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Abstract

The Archipelago Sea in the northern Baltic Sea suffers from multistressor perturbations, including ones related
to local nutrient loading as well as consequences from global climate change. In this study, we use the bow-tie
risk analysis framework to examine and illustrate how these drivers, eutrophication and climate change,
contribute to biodiversity loss and associated implications of this in the Archipelago Sea. The bow-tie approach
indicates both causes and ecological, economic, and social consequences of a problem as well as measures to
prevent and mitigate the identified causes and consequences. For the Archipelago Sea, the bow-tie approach
illustrated highly interlinked impacts of agriculture and aquaculture-driven eutrophication and climate change
in degrading marine communities in the Northern Baltic Sea. Similarly, the consequences of this biodiversity
loss were complex and highly interlinked. Many of the marine communities in the study area are highly
connected, and as this may propagate the degradation of biodiversity and ecosystem services, future
assessments should aim to include both trophic and non-trophic interactions in the bow-tie risk analysis. The
study also highlights the need to prevent and mitigate multiple drivers of biodiversity loss simultaneously in
order to reduce and stop the ongoing degradation of marine habitats and the ecosystem services they support.

Keywords: eutrophication, climate change, biodiversity loss, ecosystem services, Baltic Sea

Introduction

The Archipelago Sea is a brackish, non-tidal sea that forms a substantial part of the Finnish Baltic Sea
coast (Fig. 1). It forms a complex archipelago and ranges from the mainland and inner archipelago
with large, forested islands to the mid archipelago with smaller islands, and the outer archipelago
with small skerries to the open sea area. The depth ranges from shallow to deep (0-120 m), and the
seabed substrate varies from muddy to sandy, coarse and mixed sediments to rock (Fig. 1). This high
geodiversity (Kaskela & Kotilainen 2024) provides habitats for reed, seagrasses, macroalgae and
biogenic reefs, among others, supporting high biodiversity.
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Fig. 1. Map of the study area in the Archipelago Sea, Northern Baltic Sea (top panel), and the seabed
substrate types (lower panel). Substrate types are according to the EUNIS level 3 habitat model. The
square in the map in the top left corner indicates the placement of the study area in the Baltic Sea.

Due to long-term nutrient pollution, the Archipelago Sea suffers from severe eutrophication, which
threatens the environment in the area (HELCOM 2018, 2021). The majority of the nutrients in the
Archipelago Sea are transported to the sea from the surrounding land and originate from various
anthropogenic sources, such as agriculture (HELCOM 2018). Due to the riverine input of nutrients,
the severity of the eutrophication impacts decreases gradually towards the open sea (Salo &
Salovius-Laurén 2022). Long-term international governance efforts have succeeded in reducing
nutrient input in the Baltic Sea (HELCOM 2023). However, the extensive agricultural run-off to the
Archipelago Sea is one of the few remaining HELCOM pollution hot spots in the Baltic Sea (HELCOM
2013). In addition to the riverine input of nutrients, aquaculture contributes to the nutrient pollution
with direct releases of nutrients into the sea, with the resulting eutrophication impacts ranging from
local to large-scale (Gyllenhammar & Hakanson 2004).
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The Baltic Sea is one of the fastest-warming seas in the world (Reusch et al. 2018). In addition to
increased annual mean sea surface temperature since 1980s, also sea ice cover has drastically
decreased in the past decade. Climate change further increases precipitation in the area, resulting in
higher input of nutrients from the drainage area, increases stratification of the water, and impairs
oxygen conditions, among others (Meier et al. 2022). Hence, while warming per se can have drastic
impacts on ecosystems, modifying the structure and functioning of the communities, it
simultaneously worsens the eutrophication in the Baltic Sea (HELCOM 2018, Meier et al. 2022).

The Archipelago Sea is a well-studied area, and we here use the bow-tie approach (Elliott et al. 2019)
to exemplify the causality between some of the main causes and consequences of degradation of
marine communities. We use examples from the literature to illustrate these causal connections. We
also identify relevant prevention and mitigation measures to alleviate the loss of biodiversity and
related ecosystem services. This approach visualises how drivers of biodiversity loss affect ecosystem
services and can aid in identifying how the management of different drivers may benefit humans.

Methodology

In our study area, seven central events linked to degradation of marine communities were identified:
1) loss of Fucus-habitats, 2) loss of seagrass habitats, 3) homogenization of benthic fauna, 4) loss of
biogenic reefs (Mytilus), 5) loss of bird populations, 6) cyanobacteria blooms, and 7) increase in reed
(Fig. 2). The major activities and pressures causing the degradation and the identified key
consequences of the degradation are listed on the left and right side, respectively, of the central
event. The consequences are divided into ecological, economic, and societal consequences. The
causality between causes, central events and consequences is indicated with paths (arrows). In
addition, key prevention measures that could control the causes and the mitigation measures that
may alleviate the consequences are identified for different paths. Prevention measures range from
technological improvements to legislative measures to changes in human behaviour. The mitigation
measures include knowledge building, protection, restoration and other management aspects (Fig.
2). It should be noted that the bow-tie presented here is not intended to be exhaustive, and that
there are relevant central events, activities and pressures, as well as consequences that are not
included. Instead, we aim to include major activities and assess central events across multiple trophic
levels. To implement the bow-tie approach consistently with parallel efforts across European seas,
we apply the standardised vocabulary and classification of each element described by Elliot et al. (in
preparation).
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Fig. 2. Bow-tie diagram of the central biodiversity losses, and the causes (left, blue boxes) and
consequences (right, green boxes) of these. The consequences on nature, economy and society are
marked with different colours. Controls refer to the prevention measures, and mitigation to the
mitigation measures listed in the light green boxes below the bow-tie.

Results of bow-tie analysis

The major drivers of degradation of marine communities, eutrophication and climate change, are
well known and studied in the area (see introduction). Both drivers have broad impacts on
biodiversity, and all identified pressures have negative impacts on several marine communities (Fig.
2, HELCOM 2018, Meier et al. 2022). Similarly, degradation of marine communities contributes to
many different consequences, with different degradation events simultaneously contributing to the
same consequences. Many of the identified biodiversity degradation events simultaneously link to
both ecological, economic, and societal ecosystem services. This emphasises both the importance of
marine communities as supporting ecosystem services in the study area and the importance of
alleviating the impacts of the causes driving biodiversity loss.

Preventing degradation linked to agriculture and aquaculture (nutrient load and input of organic
matter) would benefit from broad measures including adoption of practices to reduce the impact of
agriculture and aquaculture (Control 2.2), national legislation (Control 4.2), other governance
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measures (Control 4.3), investments (Control 5.1) and changes in behaviour, education and
marketing (Control 6), (HELCOM 2021). Climate change-induced degradation of marine communities
requires international legislation to control climate change (Control 4.1.1) and funding, and
incentives or investments to control climate change (Control 5.1) (IPCC 2014, Reusch et al. 2018,
IPBES 2019). Specific mitigation measures were determined for some communities (see examples
below), but all consequences would require and benefit from knowledge building (Mitigation 3) and
governance measures (Mitigation 4.3) (HELCOM 2021).

Loss of Fucus-habitats. Bladderwrack (Fucus vesiculosus, henceforth Fucus) is a key habitat-forming
species in the area supporting diverse communities of invertebrates and fish (Kautsky et al. 1992,
Henseler et al. 2019). Fucus is an indicator species, and its distribution reflects the status of the sea
area. The drastic decrease in Fucus in the area since the 1980s has been linked to the eutrophication
development of Baltic waters (Rinne & Salovius-Laurén 2020). The increase in nutrients (P3.1 in Fig.
2) increase competition from fast growing ephemeral algae decreasing the area suitable for Fucus
(Bonsdorff et al. 1997, Rinne & Salovius-Laurén 2020). Nutrients also increase the growth of
phytoplankton, decreasing light penetration, and together with the eutrophication-induced increases
in particulate and dissolved organic matter (P3.2) concentrations, reduce light levels in water. This
results in a decrease in deeper-growing Fucus stands (Rinne & Salovius-Laurén 2020) and impairs the
settling of Fucus germlings on otherwise suitable substrate. Fucus is a cold-water, marine species.
Hence, increases in temperature (P4.1) and decreases in salinity due to increased precipitation and
river run-off (P4.2) likely impair its growth and threaten the Fucus habitats (Takolander et al. 2017).
As Fucus is such a central habitat in the area providing nurseries and food for many commercial fish
species (Wikstrom & Kautsky 2007, Rinne et al. 2022), decreases in it may have both ecological and
economic consequences: Decreases in Fucus result in decreases in provisioning fish (C1.2.1),
decreases in nutrient cycling (C1.3.3), changes in landscape and seascape (C1.4), as well as decreased
income (C2.2). Fucus is a well-known species that is important for many community members in the
region (Salo et al. 2024). Thus, decreases in Fucus have societal impacts as it simultaneously
decreases the aesthetic value (C3.1) and human health and benefits for it (C3.2). Mitigation measures
include restoration (Mitigation 1.2.1), spatial management and planning (Mitigation 1.3.2) and
protecting these habitats (Mitigation 1.3.7).

Loss of seagrass habitats. Seagrasses are foundation species that maintain biodiversity, primary
production, stabilise sediments, improve water quality and may act as carbon sinks (Orth et al. 2006,
Fourqurean et al. 2012). Similarly to Fucus, nutrient-induced (P3.1) increased competition from
ephemeral algae and phytoplankton degrade seagrass (Zostera marina) habitats (Krause-Jensen et al.
2008, Sand-Jensen & Borum 1991). The eutrophication-induced increases in particulate organic
matter (P3.2) reduce light levels in water and increase sedimentation in seagrass meadows, risking
anoxic conditions for seagrass. Increased temperatures (P4.1) are harmful for seagrass habitats as
they impair the oxygen conditions in the meadows and impair growth of seagrass (Pulido & Borum
2010). Given their contributions to the maintenance of high biodiversity, nutrient removal and
carbon storage, reductions in seagrass habitats may have vast ecological, economic, and societal
consequences. Decreases in seagrass habitats may result in decreases in provisioning fish (C1.2.1),
decrease in climate regulation (C1.3.1), increased costs (C2.1), and decrease in human health and
benefits for it (C3.2). Mitigation measures include restoration (Mitigation 1.2.1), spatial management
and planning (Mitigation 1.3.2) and protecting these habitats (Mitigation 1.3.7).
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Homogenisation of benthic fauna. Pollution and climate change modify marine communities through
loss of sensitive species and increases in non-native species, among others (Piola & Johnston 2008,
Michaud et al. 2022). This environmental filtering may result in more homogeneous communities in
an area or region. Indeed, in the current case study area, nutrient pollution (P3.1) and the resulting
increase in organic matter (P3.2) have modified marine communities as opportunistic species benefit
more from pollution compared to species with slower life cycles or growth (Salo et al. 2023, 2024). As
benthic fauna are important nodes in transporting energy to higher trophic levels, among others, the
resulting homogenization of benthic fauna risks decreases in fish catches, among others, (C1.2.1) and
hence decreased income (C2.2).

Loss of biogenic reefs (Mytilus). Blue mussel (henceforth Mytilus) is a key species in the Baltic Sea,
and Miytilus reefs support high biodiversity (Norling & Kautsky 2008). Mytilus is a marine species, and
it lives close to its salinity tolerance limit in the study area (HELCOM 2023). Mytilus growth decreases
with salinity (Maar et al. 2015). Hence, climate change with expected decreases in salinity (P4.2) and
increases in water temperature (P4.1) threaten this key species and the ecosystem services it
provides. Mytilus is a primary consumer, and it filters large amounts of water daily to feed on
phytoplankton, among others, simultaneously removing nutrients and pollutants from the water
(Dolmer 2000, Petersen et al. 2014). Filtration rate of Mytilus, however, decreases with reduced
salinity (Riisgard et al. 2014). Hence, in addition to decreased biodiversity, decreased salinity risks
also decrease in pollution control (C1.3.3), increased costs (C2.1) and a decrease in human health and
benefits for it (C3.2). Mytilus is an important prey species for many fishes and birds in the Baltic Sea
(Kautsky 1981) and population decreases may result in decreases in provisioning fish (C1.2.1). The
measures to prevent loss of Mytilus reefs require international legislation to control climate change
(Control 4.1.1) and funding, incentives or investments to control climate change (control 5.1).

Loss of bird populations. Climate change is affecting many bird species. Milder winters have led to
changes in wintering areas (Fox et al. 2019), migration times and the onset of breeding (Meier et al.
2022). For example, in mallard (Anas platyrhynchos), tufted duck (Aythya fuligula), and common
goldeneye (Bucephala clangula), among others, the proportion of resident vs migratory individuals
has increased drastically (Meller et al. 2016). In addition, climate change may impact the prey of bird
species differently, causing temporal or spatial mismatches between the birds and the environment
and/or prey (Saino et al. 2010). Changes in temperature (P4.1) are thus expected to affect many bird
populations negatively. This may in turn decrease game or tourism and lead to decreased income
(C2.2), decrease in aesthetic value or benefits (C3.1) and in other cultural benefits (C3.4). Mitigation
measures include protection of essential habitats (Pavén-Jordan et al. 2020), including temporal
closure or dynamic MPAs (Mitigation 1.3.7).

Cyanobacteria blooms. Cyanobacteria (e.g., Aphanizomenon flos-aquae and Nodularia spumigena)
are a natural part of the Baltic Sea ecosystem, but decades of eutrophication have resulted in
frequently occurring massive blooms of cyanobacteria and other harmful algae (HELCOM 2018). As
cyanobacteria can assimilate nitrogen themselves, phosphorus loading (P3.1) contributes to
cyanobacteria blooms (HELCOM 2018). These blooms drastically change the landscape/seascape
(C1.4). As cyanobacteria can be toxic, the blooms directly decrease human health and benefits for it
(C3.2) and decrease the economic value (C2.3) as they prevent the use of recreational areas.
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Cyanobacteria blooms also modify the energy fluxes in food webs and may indirectly impact other
marine communities and ecosystem services.

Increase in reed. Reed (Phragmites australis) is an important habitat in the Northern Baltic Sea for
many fishes, invertebrates and birds. However, the long-term eutrophication (P3.1, P3.2) has
resulted in drastic increases in reed growth in the study area (Altatouri et al. 2014), which has
resulted in a decrease in other important vegetated habitats (Pitkdnen et al. 2013). The increase in
reed drastically changes the landscape (C1.4), decreases the economic value (C2.3) of the shores, and
decreases other cultural benefits in the area (C3.4). Habitat restoration (Mitigation 1.2.1) to remove
reed is an important, but very laborious, mitigation measure to restore shores to more open, coastal
wetlands (Kose et al. 2021).

The Archipelago Sea consists of a highly mosaic distribution of different habitats, with different
habitats next to each other. Connectivity is often high in the marine environment, and many, if not
all, of the marine communities discussed in this study are interconnected. As an example, both
homogenization of benthic fauna, loss of biogenic reefs, and increase in reed may contribute to
losses of bird populations. Such reinforcing interactions are, however, not considered in the bow-tie
approach, and future assessments should aim to include diverse trophic and non-trophic links for
more holistic cause-impact assessments. We suggest that future steps of bow-tie risk assessment
development should include incorporating links among the central events and considering the impact
of these interactions and any reinforcing or stabilising impacts of the different central events.
Network approaches have been suggested to be included in the planning of marine environmental
conservation and management, among others, for a more holistic view on the anthropogenic impacts
on ecosystems (Eero et al. 2021).

Finally, warming is expected to increase the negative impacts of eutrophication (HELCOM 2018,
Meier et al. 2022). However, for simplicity, we here only indicate the direct impacts of different
causes on degradation of marine communities. Including these interactions and the strength of the
impact would benefit the management of the ecosystem. A confidence layer to indicate the certainty
of the linkages would further benefit the assessment for future use. To conclude, while the bow-tie
risk assessment conducted in this study summarises the central links between causes, biodiversity
loss and the causes of this, it is important to consider that the realised impacts of the causes on
communities and ecosystem services may be more drastic than estimated based on the examples
above.

Conclusions

We here summarise the main estimated causes and consequences of eutrophication and climate
change on the degradation of marine communities in the Archipelago Sea area. The study illustrates
the complexity of the impacts and the interlinkages of biodiversity loss in different communities. This
highlights the need for a holistic approach and consistent decision-making at regional, national and
international levels to prevent and mitigate the degradation of communities and ecosystem services.
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