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Abstract

Eutrophication endangers coastal ecosystems all over the world and is most often associated with an increase in
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to identify possible research gaps.

Results show that impacts of water quality improvements in the open sea propagate to a large share of the coastal waters,
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more pronounced for nitrogen than for phosphorus. Therefore, reducing coastal nitrogen, phosphorus and phytoplankton
concentrations requires both regional measures for open sea improvements and local land-catchment measures for reduction
of nutrient loads to the specific coast. Moreover, data analysis shows that trends in coastal Summer chlorophyll a (Chl-a)
are well correlated with those in open sea Summer Chl-a and in riverine nitrogen loads. Regarding hydroclimatic drivers,
warmer and wetter conditions are found to complicate remediation of coastal eutrophication in comparison to drier and
colder conditions. In addition, trends in coastal Summer Chl-a are well correlated with those in sea-ice conditions. These
results highlight the various land-based, coastal, open sea, and hydroclimatic drivers and conditions that mix, interact in and
influence the coastal waters. The various driver, management, and ecosystem components involved are overall included
in Baltic coastal eutrophication research. However, specific coastal management measures, and feedbacks between drivers
and impacts of coastal eutrophication are under-investigated, and the social and ecological components of the whole land-
coast-sea system are not well-connected in the research.

Furthermore, long-lived legacy sources on land, as well as at sea, have not been much accounted for in coastal
eutrophication research so far. This calls for further research on recovery time scales and specific remediation measures
that can be effective against such sources, like mussel farming and wetlands. Finally, coastal eutrophication management
needs to account for the influences on local coastal conditions from a melting pot of multi-scale drivers and biogeochemical
as well as ecological impacts and feedbacks.
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Abstract

Eutrophication endangers coastal ecosystems all over the world and is most often associated with
an increase in anthropogenic nutrient loads to coastal waters, which fuel the growth of algae
and create a variety of environmental problems. This is also the case for the Baltic Sea where
coastal waters may be affected by various land, coast-sea, and hydroclimatic drivers and feed-
backs, over different scales, including the eutrophic open sea. This thesis aims at improving our
understanding of how these drivers affect coastal eutrophication and its management opportuni-
ties across the various coupled scales of the Baltic land-coast-sea system. To achieve this aim,
the interactions between land-catchment, coastal, and open sea processes, and their influences on
coastal eutrophication have been investigated through water quality modelling with applications
to specific Baltic coastal waters. Hydroclimatic influences on the propagation of change-impacts
through the land-coast-sea continuum to coastal eutrophication have also been investigated via
the water quality modelling and additional analysis of actual water quality trends over the last
30 years along the Swedish coast. Moreover, coastal eutrophication research on the Baltic Sea
system has been investigated through scientific literature analysis with focus on how the reported
research has accounted for and linked components in the land-coast-sea system, and the aim to
identify possible research gaps.

Results show that impacts of water quality improvements in the open sea propagate to a large
share of the coastal waters, especially for phosphorus and phytoplankton, while impacts of re-
ducing nutrient loads from land are more localised and more pronounced for nitrogen than for
phosphorus. Therefore, reducing coastal nitrogen, phosphorus and phytoplankton concentrations
requires both regional measures for open sea improvements and local land-catchment measures
for reduction of nutrient loads to the specific coast. Moreover, data analysis shows that trends in
coastal Summer chlorophyll a (Chl-a) are well correlated with those in open sea Summer Chl-a
and in riverine nitrogen loads. Regarding hydroclimatic drivers, warmer and wetter conditions
are found to complicate remediation of coastal eutrophication in comparison to drier and colder
conditions. In addition, trends in coastal Summer Chl-a are well correlated with those in sea-ice
conditions. These results highlight the various land-based, coastal, open sea, and hydroclimatic
drivers and conditions that mix, interact in and influence the coastal waters. The various driver,
management, and ecosystem components involved are overall included in Baltic coastal eutrophi-
cation research. However, specific coastal management measures, and feedbacks between drivers
and impacts of coastal eutrophication are under-investigated, and the social and ecological com-
ponents of the whole land-coast-sea system are not well-connected in the research.

Furthermore, long-lived legacy sources on land, as well as at sea, have not been much ac-
counted for in coastal eutrophication research so far. This calls for further research on recovery
time scales and specific remediation measures that can be effective against such sources, like mus-
sel farming and wetlands. Finally, coastal eutrophication management needs to account for the
influences on local coastal conditions from a melting pot of multi-scale drivers and biogeochem-

ical as well as ecological impacts and feedbacks.



Sammanfattning

Overgodning hotar kustekosystem 6ver hela virlden och #r oftast forknippad med en &kning av
ndringsdmnen frdn ménskliga aktiviteter till kustvattnet, som ger upphov till tillvixt av alger och
en rad relaterade kustmiljoproblem, som syrebrist och fordndringar i ndringskedjan. Detta giller
dven for Ostersjon, ett halvslutet hav i norra Europa, dr olika drivkrafter och dterkopplingar pa
olika skalor, fran land, kust, hav och klimatet, kan paverka kustvattnet. Syftet med denna avhan-
dling &r att oka var forstdelse av hur de olika drivkrafterna paverkar kustomrddenas Gvergdd-
ning, samt hur drivkrafterna kan hanteras och reduceras for att forbéttra vattenkvalitet och ekol-
ogisk status i Ostersjons sammanhiingande land-kust-hav-system. For att uppnd detta undersoks
i avhandlingen samspelet mellan processer pé land, i sjdlva kusten och i det 6ppna havet, samt
deras kombinerade péaverkan pd kustomradenas dvergddning. Undersdkningen omfattar model-
lering av kustvattenkvalitet med tillimpning pa specifika kustomriden i Ostersjon. Den omfattar
ocks4 studier av hur klimat- och hydrologiska foérdandringar sprids och leder till relaterade fordn-
dringar i vattenkvalitet och overgddning genom det sammanhingande land-kust-hav-systemet.
Forandringsspridningen har undersdkts genom bade modellering av ett specifikt kustomrade och
databaserad analys av faktiska fordandringstrender i vattenkvalitet lings hela den svenska kusten
under de senaste 30 &ren. For att identifiera mojliga Iuckor i forskning och kunskap om 6vergod-
ning av kustvatten har ocksa den relaterade vetenskapliga litteraturen analyserats med fokus pa
Ostersjons kustomraden och pa hur olika komponenter i det komplexa sammanhingande land-
kust-hav-systemet hanteras och kopplas ihop i forskningen.

Resultaten visar att forbittringar av vattenkvaliteten i det Oppna havet har betydande effekter
pa kustvattnets kvalitet, i synnerhet nér det giller fosfor och vixtplankton. Minskad néringsbe-
lastning frén land ger mer lokala effekter, som dven &dr mer uttalade for kvive dn for fosfor. For
att minska koncentrationerna av kvive, fosfor och vixtplankton i kustvatten krivs darfor bade
storskaliga regionala atgirder for att forbéttra vattenkvaliteten och minska 6vergddningen i det
Oppna havet och mer smaskaliga dtgérder lokalt i det landomrade som drinerar in till varje kust
och i sjdlva kusten for att minska niringsbelastningen till det specifika kustvattnet. Dessutom
visar dataanalysen av faktiska trender att forandringar av klorofyll a i kustvatten under sommartid
ar vil korrelerade med motsvarande fordndringar i klorofyll a i det Oppna havet samt i kviavebelast-
ningen fran vattendragen pa land. For klimat och hydrologi som drivkrafter for kustfordndringar
visar resultaten att varmare och fuktigare forhallanden forsvarar reducering av 6vergddning och
uppndende av relaterade miljomal for kustomraden jamfort med torrare och kallare férhallanden.
Vidare idr trenderna i klorofyll a vid kusten under sommartid vil korrelerade med trenderna i hav-
sisforhdllanden. Sammantaget visar resultaten i denna avhandling att flera olika drivkrafter p&
land och i sjélva kusten sévil som i det 6ppna havet, samt i klimat och hydrologi, blandas, sam-
spelar och paverkar varje kustomrades vattenkvalitet och ekosystemstatus. De olika inblandade
drivkrafterna och deras paverkan pa kustekosystemen samt hantering i och for kustmiljoforvalt-
ning tas upp i forskningen om évergodning i Ostersjons kustomriden. Specifika atgirder for kust-
miljoforvaltning, samt dterkopplingar mellan ekosystemeftekter och drivkrafter i kustomradenas
Overgddning ér dock relativt svagt utforskade. De minskliga och ekologiska komponenterna i det
sammanhéngande land-kust-havs-systemet dr inte heller vil sammankopplade i forskningen.

Vidare har inte forskningen om Ostersjokusternas 6vergodning i nigon storre utstrickning
beaktat kvardréjande drvda killor av nédringsdmnen pa land och i havet, som visat sig visentligt
bidra till ndringsbelastningen vid kusterna. Ytterligare forskning behdvs om tidsskalor for ater-
hiamtning vid olika atgirder mot kusternas 6vergddning, inklusive sidana som musselodling och
vatmarker, som kan vara effektiva mot drvda kéllor. Slutligen behover kustmiljoforvaltningen
och relaterad forskning ocksa ta hédnsyn till hela blandningen av effekter och aterkopplingar fran
biogeokemi, ekologi, hydrologi och klimat pé olika skalor som paverkar lokala kustférhallanden.
Det innebir att for de lokala kustforhéllandena ocksa ta hinsyn till pdverkan fran de storskaliga
regionala forhallandena i 6ppna havet och inte bara till de lokala forhéllandena vid kusten samt pa
land och i de inlandsvatten som drénerar in till varje kustomrade. Vidare behdver hinsyn ocksé
tas till de mojliga synergier som kan finnas och de avvidgningar som kan behova goras mellan
atgirder for minskad kustévergodning i olika delar av Ostersjosystemet och pa olika skalor upp
till hela regionala systemet.
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1 Introduction

1.1 Marine and coastal eutrophication in the world

Eutrophication is a major issue worldwide, which affects more than 900 coastal and ma-
rine areas (Figure 1.1, Panel A top right; Diaz et al., 2019) as well as freshwater rivers and
lakes (Smith, 2003; Smith and Schindler, 2009). Eutrophication is generally associated
with an increase in nutrient concentrations, especially phosphorus (P) and nitrogen (N),
in freshwater and marine systems that leads to enhanced primary production by algae and
plants. In contrast to many other contaminants, nutrients are essential elements for life in
any ecosystem, and increased nutrient concentrations can be associated with higher fish
biomass (Nixon and Buckley, 2002). However, in too high quantities, nutrients can also
negatively impact aquatic systems by changing species distribution and habitats (e.g., de-
cline in salt marshes; Deegan et al., 2012), and depleting bottom oxygen concentrations,
leading to hypoxia that can kill benthic fauna and fish and create so-called dead zones
(Diaz and Rosenberg, 2008). Eutrophication is strongly associated with human develop-
ments that increase nutrient loads to freshwater and marine systems, and affects primarily
industrialized catchments and water systems in the vicinity of population centres (Rabal-
ais et al., 2010; Diaz and Rosenberg, 2008). Thereby, this issue has been widely reported
in Europe and North America, and is now also expanding in Asia and Africa (Rabalais
et al., 2010; Lee et al., 2016).

Eutrophication has been defined by Nixon (1995) as "an increase in the rate of supply
of organic matter to an ecosystem". While this definition stresses that eutrophication is
a process rather than a state (Ferreira et al., 2011), a narrower definition is generally
used for management and legal purposes (Ferreira et al., 2011) to emphasize the role of
anthropogenic nutrient loads and their undesirable ecosystem impacts (e.g., in OSPAR,
2003; European Commission, 1991b). In this thesis, the term eutrophication refers more
generally to the biogeochemical and ecological changes in a water system resulting both
directly and indirectly from increased anthropogenic nutrient loading.

In marine systems, eutrophication is often exacerbated in the coastal zones, which are
the interfaces through which large amounts of energy and matter are transferred between
land and sea (Elliff and Kikuchi, 2015). The coastal zones also provide a variety of
provisioning (e.g., food provision), supporting (e.g., waste processing), and cultural (e.g.,
recreation and tourism) ecosystem services (Elliff and Kikuchi, 2015), and are inhabited
by a large share of the human population (Neumann et al., 2015). Each coastal zone
receives nutrient loads from its whole contributing land-catchment area, in addition to
direct nutrient discharges from coastal cities and industries. Coastal areas may also be
impacted by other direct and indirect human pressures, such as pollution, overfishing,
and climate change (Malone and Newton, 2020, and references therein). The combined
pressures may make coastal zones particularly vulnerable to eutrophication, which also
to various degrees interacts with the open sea eutrophication, especially in enclosed and
semi-enclosed seas such as in the Gulf of Mexico and the Baltic Sea (Diaz et al., 2019).



1.2 Eutrophication development and management in the Baltic
Sea

In the Baltic Sea, a semi-enclosed brackish sea situated in northern Europe, the first
symptoms of coastal eutrophication appeared in the 1950s in the proximity of large cities
due to their nutrient discharges that promoted phytoplankton blooms (Elmgren, 2001).
Eutrophication progressed during the next decade owing to the industrialisation of agri-
cultural practices and further increase of nutrient loads (Voss et al., 2011). In addition,
due to a slow water exchange with the North Sea, nutrient concentrations and eutrophi-
cation increased dramatically in the open Baltic Sea during the 1970s (Elmgren, 2001).

Eutrophication has led to substantial ecosystem impacts in the coastal and marine
waters of the Baltic Sea. During the last three decades, naturally occurring hypoxic zones
have increased from around 1 % of the Baltic Sea area in 1993 to 19 % in 2016 (Jokinen
et al., 2018; Conley et al., 2009b), to form the largest anthropogenically driven hypoxic
zone worldwide (Diaz and Rosenberg, 2008). Potentially toxic cyanobacteria blooms,
which can settle in coastal areas and reduce their recreational values, have also increased
(Kahru and Elmgren, 2014). Valuable macroalgae covers have been reduced dramatically
due to decreasing water clarity and increasing cover of filamentous algae (e.g., 75-80 %
reduction in eelgrass cover since 1900; Malone and Newton, 2020; HELCOM, 2009).
Eutrophication in synergy with other pressures has also led to Baltic-wide ecosystem
and food web changes. A collapse of the cod population, which is a highly valued key
predator in the Baltic food web, is one of the most notable impacts. This has shifted the
food web from a cod to a pelagic fish dominance due to overfishing in combination with
eutrophication-driven deterioration of spawning habitats and decadal climatic changes
(Moellmann et al., 2009; Alheit et al., 2005).

In reaction to the growing environmental impacts of eutrophication, the Convention
on the Marine Environment of the Baltic Sea Area (HELCOM, 1974) was signed by the
coastal states in 1974 (Finland, Sweden, Denmark, Poland, Germany, Latvia, Lithuania,
Estonia, Russia and the European Community; updated in 1992) to combat eutrophication
and protect the marine environment, and the Helsinki Commission (HELCOM) was cre-
ated. HELCOM recognizes the need for collaboration between the coastal countries and
is the main commission for protecting the marine environment (Kern, 2011). However,
despite load reduction targets set in 1988 (Boesch, 2019), eutrophication and pollution
have remained problematic, leading to the creation of the HELCOM Baltic Sea Action
Plan (BSAP) in 2007 (HELCOM, 2007). The BSAP aims to achieve Good Status in the
Baltic Sea in terms of eutrophication, biodiversity, hazardous substances and marine ac-
tivities (HELCOM, 2007) by using an ecosystem approach that integrates land, water,
and "living resources" management (Backer et al., 2010). To reach the eutrophication
objectives of clear water, natural level of algae blooms, natural distribution and occur-
rence of plants and animals, and natural oxygen levels (HELCOM, 2007) the BSAP has
set Maximum Allowable Inputs (MAI) of nutrients for each country using water quality
modelling for the Baltic Sea and its land-catchment (Boesch, 2019).

Following and adding to the HELCOM conventions, several directives have also been
put in place by the European Union (EU) that require EU member states to reduce human
pressures to and eutrophication of coastal and open sea European waters (Ferreira et al.,
2011). The Urban Wastewater Treatment Directive (UWWTD, European Commission,
1991b) and the Nitrate Directive (ND, European Commission, 1991a) have both come
into force in 1991 to counteract the negative effects of urban wastewater discharges and
promote good agricultural practices that protect surface and ground waters. The Water
Framework Directive (WFD), put in place in 2000, is a more comprehensive river basin



regulation that requires management plans for EU member states to achieve Good Eco-
logical Status (GEcS) in their inland and coastal waters (the latter within 1 nm (nautical
mile) from shore), initially by 2015, and then for every 6-year management cycle (Euro-
pean Commission, 2000; Borja et al., 2010). The WFD uses a "deconstructing structural
approach" (Borja et al., 2010) that separates the ecosystem into five main biological el-
ements, as well as hydro-morphological and physico-chemical conditions. The Marine
Strategy Framework Directive (MSFD), put in place in 2008 (European Commission,
2008), requires achievement of Good Environmental Status (GEnS) for the European
seas from the coastline until 200 nm, initially by 2020, and for every 6-year management
cycle thereafter. In contrast to the WFD, the MSFD uses a "holistic functional approach”
that aims to represent the functions of the whole ecosystem via a set of 11 process-based
descriptors, including human-induced eutrophication (Borja et al., 2010).

The management programmes and frameworks put in place by HELCOM and the EU
have promoted science-based management (Wulff et al., 2007) and made the Baltic Sea
one of the best monitored sea in the world (Reusch et al., 2018). Management has also
successfully reversed trends in nutrient loads, which increased strongly between 1950
and 1980, peaked in 1990, decreased until 2005 by 24 % and 50 % of their peak value
for N and P, respectively, and have since then plateaued (Gustafsson et al., 2012; Reusch
et al., 2018). The decreases can be mostly attributed to improved wastewater treatment,
leading to 50 % and 70 % decline in point source loads of N and P, respectively, between
1985 and 1995, following the UWWTD implementation (Savchuk et al., 2012). Despite
these substantial nutrient load reductions after the 1990s, a further 16 % and 38 % reduc-
tions are still needed for N and P, respectively, to meet the BSAP targets (Jetoo, 2019).
Moreover, agricultural loads, accounting for two thirds of the diffuse sources, have only
marginally decreased since the 1980s (Reusch et al., 2018). Together with the current
plateau in nutrient loads, this implies that further reduction is needed and will come at
higher cost (Reusch et al., 2018), while eutrophication is still an issue in the Baltic Sea
and its coastal waters (Fleming-Lehtinen et al., 2015; HELCOM, 2018a).

1.3 Problem description

The likely higher costs associated with further nutrient reductions stress the need for
cost-efficient measures to reduce coastal eutrophication. Cost efficiency may not only
be influenced by land-based processes, but also by complex interactions between the
local land-catchment, local coastal water, and regional open sea conditions. For exam-
ple, open coastal waters may interact to relatively high degree with the open sea and
with other coastal waters, in addition to also being affected by land-based nutrient loads
(Almroth-Rosell et al., 2016). Moreover, the various management frameworks focus on
different scales, with the BSAP explicitly considering the land-catchment, coast and open
sea waters, the MSFD considering the transition between the coastline and the open ocean
(200 nm), and the WFD considering the land-catchment and the coastal waters (1 nm).
On the coastal scale, the BSAP and MSFD spatially overlap with the WED. The over-
lap can be substantial in archipelagoes (Borja et al., 2010) and create mismatching goals
and conflicting results due to the different approaches in these two action and regulation
programmes. The spatial scale in focus may also be at odds with the physical processes,
as for example riverine nutrient plumes may affect open sea waters more than coastal
waters, which are too turbid to sustain high primary production (Ferreira et al., 2011).
Understanding the propagation of management effects through the whole land-coast-sea
continuum is therefore necessary for identifying measures that can comply with the dif-
ferent and overlapping management frameworks.



While nutrient loads have been reduced since the 1990s, most open sea waters have
still not reached the HELCOM BSAP goals for eutrophication (Fleming-Lehtinen et al.,
2015; HELCOM, 2018a). For coastal waters, the situation is more mixed with recent
improvements for example in the Stockholm Archipelago (Walve and Rolff, 2021), while
most of the coastal waters still do not reach GEcS (HELCOM, 2018a), and eutrophication
indicators even are worsening in other coastal waters (c.f. Paper III, Figure 2). Indeed,
changes in drivers may impact differently on the land, coastal and open sea parts of a
linked system. For example, the Baltic Sea experiences rates of climate change above
the world average (Reusch et al., 2018; The BACC II Author Team, 2015), which may
counteract achievement of nutrient reduction targets by increasing precipitation, and river
discharges and their nutrient loads (Bring et al., 2015). Climate-driven changes in water
temperature may also impact coastal and marine eutrophication directly, by increasing
algal growth rate and nutrient recycling, as well as indirectly through stratification and
hypoxia (Glibert et al., 2014; Meier et al., 2012). Moreover, by modifying the flow be-
tween coastal and open sea waters, hydroclimatic changes may also impact the propaga-
tion of management effects throughout the coastal system and increase its vulnerability
to nutrient loads (Chen et al., 2019b). Thereby, implementation of effective management
strategies and measures requires knowledge on the main land-based, hydroclimatic and
hydrospheric drivers of coastal eutrophication and their interactions and change-impact
propagation through the coupled components and scales of the Baltic system.

In addition to direct change drivers, associated ecosystem changes may also maintain
and further accentuate eutrophication. For example, hypoxia enhances the P release from
sediments, which in turn promotes N-fixing cyanobacteria, increasing N concentrations,
primary production and hypoxia in the sea, and leading to a self-reinforcing vicious circle
(Vahtera et al., 2007; Funkey et al., 2014). Moreover, ecosystem changes, such as loss
of macroalgae, and anthropogenic pressures, such as overfishing, can also act in synergy
with directly managed (e.g., nutrient loads) and indirectly managed (e.g., climate change)
pressures to reinforce eutrophication, by e.g., changing the food web and reducing zoo-
plankton grazing on phytoplankton (Malone and Newton, 2020; Eriksson et al., 2009).
Understanding and quantifying these complex interlinkages of coastal eutrophication dy-
namics with ecological conditions is therefore necessary for managing the ecosystem
impacts of eutrophication.

1.4 Aim and objectives

Figure 1.1 presents the Baltic Sea study system (Panel A) and the components and con-
cepts forming the main aim of the thesis (Panel B). The thesis aim is to further our un-
derstanding of how the combined hydroclimatic, hydrospheric, and land-based drivers
and feedbacks affect coastal eutrophication, and how their effects propagate through the
scales involved in the coupled Baltic land-coast-sea system. This aim has been addressed
by focusing on three main study objectives:

A. Investigate in a numerical modelling framework the influences of land-catchment,
coastal, and open sea interactions and their associated scales on coastal eutrophi-
cation conditions and management opportunities. (Papers I & II; Vigouroux et al.
(2019, 2020), circled in beige in Figure 1.1, Panel B).

B. Investigate how overarching hydroclimatic conditions interact with the land-coast-
sea continuum in propagating change-impacts to coastal eutrophication and affect-
ing its management (Papers II & III; Vigouroux et al. (2020, 2021), circled in
orange in Figure 1.1, Panel B).



C. Investigate how the complexity of coastal eutrophication processes has been con-
sidered and handled in research on the Baltic Sea system, and identify possible key
research gaps (Paper IV; Vigouroux and Destouni (2021), circled in dark orange
in Figure 1.1, Panel B).
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Figure 1.1. Panel A top right: Map of the coastal areas suffering from eutrophication (red dots; data from
Diaz et al. (2011)), with the location of the Baltic Sea circled in black. Map of the Baltic Sea study system
(Panel A), including the coastal waters (dark purple), the open sea waters (light purple), and the whole Baltic
catchment area (light green), divided into local catchments (thin dark grey line). The study areas considered
in the papers (cyan: Archipelago Sea, Paper I; red: Himmerfjdrden Bay, Paper II; yellow: Swedish coast,
Paper III; dark purple: whole Baltic coast, Paper IV) forming this thesis are linked to the study objectives
encompassing the various components of the schematically represented study system (Panel B).






2 Study areas

2.1 Baltic Sea

The Baltic Sea (Figure 1.1, Panel A), situated in northern Europe, is one of the largest
brackish bodies of water in the world (Leppdranta and Myrberg, 2009). The Baltic Ice
Lake has formed recently, following the last ice age deglaciation, 16 000 years ago, and
became brackish, close to its present shape, around 9800 years ago (Andrén et al., 2011).
The Baltic Sea has a volume of 21 200km? and an area of 393 000km? (Leppiranta
and Myrberg, 2009). It is relatively shallow (mean depth of 54 m), but has a complex
bathymetry (maximum depth of 459 m in the Baltic Proper; Figure 1.1, Panel A) and in-
cludes several marine basins separated by sills that have formed by glacier retreat (Lep-
piranta and Myrberg, 2009; Voss et al., 2011). The Baltic Sea is connected to the North
Sea through the shallow Danish Straits (depth of 20 m; Figure 1.1, Panel A). Owing to its
young age and its brackish conditions, stressing both marine and freshwater organisms,
the Baltic Sea is characterized by a low species diversity, which makes it particularly
vulnerable to pressures and changes (Reusch et al., 2018).

The hydrological land catchment (in light green Figure 1.1) of the Baltic Sea has
an area of 1745100km? (Schiewer, 2008a), approximately four times that of the sea.
The Baltic Sea and its catchment experience an oceanic temperate climate in the south
and humid sub-polar climate in the north (Kottek et al., 2006), with average precipitation
ranging between 400 mm-year ! and 800 mm-year—! (Voss etal., 2011). The catchment
area is inhabited by approximately 85 million people and shared between fourteen coun-
tries, of which nine border the Baltic Sea (HELCOM, 2018b). Almost 50 % of the total
catchment area is covered by forest and 20 % is used for agriculture (Schiewer, 2008a).
In contrast, 34 % of the catchment of the Baltic Proper marine basin is forested and 52 %
is used for agriculture, related to and reflecting the higher population density in the south
(Voss et al., 2011).

The Baltic Sea receives on average 480 km?-year—! of riverine discharge, corre-
sponding to 2.5 % of its volume (Bergstrom et al., 2001), of which 200 km?-year—! flow
into the Gulf of Bothnia, 100 km3-year~! into the Gulf of Finland, and 180 km?-year—!
into the Baltic Proper and southern parts of the sea (Voss et al., 2011). The riverine dis-
charge peaks between April and June and is lower between August and January (Voss
etal., 2011). Riverine discharge is the main nutrient loading pathway, representing about
70 % of the total nitrogen (TN) loads and about 89 % of the total phosphorus (TP) ones.
Airborne loads account for 27 % and 6 % of TN and TP, respectively, and direct point
sources for 4 % and 5 % of TN and TP loads, respectively (HELCOM, 2018c). Natural
loads represent one third of the riverine TN and TP loads, with a higher contribution
in the northern parts of the catchment (HELCOM, 2018c). N-fixation by cyanobacteria
is also an important input, estimated to about 400 000 t-year—! in the Baltic Proper for
the period 2013-2017, exceeding the total external N loads (riverine, point sources and
atmospheric deposition; Olofsson et al., 2021). Nutrient loads are strongly dependent on



the precipitation patterns, which are in turn coupled to the North Atlantic Oscillation that
creates decadal and multi-decadal cycles in the Baltic Sea (Voss et al., 2011). Moreover,
due to its northern location, the Baltic Sea has experienced a stronger rise in temperature
than the global average, and precipitation is expected to increase with possible associated
increases of riverine water discharges and nutrient loads (Reusch et al., 2018).

The Baltic Sea is a microtidal sea (average tidal amplitude of 15 cm), so that changes
in its water level, ranging between 3 m above to 2.5 m below sea level, are mostly driven
by differences in air pressure and by wind (Schiewer, 2008a). Due to the large freshwater
discharges and slow water exchange with the North Sea, the Baltic Sea has an important
salinity gradient, from 0-2 PSU in the north of the Gulf of Bothnia to 15-18 PSU in
the Danish Straits (Figure 1.1, Panel A; HELCOM, 2018b). In addition, the complex
bathymetry of basins separated by sills hinders vertical mixing, which creates a strong
stratification, with a permanent halocline (zone of maximum vertical salinity gradient,
40-80 m) over which forms a thermocline (zone of maximum temperature gradient) dur-
ing the summer (Liblik and Lips, 2019). Thereby, there is little mixing between the sea’s
surface waters and deep saline waters. The latter are renewed through Major Baltic In-
flows (MBIs), during which saline (17-25 PSU) water from the North Sea penetrates via
the Danish Straits. The magnitude and duration (day-week) of these saltwater inflows,
occurring mostly in winter, are governed by large scale atmospheric conditions and the
salinity front at the Baltic Sea entrance (Voss et al., 2011). MBIs reoxygenate the deeper
stagnant waters, while also reinforcing the halocline and thus decreasing vertical mix-
ing (Voss et al., 2011; Carstensen et al., 2014). Water circulation in the Baltic Proper is
counter-clockwise with closed streamlines (Voss et al., 2011), which separate the open
sea and coastal dynamics, and transport riverine discharges alongshore. Sediments are
then transported from the shallower northeastern and western parts towards the central
part of the Baltic Proper where they accumulate (Schiewer, 2008a).

Due to its large catchment area, closed circulation and long residence time, anthro-
pogenic nutrient loads have been accumulating in the Baltic Sea (HELCOM, 2018b; Voss
et al., 2011) and are fuelling primary production. The Baltic Sea is characterized by a
spring bloom dominated by diatoms and 