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1. INTRODUCTION 

The Baltic Sea is one of the most threatened seas in the world (Saraiva et al., 2019) and eutrophication 

is considered to be the worst threat to its ecosystem (Meier et al., 2011). The drainage area is densely 

populated (Hannerz & Destouni, 2006; Jonsson et al., 2018) and most of the nutrients come with the 

runoff  (Leth et al., 2013). Climate change is predicted to increase precipitation and runoff in the 

Baltic Sea area which increases nutrient concentrations in the sea and further advances eutrophication  

(Huttunen et al., 2015). High nutrient concentrations favor phytoplankton, the growth of which 

increases water turbidity (Bonsdorff et al., 1997). In turbid water light do not reach as deep as in clear 

water and macroalgae attached to the sea floor in deep areas do not get enough light for photosynthesis, 

which has caused upward movement of algae zones (Kautsky et al., 1986).  

One of the most diverse habitat types in the Baltic Sea is Fucus vesiculosus zone but according to the 

recent assessment of the threatened habitat types they are classified as threatened (Kontula & Raunio, 

2018). As Fucus spp. (Fucus vesiculosus and Fucus radicans) are one of the key species of the Baltic 

Sea the changes in their distribution affects to the whole Baltic Sea ecosystem and its balance. 

Reducing nutrient load to the sea is one way to improve the eutrophication situation (Conley et al., 

2009) and the Baltic Sea states have signed a protection plan called the Helsinki Commission 

(HELCOM) Baltic Sea Action Plan (BSAP) (www.helcom.fi) as a guideline to achieve a ”good status” 

of the sea. Different scenarios of the physical and biogeochemical processes of the Baltic Sea have 

been made including different climate scenarios and eutrophication scenarios. Here, two different 

eutrophication scenarios are used, one in which BSAP is to be realized and worst case scenario where 

no actions to reduce nutrient flow to the sea are made. To represent future climatic conditions two 

greenhouse gas concentration scenarios, RCP4.5 (intermediate scenario) and RCP8.5 (high-end 

scenario) (Moss et al., 2010; Detlef et al., 2011; Stocker et al., 2013), are used.  

The purpose of this work is to study the effect of BSAP together with two different climate change 

scenarios to Fucus spp. distribution in the future. The distribution of terrestrial species has already 

been studied with species distribution modelling (SDM) for decades but using SDM in the modelling 

of marine species has only become more common in recent years (Virtanen, 2020). Data of Fucus 

spp. occurrence have been collected in the Finnish Inventory Programme for the Underwater Marine 

Environment (VELMU) since 2004 and until this day there is over 160 000 sampling points along the 

Finnish coast. With SDM a statistical relationship between the data of species occurrence and 

environmental variables can be found in order to make predictions of occurrence on the areas not yet 

sampled. It is also possible to make predictions of occurrence to the future if scenario data of future 

http://www.helcom.fi/
https://link.springer.com/article/10.1007/s00382-018-4330-0#ref-CR28
https://link.springer.com/article/10.1007/s00382-018-4330-0#ref-CR5
https://link.springer.com/article/10.1007/s00382-018-4330-0#ref-CR37
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environment is available. In addition to produce prediction maps of the suitable environment for 

Fucus spp. in present and future environment the purpose is to examine which variables defines its 

occurrence the most and how these variables will change in the future. Of particular interest is to find 

the role of light and water turbidity in defining Fucus spp. distribution. Scenario models of the role 

of salinity and temperature in defining Fucus spp. distribution has been made but the role of water 

turbidity has remained less studied (Jonsson et al., 2018; Kotta et al., 2019). Previous SDM studies 

of the role of light on Fucus spp. distribution have relied on manual manipulation of water turbidity 

(Lappalainen et al., 2019) but in this work biogeochemical model and its four scenario simulations 

are used. Also, the general occurrence patterns of Fucus spp. in the northern Baltic Sea on a larger 

scale and its relationship to environmental variability has not yet been investigated thoroughly so 

there is a need for this kind of study (Rinne & Salovius-Laurén, 2020).  

The research questions and hypotheses are:  

1. How the suitable environment for Fucus spp. will change in different scenarios?  

Hypotheses are that salinity will decrease more in the RCP8.5 scenarios than in the RCP4.5 

scenarios and that temperature will increase more in the RCP8.5 scenarios than in the RCP4.5 

scenarios in the areas where Fucus spp. have observed to occur (Saraiva et al., 2018). Average 

water turbidity is supposed to increase in the RCP8.5 & worst case scenario the most because 

no actions to reduce nutrients in the catchment area will be made and at the same time climate 

change proceeds with increasing precipitation and nutrient flow to the sea (Zandersen et al., 

2018). In the RCP4.5 & worst case scenario water turbidity is also supposed to increase. 

Climate change may amplify eutrophication followed by increasing turbidity but the 

differences between the two climate scenarios (RCP4.5 and RCP8.5) are supposed to be 

smaller than the differences between the two eutrophication scenarios (Saraiva et al., 2018). 

Water turbidity is supposed to decrease in the RCP4.5 & BSAP scenario as actions to reduce 

nutrient flow to the sea will be made and precipitation will not increase as much as in the 

RCP8.5 scenario, but the effects of the reductions may be seen later than 2060. The RCP8.5 

& BSAP scenario is supposed to be an intermediate scenario where nutrient reductions in the 

catchment area are made but in the meanwhile proceeding climate change increases 

precipitation and nutrient flow to the sea. The nutrient amounts are not supposed to be as large 

as in RCP8.5 & worst case scenario but they are thought to be smaller than in the RCP4.5 & 

worst case scenario. Hypotheses of the effects of environmental changes to suitable 

environment for Fucus spp. are as follows:  
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RCP4.5 & BSAP: Due to optimal salinity and temperature conditions and reduced nutrient 

load the area of suitable environment for Fucus spp. is supposed to increase.  

RCP8.5 & BSAP: The RCP8.5 climate scenario is unfavorable for Fucus spp. as salinity is 

supposed to decrease and temperature increase more than in the RCP4.5 scenario (Bergström 

& Bergström, 1999; Takolander, 2018; Saraiva et al., 2018). Increased precipitation in the 

RCP8.5 scenario may increase nutrient load slightly but as eutrophication is controlled in the 

catchment area according to BSAP the negative effects to water quality and turbidity remains 

small (Pihlainen et al., 2020). Fucus spp. distribution is supposed to increase, because the 

effects on water quality of BSAP are supposed to be more influential than the negative effect 

of the RCP8.5 climate scenario (Pihlainen et al., 2020). Although BSAP may decrease 

turbidity decreasing salinity may move the northern edge of the distribution area to the south 

and increased temperature combined with low salinity may decrease the distribution area 

(Takolander, 2017).  

RCP4.5 & worst case: Although salinity and temperature conditions are favorable for Fucus 

spp. in the RCP4.5 scenario, the worst case situation in the catchment area is supposed to have 

large negative impact on the distribution area of Fucus spp.  

RCP8.5 & worst case: As temperature will increase, salinity decrease and no actions are made 

to reduce nutrient flow to the sea the area of suitable environment for Fucus spp. is supposed 

to decrease more than in any other scenario.  

2. Does climate have effect on the lighting conditions in the research area? Will turbidity 

increase more in the RCP8.5 & BSAP scenario than in the RCP4.5 & BSAP scenario and 

more in the RCP8.5 & worst case scenario than in the RCP4.5 & worst case scenario?    

Turbidity is expected to increase more in the both RCP8.5 scenarios than in the RCP4.5 

scenarios as precipitation is supposed to increase the amount of nutrients in the sea. Although, 

the differences are not supposed to be as large as the differences between different 

eutrophication scenarios (Pihlainen et al., 2020).  

3. What is the role of water turbidity compared to other variables in models?  

Turbidity may not be as important variable as salinity (Bergström & Bergström, 1999) but it 

is still supposed to have an important role in models (Jonsson et al., 2018).  
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First, the characteristics that affect to the underwater environment of the Baltic Sea and the greatest 

threats to its ecosystem are introduced. Then the species to be studied and their environmental 

requirements with a brief introduction to SDM are presented. Second, the species and scenario data 

together with the used modelling methods are presented in detail. Third, the results are presented and 

discussed. Finally, some conservation plans and further research topics are proposed, and study 

uncertainty issues presented.  

2. THE BALTIC SEA 

The Baltic Sea is located in Northern 

Europe where nine countries share its 

shoreline. Over 85 million people 

live in its drainage area, which is four 

times larger than its surface area 

(surface area: 420,000 km2). The 

Baltic Sea is very shallow (mean 

depth 52 m) with only a narrow 

connection to the North Sea and over 

200 rivers flow there (Snoejis-

Leijonmalm & Andrén, 2017).  The 

underwater landscapes are 

heterogenous with intricate shoreline, 

archipelago and variability in 

seafloor type in short distances.  The 

water of the Baltic Sea is brackish 

and has a north-south and east-west 

salinity gradient. In the northern 

parts of the Bothnian Bay and in the 

eastern parts of the Gulf of  

Fig. 1. The water of the Baltic Sea is brackish and has a strong salinity gradient  

varying from 1 PSU at the Bothnian Bay and eastern parts of the Gulf of Finland to  

20 PSU in the Danish Straits. Data from HELCOM.  

 

Finland there is almost freshwater conditions whereas in the Danish straits the salinity conditions 

resemble that of the salinity of the North Sea (Myrberg, 2006). The salinity gradient is formed due to 

limited connection and low water exchange between the Baltic Sea and the North Sea with continuous 

The Bothnian Bay 

The Danish Straits The Gulf of Finland 

Bottom  
salinity (PSU) 

< 5 

5–7.5  

7.5–18  

18–30  

> 30 
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freshwater input from the rivers. The water in the Southern Baltic Sea blends with the salty water of 

the North Sea while the water of the Bothnian Bay and the Gulf of Finland are more influenced by 

riverine input of freshwater (Viitasalo et al., 2017). There are also local salinity gradients from the 

coast to the open sea, especially near the river mouths. Sometimes, with wind and water levels 

favorable, more saline water flows into the Baltic Sea than usual. This phenomenon is called salt 

pulses or the Massive Baltic Inflows (Viitasalo et al., 2017). As saline water is heavier than fresh 

water it sinks to the bottom of the sea and causes vertical stratification in the water body. The layer 

where salinity changes rapidly is called halocline. There is also temperature stratification in the water 

where the surface water is warmer than deep water in the summer. Thermocline is the name of the 

transition layer where the temperature drops rapidly and through which the upper warm and the deep 

cold water do not mix. Brackish water is challenging for both marine and freshwater originated 

species of the Baltic Sea resulting low species diversity (Eriksson & Bergström, 2005). In the 

Southern Baltic Sea where water is more saline the species composition is dominated by marine 

species and where salinity is low freshwater species are more common (Viitasalo et al., 2017). The 

young age (a few thousand years) of the Baltic Sea affects also the species diversity as only few 

species have had time to spread there after the last ice age and the adaptation is still ongoing (Viitasalo 

et al., 2017). For example macroalgae species of Atlantic origin have adapted to lower salinities of 

the Baltic Sea (Russel, 1988) but still their critical occurrence threshold lies in salinities of 3–4 

(Vuorinen et al., 2015). Low species diversity makes the Baltic Sea vulnerable to changes in the 

environment as recovery from disruptions is harder than for those more diverse ecosystems (Viitasalo 

et al., 2017). Although species diversity of the Baltic Sea is low, steep gradients of salinity, turbidity, 

exposure and geomorphology requires adaptation and specialization causing high variability in 

species compositions between different areas (Virtanen et al., 2018). Adaptability varies between 

species and ecosystem recovery is dependent on adaptability of its key species (Viitasalo et al., 2017).  

Photosynthetically active radiation (PAR, 400–700 nm) is crucial to aquatic primary production, that 

maintain life and functioning of marine ecosystems (Dera & Woźniak, 2010; Luhtala et al., 2013). 

Only part of the light that comes to water surface penetrates in the water, because part of it reflects 

straight back to the atmosphere. On the way down in the water column light gradually attenuates 

because of absorption and scattering of water molecules, phytoplankton and other planktonic 

organisms, suspended matter and colored dissolved organic matter (CDOM) (Kirk, 2011; Luhtala et 

al., 2013). The effect of absorption and scattering in the water column can be expressed with the 

diffuse attenuation coefficient of photosynthetically active radiation Kd(PAR) (m -1) (Lund-Hansen, 

2004; Lee et al., 2005). There is spatial and temporal variability in the concentrations of suspended 
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and dissolved substances due to changes in particle supply provided by the river runoff and the 

dynamics of phytoplankton, resulting the light environment underwater also to be temporally and 

spatially variable (Dera & Woźniak, 2010). The depth where 1 % of the light right below the surface 

remains is called compensation point above which is the euphotic zone where all the 

photosynthesizing organisms live (Lappalainen et al., 2019).  

In the Baltic Sea electromagnetic radiation with wavelengths 450–495 nm (blue) and 620–750 nm 

(red) attenuate first near the surface and wavelengths 500–565 nm (green) penetrates the deepest 

(Webb, 2020). Algae species compete for suitable habitats and have adapted to live at different depth 

zones with certain light conditions with their characteristic pigment compositions with which they 

can make the most efficient use of light in photosynthesis (Ramus et al. 1976a; Ramus et al. 1976b). 

This together with other factors, such as ice scraping and wave action at the surface, causes clearly 

distinguishable algae zonation on the exposed rocky shores of the Northern Baltic Sea (Kiirikki, 1996). 

There are three zones: upper filamentous algal zone, Fucus zone and a deep filamentous algae zone 

(Bäck & Ruuskanen, 2000). In the upper filamentous algal zone, short-lived and structurally simple 

filamentous algae prosper. Deeper in the Fucus zone more complex perennial algae occur and there, 

F. vesiculosus is the most common species. In sheltered areas the upper limit of Fucus zone is near 

the surface and the zone reaches to a depth of one meter. At more exposed coasts F. vesiculosus grows 

deeper and its lower limit extends to the depth of around five meters (Rinne & Salovius-Laurén, 2020). 

In the deep filamentous algae zone only algae that can survive in low light conditions prosper. The 

zone reaches from 3 to 20 m deep. On more sheltered areas zonation is not so clear and the deep 

filamentous algae zone is missing (Bäck & Ruuskanen, 2000).  

 

2.1 Environmental change in the Baltic Sea 

Human pressure alters marine ecosystems through intensive use of fertilizers, coastal degradation, 

pollution and spreading invasive species (Doney et al., 2012). Changes in the environment affects the 

physiological functioning and productivity of organisms leading to changes in the appearance, 

abundance and distribution, leading to altered species interactions (Doney et al., 2012). Species’ 

physiological response to the change in the environment vary from tolerating the change by allowing 

acclimatization or adaptation or the situation can be intolerable followed by migration, change in 

phenology or death (Parmesan, 2006; Poloczanska et al., 2013). Especially the adaptability of species 

that lives near their abiotic tolerance thresholds, may be exceeded if the pace of change is too fast 

(Takolander, 2018). One of the most critical problem for marine ecosystems is rising atmospheric 
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carbon dioxide (CO2), because its effects are global and irreversible on ecological timescales (Doney 

et al., 2012). But due to hydrographical properties of the Baltic Sea eutrophication is seen as more 

severe threat for its ecosystem than climate change (HELCOM, 2009). In addition, climate change is 

expected to intensify eutrophication in the future by longer growing season and increasing 

precipitation leading to increasing nutrient load (Arheimer et al., 2012; Hägg et al., 2010, 2014; 

Takolander, 2018).  

 

2.1.1 Eutrophication  

Before industrialization the Baltic Sea was oligotrophic (Schernewski & Neumann, 2005) but 

population growth and increased use of fertilizers and fossil fuels together with altered land use and 

sewage water treatment led to an increase in nutrients in the sea (Cloern 2001; Meier et al., 2011). 

The water of the Baltic Sea does not change easily with the water of the North Sea through the narrow 

Danish straits and this together with its shallowness makes the Baltic Sea particularly sensitive to 

eutrophication (Leth et al., 2013) and increase in nutrients led to intensification of primary production 

at sea floor and water column (Bonsdorff et al., 1997). According to the Baltic Marine Environment 

Protection Commission (HELCOM) more than 97 % of the Baltic Sea area suffers from 

eutrophication (HELCOM, 2018).  

Intensified phytoplankton growth reduces light availability in the water column through increased 

turbidity and as a result euphotic zone has become narrower and deeper areas unsuitable for attached 

algae (Bäck & Ruuskanen, 2000; Takolander, 2018). The area of euphotic zone in the Archipelago 

Sea has been observed to be decreased by 50 % from 1930 to 2007 (Tolvanen et al., 2013) and during 

the last century water transparency (summer Secchi depth) in the northern Baltic proper decreased by 

3 m (Sanden & Håkansson, 1996).  

Elevated phytoplankton concentration also increases sedimentation, especially in the deeper zones, 

where wave action is low and as a result attachment of perennial macroalgae to the seafloor becomes 

harder (Eriksson & Johansson, 2003). Primary production of the Baltic Sea is estimated to have 

doubled in the 70s and 80s (Elmgren, 1989) and sedimentation of primary production originating 

carbon to have increased 5- to 10-fold (Jonsson & Carman, 1994). Excessive anthropogenic nutrient 

input also favors filamentous algae because they can utilize nutrients more rapidly and have higher 

photosynthesis rate than more robust macroalgae species like Fucus spp. (Vahtmäe et al. 2006; 

Wallentinus, 1984; Kiirikki & Blomster, 1996; Leskinen et al., 1992). Some filamentous algae, such 
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as Pilayella littoralis, grow on top of Fucus spp. and shade the host plant below them (Takolander, 

2018). Also, eutrophication induced mass developments of filamentous algae and disappearance of 

Fucus spp. have increased the density of Idotea baltica that uses Fucus spp. as food source (Kotta et 

al. 2000).  

Fucus spp. populations in the Baltic Sea have been found to decline and their lower depth limit to 

move closer to the water surface in the 20th Century, which is thought to be due to eutrophication and 

degraded lighting conditions, sedimentation and increased competition (Berger et al., 2004; Eriksson 

et al., 1998; Kautsky et al., 1986; Korpinen et al., 2007; Eriksson & Johansson 2005, Torn et al. 2006). 

Fucus zone is one of the most diverse habitats in the Baltic Sea but it is now classified endangered 

according to the recent endangerment assessment (Kontula & Raunio, 2018). Fucus vesiculosus is 

one of the key species in the Baltic Sea (Wikström & Kautsky, 2007), and changes in its distribution 

affects to the balance of the whole ecosystem of the sea.  

International agreements have been developed to protect underwater nature. The EU Marine Strategy 

Framework Directive (Directive, 2008/56/EC, MSFD) and the Water Framework Directive (Directive, 

2000/60/EC, WFD) aim for good status of marine environment in the Baltic Sea (Lappalainen et al., 

2019). In 2007, a document called the Helsinki Commission (HELCOM) Baltic Sea Action Plan 

(BSAP) was developed, as a guideline to achieve a “good status” of the marine environment by 2021 

(Backer et al. 2010). It contains chapters on targets, indicators to measure progress, financing, 

implementation and assessment. It defines nutrient input ceilings and links socio-economic fields 

such as agriculture and fisheries to environmental concerns in order to achieve environmental 

sustainability.  

 

2.1.2 Climate change 

The use of fossil fuels increase the amount of carbon dioxide in the atmosphere, which has warming 

effect on the planet’s surface temperatures both on land and at the sea (Doney et al., 2012). Warmer 

seawater causes decrease in sea ice extent, increase in precipitation and fresh water input and rising 

sea level (Doney et al., 2009, 2012; IPCC, 2007, 2013). The fastest temperature and precipitation 

increases are predicted to occur in the northernmost parts of the Northern Hemisphere, where the 

Baltic Sea is located (IPCC, 2007, 2013, 2014) and climate change has predicted to affect Baltic Sea 

ecosystem significantly (Leth et al., 2013) since its small volume makes it especially prone to 

warming (Takolander, 2018). During the last 30 years warming of the Baltic Sea water has been 
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observed to be three times higher than the global mean and extreme temperatures has been measured 

more often (MacKenzie & Schiedek, 2007; Belkin, 2009). 

The most important factor structuring latitudinal distribution of macroalgae is temperature and shift 

toward poles after thermal regimes have already been observed (Lüning, 1984; Wernberg et al. 2011). 

Because the number of species in the Baltic Sea is low and many of them live at the edge of their 

adaptability its ecosystem is particularly sensitive to changes in the environment (Leth et al., 2013). 

Warmer waters can be harmful for the arctic species that live in the Baltic Sea (Snoeijs, 1992) but the 

Atlantic species (e. g. F. vesiculosus) living at the lower end of their temperature optimum in the cold 

Baltic Sea may benefit from moderate warming as the growing season lengthens (Kotta et al., 2014). 

Earlier reproduction of F. vesiculosus have been observed due to warmer winters (Kraufvelin et al., 

2012). Sea ice causes scraping of attached macroalgae and detach them from the seafloor. Warmer 

water reduces sea ice extent and ice scraping and improve light conditions underwater (Kiirikki, 1996). 

Warming is predicted to continue with average increase in sea surface temperature of 2–3 °C by 2100 

and extreme temperatures to occur more often (Meier et al., 2006; Neumann et al., 2012). Short-term 

heat waves may be harmful for macroalgae that live near the surface where water temperature rises 

more rapidly (Takolander, 2018) and they have been seen to cause mortality in full-grown individuals 

(Graiff et al., 2015).  

Estimated increase in annual precipitation in the Baltic Sea catchment area ranges between 5–22 % 

(Kjellström & Ruosteenoja, 2007, Huttunen et al., 2015). Increased precipitation is expected to 

decrease salinity in the Baltic Sea, which may change the distribution area of Fucus spp. (Meier, 2006, 

Jonsson et al., 2018). Low salinities affect negatively to reproduction and growth rate of F. 

vesiculosus followed by lower prevalence especially in the northern parts of the distribution area 

where salinity is already low (Rugiu et al., 2018; Serrão et al., 1996; Vuorinen et al., 2015). 

Takolander et al. (2017) showed that short lasting high temperatures (26 °C) may be particularly 

harmful for F. vesiculosus populations in low salinities. A newly described species Fucus radicans 

and many green algae tolerate low salinities better than F. vesiculosus and may replace it in the 

northern areas of its distribution area in the future (Takolander, 2018).  

To better understand complex interactions of climate, ecosystems and human activities researchers 

have developed scenarios. They help to evaluate human contribution to climate change, the response 

of Earth system to human activities, the impacts of future climates and how to slow down climate 

change (Moss et al., 2010). Climate change researchers have developed four scenarios of future 

radiative forcings (”the change in the balance between incoming and outgoing radiation to the 
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atmosphere caused by changes in atmospheric constituents, such as carbon dioxide” (Moss et al. 

2010)) called Representative Concentration Pathways (RCPs). They describe the change in the 

radiative forcings from pre-industrial time to year 2100. The four different scenarios are stringent 

mitigation scenario RCP2.6, where radiative forcing  peaks at 3 W m-2 before 2100 and then declines, 

RCP4.5 and RCP6.0 that are intermediate stabilization pathways in which radiative forcing is 

stabilized at 4.5 W m-2  and 6.0 W m-2 after 2100 and RCP8.5 scenario with very high greenhouse 

gas emissions and where radiative forcing reaches greater than 8.5 W m-2 by 2100 and continues to 

rise after that (IPCC, 2014; Saraiva et al., 2019). If no effort is made to constrain emissions the 

pathway is likely to be between RCP6.5 and RCP8.0. If RCP2.6 will be realized global warming will 

stop at 2 °C warmer than in pre-industrial times (IPCC, 2014). RCPs are used in the Fifth 

Intergovernmental Panel of Climate Change (IPCC) Assessment Report as basis for the climate 

predictions and they are also used in this study.  

 

3. FUCUS SPP. 

The brown algae of the genus Fucus are perennial and 

widely distributed on the temperate rocky shores in the 

Northern hemisphere (Rinne & Salovius-Laurén, 2020). 

In many areas in the Baltic Sea the brown algae Fucus 

vesiculosus dominates the plant biomass and in its 

optimal zone (1–3 m) it forms 90 % of the plant biomass 

(Kautsky & Van der Maarel, 1990). Both Fucus species,  

Fucus vesiculosus (L.) and Fucus radicans (Kautsky & 

Bergström), can be found on the Finnish coast of the 

Baltic Sea (Lappalainen et al., 2019). F. radicans is the 

only macroalgae endemic to the Baltic Sea (Pereyra et al., 

2009) and it prosper in lower salinities and deeper in the 

water column than F. vesiculosus (Viitasalo et al. 2017).   

 

 

Fig. 2. Fucus vesiculosus in Helsinki archipelago,  

South Finland, 1.5 meters depth, June 2020.  

Photo by Petra Saari.   
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3.1 Environmental requirements 

The relative effect of abiotic factors on the Baltic Sea community structure varies with scale. Salinity 

has strongest effect on large scale (Middelboe et al. 1997) and it is the most important factor limiting 

the distribution of Fucus spp. (Bergström & Bergström, 1999). The salinity optimum for Fucus spp. 

is 4–8 PSU (Takolander, 2018). Fucus vesiculosus can been found in the Baltic Sea from the Southern 

Baltic Sea to the Kvarken where its distribution area ends at salinity of 4 PSU (Kautsky, 1992; Raven 

& Samuelsson, 1988) and in the Gulf of Finland at salinities between 3–6 PSU (Bäck & Ruuskanen, 

2000). In the Bothnian Bay salinity is too low for Fucus spp. and therefore the northern limit of its 

distribution area in the Baltic Sea ends at the Kvarken. At the distribution area at the Finnish coast 

salinity varies from 2 PSU in the Bothnian Bay to 7 PSU in the Archipelago Sea (Rinne et al., 2011).  

Temperature also shapes the distribution of Fucus spp. on large scale. It affects the algae by 

controlling the rate of growth and photosynthesis (Raven & Geider, 1988; Davison, 1991; Takolander 

et al., 2017).  F. vesiculosus has a broad temperature optima around 15 °C, which may partly explain 

why it survives in the Baltic Sea where temperature varies a lot during a year (Takolander, 2018).  

Light availability is the main factor limiting the depth distribution within a site (Eriksson & Bergström, 

2005; Torn et al., 2006; Rinne et al., 2011; Lappalainen et al., 2019). It is high near the surface from 

where it attenuates deeper in the water column. As Fucus spp. need light for assimilation in deep 

areas the light availability is too low. In sheltered inner archipelago water is usually more turbid than 

in exposed areas in outer archipelago, preventing assimilation deep underwater, thus Fucus spp. 

grows nearer surface in these areas than in exposed areas.  

The distribution is also shaped by the top substrate layer of the seafloor because the species need hard 

surface, such as rock or stones, to attach (Kautsky & Van der Maarel, 1990; Kautsky et al., 1999; 

Lappalainen et al., 2019). Wave action is strongest in the surface water from where it gradually 

attenuates deeper in the water column (Gemmrich et al., 2018). Also, open shores in outer archipelago 

are more exposed to wave action than shores in sheltered areas. As water motion is low in deep areas 

they are more affected by sedimentation and therefore are unfavorable for Fucus spp. (Rinne et al., 

2011). In sheltered areas, sediments accumulate on the seafloor already near the surface and prevent 

the attachment of the algae there too. On the solid homogenous rock surfaces in exposed areas Fucus 

belts are the most abundant and in more sheltered areas it usually grows discontinuously on stones 

(Bäck & Ruuskanen, 2000). In some cases very high water motion can cause mechanical stress by 

dragging the algae from the bedrock (Wahl et al., 2011).  
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Other factors that affect to the depth distribution and set the upper limit of the Fucus zone are ice 

scraping, desiccation due to changes in water level and unfavorable ultraviolet radiation (Kiirikki, 

1996; Bäck & Ruuskanen, 2000; Eriksson & Jonsson 2003).  

Biotic factors controlling Fucus spp. distribution are competition over space with opportunistic algae, 

epiphytic growth that shades algae below and restricts light availability and nutrient uptake and meso-

grazers (Berger et al. 2004; Nilsson et al. 2004; Korpinen & Jormalainen 2008).  

 

Fig. 3. Theoretical conceptual model of direct and indirect variables affecting to the distribution of Fucus spp. Excess nutrients cause 

eutrophication of the Baltic Sea leading to an increase in filamentous algae and phytoplankton that compete of the space with Fucus 

spp. and deteriorate light conditions in the water. Increasing amounts of phytoplankton also increases sedimentation. Climate change 

increases water temperature which has negative impact on Fucus spp. Increasing temperatures also affect to sea-ice conditions. Climate 

change causes increasing precipitation in the Baltic Sea region that leads to decrease in salinity and increase in nutrient loads. Excess 

nutrients further advances eutrophication. In addition to competition with other species, grazing affects to the distribution of Fucus spp. 

The variables used in the modelling are salinity, temperature, light, seafloor type and depth attenuated wave exposure.  

 

4. SPECIES DISTRIBUTION MODELING 

Species distribution modeling (SDM) is used to predict the occurrence of species in areas where in 

situ data is lacking (Bahn & McGill, 2013) and requires strong theoretical knowledge of the factors 

controlling distribution (Franklin, 2009). The model links species occurrence data and digital maps 

of the present day environmental variables that control the occurrence to produce predicted 

distribution of the species in present, historical or future environment (Franklin, 2009; Bahn & McGill, 

2013).  
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The environmental dimensions where species can survive and reproduce is called the species niche 

and it can be either fundamental (potential) niche without considering biotic interactions or realized 

niche in which biotic interaction are considered and where a species actually occurs (Hutchinson 

1957). SDM rely on the niche concept where abiotic factors that control species distribution are 

emphasized (Franklin, 2010) and disturbance events, succession and biotic factors such as 

competition and grazing are excluded (Austin, 2002). Factors controlling species distribution can be 

divided into direct and indirect factors, where indirect factors (altitude, longitude) have no 

physiological effect on the response variable but correlate with the distribution because they correlate 

with location-dependent variables (temperature, rainfall). Indirect factors are usually easier to 

measure than direct factors. One should prefer direct factors as model predictors, but if only indirect 

factors are available the model should not be extrapolated outside the range of conditions used when 

creating the model (Franklin, 2009). The distribution of species along environmental gradients can 

be presented as response curves (Austin, 2002).  

A species might be present in unsuitable habitat or be absent from suitable habitat, so it could be too 

simplifying to assume that suitable habitat means habitat occupancy (Franklin, 2009). Model that 

uses actual species occurrence and extrapolates the conditions associated with species occurrence 

represents a potential distribution when mapped in geographical space, meaning how likely the 

species is present in each location on the map (Araujo & Guisan, 2006; Soberon, 2007).  

 

4.1 Model validation 

All models are simplification of reality, so they all have prediction errors (Franklin, 2009). Evaluation 

of SDM is commonly done by dividing the data into calibration data with which the model is trained 

and validation data that is used to validate the predictions (Smith, 1994; Miller & Franklin 2002). 

Using the same data in both situations, results overestimations in predictive performance for new 

observations (Edwards et al. 2006). In k-fold cross-validation, data is partioned k times, where k – 1 

of the observations are used to train the model and the remaining to evaluate the model (Dormann et 

al. 2008). This is repeated k times, resulting k estimates of accuracy that can be averaged. Differences 

between observed and predicted values are evaluated using different measures. Some measures that 

are used for categorial data (species presence/absence) are percent correct classification (PCC), 

sensitivity and specificity, Cohen’s (1960) kappa and “area under the curve” (AUC) of the receiver-

operating characteristic (ROC) plot. PCC can be misleading with low prevalence in which case 

utilizing two measures of classification accuracy, sensitivity and specificity, is more useful (Freeman 
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& Moisen, 2008). Sensitivity is the proportion of correctly predicted presences and specificity 

correctly predicted absences. They reflect model’s ability to predict presence where the species exist 

or absence where the species does not exist. Cohen’s kappa measures the proportion of all possible 

cases of presence or absence predicted correctly when chance is accounted for and the value can range 

between -1 and 1, 0 being random (Manel et al., 2001). AUC measures the ability of model to 

discriminate between sites where species is present and where it is absent and has widely been used 

in SDM literature (Hanley & McNeil 1982). AUC ranges between 0 and 1 and in species distribution 

modeling an AUC ≥ 0.7 is usually accepted as a fair model (Araújo et al., 2005).  

 

5. MATERIALS AND METHODS 

5.1 Study area 

 

Fig. 4. The study area is located in the Northern Baltic Sea at the west coast of Finland (a). The figure (b) displays the modelling 

extent and the sampling sites where Fucus spp. has been recorded either present or absent.  
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The study area consists of Finnish coastal areas ranging from the Northern Archipelago Sea to the 

Kvarken (Fig. 4b), where Fucus spp. is the most abundant (Rinne & Salovius-Laurén, 2020) and 

hypothesized to thrive also in the future (Virtanen, 2020). The distance between northern and southern 

border of the area is 395,5 km but the shoreline is much longer since it is highly complex with 

numerous islands and islets. In 2010–2019 growing season average salinity at the surface layer (0–

12 m) of coastal areas where Fucus spp. has been observed to be present was 3 PSU. There is a strong 

salinity gradient with increasing salinity from mainland to open sea and from north to south of the 

study area varying between 1 to 6 PSU (Fig. 5). The most saline areas can be found in the open sea 

and in some exposed areas in the Archipelago Sea (almost 6 PSU).  

 

Fig. 5. Average growing season (May–September) salinity, temperature and Kd(PAR) of years 2010–2019 at 0–12 m depth. Salinity is 

low at the coastal areas and in the Bothnian Bay. Coastal temperatures are low and the water is warmest at the Archipelago Sea. Coastal 

water is more turbid than the water in the open sea. The most exposed coasts are at the Bothnian Sea and the most sheltered areas are 

found in the Archipelago Sea. Solid rock bottoms are rare in the northern parts of the study area but they can be found in the Archipelago 

Sea. Rocky bottoms are most common in the north Bothnian Sea and the Kvarken but they can also be found in the southern parts of 

the study area.  
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Highest growing season surface water temperature averages were at that time in the Archipelago Sea 

(almost 20 °C) and they were lower (about 10 °C) at coastal areas than in the open sea (about 14 °C). 

Growing season average water temperature varies in most of the areas where Fucus spp. is present 

between 7–10 °C. Gradient in light attenuation can also be found from mainland to open sea so that 

water is more turbid near coastal areas. In most of the areas where Fucus spp. is present Kd(PAR) is 

about 0.5 m-1. There is a gradient in the values from mainland toward open sea varying from 0.5 m-1 

in the coastal areas to 0.2 m-1 in the open sea. Coasts of the Bothnian Sea are highly exposed to wave 

action, but southern parts of the study area are more sheltered due to dense archipelago. Rocky shores 

are abundant almost every part of the study area except in the Archipelago Sea where solid rock is 

more common. In northern parts of the study area solid rock is an unusual seafloor type.  

 

5.2 Species data  

The species data have been collected since 2004 in the Finnish Inventory Programme for the 

Underwater Marine Environment (VELMU) run by the Ministry of the Environment and coordinated 

by the Finnish Environment Institute (SYKE) and to date there is more than 160 000 standardized 

sampling sites along the Finnish coast. The species data used in this work has been collected 

according to VELMU methodology guide (Methodology guide, 2019). The data have mainly been 

collected by diving and drop-videoing during 2010–2019.  The SCUBA-diving transects are placed 

using stratified random sampling design so that points cover different environmental gradients. The 

diver identifies the species and estimates the coverage of them in 4m2 sampling squares at 10 m 

horizontal or 1 m vertical intervals along 100 m dive transect placed perpendicular to the shoreline. 

The drop-video surveys are placed using stratified random sampling and grid sampling with 100 m 

intervals. In drop-video surveys the recorder films the seafloor and the coverage of the species in 

about 20 m2 area is analyzed from one-minute long videos. The mean density of the observation sites 

above 30 m depth in the Finnish coast was about 3,5/km2  in 2018 (Virtanen et al., 2018) but since 

then more observations have been collected. The data used in this thesis contains 32 426 presence 

and absence observations of Fucus spp. and their coordinates.  

 

5.3 Environmental data  

In the modelling, six environmental layers were used of which direct explaining variables were 

seafloor type, water temperature, salinity and light attenuation and indirect variable depth attenuated 
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wave exposure that is linked to sedimentation, light conditions and wave action. Information of water 

depth was included in the depth attenuated wave exposure. Data of ice-scouring on the coasts were 

not available so it had to be left out of the model. In addition, nutrients were decided to be excluded  

from this study since their effect on Fucus spp. is complicated as they have direct positive effect on 

the growth of the algae but undirect negative effect through boosting the growth of microalgae and 

filamentous algae with increasing water turbidity and competition. Also, interactions with other 

species were decided to be left out.  

The data of seafloor and depth-attenuated wave exposure were obtained from SYKE and their spatial 

resolution was 20 m. Seafloor data consisted of rocky bottoms, areas with stones and boulders, and 

rock bottoms, areas with solid rock. The seafloor data represents probabilities of that particular 

seafloor type to occur and depth-attenuated wave exposure is described with a log transformed index.  

Data of temperature, salinity and light attenuation were obtained from NEMO-SCOBI model 

(Hordoir et al., 2019; Gröger et al. 2015) that consists of two ocean models: NEMO (Nucleus for 

European Modelling of the Ocean) -Nordic that describes the physical properties of the North Sea 

and the Baltic Sea and Swedish Coastal and Ocean Biogeochemical model (SCOBI), that includes 

biogeochemical processes of the sea i.e. the dynamics of nutrients, phytoplankton and light in the 

Baltic sea (Almroth-rosell et al., 2015). In NEMO-SCOBI the variables are modelled in four different 

atmospheric scenarios (A, B, C and D), in two climate scenarios (RCP4.5 and RCP8.5) and in two 

eutrophication scenarios (BSAP and Worst case) (Saraiva et al., 2019). In BSAP it is assumed that 

the goals of commitment will be achieved through less resource intensive lifestyle and that nutrient 

load will decrease to the maximum allowable amount described in the plan until 2020 and stay 

constant until 2100 (Saraiva et al. 2018, Zandersen et al., 2018). In worst case scenario nutrient loads 

are assumed to increase. Here, only one atmospheric (A) but both climate and eutrophication 

scenarios were used resulting four different scenarios: 1. RCP4.5 & BSAP scenario, 2. RCP4.5 & 

worst case scenario, 3. RCP8.5 & BSAP scenario, 4. RCP8.5 & worst case scenario. NEMO-SCOBI 

model calibration has been done using data from years 1975–2005 and the predictions have been 

made until 2100. In this work model calibration was done using NEMO-SCOBI data (temperature, 

salinity and light attenuation) from years 2010–2019, because the species data was abundant in this 

time period. Predictions were made for years 2055–2060 because predictions made further in the 

future are more unreliable. NEMO-SCOBI data was originally 3-dimensional with spatial resolution 

of 1 nmi (1852 m). Here, only the surface layer (0–12 m) was used as Fucus spp. does not grow 

deeper in the Baltic Sea (Rinne & Salovius-Laurén, 2020). The original data has been downscaled by 
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SYKE into spatial resolution of 100 m. For the growing season (May–September) and for each 

variable a monthly average from daily values have been calculated. In this study total of 360 raster 

layers of monthly values for salinity, temperature and Kd(PAR) were used.  

 

5.4 Data pre-processing 

The environmental data was resampled to a 100 m resolution with a nearest neighbor method and the 

coordinate system of the rasters were changed into ETRS89/TM35FIN. The land areas presented as 

zeros were changed into no data values. The average values of the data between years 2010–2019 and 

2055–2060 were calculated for salinity, temperature and Kd(PAR) for each scenario.  

Observations that included no data values were removed resulting a dataset of 32 426 data points with 

25 209 absences and 7 217 presences and prevalence (number of presences / all observations) being 

0.223. The values from the variables in 2010–2019 data were extracted using the coordinates of 

species data (Fig. 5). Distributions of the values of all present and future environmental variables in 

the areas where Fucus spp. is present was calculated and their spatio-temporal change observed.  

 

5.5 Species distribution modelling  

Correlations between predictors were tested using corrgram package´s corrgram()-function in R 

(Friendly, 2002; Murdoch & Chow, 1996) and outliers using boxplots. Since high multicollinearity 

among some variables and outliers existed a regression-tree-based machine-learning generalized 

boosting method (GBM; Friedman et al., 2000) was selected for the model as it can handle variables 

that are correlated and data that include outliers.  

The data was randomly split into calibration and evaluation data according to Huberty (1994) so that 

the proportion of validation data was 1/(1+√p −1), where p is the number of predictor variables. As 

a result, 70 % of the data was used in the model calibration and 30 % in the evaluation of model’s 

predictive performance.  

Model fitting was done using gbm.step() function from dismo package in R. It calculates optimal 

number of trees using k-fold cross validation (Elith et al, 2008; Elith & Leathwick, 2017). In order to 

have the most accurate model with high predictive performance different arguments for tree 

complexity, learning rate and bag fraction were tested. Evaluation of numerous calibrated models 

were done by calculating the fraction of the total variability in the response that is accounted for by 
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the models with McFadden’s Pseudo-R2 (McFadden, 1974) and testing the predictive performance of 

the models on evaluation data using presence.absence.accuracy() function from PresenceAbsence 

package that produces five measures for accuracy: the percentage correct classification (PCC), 

sensitivity, specificity, Cohen’s (1960) kappa and area under receiver operating curves (AUC) (Manel 

et al., 2001). Instead of using default threshold of 0.5 it was chosen to be equal to observed prevalence 

since 0.5 is known to under predict with low prevalence (Cramer, 2003). Tree complexity of 4, 

learning rate of 0.05 and bag fraction of 0.8 were used, since they produced the best evaluation values.  

 

          

 

Fig. 6. SDM workflow. The values of environmental variables were extracted using Fucus spp. data. This data was randomly split into 

calibration (70 %) and evaluation (30 %) datasets. Models were calibrated using calibration data and their predictive performance were 

tested using evaluation data. Model parameters were changed to produce best possible model. These were used to predict the future 

suitable environment for Fucus spp. in each eutrophication and climate scenario.  

 



25 

 

Histograms of model residuals were computed to check that their variance is normally distributed. 

Spatial autocorrelation of residuals was checked using non-parametric spline.correlog() function from 

ncf package (Bjornstadt & Falck, 2001; Fletcher & Fortin, 2018) but due to computational limits only 

70 % randomly selected residuals were used in the analysis. Responses of different variables in the 

models were calibrated using plot function from gbm package. Predictions of Fucus spp. distribution 

were made with predict() function from gbm package for all four scenarios for present (2010–2019) 

and future (2055–2060) environments. The difference between present and future variables and 

occurrence predictions were used to analyze the amount of change in the environment and Fucus spp. 

distribution between the two time periods.  

 

6. RESULTS 

6.1 Current and future environment  

Table 1 Correlations between the environmental variables in all four models. Correlations  

were high (r > 0.7) between salinity, temperature and light.  

High correlations (r > 0.7) 

between predictors existed 

among salinity, temperature 

and light (Kd(PAR)). 

Usually variables that have 

multicollinearity issues are 

left out of the model, but 

here it was impossible, 

since they all were 

important variables defining 

the distribution and that are 

predicted to change as 

climate and eutrophication 

situation changes. If they 

would have been excluded the research questions could not have been answered. Consequently, 

instead of modifying the choice of variables it was decided to use a modelling method that can 

handle multicollinearity. The pseudo R2 of the best models were in all scenarios around 0.56, PCC 

0.82, sensitivity 0.84, specificity 0.81, kappa 0.55 and AUC 0.90 (table 2).  
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A relative influence of different variables were similar in all the models of each scenarios. Depth 

attenuated wave exposure was the most important variable explaining Fucus spp. occurrence in all 

models (average of all models: 37.2 %) being more than twice as important as all the other predictors 

(Fig. 7). The reason for that might be the fact that the information of depth is included in the variable. 

The importance of all other variables varied between 12.0 % and 13.6 %.  

 

Table 2 Multiple models were calibrated, and their accuracy and predictive performance tested. The model that produced the best 

evaluation values was selected to be used in predictions. The values are presented in the table.  

 

Fucus spp. responses to all variables were quite similar between different scenarios (Fig. 8). The 

species are most probably found on exposed rocky shores and most favorable temperatures for them 

are between 7–10 °C, salinities over 2 PSU and Kd(PAR) values under 0.35 m-1.  

 

Fig. 7. Relative influence of different variables presented as average values of all four models. Depth attenuated wave exposure was 

the most important variable in all models. All the other variables were almost equally important.  
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In the areas where Fucus spp. occur rocky bottoms are more commonly found than rock bottoms 

(Fig. 9). Most of the areas occupied by Fucus spp. are highly exposed to wave action whereas in 

sheltered areas Fucus spp. is absent (Fig. 9).  

 

 

Fig. 8. Responses of different variables in the models were calibrated using plot function from gbm package. Fucus spp. is most 

probably found on exposed rocky shores with low temperature, high salinity and clear water.  

 

 

Fig. 9. In the areas where Fucus spp. occur rocky bottoms are more abundant than rock bottoms. Fucus spp. favors exposed areas  

over sheltered areas.  
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In the future salinity will drop in the both climate scenarios (Fig. 10) in the areas where Fucus spp. 

occurs, and it will drop more in the RCP8.5 (on average -0.348 PSU) than in the RCP4.5 scenario (on 

average -0.140 PSU). In the both RCP4.5 and RCP8.5 scenarios salinity decreases more in the open 

sea than near the coast (Fig. 11).  

The average water temperature will rise in the both climate scenarios on the areas where Fucus spp. 

is present (Fig. 10) and it rises more in the RCP4.5 (0.094 °C) than in the RCP8.5 scenario (0.040 °C). 

In the RCP4.5 scenario temperature decreases in the Archipelago Sea, in the West Coast of Åland 

and in the small islands of Östra Norrskär and Norrskär in the Kvarken but otherwise they will rise 

(Fig. 11). Temperatures rise the most in the Bothnian Bay, near the northern limit of study area, and 

in the open sea and moderate rise on temperatures occur in the coastal areas.  

 

Fig. 10. Histograms represent distributions of the values of different variables (salinity, temperature and light attenuation) in present 

environment (a), future environment (b) and the difference between previous values showing how the environment will change (c). In 

the study area most of the Fucus spp. observations are located in the areas where growing season average salinity (of years 2010–2019) 

varies between 2.5–3.5 PSU, temperature between 7–12 °C and light attenuation between 0.4–0.5 m-1 (a). Salinity will be lower in the 

future in both climate scenarios, but it decreases more in RCP8.5 (b and c). Change in temperature is not as clear as in salinity (c) but 

the values will be slightly lower in the future in RCP8.5 than in RCP4.5. Turbidity will decrease in all but RCP4.5 & worst case scenario 

where the change is negligible. The greatest decreases in turbidity are in the BSAP scenarios.  
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In the RCP8.5 scenario temperature decrease in large area from the Northern Archipelago Sea to the 

southern parts of the Kvarken. Temperature drops also in west and north coasts of Åland. In coastal 

areas of the Kvarken temperature rise less than in the open sea. In the Archipelago Sea temperature 

changes quite differently depending on the climate scenario. In the RCP4.5 scenario temperature 

decreases but in the RCP8.5 scenario it rises.  

Water turbidity was higher in the worst case scenarios than in BSAP scenarios in 2055–2060 in the 

areas where Fucus spp. is present (Fig. 10). In BSAP scenarios water clarity increased more than in 

worst case scenarios. The largest increase in water clarity were in the both BSAP scenarios (RCP4.5: 

Kd(PAR) -0.033 m-1 and RCP8.5: Kd(PAR) -0.034 m-1). In the RCP4.5 & worst case scenario water 

clarity decreased (Kd(PAR)  0.006 m-1) and in the RCP8.5 & worst case scenario increased but not as 

much as in the BSAP scenarios (Kd(PAR) -0.012 m-1). In the RCP4.5 & BSAP scenario coastal 

turbidity decreases almost everywhere except in the West and North Coast of Åland (Fig. 11).  

 

Fig. 11. Change in salinity, temperature and turbidity (Kd(PAR)) in different scenarios between 2010–2019 and 2055–2060. Salinity 

will decrease more in the RCP8.5 than in the RCP4.5 scenario and greatest change is at the open sea. Temperature will increase in the 

open sea and in the northern areas in both scenarios. Temperature will decrease in the RCP8.5 scenario in the southern parts of the 

West Coast of Finland and in the Northern Coasts of Åland. Water turbidity increases in the open sea in all scenarios and decreases in 

the coastal areas in all but RCP4.5 & worst case scenario. Coastal turbidity will decrease most in BSAP scenarios.  
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In the RCP4.5 and worst case scenario turbidity decreases in the Archipelago Sea and in the Kvarken 

but otherwise it increases everywhere in the coastal areas. In the RCP8.5 & BSAP scenario coastal 

turbidity decreases everywhere except in the West and North Coasts of Åland and in the most northern 

coasts of study area. In the RCP8.5 & worst case scenario the spatial patterns are similar than in the 

RCP8.5 & BSAP scenario but coastal turbidity decreases less. The minimum value of Kd(PAR) in 

2055–2060 was not smaller than the 2010–2019 minimum, meaning that there will not be any clearer 

areas in the future than there are now, not even in the BSAP scenarios.  

Temperature and turbidity will increase, and salinity decrease more in the open sea than near the coast 

so the difference in the coastal and the open sea dynamics is apparent. In the temperature differences 

between coastal areas and open sea areas will increase, but in salinity and turbidity differences 

between these areas will decrease.  

 

6.2 Predictions of Fucus spp. distribution  

 

Fig. 12. Fucus spp. occurrence prediction in present environment according to the RCP4.5 & BSAP scenario. The species are the 

most abundant at the coastal areas south of the Kvarken (1), at the most southern parts of the West Coast of Finland (2) and in the 

Northern Archipelago Sea (3).  
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All models produced similar 

predictions to present 

environment. The predicted 

occurrence of Fucus spp. in 

2010–2019 shows that the 

species are absent in Bothnian 

Bay north from Vaasa (Fig. 13). 

The occurrence probability is 

also quite low in the Archipelago 

Sea. Highest occurrence rates of 

Fucus spp. are in the northern 

parts of their distribution area in 

the Southern Kvarken around 40 

km off the coast of Vaasa and 

from there 120 km southward 

along the coast (number one on 

the map). Another area with high 

occurrence rates is at the West 

Coast north of the Archipelago 

Sea (number two on the map) and 

at the Northwest Coast of Åland 

(number three on the map). The  

Fig. 13. Comparison between sampled Fucus spp. occurrence (red circles) and  

modelled occurrence (yellow–blue–black). Model predict suitable habitat in the same  

areas where Fucus spp. has been observed to occur.  

 

model predicted occurrence in the same areas where the species have been observed to be present 

(Fig. 13).  

 

The predictions to the future show that the distribution area of  Fucus spp. would spread to the open 

sea (Fig. 14) but due to lack of suitable sites to attach it cannot spread there. Therefore the analysis 

focuses only on the coastal areas. The distribution area of Fucus spp. will diminish in all scenarios 

(Fig. 15). In the Archipelago Sea there is not much change to present occurrence probability exept in 

the most northern areas where the probability is expected to decrease in all scenarios (Fig. 16). In the 
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prediction maps it seems that the distribution area moves to more exposed areas toward open sea in 

the Northern Archipelago Sea in all scenarios.  

 

Fig. 14. Prediction of Fucus spp. occurrence in 2055–2060 on the left side and the amount of change in the predictions between 2010–

2019 and 2055–2060 on the right side. Although models predict occurrence in the open sea it does not spread there, since suitable 

substrate is not available there.  
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Fig. 15. The values of present (a) and future (b) occurrence probability and change between those (c) were extracted from the locations 

where Fucus spp. has occurred. In areas with no change (0) original values will be the same in the future as they were in present. In 

the areas where the magnitude of change is +1 the original occurrence probability value was 0, from where it changed into value 1 in 

the future occurrence prediction. The value of -1 means change from 1 to 0. The occurrence probabilities decreased in all scenarios.  

 

Similar pattern appers to be in the Northern Coast of Åland where the species distribution moves 

outwards from the coast in all scenarios. But when the change in the occurrence probability in the 

areas where Fucus spp. is absent was studied it was found out that the probability did not increase 

there either (Fig. 15). So it would appear that Fucus spp. do not colonize new areas in the future but 

disappear despite the sceanrio.  

The occurrence probability decreases mainly in the coastal areas of the mainland in the Bothnian Sea 

in all scenarios, but there is one area in the middle of the coast where the probability increases in all 

but the RCP8.5 & BSAP scenario. In the Kvarken the occurrence rates will diminish in all but the 

RCP4.5 & worst case scenario. The occurrence probability will decrease in all scenarios in most of 

the coastal areas and there are only a few areas where occurrence probability will increase (Fig. 16).  

The most optimistic prediction where the probability of occurrence will decline the least (average 

change -11.2 percentage points) in the future is the RCP4.5 & worst case scenario, whereas in the 

RCP8.5 & BSAP scenario occurrence probability declines the most (average change -30.3 percentage 

points). In the RCP4.5 & BSAP scenario change in predicted occurrence is -28.0 percentage points 

and in the RCP8.5 & worst case scenario it is -25.0 percentage points.  

RCP4.5 

RCP8.5 
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Fig. 16. The values of present (a) and future (b) occurrence probability and change between those (c) were extracted from the locations 

where Fucus spp. has observed to be absent. In areas with change value of 0 no change will happen in the future to the original values. 

If change value is +1, areas that originally had probability value of 0 will get value 1 in the future and if change is -1 areas with 

probability value 0 will be -1 in the future. There is little change in the predictions in the areas where Fucus spp. is absent. When 

compared to the prediction changes in the presence areas it can be concluded that according to the predictions the reason why the 

occurrence probability of Fucus spp. diminish is not because they occupy new areas but because they disappear.   

 

7. DISCUSSION  

The association between Fucus spp. current distribution and environmental variables was explored 

using the gbm method. The occurrence probability of the species was modelled in 2010–2019 and 

2055–2060 in four different climate and eutrophication scenarios. A good predictive performance of 

the models was achieved (Table 2). The species response to the environmental variables was as 

expected so that Fucus spp. favor exposed rocky shores (Rinne et al., 2011), high salinity (Bergström 

& Bergström, 1999), moderate temperatures (10–20 °C) (Fortes & Lüning 1980) and clear water 

(Rinne et al., 2011) (Fig. 8). Turbidity was hypothesized to be important variable but not as important 

as salinity in shaping the Fucus spp. distribution and that turned out to be true, although the difference 

was not very large. Models predicted high occurrence rates in the Northern Archipelago Sea, in North 

Åland, in the South Kvarken and at the West Coast of Finland north from the Archipelago Sea in 

present environment (Fig.12). The species were absent at the Bothnian Bay and the occurrence was 

quite low in the Archipelago Sea which Rinne and Salovius-Laurén also showed in their study (Rinne 

& Salovius-Laurén, 2020). In the future predictions the average occurrence probability declined in 

all scenarios 11–30 percentage points.  

 

RCP4.5 

RCP8.5 
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7.1 The effects of climate change to Fucus spp. distribution 

The loss in Fucus spp. populations is thought to be connected to the decreased salinity in both climate 

scenarios in the whole study area. Fucus spp. had a clear increasing response to salinity the decrease 

of which is predicted to reduce the distribution area of Fucus spp. and move the northern edge of the 

distribution to south (Vuorinen et al., 2015; Jonsson et al., 2018). Salinity decreased more in the 

RCP8.5 scenario than in the RCP4.5 scenario as hypothesized since precipitation is predicted to 

increase more in the first mentioned scenario (Ruosteenoja et al. 2016). The shrinkage in the average 

occurrence probability in the both RCP8.5 scenarios was also greater than it was in the RCP4.5 

scenarios as was hypothesized. Due to decreasing salinity Fucus spp. may disappear from the North 

Baltic Sea, especially from the Bothnian Sea and the Gulf of Finland (Jonsson et al. 2018).  

Mean growing season surface seawater temperature increased in both climate scenarios. Moderately 

rising mean temperatures may have some positive effects on Fucus spp. populations by lengthening 

growing season (Kraufvelin et al., 2012) and reducing ice-scraping as Fucus spp. may then grow 

closer to the surface (Kiirikki, 1996). Mean temperature was expected to increase more in the RCP8.5 

than in the RCP4.5 scenarios (Ruosteenoja et al. 2016, Saraiva et al. 2018) but surprisingly it was 

found to act the opposite way. In addition, water temperature decreased in the coastal areas of the 

Southern Bothnian Sea in the RCP8.5 scenarios. Decrease in surface temperatures in the area can be 

explained by increase in the frequency of coastal upwelling in the future. In an upwelling event cold, 

nutrient rich and more saline water is transferred from deep areas to surface water (Lehmann & 

Myrberg; 2008, Suursaar; 2020). Although cool and saline water is beneficial for Fucus spp., increase 

in nutrient concentrations may advance coastal eutrophication.  

Mean occurrence probability of Fucus spp. decreased more in the RCP8.5 scenarios than in the 

RCP4.5 scenarios as hypothesized. As Fucus spp. had clear response to salinity and not so clear 

response to temperature it can be concluded that it is salinity that shapes the distribution more than 

growing season mean temperatures (Jonsson et al., 2018).  

 

7.2 The effects of eutrophication to Fucus spp. distribution  

Coastal average turbidity was hypothesized to increase in the both worst case scenarios and decrease 

in the BSAP scenarios but unexpectedly it decreased in all but in the RCP4.5 & worst case scenario. 

However, turbidity decreased more in the BSAP scenarios than in the worst case scenarios as 

expected. Unexcepted was that the minimum value of Kd(PAR) did not decrease in any scenario in 
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the future meaning that there would not be any clearer areas in the future that there are now, not even 

in the BSAP scenarios where nutrient flow to the sea would be reduced. It was surprising that in the 

RCP8.5 & worst case scenario water became clearer even though no actions to reduce eutrophication 

would be made and where precipitation increased whereas in the RCP4.5 & worst case scenario 

turbidity increased although precipitation did not increase as much as in the RCP8.5 scenarios. The 

reason why the RCP8.5 & worst case scenario would be more favorable than the RCP4.5 & worst 

case scenario considering water clarity is that cyanobacteria favor warm water (Neumann et al., 2012; 

O’Neil et al., 2012). Higher turbidity in the RCP4.5 & worst case scenario may be explained by higher 

temperatures followed by mass occurrence of cyanobacteria which increases water turbidity. In the 

RCP8.5 scenarios water temperature did not increase as much as in the RCP4.5 scenarios preventing 

cyanobacteria blooms.  

Greater differences in turbidity were seen between eutrophication scenarios than between climate 

scenarios as hypothesized so that turbidity decreased more in the BSAP scenarios than in the worst 

case scenarios. Pihlainen et al. (2020) and Saraiva et al. (2018) got the same results in their studies. 

Turbidity increased slightly in the RCP4.5 & worst case scenario whereas it decreased in the RCP8.5 

& worst case scenario, which was the opposite what was hypothesized. In the RCP8.5 & BSAP and 

the RCP4.5 & BSAP scenarios turbidity decreased equally much. It was hypothesized that the 

distribution would increase in the both BSAP scenarios and decrease in the worst case scenarios, but 

it turned out to decrease in all scenarios.  

 

7.3 Conservation aspects  

The distribution of Fucus spp. declined in all scenarios so more effective conservation plans than 

present ones are needed. The most abundant and deep growing populations are found in the Bothnian 

Sea, the Kvarken and in Northern Åland where it can utilize its whole distribution potential whereas 

in the Archipelago Sea and in the Gulf of Finland the status of Fucus spp. is poor since eutrophication 

ristricts its distribution (Lappalainen et al. 2019; Rinne & Salovius-Laurén, 2020). Lappalainen et al. 

(2019) argued that most abundant Fucus spp. populations in the future will also be at the Bothnian 

Sea and the Kvarken if salinity conditions will not decline. But this study showed that salinity 

decreased in the whole study area in the both climate scenarios and decreasing salinity is thought to 

affect to the distribution especially in the Gulf of Finland and the Bothnian Sea (Lappalainen et al., 

2019). So the pace of climate change needs to be slowed down even more than what the RCP4.5 

scenario suggest in order to preserve Fucus spp. populations in these areas (Lappalainen et al., 2019). 
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Unfortunately climate change is a global problem that cannot be solved locally only among the Baltic 

Sea countries but to the nutrient sources they can make a change by common agreements. Since 

eutrophicated areas are more vulnerable for climate change (Saraiva et al., 2018) the work in reducing 

nutrient flow to the Baltic Sea is important in the changing climate. This study showed that if the 

BSAP goals were met water clarity increased which has positive effect on Fucus spp. distribution as 

it can grow deeper. Achieving the BSAP goals is needed because then water quality will improve 

considerably by the end of the century if there are no large changes in climate (Meier et al. 2012; 

Saraiva et al. 2018). If BSAP goals are not met, water turbidity increases and according to this study 

Fucus spp. distribution declines 11–25 percentage points. Largest changes in distribution will be seen 

in the areas where the species can utilize its whole distribution potential (Lappalainen et al., 2019). 

These are the Bothnian Sea and the Kvarken that now occupy the most abundant populations in the 

Finnish coast and conservation should concentrate in these areas where there still are viable 

populations (Lappalainen et al., 2019). The differences in water clarity were larger between the 

eutrophication scenarios than climate change scenarios which also Saraiva et al. (2018) got as a result 

in their study. This emphasizes the importance of actions in the drainage area more than climate 

actions to the Baltic Sea turbidity. Considering water clarity, largest changes are needed in the Gulf 

of Finland and the Southwestern Archipelago Sea as they suffer from eutrophication the most but also 

in the outer parts of the Bothnian Sea and the Kvarken changes in water clarity are needed in order to 

achieve Good Ecological Status of surface waters that the EU Water Framework Directive demands 

from its member countries (Lappalainen et al. 2019).  

 

7.4 Uncertainty issues 

All models have errors since they are simplifications of reality but still a good predictive performance 

of the SDMs was achieved (sensitivity: 0.82–0.85 and specificity 0.81). Uncertainty in spatial data 

arises from using modelled predictor variables where unknown areas between measured areas have 

been predicted and from unidentified environmental variables affecting to Fucus spp. occurrence, 

such as species interactions, nutrients and depth. The models predicted occurrene in the open sea in 

the future probably because salinity and water clarity were higher there than in the coastal areas and 

in that respect it would seem to be more favorable environment for Fucus spp. But due to lack of 

suitable sites to attachment it cannot spread there. Water depth was decided to be excluded from the 

models since depth attenuated wave exposure included the information of water depth, but in 

retrospect, including water depth in the models may have resulted predictions that do not predict 
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occurrences in the open sea. Here, the issue was solved by interpreting only the coastal areas where 

it is possible for Fucus spp. to grow and occurrences in the opes sea were ignored. It would be 

interesting to use environmental layers that cover only the coastal areas where Fucus spp. occur (e. 

g. areas 0–12 m deep) or include depth in the models in order to see if those predictions differ from 

the predictions here.  

There is also uncertainty in the areas that are less than two kilometers apart since the spatial resolution 

of salinity, temperature and light data was originally almost two kilometers from which they were 

downscaled into 100 m resolution in order to align them with the seafloor data. Variations between 

areas that are less than two kilometers distance from each other should therefore be viewed with 

caution. The models were based on species data sampled with standardized methods from tens of 

thousands of sites, so they are statistically good models but uncertainty in sampling arises from 

sampling biases where random observations and grid-based sampling emphasize certain areas more 

than other.  

Temporal uncertainty may arise from the fact that the changes in the environment may be faster and 

of greater magnitude than expected in the scenarios or the species observation may be outdated. Also, 

the suitability of the environment may have changed after the species have been observed. Takolander 

(2018) showed that short lasting (8 days) high temperatures (> 26 °C) were harmful for Fucus spp. 

especially when combined with low salinity (4 PSU). In the data of growing season averages extreme 

events are ignored so the effects of heatwaves, the frequency and duration of which are predicted to 

increase, to the distribution of Fucus spp. cannot be seen in the results. This can affect to the results 

so that the distribution may be smaller in the future especially in the RCP8.5 scenarios where salinity 

decreased the most. Here, a cooling trend of the growing season average water temperature was seen 

in the Finnish coastal waters of the Bothnian Sea in the RCP8.5 scenario and this was thought to be 

due to increasing upwelling events. It would be important to delve deeper into the effects of heatwaves 

and upwelling events on the Fucus spp. distribution in the future.  

There might also be a problem with environmental novelty in the models. The most optimistic 

scenario where Fucus spp. occurrence probability declined the least (-11 percentage points) was the 

RCP4.5 & worst case scenario and the decline in the occurrence in all the other scenarios was more 

than double larger. The reason why this scenario predicted smaller decrease in occurrence than the 

both RCP8.5 scenarios can be linked to smaller changes in salinity but it does not explain why it was 

better than the RCP4.5 & BSAP scenario which differ from the RCP4.5 & worst case scenario only 

on turbidity. Turbidity decreased in all but in the RCP4.5 & worst case scenario that was the only 
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scenario where turbidity increased. Species had otherwise negative response to turbidity, but the 

response was quite low in the most lowest turbidity values, indicating that the clearest areas in the 

study area are unfavorable for Fucus spp. and it favors moderately clear waters. This kind of 

behaviour of Fucus spp. cannot be found on literature. The above described issue can be explained 

by the rareness of the species observations in the areas where the water of the Baltic Sea is clear. 

Most of the areas in the Baltic Sea are turbid and therefore most of the species observations are in 

turbid water. Since the species observations do not cover the whole environmental gradient the model 

cannot be taught properly that clear water is beneficial for Fucus spp. The prediction results in the 

areas where water will be clearer in the future are not reliable and presumably more positive than 

these results show. In the BSAP scenarios water clarity increased the most in the areas where Fucus 

spp. is present and those scenarios are assumed to be more optimistic than what the predictions show 

here. The RCP4.5 & worst case scenario, where light conditions did not change much and the average 

occurrence probability decreased -11.2 percentage points may resemble the real situation of the future 

occurrence probability the most if water clarity do not change. So it is assumed that in the BSAP 

scenarios the occurrence probability would be higher since water clarity increased in those scenarios 

the most (Meier et al., 2018; Saraiva et al., 2019; Wåhlström et al., 2020). To solve this problem one 

could have added extra observations to the data and give them low turbidity values as Lappalainen et 

al. (2019) did to be able to teach the model what is the species response to clear water.  

The use of statistical models require independent errors. Here, SAC of only 70 % randomly selected 

residuals were tested due to computational limits and it turned out they did not contain SAC. But it 

remains unclear what would have been the result if all residuals had been included in the test.  

For further study it would be interesting to make predictions of the key filamentous algae species and 

F. radicans that compete of living space with Fucus spp. (e. g. Cladophora glomerata) and compare 

the changes in their distribution to changes in Fucus spp. distribution in order to examine whether 

those areas where Fucus spp. disappears would be replaced with the other species. To get more 

reliable predictions an ensemble model that combines multiple modelling methods could be used 

since projections by different models can vary considerably (Araujo & New, 2006).  

 

11. CONCLUSIONS 

This thesis provided insights how the suitable environment for Fucus spp. will change in the future 

in different climate and eutrophication scenarios. The occurrence probability decreased 11–30 
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percentage points depending on the scenario (Fig. 17). Since salinity decreased in every scenario and 

Fucus spp. had very clear increasing response to it, the overall decrease in occurrence probability 

may be due to decrease in salinity. As the species live on the edge of their salinity tolerance in the  

 

Fig. 17. The occurrence probability decreased in all scenarios. Highest the decrease was in BSAP scenarios that can be explained 

by rarity of species observations in areas where water is very clear. Turbidity decreased the most in BSAP scenarios, salinity in 

RCP8.5 scenarios and surprisingly temperature increased more in RCP4.5 scenarios than in RCP8.5 scenarios, which is thought to 

be result from increasing upwelling events.  

 

most northern parts of their distribution area the predicted decline in salinity may lead to the 

disappearance of Fucus spp. populations in these areas, which the models also predicted. As salinity 

decreased more in the RCP8.5 than in the RCP4.5 scenario it is important to follow the climate goals 

in order to preserve the most viable Fucus spp. populations of the Finnish coast.  

Surprisingly temperature decreased in the West Coast of Finland in the RCP8.5 scenario which is 

thought to be due to increasing frequency of upwelling events that may have positive effects on Fucus 

spp. by cooling the coastal waters but also may have negative effect by intensifying eutrophication.  

Water was clearer in the future in the BSAP scenarios than in the worst case scenarios. But as it was 

impossible to teach the models properly what is the response to clear water without adding extra 

“clear water” points in the data the BSAP scenarios produced too pessimistic predictions of 

distribution. The actions in the catchment area affect more to water turbidity than changes in climate 

meaning that achieving the goals of nutrient reduction plans such as BSAP is important.  
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