
However, both macroalgae and herbivore species differ in their tolerance to wave 
action. Wave exposure affects therefore the shore community composition at more 
than one trophic level (Duggins et al. 2001, Schanz et al. 2002). 
 
The concentration of bio-available nutrients (mainly nitrogen, phosphorous and 
carbon) in the water may affect macroalgal growth. The growth may be nutrient 
limited during part of the year, usually the summer period, and limited by light during 
winter (Gagné et al. 1982). Algal species respond differently to increased nutrient 
concentrations. Generally are phytoplankton and fast-growing macroalgae superior 
competitors under abundant nutrient supply over seagrasses and slow-growing 
macroalgae (Duarte 1995). Phytoplankton decreases the water transparency, which 
limiting the availability of light further down in the water column (Kirk 1994). Water 
chemistry parameters are sometimes correlated in coastal areas (Zoppini et al. 1995), 
which make it difficult to separate the effects of one factor on the biota from  the other. 
In estuaries, salinity may be correlated with water transparency (Bowers et al. 2000), 
or wave exposure (Connell 1972). Apart from designing manipulative experiments to 
break correlations between explanatory variables, no technique exists that allows 
researchers to infer functional relationships between response variables and individual 
explanatory variables (Graham 2003). 
 
The Baltic Sea is a brackish inland sea without significant tide, but with prolonged 
periods of high or low water mainly caused by atmospheric fluctuations (Ericson & 
Wallentinus 1979). The salinity has changed several times over the  9000 years since 
the last glaciation, from the Baltic Ice Lake, to the Yoldia Sea, to the Ancylus Lake, 
and via the Littorina Sea to the brackish Baltic Sea of today (Cato & Kjellin 1992). 
The present salinity decreases over a gradient from about 10 ‰ S at the Danish Straits 
to about 3‰ S in the northernmost Gulf of Bothnia (Winsor et al. 2001). The salinity 
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of the Baltic Sea changes now as a consequence of river runoff and the freshwater 
budget (Winsor et al. 2001, 2003). 
 
The recent, human-induced eutrophication of the Baltic Sea has increased the growth 
of annual filamentous algae and probably enhanced sedimentation (Cederwall & 
Elmgren 1990). Together these factors may have a detrimental effect on the survival of 
perennial macroalgal populations by blocking hard surfaces from colonization. 
Another consequence of eutrophication is decreased water transparency due to 
increased plankton growth. Water transparency is often measured as the Secchi-depth, 
the distance at which a white disc can be seen when submersed. Secchi-depth has been 
described as a function of total nitrogen concentration (r2=0.89) and total phosphorous 
concentration (r2=0.51) for Himmerfjärden, south of Stockholm archipelago, Sweden 
(Elmgren & Larsson 2001). The decreased water transparency has been suggested as a 
reason for the upward movement of F. vesiculosus vertical distribution in the Baltic 
Sea between 1943/44 and 1984 (Kautsky et al. 1986), a trend that may have stopped 
during the last years (Eriksson et al. 1998, Kautsky 2001).  
 
The largest archipelagos of the world are found in the Baltic Sea. The complex 
coastline of an archipelago is extremely long, and contains a great variety of littoral 
habitats due to variation of wave exposure, substrate and water chemistry. At an open 
coast the heterogeneity of water properties, i.e. wave exposure levels and usually 
seafloor substrate, are much lower compared than in archipelagos. Examples of Baltic 
open coasts are the extended sand beaches of the Gulf of Riga and Poland, and the 
rocky coasts of the large islands Gotland and Öland.  
 
Bladderwrack F. vesiculosus and toothed wrack F. serratus are the only large 
perennial belt-forming brown alga in the Baltic Sea (Waern 1952, Kautsky et al. 
1992). Their geographical distribution is limited by salinity in the brackish Baltic Sea. 
Fucus vesiculosus is the most tolerant species inhabiting areas as north as the Järnäs 
udde (63.5°N, ≥ 4 ‰ S) (Kautsky 1989), while F. serratus is found only south of Gryt 
(58°N, ≥ 7 ‰ S) (Malm 1999).  
Fucus vesiculosus is a perennial and dioecious brown algae that is found submerged at 
0.5 – 8 m depth in the Stockholm archipelago where the study for Paper I was made, 
but mainly belt-forming shallower than 6 m of depth where it is the dominating 
macroalgae in terms of biomass (Wallentinus 1979). It is highly variable in shape with 
taller plants with broader, vesiculated fronds found in sheltered areas compared to 
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more exposed sites (Knight & Parke 1951, Bäck 1993). Skult (1977) identified 44 
phytal macrofauna taxa in the F. vesiculosus belts outside Helsinki, and it is 
considered the most diverse community in the northern Baltic Proper (Wallentinus 
1979), which is relatively species-poor due to its brackish water (Kautsky 1989, 
Lüning 1990, Kautsky et al. 1992).  
Fucus serratus is also dioecious and has been much less studied in the Baltic Sea than 
F. vesiculosus. It is found mixed with F. vesiculosus at 1 – 2 m, but dominates at rocky 
bottoms deeper than 2 m where both fucoids coexist. The record of the deepest F. 
serratus found in the Baltic are from 14-15 m depth in Kalmarsund (Du Rietz 1945 in 
(Waern 1952)). Off the east coast of Öland, where the study site of Paper V was 
located, it is found in small patches or larger stands from 3.5 to 10 m depth (Malm 
1999).  
Both these dioecious fucoids have two reproductive periods in the Baltic Sea, whereas 
North Atlantic populations have only one. Fucus vesiculosus is releasing its gametes 
during May – July and September – November in the Baltic and in spring – summer in 
the North Atlantic (Knight & Parke 1951, Bäck 1993, Berger et al. 2001). Fucus 
serratus is releasing its gametes during June – July and October – November in the 
Baltic in contrast to the oceanic costs where it is reproductive from autumn to spring 
with one maximum in September and one in March (reviewed by (Malm et al. 2001)).  
 
Geographic Information systems (GIS) and overlay analysis have been used for 
describing or predicting distributions of several marine organisms, e.g. mussels 
(Brinkman et al. 2002), Zostera marina L. (Ferguson & Korfmacher 1997), Ulva 
rigida (Runca et al. 1996), Laminaria hyperborea (Bekkby et al. 2002) and 
Macrocystis pyrifera (Deysher 1993, Bushing 2000), although there appears to be no 
studies of fucoids yet. Physical factors have been used to assess the limits of species 
distributions, or remote sensing for mapping distributions or habitats. In this thesis, 
mapped or simulated physical factors have been used to predict the distribution of F. 
vesiculosus in Stockholm archipelago in the Baltic Sea.  To be able to use structuring 
factors for GIS modelling of species distributions the factors must be represented in a 
map format. The factors may for example be digitalized from aerial photographs, 
mapped by interpolation between locations where the factor has been measured, or 
modelled from other map layers. The quality of the input data is crucial for the model 
performance. Nautical charts are most often used as depth source as well as source for 
calculation of slope. Fetch-models are often used to estimate wave exposure since 
wind blowing over a water surface builds up waves in the wind direction, the larger 
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fetch the larger waves. In models of coastal areas the fetch may be restricted by a 
maximum value, or a model based on openness, (e.g. (Baardseth 1970), may be used. 
 

Objectives 

This thesis deals with physical factors and biological interactions that affect the 
distribution of two fucoid species, Fucus vesiculosus L. and Fucus serratus L., in the 
Baltic Sea. The objectives were to: 
 
• assess the factors most useful for modelling the distribution of F. vesiculosus in 

an archipelago area, and to predict the F. vesiculosus distribution in the Ornö 
parish located in the southern part of Stockholm archipelago using these factors 
in a Geographic Information System (GIS). (Paper I) 

 
•  develop and validate a method to map wave exposure in an ecologically relevant 

way, thereby producing a tool for basic research and coastal management. (Paper 
II) 

 
• improve the F. vesiculosus distribution model of Paper I by using the method for 

wave exposure mapping of Paper II 
 
• (a) examine if there are correlations between wave exposure and water property 

parameters in Stockholm archipelago, (b) study morphological variation of F. 
vesiculosus at sites over a gradient of wave exposure in the Stockholm southern 
archipelago, and (c) try to separate effects of wave exposure on F. vesiculosus 
morphology from effects caused by water property parameters. (Paper III) 

 
• examine the dominant epiphytes on F. vesiculosus over a wave exposure gradient 

in Stockholm southern archipelago 
 
• (a) estimate the abundance of F.vesiculosus, F.serratus and filamentous algae in 

the central Baltic Sea, an area that so far have been poorly investigated. (b) test 
the hypothesis that salinity (i.e., north-south gradient) and geomorphology are 
important factors determinants for the vegetation structure on a regional scale. 
(Paper IV) 
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• assess the factors that determine the distribution of submerged F. serratus at the 
local level off an open coast along the central Baltic Sea. Specifically we wanted 
to study the role of turf-forming algae and sediment in interacting with F. 
serratus colonisation. (Paper V) 

 

Methods 
 

Fucus vesiculosus distribution in a Baltic Sea archipelago (Paper I) 

Structuring factors for the distribution of F. vesiculosus was studied in Ornö parish in 
southern Stockholm archipelago (Fig 1). A diving inventory including 30 transects was 
performed. Depth, dominating substrate, amount of silt, and species abundances (as 
percent cover) were recorded along the transects reaching from the surface to the 
lower boundary of vegetation. All healthy looking F. vesiculosus were recorded, 
attached as well as detached. At each diving site Secchi-depth, and the position and 

Figure 1. The study areas location in the Baltic Sea.  
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direction of the transect were recorded. Wave exposure calculations from a previous 
study were used (Lindblad et al. 1999). The wave exposure grid, which had been 
calculated from fetch and wind data, was manually manipulated to achieve effects 
resembling refraction and diffraction patterns that were not included in the original 
study.  
 

A GIS-based wave exposure model (Paper II) 

Since wave exposure was considered such an important factor (Paper I), an improved 
method for calculating wave exposure including refraction and diffraction effects was 
developed in a new study. First, a biological wave exposure index was constructed, 
which was considered a measure of the true wave exposure. The biological index was 
based on vertical distributions of lichen growing epilithically on the shore, which was 
surveyed in the Askö and Lacka area in southern Stockholm archipelago (Fig. 1). This 
lichen zonation is generally considered affected by the wave regime (Du Rietz 1925, 
Lewis 1964, Johannesson 1989), although the patterns of zonation has not been 
quantitatively described in the study area. The biological index was derived from the 
upper and/or lower distribution boundary of three lichen species by using PC 1 values 
of a principal component analysis (PCA). Then a fetch model was constructed in GIS 
and calibrated by the biological index. A new software, WaveImpact 1.0, was 
developed to manage the grid calculations. Refraction/diffraction effects were included 
and coarsely calibrated by using aerial photographs of waves turning around islands. 
Different sets of wind data from a nearby meteorological station was combined with 
fetch values in order to find the formula that best correlated the fetch model values 
with the biological index. The fetch model was then validated in a new area using an 
equally derived biological index.  
 

Improvement of the F. vesiculosus distribution model 

The F. vesiculosus distribution model from (Paper I) was run again with the new wave 
exposure model (Paper II). Due to a slight mismatch between the grids of the old study 
(Paper I) and the new wave exposure grid the number of data points (n) decreased 
from 1272 to 1238.  
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Effects of wave exposure on F. vesiculosus morphology (Paper III) 

A study was designed to separate effects of wave exposure on F. vesiculosus 
morphology from effects of water property variables. Initially possible correlations 
between wave exposure and water property variables were examined by comparing 
173 water property measurements from the SUCOZOMA project covering the whole 
Stockholm archipelago to a wave exposure grid (as in Paper II but with 100 m cell 
size). Then nine islands in the Askö area in Stockholm southern archipelago (Fig. 1) 
were chosen for the F. vesiculosus inventory. The islands had to fulfil two criteria: free 
water circulating around them, and one side more exposed to the sea than the other. 
The salinity, Secchi-depth and temperature were measured at four sides of each island 
to make sure the water body surrounding each island was homogenous. Along the 
shore of each island F. vesiculosus specimens were sampled every 10-50 m. Six 
morphological characters that were expected to vary between sites of different wave 
exposure (Bäck 1993), were measured for each sampled specimen. The characters 
were; length, thallus width, stipe width, midrib width, distance between dichotomies, 
and number of vesicles. Wave exposure in the study area was calculated for each 
sampling site using the same method as in Paper II. The effects on the morphological 
characters were analysed in by using MANCOVA. An unblocked statistical design 
was used to examine the morphological variation over the wave exposure gradient. 
Another analysis was performed to separate effects of waves from effects of water 
property variation. In this analysis island was used as a blocking factor.  
 

Epiphytes on F. vesiculosus over a wave exposure gradient 

In a field study in the Askö area (Fig. 1) in July 1999 the epiphyte species on F. 
vesiculosus specimen were recorded at 16 sites over a wave exposure gradient 
(unpublished data). Wave exposure was calculated as in (Paper II). Epiphytes on the F. 
vesiculosus thallus were classified as absent to scarce (0), present (1), or dominating 
(2). Epiphyte abundances were treated as ordinal multinomial classes and analysed 
using a generalized linear model (GLZ) with logit as link function in Statistica 6.0. 
Likelihood type 3 significance tests were used. No effort was made to separate effects 
of waves from effects of correlated factors.  
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Fucus distribution at the Öland and Gotland coasts (Paper IV) 

Extended inventories were performed at the east coasts of Öland and Gotland during 
2001-03 (Fig. 1) in order to map the distributions of the fucoids and the environment 
in which they grow. Manta tow diving was used to be able to cover large distances, 
which included 110 km along the Öland coast at 7 m depth, and at 20 transects 
perpendicular to the shoreline (1-10 m depth) at Gotland. Using this technique the 
percent cover of F. vesiculosus, F. serratus, and turf-forming algae was surveyed, 
although it was not possible to detect individual turf algal species. The seafloor 
substrata were classified as sand, gravel, boulder or bedrock. Another survey at 2.5 m 
depth alongshore the southern and central Öland coast was also performed by using a 
small skiff with a plexiglass window in the hull. The same classifications of the 
vegetation and seafloor were used as in the manta tow diving inventory. Quantitative 
sampling was made at three sites along the Öland coast, and at four sites along Gotland 
coast, using five 20x20 cm frames at each site. The relative frequency of small F. 
serratus fronds in stands at northern Öland was compared to stands of southern Öland. 
Both island coasts were divided into three regions (north, central and south) for 
analysis of geographical differences.  
 

Factors affecting the small-scale distribution at the Öland coast (Paper V) 

The recruitment success of F. serratus was studied at a small scale at 7 m depth on the 
flat limestone bedrocks on the east coast of Öland, central Baltic Sea (Fig. 1). At this 
site extended fucoid stands occur constantly submerged at 3.5 - 10 m depth, 
surrounded by turf forming filamentous algae, mainly Polysiphonia fucoides. The 
density of juvenile F. serratus thalli (< 10 cm) and the amounts of filamentous algae 
and sediment were examined in the F. serratus patches and the surrounding 
filamentous turf. As a complement to the field studies, laboratory experiments were 
used. The ability of eggs and zygotes to settle and attach in sediment, filamentous 
algae or empty petri dishes was tested in the laboratory. The ability of the F. serratus 
recruits to survive under a cover of sediment, filamentous algae or without cover was 
also tested.  
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Results and discussion 

 

Öland and Gotland macroalgal communities 

The southern region of Öland had an open coast dominated by limestone bedrock, the 
central region had open coast dominated by moraine deposits and in north there were a 
relatively broken coast with sandy moraine deposits (Paper IV). The Gotland regions 
were geomorphologically more similar. Turf algae dominated at both islands, and the 
dominating species at 5 m depth was Polysiphonia fucoides (Huds.) Grev. everywhere 
except at northern Gotland where Furcellaria lumbricalis (Huds.) J.V.Lamour. 
dominated. Fucoids were sparsely distributed at the Gotland coast. Fucus vesiculosus 
was only stand-forming (>25% coverage) at shallow sites in the central region (0-2 m) 
and the southern region (0-6 m), but never in the northern region. F. serratus where 
found only at the most southern transect of Gotland where extended stands occurred. 
Fucoids were not significantly more common on boulders or bedrock on Gotland. 
Fucus vesiculosus was occasionally found in most 7 m transects of Öland, but no 
stands (>25% coverage) occurred. Both fucoids were equally abundant at 2.5 m depth, 
although F. serratus was more abundant on limestone bedrock.  
 

Salinity 

The salinity in the water surrounding Öland and Gotland is today on average 7.1-7.3 
psu which should be sufficient for recruitment of both Fucus species. However, the 
salinity in the Baltic changes over time making species living on their salinity-
tolerance limit vulnerable. During the last century the mean salinity of the Baltic Sea 
has fluctuated with about 1 ‰ (Winsor et al. 2001, 2003) which should be enough 
variation for moving the spatial distribution limits of Baltic species. The critical limit 
for F. serratus recruitment is 7 psu (Malm et al. 2001) and the boundary of successful 
recruitment may have moved over the area as a consequence of changes in the Baltic 
salinity gradient.  Around 1980 the mean salinity of the Baltic Sea was about 8.2 psu. 
After that the salinity decreased steeply to 7.3 psu 1995 (Winsor et al. 2001, 2003), a 
decrease that happened during the same period as cast walls of filamentous red algae 
became an apparent problem along the east coast of Öland (Paper IV). The observed 
pattern with less F. serratus in the north may be caused by the condition after the latest 
decline 1980-95, or due to a time-lag from repeatedly limited recruitment ability in the 
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past. The northbound dispersal-rate of F. serratus is probably low since F. serratus is 
a poor long-range disperser (Arrontes 2002), and the currents along the Öland east 
coast are mainly southbound. Perhaps lower recruitment still is the mechanism behind 
the significantly lower proportion of small individuals in the northern Öland F. 
serratus population compared to the southern populations. 

Salinity is generally considered a major limiting factor for species large scale 
distribution in the brackish Baltic Sea (Kautsky & Kautsky 1989). Serrão et al. (1996a) 
concluded that the present range of F. vesiculosus distribution in the Baltic appeared to 
correspond with the osmotic tolerance of its gametes. Climatic factors, such as 
insolation and ice cover duration, covary with salinity along the north-south gradient 
of the Baltic Sea, making also other factors possibly limiting for macroalgal 
distribution. However, both F. vesiculosus and F. serratus occur event further north in 
the Atlantic Ocean (Lüning 1990), making declining salinity the most probable 
delimiting factor for the fucoids at a large scale.   

In the Ornö area (Paper I), in Stockholm archipelago, salinity normally exceeds 4 ‰ 
(Lindblad et al. 1999) and should not affect the F. vesiculosus distribution. However, 
there are some semi-enclosed bays in the area, which have low water exchange with 
the surrounding water and where the salinity may be lower and nutrient concentrations 
high due to land run-off and accumulation of organic matter. These bays have often 
completely different benthic vegetation (Munsterhjelm 1997), and are a source of error 
in the GIS model (Paper I). In the inner part of Stockholm archipelago, the water is 
less saline due to the outflow from Lake Mälaren. During an inventory along this 
gradient F. vesiculosus was found at a salinity of about 5 psu and higher (Lindblad & 
Kautsky 1996). The water passing through central Stockholm and entering the 
archipelago is also polluted by oil, copper and other toxicants that may negatively 
affect F. vesiculosus, so there are other possible explanations to the distribution 
pattern. However, even though several other factors are correlated, salinity seems to 
affect the distributions of aquatic organisms at several spatial scales. 

 

Water transparency and sediment 

Secchi-depth, a measure of the water transparency to light, has been shown to set the 
maximum depth of submersed plants (Chambers & Kalff 1985), and available light has 
generally been considered one of the main factors limiting depth distribution of 
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F. vesiculosus in the Baltic (Waern 1952, Wallentinus 1979, Kautsky et al. 1986, 
Kautsky & van der Maarel 1990, Bäck & Ruuskanen 2000). Bäck and Ruuskanen 
(2000) concluded that light determined the maximum distribution of F. vesiculosus in 
the Gulf of Finland in the Baltic Sea. However, in the same study it was also described 
that the maximum depth for the F. vesiculosus distribution was shallower at 
moderately exposed sites than at exposed sites due to lack of suitable hard substrates, 
which is accordance with our results. In our study, the maximum depth distribution of 
F. vesiculosus at each diving transect was more clearly correlated to wave exposure 
than Secchi-depth (Paper I), which was explained by resuspension of silt due to water 
motion, and accordingly correlated estimated silt abundance negatively to wave 
exposure (Paper I). This result is in accordance with what Kiirikki (1996) suggested 
for the northern Baltic Sea, i.e. that wave exposure clears the substrate from sediment 
that otherwise could limit the depth distribution of F. vesiculosus.  
 
Silt or other sediment blocks the hard substrate and lower the attachment success of 
Fucus eggs and zygotes, and decreases the survival by burying the Fucus recruits. In 
laboratory experiments these effects have been shown for F. vesiculosus (Berger et al. 
2003), and for F. serratus (Paper V). In a 4.5 year long field study sediment was 
shown to significantly decrease the recruitment success of F. vesiculosus in the 
northern Baltic proper (Eriksson & Johansson 2003). Many diving sites in Ornö area 
(Paper I) were located in sheltered areas where silt was present at relatively shallow 
bottoms due to the low wave exposure. The depth distribution of F. vesiculosus thus 
seems to be limited by sediment at sheltered sites, and by available light at exposed 
sites. This pattern was also seen during the improvement of the GIS model (GIS-
modelling section below), where a threshold effect appeared at a certain level of wave 
exposure, at which the depth distribution did not increase further.  

The lower end of the vertical distribution of F. vesiculosus has moved upward since 
1940’s (Kautsky et al. 1986, Eriksson et al. 1998), which has generally been 
considered an effect of factors related to eutrophication, such as decreased water 
transparency and increased sedimentation (Kangas et al. 1982, Kautsky et al. 1986, 
Eriksson et al. 1998). Kautsky et al. (1986) concluded that no physical factor other 
than light was likely to have caused the decrease of the depth distribution of F. 
vesiculosus. The stations in that study were located in Öregrund archipelago Åland 
Sea, and were all classified as exposed, or very exposed to wave action. It is likely that 
silt and sediment are swept away by waves at such shores and therefore not limit the 
depth penetration (Kautsky et al. 1986). In Paper I the full range of wave exposure in 
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the Baltic was investigated, from sheltered sites to the most exposed, and the depth 
penetration of F. vesiculosus was considered an effect of silt removal caused by the 
level of wave exposure. If a decrease of the depth penetration of F. vesiculosus as an 
effect of eutrophication has occurred in the Ornö area it is likely that this is a result of 
the increased siltation, except at exposed sites where light may be the limiting factor.  
From one study at southern Bothnian Sea (Eriksson et al. 1998), and the ongoing 
monitoring in southern Stockholm archipelago, northern Baltic Sea proper, it has been 
reported that the decrease of F. vesiculosus depth penetration has stopped during the 
last decade (Kautsky 2001). The sites in Bothnian Sea are exposed or very exposed 
(Eriksson et al. 1998) and the exposed monitoring sites shows a trend towards deeper 
vertical distribution. A possible trend of the more sheltered monitoring sites is not as 
apparent.  

 At the open east coasts of Öland and Gotland soft sediment bottoms rarely occur 
shallower than 10 m depth, although decaying algae sometimes accumulate close to 
the shore. Fine sediment is found mainly in macroalgal turfs (Paper V) where 
resuspension is lower (Kendrick 1991). The turfs, which mainly consist of filamentous 
algae, thus have a key function in blocking hard substrate from colonisation, both the 
algae themselves and by their ability to accumulate sediment. Both the occurrence of 
filamentous algae and sedimentation is seems to have increased as a consequence of 
the eutrophication of the Baltic Sea (Cederwall & Elmgren 1990, Schramm 1996). 
These factors in combination are likely to be important for explaining the decline of F. 
vesiculosus, and perhaps also F. serratus, during the same period. 

 

Slope 

The slope of the seafloor had a significant effect on the maximum cover of F. 
vesiculosus (Paper I). At flat or gently sloping substrates, dense as well as sparse F. 
vesiculosus stands were found, but at increasingly steeper substrates the maximum 
cover decreased. No F. vesiculosus was found at sites steeper than 38°. Slope is a scale 
dependent phenomenon and the effects of slope on the macroalgae may therefore be a 
result of how slope was measured. In Paper I the contribution of slope to the model 
performance was not decreased by using a coarser resolution (a 10 m grid) compared 
to the meter-by-meter dive inventory.  Actually the performance was improved a little. 
The effects of slope on the macroalgal occurrence may therefore be explained by 
either small-scale or large-scale processes. At the small-scale the effect may be on the 
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settling of eggs and zygotes that may easier roll off a steep than a flat substrate unless 
they attach to the substrate immediately. The settling ability is also dependent on water 
movement, and it has been shown that F. vesiculosus eggs are released mainly during 
calm conditions (Serrão et al. 1996b). We observed that blue mussel Mytilus edulis L. 
often covered steep hard surfaces. The mussel may be better adapted to these habitats 
and outcompete F. vesiculosus, which partly would explain the pattern. Shading has 
suggested to be the major effect of slope (Sheperd & Womersley 1981). Shading may 
be an effect of topography and thereby a large-scale phenomenon, but smaller objects 
can also shade the surface. At the flat seafloors out of Öland and Gotland east coasts 
(Paper IV and V) slopes caused by topography hardly occur at all. Effects of slope on 
macroalgae have therefore not been examined at open coasts. 
 

Substrate stability and wave action 

Both F. vesiculosus and F. serratus need to attach to a hard substrate free from 
sediment during recruitment (Paper I, (Berger et al. 2003, Eriksson & Johansson 
2003). This substrate may be rock, stones, mussel shells or holdfasts of larger plants as 
long as they are stable enough to resist the prevailing wave action. When safely 
attached to the substrate the plant starts to grow and increase its planform area, which 
is considered the most important morphological character influencing the drag force 
from waves (Carrington 1990). If the substrate is less stable, such as a small stone or 
mussel shell, the plant may eventually reach the critical size when the drag force 
exceeds gravity and the plant will be moved together with its substrate as suggested by 
(Malm 1999). In Stockholm archipelago moraine remnants often form the shoreline at 
sheltered sites and for F. vesiculosus plants attached to those moraine stones this is a 
likely scenario. The plants that are moved to deeper places further off the shore are 
likely to stay there since the orbital water movements caused by waves decreases with 
depth (Brown et al. 1999). If this place is above the light compensation point they will 
continue growing and possibly reach the critical size for transportation again. Since 
F. vesiculosus has bladders, at least at sheltered sites during the vegetative period 
(Kiirikki & Ruuskanen 1996), its fronds are uplifted and sensible to water movements. 
During the late phase of reproduction, F. vesiculosus receptacles become swollen and 
gas-filled, erects the plant even more and lower its density. This further increase the 
effects of waves due to the uplifting force of the receptacles. A similar transport 
mechanism has been recorded for another macroalgae, Colpomenia peregrina 
“Oyster thief”, which attaches to oysters, mussels and stones. It has a globose thalli 

 20



that becomes air-filled and accordingly buoyant, and floats away with the attached 
oyster (Farnham 1980). The transportation mechanism described above may move the 
F. vesiculosus plants together with their substrata from shallow waters to the deeper 
soft bottoms that often are only a few meters away in sheltered areas. At more exposed 
sites the fronds may be ripped off by breakage of the stipe, or the substrate may break 
resulting in a loose plant with its holdfasts attached to a rock fragment (Malm 1999). 
These plants may then drift ashore, or end up at a shallow soft or hard bottom where 
they may stay healthy (Waern 1952, Wallentinus 1979), or sink to deep bottoms with 
insufficient light where they will slowly decay. Fucoids attached to limestone 
fragments are often found at the beaches of Öland and Gotland. In Paper I, F. 
vesiculosus plants were found on all substrates in the Ornö area, and significantly more 
on sand than on rocky or soft bottoms. However, scattered stones or other hard 
secondary substrates were not recorded in the survey, only the dominating substrate 
and boulders. Thus effects of substrate type in this study should not be interpreted 
occurring at a small scale (Paper I). Healthy detached plants were also included in the 
inventory.  
In Paper IV on the other hand, substrate was inventoried as coverage classes (%) and 
their association with fucoids and turf-forming algae was possible to examine. In 
accordance with (Sousa 1979), the stability of the substrate affected the distribution of 
fucoids and turf-forming algae at the studied coastal regions of Öland and Gotland. 
Fucoids were found only at stones larger than 20 cm or on bedrock, while algal turf 
was abundant on all substrates except sand. Fucus serratus is rarely found shallower 
than 2 m depths in the Baltic Sea and almost exclusively growing attached to large 
boulders or on bedrock (Paper IV, (Malm 1999). The species may therefore seldom be 
transported together with its hard substrate as described for F. vesiculosus. Fucus 
serratus was more abundant at bedrock than on boulders which may be another sign of 
the preference for stable substratum. However, it may also indicate preference for the 
more porous limestone bedrock compared to mainly crystalline boulders, similar to the 
preference of F. vesiculosus for porous sandstone at exposed sites (Malm et al. 2003). 
At shallow sites, where wave action is even more evident, F. vesiculosus is more 
abundant on boulders than bedrock, and F. serratus more abundant on bedrock than 
boulders. This may be a result of F. serratus outcompeting F. vesiculosus on bedrock, 
which has been observed in Spain (Arrontes 2002). Fucus vesiculosus may, on the 
other hand, be better adapted to more exposed positions, or less stable substratum, by 
its ability to regenerate from holdfasts, which is an ability that F. serratus lacks (Malm 
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& Kautsky 2003). The fucoids probably compete with the turf-forming algae for 
substrate, a process that is further described and discussed below (Paper V).  
 
The upper boundary of F. vesiculosus distribution is often described as an effect of 
desiccation, ice scraping and fluctuating water level (Waern 1952, Kiirikki 1996). 
Fucus vesiculosus was not present close to the surface at the most exposed sitesof the 
Ornö archipelago, although it was found deeper down (Paper I). This pattern was 
interpreted as an effect of wave exposure, or scraping of ice floes that is more intense 
at wave exposed sites. The effect was not linearly correlated to wave exposure, rather 
it resembled a threshold effect.  
 

Fucus vesiculosus morphology 

The morphology of F. vesiculosus changes over a wave exposure gradient (Paper III). 
The results of the analysis using an unblocked design resembled those of earlier 
studies (Bäck 1993, Kalvas & Kautsky 1993). Length, thallus width, distance and 
number of vesicles were negatively correlated to wave exposure. This analysis 
examined among as well as within island variation, and did not control for differences 
in water property between islands. In contrast, analysis using island as a blocking 
factor, thus controlling for differences in water properties, suggested that only thallus 
width was significantly negatively affected by wave exposure. However, when the 
design was blocked to control for differences in water properties between islands, the 
variation of wave exposure between islands were also neglected. It can thus not be 
ruled out that length, number of vesicles and distance between dichotomies also 
respond to wave action. If other parameters that potentially could affect F. vesiculosus 
morphology (nutrient concentrations, salinity, water transparency etc.) are measured at 
each sampling site, there are statistical methods for analysing the parameters 
contribution to the effects on the responding variable, although true casual 
relationships can only be examined by manipulative experiments (Graham 2003). 
 

Epiphytes on F. vesiculosus 

The composition of epiphytic macroalgae growing on F. vesiculosus changed over the 
wave exposure gradient in the Askö area. There was a significant negative wave effect 
on Chorda filum (L.) Stackh. (χ2=8.32, p=0.004) and positive effect on Elachista 
fucicola (Velley) Aresch. (χ2=6.80, p=0.009) (Fig. 2). Chorda filum was regularly 
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occurring epilithically although it also grew attached to F. vesiculosus holdfasts or 
basal parts at sheltered sites and was then considered an epiphyte. Elachista fucicola 
has basal cells that penetrates into the F. vesiculosus cortex, and firmly attaches it to 

the basiphyte (Rönnberg & Ruokolahti 1986). Furthermore it has short, unbranched 
filaments which should cause little drag force due to wave action. Wærn (1952) used 
the occurrence of epiphytic growth of E. fucicola on F. vesiculosus as an indicator of 
an ecological district of the Öregrund archipelago he named the Elachistea district. 
Öregrund archipelago is located on the boarder between Åland Sea to the east, and 
Gulf of Bothnia to the west and north. The eastern part of Öregrund archipelago was 
defined as the Elachistea district, which shares much of the same species as Åland Sea, 
however it is also the most exposed part of the archipelago. Other authors have 
reported E. fucicola epiphytic growth from the whole wave exposure gradient, 
although with a higher coverage at more exposed sites (Wallentinus 1979, Rönnberg & 
Ruokolahti 1986), which resembles my results. However, the epiphytic species vary 
over the season and (Rönnberg & Ruokolahti 1986) monitoring over a year cycle 
found E. fucicola to be the dominant epiphyte at both a sheltered and an exposed site 
in Åland Sea.  

Elachista fucicola (Velley) Aresch. 

Ceramium tenuicorne (Kütz.) Wærn 

Pilayella littoralis (L.) Kjellm. 

Dictyosiphon chordaria Aresch. 

Chorda filum (L.) Stackh.

0 20000 40000 60000 80000 100000 120000 140000

Figure 2. Epiphytes on F. vesiculosus over a wave exposure gradient in the Askö area, NW Baltic Sea.  
= present,  = dominant. Wave exposure in m2s-1. 

Grazers may be swept away by waves, giving an indirect positive wave exposure 
effect on the amounts of epiphytes (Schanz et al. 2002). However, there are generally 
smaller amounts of epiphytes at exposed sites compared to sheltered sites in the Askö 
area, contrary to what could be expected from such effect. In analogy with the 
discussion above (Paper III) effects from factors correlated to wave exposure may 
affect the epiphyte composition, and such effects have not been controlled for in this 
study, which should be considered when interpreting the results. 
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Effects of turf-forming algae and sediment 

Very few F. serratus juveniles were observed outside the sweeping radius of the adult 
F. serratus individuals, while abundant juveniles were found inside the F. serratus 
stands at 7 m depth off the Öland coast (Paper V). The amount of filamentous algae 
and fine (<0.25 mm) sediment were significantly larger outside the F. serratus stands 
than inside. Fine sediment was correlated with the biomass of filamentous algae, 
which suggests that sediment accumulates in the algal turf as described by Kendrick 
(1991). The fine sediment has low settling velocity (Agrawal & Pottsmith 2000), and 
is easily resuspended by wave action when not sheltered by a structure. The laboratory 
experiments showed that both filamentous algae and sediment negatively affect the 
settling ability of F. serratus eggs and zygotes and the following survival of recruits. 
The negative effect of filamentous algae on survival of the recruits may be interpreted 
as resulting from shading. Sediment was shown to both inhibit recruitment and reduce 
survival even more than the filamentous algal treatment. Similar effects of sediment 
have also been shown for Macrocystis pyrifera (Devinny & Volse 1978) and for F.  
vesiculosus (Berger et al. 2003). (Chapman & Fletcher 2002) concluded from 
laboratory experiments that light deprivation due to sediment cover was not 
responsible for the observed effect on F. serratus embryo survival, and suggested that 
the slow rate of diffusion resulting from compact sediment layer causes waste products 
to accumulate around F. serratus embryos resulting in high death rates. 
 
The amounts of filamentous algae and sediment covering the seafloor during the 
periods of gamete release in summer and late autumn should be of great importance 
for its colonisation ability. The annual dynamics of filamentous algae are rather 
species-specific even though some general patterns occur (Kiirikki & Lehvo 1997). 
Preliminary data on biomass of filamentous algae from the study area (Malm, 
unpublished data) indicate increasing biomass during the summer, peaking in August, 
and followed by a decrease. In the study area, the storms in the autumn often rip off 
and deposit large amounts of filamentous alga at the beaches (Engkvist et al. 2001). 
The storm frequency is therefore important for regulating the filamentous biomass 
during the autumn. There are no data on how the amount of sediment on the bottom in 
the study area changes over the year. However, there are data on the sedimentation rate 
of the Baltic proper, which varies over the year with high settling rates of primary 
organic matter in spring, low sedimentation rates during the summer and considerable 
increase of resuspension in October-November (Heiskanen & Tallberg 1999). The 
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resuspension is of great importance and represents often over 50 % of the sediment 
caught in sediment traps (Blomqvist & Larsson 1994).  
The periods of gamete release of F. serratus in the Baltic Proper is May - July and 
October – November (Malm 1999), although autumn reproduction is more common. 
Summer reproducing F. serratus has only been found on southern Öland and on 
Sturkö in Blekinge (Malm 1999). Over these two periods the amount of both 
filamentous algae and sediment change. In May-July, the sedimentation is high and 
sediment should accumulate in the growing filamentous turf. In the autumn the 
amounts of both filamentous algae and sediment are potentially high but, as suggested 
above, this might be altered by storm events. It is speculative to compare the ability of 
F. serratus to colonise outside its patches during these two periods since it seems very 
much to depend on weather conditions. However, an early and warm summer may 
result in a dense cover of filamentous algae during the summer reproduction period, 
which should be detrimental for F. serratus.  During the autumn there may be large 
amounts of filamentous algae and other of semi-decayed organic matter from the 
summer production. Dependent on storms and currents the turf may be less affected, or 
ripped off and washed ashore. Annual algae may form drifting mats beneath which 
there may be oxygen deficiency (Bonsdorff 1992). A stormy autumn may therefore be 
beneficial for F. serratus recruitment, although it may also rip off many adult Fucus 
specimens. (Berger et al. 2001) discussed the two reproductive strategies for F. 
vesiculosus, that also has two reproduction periods in the Baltic Sea. They suggested 
that recruitment from summer reproducing F. vesiculosus is negatively affected by 
large amounts of filamentous alga, and that from autumn reproducing plants by 
sedimentation. The sedimentation caught in sediment traps was high in autumn 
compared to summer in this study, which was explained by resuspension. However the 
amount of sediment on the seafloor or in the filamentous turf was not measured. In 
comparison, waves should have a larger direct effect on the F. vesiculosus stands than 
on F. serratus since F. vesiculosus grows at shallower sites. 
 

Predictive GIS models 

The GIS model (Paper I) was constructed from the abiotic factors that were considered 
most appropriate for describing the F. vesiculosus distribution due to the statistical 
analysis, and for technical reasons. Multicollinearity is not a problem for predictive 
models as long as the relevant predictors are included (Graham 2003) since it is the 
predictive power that is in focus, rather than the question of causality. Factors of 
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unknown relevance may also be included if they improve the models performance, 
although that makes the model less general.  
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Figure 3. Depth distribution of F. vesiculosus over the wave exposure gradient (x-axis) enclosed by 
the limitations used in the GIS model. Depth values from the diving inventory (left) and from 
elevation grid (right). Wave exposure in m2s-1. 

 
In the development of a method for estimating wave exposure (Paper II) the mean of 
16 fetch directions magnified by the mean wind of the corresponding directions was 
the measure that best correlated to the biological index (r=0.854, n=43). The two 
indices correlated well in the validation area too (r=0.839, p<0.001, n=34), and also in 
the two areas together (r=0.851, p<0.001, n=77). The wave exposure model (Paper II) 
has been used in three studies on benthic vegetation in shallow inlets in Stockholm 
archipelago (Sundblad 2003, Eriksson et al. submitted manuscript, Sandström et al. 
submitted manuscript), as well as in Paper III. To improve the F. vesiculosus model of 
Paper I, the model was run again using the new fetch-model of Paper II. With the new 
fetch model a new pattern appeared where the lower vertical distribution seemed to be 
affected by wave action up to a threshold, where a maximum depth distribution 
seemed to be reached. The pattern was clearer when the model was run with grid 
values compared to measured depth data (Fig. 3).  
The formulae used to describe the occurrence of F. vesiculosus in this new setting 
were:  
 
Measured depth values  
 Upper limit  Depth = (Wave Exposure / 280 000)2.2  
 Lower limit  Depth = 4.8 + (Wave Exposure / 19 000
  
   At Wave exposure > 225 000; Depth = 7     
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Depth values from grid 
 Upper limit  Depth = (Wave Exposure / 200 000)1.5

 Lower limit  Depth = 2.3 + (Wave Exposure / 19 000)2.8

   At Wave exposure > 30 000; Depth = 6 
 
The formulae used to describe the occurrence of F. vesiculosus belt (25-100% cover) 
in this new setting were: 
 
Measured depth values  
 Upper limit  Depth = (Wave Exposure / 280 000)2.2  
 Lower limit  Depth = 5 + (Wave Exposure / 19 000)5

  
   At Wave exposure > 225 000; Depth = 7     
Depth values from grid 
 Upper limit  Depth = (Wave Exposure / 200 000)1.5

 Lower limit  Depth = 1.6 + (Wave Exposure / 170 000)2.8

   At Wave exposure > 30 000; Depth = 6 
 
The model performance slightly improved compared to Paper I. The performance is 
measured in three ways (type 1-3 in table 2) that should not be interpreted individually 
since they depend on each other. Type 1 describes how much of the selected area that 
really had F. vesiculosus or F. vesiculosus belt. Type 2 describes how much of the area 
known to have F. vesiculosus or F. vesiculosus belt that were selected. Type 3 is 
considered the most important value in this study and describes how much of the 
inventoried area that were correctly classified as having F. vesiculosus (or F. 
vesiculosus belt) or not.  With the new model 83% (82%) of the area was correctly 
classified as F. vesiculosus habitat when measured depth values were used, and 76% 
(71%) when grid data were used (Tab. 1) (results from Paper I within brackets). 
The most apparent difference of the outcome of the two wave exposure estimates were 
that adjacent cells always had similar values in the old model due to the interpolation 
technique used. In the new wave exposure grid differences between two sides of a land 
point were sometimes large since the point may act as a wave breaker. These 
differences were more pronounced at a small scale.  
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Table 1. 
Model performance measured as the ability to predict the occurrence of F. vesiculosus or F. 
vesiculosus belt (25 – 100 % cover). Values from Paper I within brackets. (all values as %) 
n=1238 

 F. vesiculosus occurrence F. vesiculosus belt occurrence 

 Measured values Grid values Measured values Grid values 

Type 1 * 79 (75) 68 (66) 22 (22) 26 (22) 

Type 2 ** 88 (94) 96 (83) 73 (94) 83 (83) 

Type 3 *** 83 (82) 76 (71) 59 (52) 64 (52) 

*      How much of the selected area did really have F. vesiculosus or F. vesiculosus belt 

**    How much of the area known to have F. vesiculosus were selected or F. vesiculosus belt 

***  How much of all inventoried area  were correctly classified as having F. vesiculosus (or 
F. vesiculosus belt) or not 

 
At exposed sites the lower vertical F. vesiculosus distribution was better explained by 
another factor than wave action, at least when grid values were used was this pattern 
apparent. This factor is most certainly availability of light. At sites where the hard 
substrates are swept clean by waves, light is suggested to be the limiting factor in the 
Baltic (Kiirikki 1996). The maximum depth value should then be a consequence of the 
Secchi-depth at highly exposed sites. Such exposed sites were found in the outer 
archipelago where the Secchi-depth was about 9 m during the field period in June 
1998 (Paper I). There was also a highly exposed site closer to the mainland, where the 
Secchi-depth was 6 m, but unfortunately this site was too steep to be inhabited by any 
F. vesiculosus. A possible connection between maximum depth distribution and 
Secchi-depth at highly exposed sites could therefore not be examined. A larger set of 
inventory data from exposed sites is needed to find the relationship between F. 
vesiculosus depth distribution, wave exposure and Secchi-depth, and to test this 
hypothesis properly.  
The incorporation of a constant maximum depth as a factor of the model increased the 
performance of the model, especially when grid values were used (table 2). The used 
limit was 7 m for measured depth values, which corresponded to 78% of the Secchi-
depth 9 m at the most exposed sites (6 m and 67% of the Secchi depth for grid data). If 
this assumption is correct the vertical distribution should vary geographically as a 
consequence of variation in water transparency at highly exposed sites, and due to 
wave exposure at somewhat more sheltered sites. However, the water transparency 
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varies over the year, mainly due to variation of plankton densities, so when 
considering differences between areas a more stable measure should be used, the mean 
over the vegetation period for example. A large scale study on the subject may result 
in a model describing the geographical variation of F. vesiculosus vertical distribution 
as a result of wave exposure and water transparency, and perhaps its variation as a 
consequence of long-term trends of eutrophication. 
 

Conclusions 

The eutrophication of the Baltic Sea has widely changed the conditions for the 
macroalgal communities (Cederwall & Elmgren 1990). The increased sedimentation 
may be of great importance in inhibiting the recruitment of both F. vesiculosus and F. 
serratus by blocking hard substrates and choking fucoid recruits. The filamentous 
algae, which are favoured by eutrophic conditions, may directly inhibit fucoid zygotes 
from attaching to hard substrata, and indirect by accumulating sediment. Thus, the 
existence of an adult F. serratus population may allow continued recruitment in 
occupied patches but colonisation of new areas seems very difficult at the present 
conditions. Even though (Arrontes 2002) concludes that F. serratus has high 
competitive, and short-scale dispersal ability, wave action may be the key factor in 
clearing hard substrates from silt and other sediments, and thereby facilitate for fucoid 
recruitment.  
The salinity has also changed considerably during the last century, which should affect 
the distribution of species living close to their salinity limit in the Baltic Sea. F. 
serratus may have decreased its recruitment ability due to the salinity decrease since 
1980. However, this change coincide with the period when the turf-forming algae that 
F. serratus compete with probably have increased their abundance off the Öland coast 
indicated from that they constitute a larger part of the cast walls on the east coast of 
Öland. 
 
This study demonstrates that it is possible to use physical factors, such as slope, 
geomorphology and wave exposure, to model the potential distribution of fucoids. 
However, within the physically determined distribution limits much variation of 
macroalgal abundance occurs, probably as a consequence of interspecific competition 
or other factors that are hard to include in predictive models. The interactions between 
species, or functional groups, may in turn be affected by environmental factors such as 
siltation or wave action, and thus possible to model. When a factor that affects many 
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interacting organisms is used it should be hard to pick out the effects on the individual 
species, although the factor may be very useful in the model anyway. In open coastal 
areas the physical gradients are not as steep as in a complex environment like an 
archipelago. At the large shallow limestone plateaus out of the east coasts of Öland 
and Gotland, salinity, wave exposure and slope vary only at a large scale making 
small-scale macroalgal variation largely dependent on substrate patches and biological 
interactions. In the archipelago the potential habitats are smaller, although the biota 
varies within these smaller areas as well. The difference between the coastal types is 
thus largely a matter of physical heterogeneity and the difference in predictability a 
matter of scale.  
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Svensk sammanfattning 
 
Den här av handlingen handlar om fysikaliska faktorer och biologiska interaktioner 
som påverkar utbredning av två tångarter, blåstång Fucus vesiculosus och sågtång F. 
serratus, i Östersjön. Studier har utförts i två rätt olika miljöer; i skärgårdsmiljö, och 
längs öppen klippkust. Skärgården har en extremt lång kustlinje och ett variationsrikt 
undervattenslandskap med olika bottensubstrat, lutningar, vattenkvaliteter och 
vågexponeringsnivåer. Faktorer som påverkar blåstångens utbredning, utseende och 
sammansättning av påväxtarter studerades i Stockholms södra skärgård genom 
fältundersökningar och rumslig modellering i geografiska informationssystem (GIS).  
En GIS-metod för att uppskatta vågexponering utvecklades och testades genom att 
jämföra med strandklippors lavzonering. Graden av vågexponering ansågs vara viktig 
för att kunna förutsäga blåstångens utbredning, eftersom vågor spolar bort hindrande 
sediment från hårda bottnar, och en prediktiv modell konstruerades utifrån information 
om vågexponering och bottens lutning. I avhandlingen föreslås att gränsen för 
blåstångens nedre utbredning bestäms av förekomst av sediment i skyddade områden i 
skärgården, och av siktdjupet i de vågexponerade områdena. Blåstångens morfologi 
(utseende) studerades vid olika grader av vågexponering, och flera utseendekaraktärer 
varierade i enlighet med tidigare studier. När en försöksuppställning användes där 
skillnader i vattenkvalitet mellan lokalerna försvann, gav vågexponeringen bara en 
tydlig effekt på tångbålens bredd. Flera vattenkvalitéparametrar visade sig samvariera 
med graden av vågexponering i Stockholm skärgård, och vilka faktorer som verkligen 
har effekt på blåstångens morfologi diskuteras i avhandlingen. Sammansättningen av 
påväxtarter på blåstången varierade med vågexponeringen, och tångludd Elachista 
fucicola var vanligare vid hög exponering, medan sudare (snärjtång) Chorda filum var 
vanligare i skyddade lägen.  
Vi en öppen kust är den fysiska miljön inte så variabel som i skärgården. Utbredningen 
av blåstång, sågtång och mattor av fintrådiga alger inventerades tillsammans med 
bottens beskaffenhet längst med Ölands och Gotlands öppna ostkuster. Fintrådiga 
algmattor var den dominerande beväxningen på alla hårda ytor, och fjäderslick 
Polysiphonia fucoides var den vanligaste arten.  På Gotland var blåstång mindre vanlig 
än på Öland, och sågtång fanns bara i den sydligaste delen. Sågtång var ovanligare 
norrut i området vilket tolkades som en effekt av den minskande salthalten, eller en 
resteffekt av att salthalten tidigare varit för låg. Sågtångens förmåga att kolonisera ytor 
täckta av fintrådiga algmattor eller sediment undersöktes med laboratorieförsök, samt 
på 7 m djup utanför Ölands östkust. Nästan inga tångrekryter hittades i algmattorna 
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utanför sågtångsbältena. Det fanns påtagligt mera finkornigt sediment i algmattorna, 
vilka föreslås ansamla sediment genom att minska bortspolandet. Både fintrådiga alger 
och sediment minskade möjlighet för de befruktade tångäggen att fästa vid underlaget, 
och minskade överlevnaden hos dem som lyckades. Effekten av sediment var starkast. 
Därför föreslås att sågtången har svårt att kolonisera nya områden utanför sina 
tångbälten, och att dessa svårigheter har ökat som ett resultat av övergödningen i 
Östersjön, som gynnat tillväxten av fintrådiga alger och har ökat sedimentationen. En 
övergripande slutsats är att utbredningen av tång i Östersjön påverkas dels av 
storskaliga effekter, såsom övergödning och förändring av salthalten, och dels av 
småskalig variation som skillnader i vågexponering, bottentyp, bottens lutning och 
konkurrens med omkringväxande arter.  
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