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Coastal global oceans are expected to undergo drastic changes driven by climate change and increasing anthropo-
genic pressures in coming decades. Predicting specific future conditions and assessing the best management strate-
gies to maintain ecosystem integrity and sustainable resource use are difficult, because of multiple interacting
pressures, uncertain projections, and a lack of test cases for management. We argue that the Baltic Sea can serve
as a time machine to study consequences and mitigation of future coastal perturbations, due to its unique combina-
tion of an early history of multistressor disturbance and ecosystem deterioration and early implementation of cross-
border environmental management to address these problems. The Baltic Sea also stands out in providing a strong
scientific foundation and accessibility to long-termdata series that provide a unique opportunity to assess the efficacy
of management actions to address the breakdown of ecosystem functions. Trend reversals such as the return of top
predators, recovering fish stocks, and reduced input of nutrient and harmful substances could be achieved only by
implementing an international, cooperative governance structure transcending its complex multistate policy setting,
with integratedmanagement of watershed and sea. The Baltic Sea also demonstrates how rapidly progressing global
pressures, particularly warming of Baltic waters and the surrounding catchment area, can offset the efficacy of current
management approaches. This situation calls for management that is (i) conservative to provide a buffer against re-
gionally unmanageable global perturbations, (ii) adaptive to react to newmanagement challenges, and, ultimately, (iii)
multisectorial and integrative to address conflicts associated with economic trade-offs.
INTRODUCTION
Climate change and anthropogenic pressures are increasingly affecting
all ecosystems on Earth (1, 2). With >4 × 109 people soon to be living
close to the coastline,managing the ecological integrity ofmarinewaters
and the ecosystem services they provide is becoming a prime objective
of environmental policy. Highlighting the fact that “life below water” is
of global and urgent concern, marine ecosystems were assigned a
separate Sustainable Development Goal (SDG), SDG 14, among the
17 global goals recently adopted by the United Nations (UN) (3). It
has been argued that we must understand the oceans of the past to un-
derstand present-day ecological perturbations (4). Here, we extend this
idea and posit that highly perturbed present-day seas can serve as time
machines for other marine areas that are on a slower trajectory of an-
thropogenic perturbation [see also the study of Lejeusne et al. (5)]. We
further argue that the Baltic Sea, a semi-enclosed water body sur-
rounded by nine developed and industrialized countries and five more
belonging to the catchment area (Box 1), representing 85million inhab-
itants, is a particularly well-suited marine “time machine.”

Today, the Baltic Sea ecosystem is affected by levels of warming,
acidification, nutrient pollution, and deoxygenation that most coastal
areas will experience only in the future (Fig. 1, A to D; Table 1; and
table S1A and references therein) (6, 7). The Baltic Sea region is also
one of the most intensely studied coastal areas with high data density
and many long-term data series. Accordingly, our understanding of its
ecosystem structure and processes is relatively advanced, and it has been
used as a model region in the past, for example, to understand major
connections between pelagic and benthic subsystems (8) or to under-
stand processes leading to oxygen depletion (9). Both system under-
standing and systematic long-term monitoring have, in many cases,
allowed an informed science-based management approach that started
earlier (1970s) than in many other regions worldwide (Table 2 and
table S1B). At the same time, its governance can constitute an example
for other coastal and marine systems that face the problem of imple-
menting international governance systems, such as the Mediterranean
Sea and the Black Sea, as well as the Arctic seas. Compared to many
other ocean regions, the environmental challenges in the Baltic Sea are
major but also relatively high on political agendas; the region has been
an institutional forerunner with a long record of international coopera-
tion, extensive scientific research, and awell-developed governance struc-
ture (10). Although many coastal areas in the world display a better
ecological condition on an absolute scale, Baltic Sea management has
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Box 1. The Baltic Sea. The Baltic Sea, a semi-enclosed postglacial sea with
a surface of 415,000 km2 and a volume of 21,700 km3 (Fig. 1A), is char-
acterized by a strong salinity gradient from marine salinity (30 g kg−1) in
the entrance to near freshwater (2 g kg−1) in the innermost parts (6).
Along this gradient, marine species drop out according to their tolerances
for low salinities to be progressively replaced by freshwater species (62).
Preceded by a freshwater lake, the marine Baltic Sea is only 8000 years
old (6). Given its young age, an average water depth of only 58 m, and a low
rate of exchange with North Atlantic waters, the Baltic Sea is extreme for
shelf seas let alone the open ocean. The key notion of our review is that
these particular features are also precisely the prerequisites that have led to
the present-day multistressor situation (eutrophication, warming, oxygen,
and acidification status), making the Baltic Sea a large-scale, real-world ana-
log for future conditions in other coastal regions. Owing to its young age,
the Baltic Sea is populated by few endemic species, with a few notable
exceptions among macroalgal and fish species (100, 101).
Notwithstanding, many populations within the Baltic have evolved to
locally adapted populations that show enhanced resilience toward ocean
acidification or lower salinity (102).

The evolutionarily young age of this sea in combination with its pre-
dominant brackish conditions results in naturally low species diversity,
facilitating analyses of community changes in response to both anthro-
pogenic pressures and implemented countermeasures via management.
Although the Baltic is species-poor, it is a productive marine ecosystem
that, despite its small area (0.11% of the total ocean area), contributes
1.2% to global capture fisheries. Currently, 132 nonindigenous species
(NIS) have been recorded thus far in the Baltic Sea (41), and some of these
have caused restructuring and changed functioning of both pelagic and
benthic ecosystems. This simplified ecosystem is one reason why
the Baltic Sea ecosystem provides an ideal test case for marine ecosystem
management. Owing to its young age, extreme conditions, and limited
habitat size, Baltic populations also often have less intraspecific genetic
diversity than their counterparts in the open Northeast Atlantic (103).
Considering that a general reduction in genetic diversity is also predicted
for many species/populations globally under future ocean climate change
scenarios, Baltic populations can serve as a test case as to how adaptive
evolution may play out under reduced genetic diversity (104).
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been able to reverse several detrimental trends. Thus, the region is an ideal
illustration of a complex governance setting in which environmental
management has to operate (Fig. 1A).

Our synthesis has four objectives. First, we review the status ofmajor
anthropogenic pressures in the Baltic Sea to show that, in combination,
they are ahead of time (that is, worse) compared tomany other regional
seas and coastal areas. Second, we highlight how science-basedmanage-
mentwas imperative for developingmanagement actions. Third, we de-
scribe how a functioning governance system was implemented, despite
a complexmultistate policy setting, and the lessons this history holds for
other regions that need to overcome complex international or jurisdic-
tional settings. Finally, in the light of management successes and fail-
ures, we also highlight the addition of major novel challenges that
Baltic Sea environmental management is facing because global pertur-
bations such as warming and enhanced precipitation patterns affect this
region in fast-forward as well. Throughout, we attempt to outline the
possible lessons from these present-day examples for other regional seas
and, where applicable, for the coastal oceans of the future.
THE BALTIC AS A TIME MACHINE FOR COASTAL
MARINE CHANGE
The onset of deterioration of coastal ecosystems predates the industrial
age (4, 11, 12) and continues largely unabated today (13). Further drastic
increases in major perturbations resulting from global climate change,
such as temperature increase, acidification, and altered precipitation
patterns, are expected by the year 2100 (1). These factors add to regional
and local impacts, including eutrophication, habitat loss, overfishing,
species translocation, and pollution. Here, we argue that, at present,
the Baltic Sea already provides combinations of multiple pressures that
mimic those expected for many coastal areas in the future (Fig. 1, A to
D; Table 1; and table S1, A and B), making the Baltic a suitable time
machine for the global coastal ocean. Anthropogenic perturbations
have simultaneously, and often more severely than elsewhere, affected
the Baltic Sea ecosystem. For example, warming trends of up to 0.6 K
per decade exceed the global ocean average by a factor of ≈3,
notwithstanding the fact that some polar regions are warming even
faster (Fig. 1B) (14), and warming increases the vulnerability of coastal
systems to nutrient loading (15). Parts of the Baltic water body stand out
negatively for very high ocean acidification levels compared to other
world coastal regions where such data series are available (Fig. 1C).
Owing to local upwelling of carbon dioxide–enriched oxygen-deficient
waters, as well as the low buffering capacity of the brackish Baltic Sea,
surface PCO2 (partial pressure of CO2) can far exceed values predicted
for carbon emission scenarios compatiblewith the 2°C goal (1, 16).High
PCO2 values often coincide with low oxygen values, exacerbating the
physiological stress on organisms and populations (17). Nutrient pollu-
tion due to intense agriculture in northern Europe and discharge from
wastewater resulted in high waterborne nutrient load starting in the
1950s (18). Atmospheric reactive nitrogen deposition rates, in addition,
are now among the highest worldwide for any marine area, including
catchments (19). This nitrogen deposition, in turn, drives eutrophica-
tion and concomitant severe deep pelagic and benthic oxygen deficien-
cies (Fig. 1D). Oxygen-free “dead zones” are increasing worldwide but
have shown a particularly drastic 10-fold increase during the past
115 years in the Baltic Sea (20), turning it into one of the ocean areas
most severely affected by hypoxia (9).

The Baltic Sea is one of the most intensely fished marine areas, and
fisheries have caused several fish populations to decline (21), which, in
turn, contributed to the coastal and offshore ecosystem shifts (see sections
on regime shifts) (22). Shipping is intense and increases risks for
accidents, oil spills, and species translocations (23). Finally, contamina-
tion from land-based industries has led to high amounts of persistent or-
ganicmicropollutants accumulated in sediments and biomagnified in top
predators. Despite recent improvements, contamination remains a seri-
ous problem for human consumption of fat fish from the Baltic Sea (24).

Although there are ocean areas that have higher rates of perturbation
for single variables (for example, the high Arctic for ocean warming),
collectively, the interaction of perturbations that the Baltic ecosystem is
subjected to is among the strongest for any marine region (Table 1 and
table S1A). Recent experimental evidence suggests the synergistic inter-
action of cumulative pressures such as warming, deoxygenation, and
acidification (25). Hence, the uniquemultistressor situation in the Baltic
Sea resembles coastal processes increasingly expected in coastal zones of
the future global ocean (13, 25), underscoring the role of theBaltic Sea as
a suitable time machine.
BALTIC SEA ECOSYSTEM CHANGES AND THEIR
ECOLOGICAL-ECONOMIC CONSEQUENCES
Ecosystems worldwide are undergoing dramatic changes that can occur
not only gradually (1, 26, 27) but also abruptly (“regime shifts”) (28) un-
der mounting anthropogenic pressure. In the Baltic Sea, the good avail-
ability of abiotic and biotic time series enabledmarine ecologists not only
to monitor trajectories in anthropogenic pressures and regime shifts
2 of 16
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Fig. 1. The Baltic Sea time machine. (A) The Baltic Sea, its neighboring countries, and the catchment area. (B) Sea surface temperature (SST) change per decade since
1980. The Baltic Sea is at the center of the map. (C) Left: High-resolution surface seawater CO2 variability in 2014 at a coastal Baltic Sea site (Kiel Fjord Time Series, 54.2°N, 10.9°E;
red symbols) in comparison to an oceanic site close to Hawai’i (Woods Hole—Hawaii Ocean Time-series Site, 22.7°N, 157.9°W; blue symbols) and coastal sites in Florida (Cheeca
Rocks, 24.9°N, 80.6°W), California [California Current Ecosystem Mooring 2 (CCE2), 34.3°N, 120.8°W; green symbols], Alaska (Kodiak, 57.7°N, 152.3°W; black symbols), and
Washington (Twanoh, 47.4°N, 123°W; orange symbols). Right: Mean PCO2/xCO2 values and SD for 2014 data from selected time series stations (see above). All data are seawater
(SW) PCO2 (in microatmospheres) except for station Twanoh [xCO2, in parts per million (ppm), dry]. Kie, Kiel; Twa, Twanoh, Kod, Kodiak; Cal, CCE2; Che, Cheeca Rocks; Haw,
Hawai’i. (D) Expansion of hypoxic zones in the Baltic Sea during 115 years of monitoring. Black shading shows the situation for the period 1900–1910, whereas red
shading indicates the period 2001–2010. Coastal hypoxia is depicted by red dots. For data sources, see data S3.
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but also to measure improvements in key indicator variables such as
nutrients, pollutants, and oxygen, as well as phytoplankton, zooplankton
species, fish stocks, and large predators (Fig. 2, A to J). Upon adopting the
Helsinki Convention on the Protection of the Marine Environment of
the Baltic Sea and establishing its governing body [theHelsinki Commis-
sion (HELCOM)], and later addingEuropeanUnion (EU) legislature and
directives, member states have agreed to monitor basic physicochemical
and ecological data in a systematic way. In some cases, ecological deteri-
oration only became apparent when temporal analyses are extended
>100 years, as is the case in the expansion of anoxic areas (20). We focus
here primarily on the increasing pressure levels since the beginning of
the last century, but note that anthropogenic pressures on coastal eco-
systems date backmuch longer (centuries), which can lead to erroneous
characterization of “pristine” baselines (“shifting baseline problem”)
(12, 27, 29).

Offshore regime shifts
The pelagic zone of the Baltic Sea underwent multiple ecosystem-level
shifts in the past century that were triggered by human activity, first by
Reusch et al., Sci. Adv. 2018;4 : eaar8195 9 May 2018
reducing the population size of top predators in the 1950s and 1960s
(seals) and, subsequently, by increasing nutrient inputs and, thus, pri-
mary productivity (30). Themost recent regime shift in the pelagic eco-
system of the central Baltic Sea occurred in the late 1980s to mid-1990s
and was triggered by the combination of overfishing of the key fish
predator, Atlantic cod (Gadus morhua), and eutrophication-driven
deterioration of its spawning grounds, in combination with decadal cli-
matic changes (31, 32). Within the fish community, a previously cod-
dominated system flipped therefore to domination by small pelagic
fishes, namely, sprat and herring (33). Zooplankton species composition
shifted to more warm-temperate species as a result of trophic cascades
and hydrological changes at amuch faster rate than in the adjacentNorth
Sea and North Atlantic (32, 34). Fish community changes were partially
self-enforcing by the consumption of cod eggs by its prey species sprat
and herring and by the competition for zooplankton between cod larvae
and its prey species (22, 33) and, hence,match the definition of alternative
stable states (28).Other important pelagic regime shifts drivenbynutrient
inputs are the increased frequency and spatial distribution of poten-
tially toxic cyanobacteria blooms during the past 35 years (Fig. 2E),
Table 1. Summary of abiotic and biotic changes in the Baltic Sea in comparison to other coastal areas worldwide. Red coloration in the heat map depicts
drivers that are above average in severity/impact; yellow, average; and green, below average. Gray: No assessment possible. NIS, nonindigenous species. For full
documentation on how scores for each system and parameter were obtained, including all references underlying the assessment, see data S1.
System

Warming of
surface water
Increased
nutrient load
Oxygen depletion in
bottom waters
Shipping intensity
 Proportion of NIS

Organochlorines
in organisms
Status of marine
fish stocks
Baltic Sea
North Sea
Mediterranean Sea
Black Sea
Gulf of Mexico
East China Sea
Barents Sea
Table 2. Summary of data availability, system understanding, and management/governance regime in the Baltic Sea compared to other coastal areas
worldwide. Green coloration in the heat map indicates good scientific knowledge/effective management/governance structures, red denotes the opposite, and
yellow indicates intermediate. For full documentation on how scores for each system and parameter were obtained, including all references underlying the assess-
ment, see data S1.
System
 Research activitiesesearch activities
 Monitoring activitiesonitoring activities

Data availability for fish

stock assessments
Data availability for fish

stock assessments

Governance
structure

Governance
structure
Baltic Sea
North Sea
Mediterranean Sea
Black Sea
Gulf of Mexico
East China Sea
Barents Sea
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with negative socioeconomic impacts on water quality and, hence, re-
creational use of the sea area and the coastline (35).

Coastal regime shifts
The Baltic has also witnessed drastic coastal ecosystem shifts, most no-
tably, a strong decline in the distribution ofmacrophytes (perennial algae
and seagrasses) during the past 50 years, driven by coastal eutrophica-
tion and concomitant decreases in water clarity and an increase in fil-
amentous algal aggregations and epiphytes, as well as increased mussel
bed abundance (36, 37). Exacerbating these bottom-up driven changes,
the removal of large predatory fish has led to cascading effects that create
additional stresses on macrophytes via the following causal chain: in-
crease in small-sized fishes→decrease in grazing invertebrates→increase
in epiphytic algae (38, 39). The increase in three-spined stickleback (39)
has been linked to a decrease in their coastal predators, including cod
fromoff-shore regions (40), highlighting the existence of trophic cascades
across systems mediated by the seasonal migrations of key species.
Reusch et al., Sci. Adv. 2018;4 : eaar8195 9 May 2018
NIS-driven regime shifts
AlthoughNIS are ubiquitous to coastal seas, the Baltic example provides
good documentation on invasion trajectories and expansions after ar-
rival (41) andanopportunity for thoroughbefore-after comparisonsowing
to good baseline ecosystem composition and functioning information.
Large-scale habitat transformations have been observed throughout the
Baltic Sea upon establishment of nonnative habitat engineering species
(42). Habitat-modifying species such as the polychaete Marenzelleria
spp. have been shown to mitigate benthic hypoxia and decrease P re-
lease from the sediments (43). Several nonnative species have added
nodes and complexity and have increased intraspecific competition in
coastal areas, for example, the invasivemudcrab (Rhithropanopeusharrisii)
that induced trophic cascades in the rocky shore habitat (44). Another re-
cent invader with strong ecological impact in the Baltic Sea is the round
gobyNeogobius melanostomus (23) with documented effects on physical
habitat and foodweb structure (45). PelagicNISwithpronounced grazing
impact such as the comb jellyMnemiopsis leidyi have added new func-
tional niches and can lead to food web cascades (46).
MARINE COASTAL GOVERNANCE IN A COMPLEX
INTERNATIONAL SETTING
The cross-border nature ofmany global change–related pressures great-
ly complicates successful management, requiring nested institutions
andmultinational governance solutions (47). A priori, the prerequisites
for efficient management of a sea surrounded by nine nations and fur-
ther five states belonging to the catchment (Fig. 1A) would therefore be
considered difficult. Governance of the Baltic Sea region faces serious
challenges (48); the Baltic Sea is a common resource that is subject to
high demands, from diverse user groups, and geographically shared
among nine nation-states (49). Nevertheless, environmental regulation
via international governing bodies and treaties of the entire drainage basin
started already in the 1970s and places the Baltic among the most in-
tenselymanagedmarine regions in theworld.The governance in the Baltic
Sea region is polycentric and represents amultilevel system (50) encom-
passing global conventions (such as theConvention of BiologicalDiversity),
regional conventions such as the Helsinki Convention (with the governing
body HELCOM), the European Union (EU), national and subnational
authorities, non-government organizations, and the civil society (10).

Internationally, the Baltic Sea stands out through the Helsinki Con-
vention that was formed in 1974 as a response to the mounting envi-
ronmental problems (10). With all surrounding countries of the Baltic
Sea participating, the Helsinki Convention was the first regional sea
convention worldwide and became a model for others (51). Upon its
foundation, member states rapidly agreed on certain industrial hot-
spots, so that point-source pollution to the Baltic Sea was significantly
reduced over a relatively short period of time. Although all states
bordering the Baltic Sea are part of the Helsinki Convention, member-
ship in the EU is “nested” within that convention because Russia is not
an EU member. Together, the two organizations constitute the core of
the Baltic Sea governance system. Subsequently, the enlargement of, and
policy development within, the EU has influenced Baltic Sea governance
significantly. Although the Helsinki Convention, as an international con-
vention, is run by unanimous decisions, the EU has supranational
elements and sanctioning mechanisms. In 2007, all HELCOM member
states and the EU adopted the Baltic Sea Action Plan (BSAP), an am-
bitious policy agenda outlining (for EUcountries binding) environmental
targets to be reached by 2021, incorporating the latest scientific findings
and a number of novel management instruments (52).
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Another forerunner to the current intergovernmental management
structure was the International Baltic Sea Fisheries Commission that
was established 1 year before HELCOM in 1973 and which formed the
basis of fisheries management in the Baltic Sea. Thus, both environment
and fisheries management have a similar long history in the Baltic.

The division of authority among different governance bodies and
levels in the system is dependent on the type of policy problem, which
is illustrated for the three important management areas: fisheries, nu-
trients, and pollutants (Fig. 3, A to C) (53). In comparison with other
shared regional seas, the Baltic stands out because of the institutiona-
lized link between natural science andmanagement and the institutional
capacity to formulate and implement policy. The long-standing research
collaboration in the region has been of paramount importance and is
centered in the International Council for the Exploration of the Sea
(ICES), one of the first international scientific organizations (founded
in 1902). Devoted to the sustainable use of all North Atlantic waters,
ICES gained convention status in 1964 and has since played a critical
role in providing policy-makers and managers with scientific data and
advice (54). The coherence of Baltic research agendas in amultinational
setting has further increased since 2009 through the implementation of
the EU policy–drivenmacroregional “Joint Baltic Sea Research andDe-
velopment Programme BONUS” (55). Baltic Sea governance increas-
ingly tries to adopt a comprehensive ecosystem-based approach
(56), and its management policies have been partially successful,
which we review in the next section (Boxes 2 and 3 and data S2)
(53, 57).
THE BALTIC AS A SCIENCE-BASED MARINE
MANAGEMENT LABORATORY
Despitemultiple pressures impinging upon theBaltic owing to 85million
inhabitants in its watershed, for all environmental issues that can be
managed at a macroregional level, positive trend reversals could be
observed. From a low point in the 1970s/1980s, an overall improve-
ment in the ecosystem status of the Baltic Sea could be observed (com-
pare Boxes 2 and 3; Fig. 2 and data S2). This applies to the return of top
predators, some successes in the sustainablemanagement of fish stocks,
and the reduction of nutrient pollution and concomitant eutrophication
effects. Although, ideally, ecosystem deterioration should be prevented
from the onset by suitable management, one lesson from the Baltic Sea
for other regional seas facing severe environmental perturbations (for
example, the Black Sea) and for many coastal areas for which perturba-
tions are mounting is that science-based management was able to re-
verse the decline of a severely degraded system. However, all of these
examples also highlight additional (and often initially unexpected)
management complexity, including intersectorial conflict and conse-
quences of global change, hampering management success.

Top predators
A particularly successful example of biological conservation in the
past decades was the return of top predators such as seals, cormor-
ants, and eagles (Box 2). Because these species accumulate many toxic
pollutants, a reduction in organic contaminants (Fig. 3B) (58) was crit-
ical for their recovery, along with direct habitat protection, the reg-
ulation of hunting, and the process of enlightening attitudes toward
large predators. At the same time, novel or reinstated interactions
such as conflicts between seals and potential fisheries yields are
now resurfacing and require new management responses (see also
Box 3) (59).
Reusch et al., Sci. Adv. 2018;4 : eaar8195 9 May 2018
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Fig. 3. Governance structure in the Baltic Sea region. (A) Baltic fisheries manage-
ment is an exclusive EU competence under the Common Fisheries Policy (2013). Fish-
ing is based on the maximum sustainable yield principle resulting in total allowable
catches (TACs) and national quotas. TACs are developed in a process involving the
following steps: Advice from stakeholder groups is collected by Advisory Councils
(ACs), and scientific advice is provided by ICES and communicated to the EU Commis-
sion by the EU Scientific, Technical, and Economic Committee for Fisheries (STECF).
The EU Commission suggests TACs to the EU Council of Ministers that makes the final
decisions. On the basis of the TACs, national quotas are distributed, implemented,
and monitored by member states. Bilateral agreements integrate Russia into the
EU environmental management. (B) In the management of hazardous substances,
HELCOM carries a significant role for monitoring, assessing, and agenda setting,
whereas the EU provides legal basis and enforcement. HELCOM works through
its recommendations, the BSAP, and ministerial declarations. The EU has addressed
the issue via, for example, the Registration, Evaluation, Authorization and restriction
of Chemicals (REACH) regulation, the Marine Strategy Framework Directive (MSFD),
and the Water Framework Directive (WFD). The EU Commission initiates and proposes
new legislation to be approved by both the Council of Ministers and the European
Parliament. The EU and HELCOM closely interact. For example, the BSAP was initiated
in 2007 following the EU MSFD. ICES provides scientific data to HELCOM and was
involved in the development of the MSFD. (C) Governance of eutrophication. HELCOM
targets the sources of eutrophication via several recommendations (for example, Rec
28E/4 on measures to hinder land-based pollution) and the BSAP with reduction tar-
gets for emissions of nitrogen and phosphorus. EU has adopted several directives to
deal specifically with eutrophication including the Urban Waste Water Treatment Di-
rective (UWWTD), the Nitrate Directive (ND), and the National Emission Ceilings Direc-
tive (NECD). The EU Common Agricultural Policy (CAP) strongly influences nutrient
management. Within the CAP, member states implement specific agricultural mea-
sures targeted at nutrient reduction from agriculture that (partly) reflect measures re-
commended by HELCOM. For detailed references and sources, see data S3.
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Box 2. The return of top predators. The fast collapse of several marine
predators in the Baltic Sea is a poster-child example of similar losses in other
world regions following industrialization. Declineswereobserved in charismatic
marine mammals such as grey seals (Halichoerus grypus), ringed seals
(Phoca hispida), harbor seals (Phoca vitulina), and harbor porpoises
(Phocoena phocoena), as well as birds, the fish-eating great cormorant
(Phalacrocorax carbo), and the white-tailed sea eagle (Haliaeetus albicilla).
The pressures underlying population collapses were hunting and perse-
cution, exacerbated later by bioaccumulation of anthropogenic hazardous
substances, mainly DDT and polychlorinated biphenyl (PCB), and their
detrimental effects on reproduction. In contrast to many other areas in the
world, many of the Baltic Sea top predators have seen a recent recovery. Seals,
for example, were historically highly abundant in the Baltic Sea, with popu-
lation estimates of ringed seal, grey seal, and harbor seal up to 220,000,
100,000, and more than 20,000 individuals in the late 19th to early 20th
century, respectively, but were then hunted to near extinction. Hunting reg-
ulation along with a ban on DDT (105, 106) reversed this trend and allowed
their recovery (Fig. 4). Several bird species have shown a similar recovery, for
similar reasons (107, 108). PCB levels in eggs of white-tailed sea eagle and
fish-eating birds havedrastically decreased from those in early 1970s (109), and
the consequent higher reproductive success has enabled their fast population
growth (Fig. 4). Not all species have recovered. The harbor porpoise
(P. phocoena) remains red-listed, with one subpopulation of a few hundred
individuals and another one about an order of magnitude larger (110). This
history shows that management actions and recovery may be more difficult
if causes such as hunting, toxins, by-catch, noise pollution, prey depletion,
desertion of hypoxic benthic feeding grounds, and habitat deterioration
(111) are more complex and interconnected. The Baltic Sea shows that if a
conservation-prone public attitude can be reinforced, and if hazardous
substances can be efficiently limited, many top predators can recover. To
enable recovery, it is worth preserving (often genetically unique) populations
even if individual numbers become low. The Baltic example also highlights the
importance of monitoring bioaccumulation of both conventional and novel
toxic substances. Furthermore, with the recovery of seals and cormorants,
“new old” interactions are resurfacing: for example, conflicts with fisheries—
which were themotivation for the original persecution—are now rearing their
head and require practical management (59).

Time courses in the abundance of Baltic top predators. Counts for all
species, except seals, represent breeding pairs. For data sources, see data S3.
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Fisheries management
For Baltic Sea fish stocks, themessage is amoremixed one. Baltic stocks
are, on average, better managed than those in other European regional
seas, as indicated by a recent analysis of the status of Europe’s major
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commercially exploited stocks (60, 61). However, it has to be kept in
mind that these assessments exclude stocks and species that formerly
were commercially important but that now are locally or commercially
extinct, such as many fall-spawning herring stocks and sturgeon (62).
This comparatively good status is due to a combination of several
factors, particularly the high level of regional cooperation, coordination,
and transparency regarding fisheries data collection/monitoring, man-
agement, control, and enforcement (Fig. 3A). The cooperative manage-
ment approach originated several decades ago, and has continued to
incorporate improvements (21), including implementation of EUman-
agement plans, initially for cod, and recently for all major fish stocks
(cod G. morhua, sprat Sprattus sprattus, and herring Clupea harengus)
in the Baltic Sea (63). The status of the stocks is assessed annually using
standardized surveymethods, data collection procedures, and, for some
stocks, fisheries population models—all of which are coordinated, re-
viewed, and approved by scientific experts (64). These data and model
outputs provide a scientific basis for advice on fishing quotas. In the
Baltic Sea, as part of the EU Common Fisheries Policy, a major reduc-
tion in illegal, unreported, and unregulated (IUU) fishing has also re-
cently been achieved (64, 65), as well as a discard ban (66).

The relatively goodmanagement status of fish stocks is now in dan-
ger due to accumulating additional pressures such as warming, de-
oxygenation, and the disruption of food web links in higher-order
interactions (Box 3), which means that currently used assessment
models and management frameworks that worked in the past may be
ecologically too simplistic for the future. A case in point is the long-term
sustainability of the eastern cod stock, which is severely threatened under
future scenarios of climate change and nutrient loading (67). The Baltic
Sea provides a compelling example as to how intensities of sustainable
exploitation can become unsustainable under new (worsened) ecolog-
ical circumstances, including in particular, desalination via increased
precipitation and run-off from land in combination with warming
and deoxygenation.

In contrast to the status of Baltic cod, the improved management of
anadromous Atlantic salmon (Salmo salar) populations throughout the
eastern and northern Baltic Sea is a success story (data S2). Early pop-
ulation genetics research showed that the Baltic salmon population is
strongly structured; historically, each river harbored at least one geneti-
cally unique population. Upon salmon decline in the 1950s, large-scale
hatchery breeding and release of young salmon were carried out without
taking genetic issues into account. Too few breeders, combined with the
use of fish from nonnative rivers, resulted in elevated levels of
inbreeding and loss of genetic variation. In 2011, the EU Commission
recommended phasing out of compensatory releases within 7 years,
followed by twomultinationalmanagement strategies following scientific
genetic advice. First, fishing activitymoved fromopen sea fisheries, where
multiple populations are harvested in a mixed fishery, to separate river
fisheries, reducing the risk of overexploiting separate populations. Second,
restoration efforts are performed in several rivers using original or genet-
ically close populations (data S2). Although not yet on the level of near
real-timemanagement as accomplished in Pacific salmon stocks (68), it is
one of the few cases worldwide where genetic-level differentiation and
diversity of fish stocks have been recognized and implemented as one
key management parameter. As such, these efforts highlight how critical
scientific knowledge, here of genetic stock structure and natal homing,
was indispensible for deriving appropriate management measures (69).

Given rapid community changes and species invasions, the develop-
ment of new fisheries may open up new opportunities. One example is
the invasion of the round goby (N. melanostomus), which is a potential
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Box 3. Fisheries management meets global change. As in other world regions, changes in productivity of Baltic fish stocks have occurred both gradually
and abruptly (“regime shifts”) during the 20th century. The underlying drivers have also changed in relative importance over time, for example, for the Eastern Baltic
cod stock from seal predation to climate-induced hydrographic conditions in combination with eutrophication and overfishing (112). Some of the management
reference points for Baltic fish stocks have been guided by documented changes in past productivity (113, 114), and a few “experimental” multispecies assessments
have been conducted to explore impacts of species interactions on sustainable fishing levels (90). Although these efforts are important first steps toward ecosystem-
based fishery management, the rapidly changing environment in the Baltic Sea highlights some of the difficulties that marine fisheries management will increasingly
face. A case in point is large temporal changes in the spatial distributions of sprat to the colder and more productive Northern Baltic, resulting in a spatial mismatch
with its predator cod (Box 3 figure, panels A and B) (65, 115). Spatially explicit management plans for the Baltic sprat fisheries have been suggested, although not yet
developed, with the goal of increasing the abundance of the key prey species for cod in the area currently occupied by cod (116). The Baltic also witnesses in fast-forward
how deteriorating environmental conditions interfere with classical management of fish stocks. The Eastern Baltic cod stock has experienced drastic declines in
individual condition (88, 117) and length at maturity over the last 20 years (Box 3 figure, panel C) (118), changes that are likely driven both by prey distribution moving
north and by a reduction of benthic prey availability in response to worsening oxygen conditions (117). The reduction in length at maturity by almost half may be a
drastic example of fisheries-induced evolution, but reduced growth related to the condition decline of the cod population cannot be excluded, because Eastern Baltic
cod cannot be aged because of methodological difficulties (119). Finally, other management actions addressing different members of the food web can interact as
well. This possibility is illustrated by the recent increase in seal abundance, otherwise considered a successful management story (Box 2) but one that has led also to
increased infestation of cod with parasites, possibly contributing to the decline in cod condition (Box 3 figure, panel C) (88, 117).

(A and B) Spatial disconnect of predator and prey. Sprat (S. sprattus) absolute abundance (that is, cod prey) is compared among the time intervals 1984–1991
(A) and 1992–2016 (B) in 106 individuals. Sprat distribution moved northward, possibly driven by SST increase, whereas cod (G. morhua), its predator, shifted
distribution southward because of deteriorating oxygen conditions. The circles correspond to the mean center of gravity of Eastern Baltic cod. Data are from autumn
acoustic surveys in SDs 25 to 29 [see the study of Casini et al. (115)].

(C) Condition of Eastern Baltic cod stock (G. morhua). Decreasing length at maturity (in centimeters) and deteriorating condition (Fulton’s condition index) in
the Eastern Baltic cod stock over time. Data on length at maturity were obtained from the study of ICES (120).
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threat to Baltic ecosystems and commercial fishes but has also led to
new and expanding commercial fisheries (45). This is a key example
where new adaptive management concepts with moving targets and
faster response times of all players, including the stakeholders in fish-
eries, are essential for changing fishing habits and traditions (59).

Baltic lessons for nutrient management—Successful
trend reversal
Nutrient pollution is considered one of the key future threats for global
coastal systems, related to the increase in coastal populations, lack of
human and animal waste treatment, and increase in intensive agricul-
ture (70). The Baltic provides one of the rare examples where successful
management has led to a macroregional trend reversal in this bottom-
up pressure. Biogeochemical fluxes of nitrogen (N) and phosphorus (P)
are currently considered to breach planetary boundaries (2), that is, they
exceed the environmental limits withinwhich human societies can safe-
ly operate. In the Baltic Sea, long-term data series show that N and P
loads increased between 1950 and 1980 to peak around 1990 but then
decreased substantially before reaching a plateau in recent years (Fig. 4)
(18). Compared to other similar regions where eutrophication is recog-
nized as a major problem, the increase in nutrient loads, the introduc-
tion ofmanagement policies to reduce loads, and the trend reversal with
decreasing loads took place earlier in the Baltic Sea Region than, for ex-
ample, in the Black Sea (71) and the Great Barrier Reef (72) (Fig. 3C,
table S1A, and data S1). The early onset of countermeasures was cat-
alyzed by the 1972 Stockholm UN Conference on the Human
Environment. The first initiatives responding to local and national
problems, including a major improvement in wastewater treatment,
resulted in a 50 and 70% decrease in N and P loads from coastal point
sources between 1985 and 1995 (73). This decrease took place one to
two decades earlier than existing nutrient management plans, for ex-
ample, those in other well-managed regions such as the Great Barrier
Reef region (72). With the enlargement of the EU, the existing
environmental directives have led to further improvement in
Reusch et al., Sci. Adv. 2018;4 : eaar8195 9 May 2018
wastewater treatment in the new member states. Similarly, significant
collaborative investments in wastewater treatment have taken place
since the mid-2000s in Russia and Belarus.

HELCOM, and later on the EU, successfully promoted systematic
monitoring, data sharing, awareness raising, and modeling including
the entire catchment area. This knowledge was critical for the identifi-
cation of scientifically based nutrient reduction targets (74) and for the
formulation of the HELCOM Baltic Sea Action Plan (BSAP) (52, 75).
This scientific information was also used to define the ecological targets
for the EU Water Framework Directive river basin management plans
(Fig. 3C). Ecological targets were also formulated for transitional and
coastalwaters that include threshold values for groundwater according
to the EU Groundwater Directive, highlighting the interaction of the
land-sea interface (76).

To fully meet the targets outlined under the BSAP, current N and
P loads need to be reduced a further 13 and 41%, respectively (75),
whereas, for many coastal water bodies, the requirements for complete
compliance with target loads are even higher. Unfortunately, nutrients
are maintained in the ecosystem on decadal or even centennial scales
because of large pools stored in the sediments. P release from sediments,
in particular, will continue for several decades after the load reduction
(18), which is likely to be a problem also for other world regions, par-
ticularly in coastal brackish areas. Second, it appears that increased N
fixation by cyanobacteria stimulated by P release specifically in hypoxic
areas counteracts the decreasing nutrient inputs (77). In addition, cli-
mate warming will make the ecosystem more vulnerable to nutrient
loads (15) and could even result in increased N loads from agricul-
tural areas due to increased run-off from land under altered precip-
itation patterns.

The accumulated natural scientific knowledge about the drivers of
nutrient pollution and the costs, capacity, and effectiveness of candidate
abatement measures have allowed economics researchers to develop
cost-efficient programs of measures to reduce nutrient loading (78).
The overall benefits of alleviating eutrophication in the open sea
(€3 billion to €4 billion annually; table S2) along with environmental
side benefits of the measures outweigh the costs of reaching the
corresponding nutrient abatement targets (€1 billion to €4 billion)
(78, 79). On the other hand, country-wise targets are based on pro-
portional reductions and lead to uneven distribution of the costs and
benefits, and a truly cost-effective plan would require still closer in-
ternational collaboration (80). To conclude, substantial improvement
was accomplished from relatively straightforwardmeasures; however,
the plateau that has been reached also highlights that further im-
provement will only be possible through much more costly actions
that are in partial conflict, for example, with other policy targets such
as the EU Common Agricultural Policy.

Nutrients and conflicting environmental policy targets
Pastmanagement in the Baltic, as almost anywhere in the world, largely
dealt with environmental targets in isolation from other conservation
targets or policy goals. Baltic Sea nutrient management is highly illus-
trative as to how sectorial targets in regional policy are currently in con-
flict with each other, such as food security and environmental protection.
Although the focus in the EU CAP has shifted over the years from price
support until 1980 toward greening in recent years (arrows in Fig. 4), sev-
eral EU environmental directives are at odds with the CAP that still sub-
sidizes intensive agriculture (81). Hence, a particular challenge is the
reduction of nutrient loads from agriculture. Currently, agricultural
sources contribute to two-thirds of diffuse nutrient losses (N and
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P) that reach the Baltic (82), and the nutrient load from agriculture only
marginally decreased since 1980. This decrease canmostly be attributed
to a collapse in the agricultural system in former communist states and
only secondarily to improvements in agricultural practices in some
countries (83), rather than to dedicated agricultural policies. Further re-
ductions in Baltic Sea nutrient loads will entail much higher costs and
restrictions on agriculture, and the required intersectorial policy
conflict (that is, ecosystem protection versus provisioning of afford-
able food) will make implementation difficult. Because the Baltic Sea
experiences above-average rates of climate change, even ambitious
nutrient reduction goals may now be offset by increased freshwater
run-off, enhanced nutrient remineralization, and water stratification
due to ocean warming (84). Accordingly, in all but the most drastic
nutrient reduction schemes, the oxygen-free zones in the Baltic Sea
will expand (9, 84). It is therefore imperative to develop policies, as
has recently been done for the Baltic Sea region, that simultaneously
address nutrient reduction and mitigation of climate change (85).
MANAGEMENT LESSONS FROM THE BALTIC TIME MACHINE
Marine coastal areas are under increasing,multifactorial pressures, with
the Baltic Sea being one of the regional seas suffering from an exceptional
combination of multiple stressors (Fig. 1, B to D, and Table 1). However,
as summarized here, in the Baltic Sea, some negative trends caused by
major regional pressures have now peaked and have been partly reversed
(Fig. 2 and Boxes 2 and 3), a progression that has led to the improvement
of overall ecosystem status. Examples of positive developments include
substantial decrease of hazardous substances (Fig. 2I), the return of top
predators (Box 2), the partial recovery of fish stocks (Fig. 2,G andH; Box 3;
and data S2), and a reduction in nutrient input from the post-industrialization
peak load (Fig. 4) and, hence, of some eutrophication symptoms.

We here attempt to identify the foundation of these successes and,
where possible, to formulate resulting lessons that may hold for other
areas. We acknowledge that these lessons may not be applicable
everywhere and that there are examples of coastal areas that have suc-
cessfully managed to curb pressures even before serious degradation
could result. Nevertheless, we posit that experiences gained in the
unique interplay of strong perturbations, complex management
scenario, good scientific underpinning, and successful trend reversals
are worth to be shared and considered at the global coastal level.

As one prerequisite, a comparatively good scientific underpinning
had been imperative for bending the pressure curves. The understand-
ing of the ecological processes within the Baltic is high, partly explained
by relatively small number of species in this geologically very youngBaltic
Sea and partly by dedicated collaborative, macroregional-scale research
programs, such as EU BONUS (55), that further enhance collaboration
at the science-management interface. However, science alonewould have
failed completely without important science policy interventions. For ex-
ample, breaking the negative trends was only possible in a multinational
setting because therewere science-based international and legally binding
agreements (most importantly, several EU directives, including the
MSFD and the EU Common Fisheries Policy; Fig. 3, A to C). Long-term
data series providing baselines against which to measure environmental
deterioration and the success ofmanagementmeasures have been partic-
ularly valuable also in the communication of the scientific data to policy-
makers and other stakeholders (Fig. 2).

Increasingly, research in the Baltic Sea area addresses the direct ec-
onomic benefits of management options, including reducing the risk of
oil spills, reducing the frequency of the establishment of new harmful
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alien species, and alleviating eutrophication, for which economic
benefits or costs have been quantified andmeasured. Regarding the lat-
ter, it has been estimated that the total economic benefits provided by
the Baltic Sea–based recreation, estimated at €14.8 billion per year,
could be more than €1 billion higher if the environmental status of
the sea improved (table S2 and references therein) (86). Although this
research field is still developing, it already demonstrates how the accu-
mulation of economic evidence on benefits and costs of different
environmental policy goals for the Baltic Sea provides stimuli for policy-
makers and demonstrates the need for actions.

Lessons from the Baltic Sea region highlight the importance of
setting up macroregional policy frameworks to consistently imple-
ment at least less costly measures (for example, wastewater treatment,
banning of IUU fishing, curbing contaminants, and regulating hunting)
to improve the ecological status.However, insufficient coordination and
integration between sectorial policies due to imbalanced power relations
and opposing agendas remain a constraint for the effectiveness of ex-
isting policy strategies, regulations, and directives (87). Implementation
of such frameworks and governance mechanisms can proceed incre-
mentally (instead of waiting to achieve a complete transition) as local
authorities acquire knowledge and experience to set them up and as
they identify expected future ecological changes and the policy needs
to address such changes.
BEYOND TRADITIONAL MANAGEMENT
The Baltic Sea is pushed rapidly into a zone where traditional manage-
ment is at its limits. Cases in point are starving cod populations due to
warming-induced distribution shifts in prey but not predator in com-
bination with the loss of benthic prey with the spread of oxygen-free
zones (Box 3) (8, 88), the stagnation of N and P loading curves due
to variability in run-off from land (Fig. 4), and increasing frequency
of cyanobacteria blooms owing towarming despitemeasurable nutrient
reductions (Fig. 2E) (35). These are key examples onhowglobal pressures
that cannot be addressed via regional collectivemanagement efforts, such
as ocean warming and acidification, are increasingly affecting Baltic eco-
systems (Fig. 1, B and C). As such, they constitute new boundary
conditions that seriously challenge “traditional” sectorial management
interventions that lack a dedicated ecosystem management approach.
Although the idea of ecosystem-based management is not at all new
(89), its implementation is still in its infancy (57).

The Baltic Sea Action Plan (BSAP) (52) is a major first attempt to
integrate diverse management measures. There are also some first at-
tempts in the Baltic Sea multispecies fisheries management (90). Hence,
the Baltic Sea is also developing into a region where novel management
tools are being developed, tested, and partially already implemented
(91). Given that rates of change in pressures and ecosystem responses
are above average (Table 1), the need to overcome sectorial environmental
management by adaptive management under the conceptual umbrella of
marine stewardship is particularly timely in the Baltic Sea (92). One issue
that may need reconsideration relates to the arrival of NIS and, possibly,
novel ecosystem functions. Although we agree that such invasions should
be prevented by curbing introduction pathways, because NIS have the
potential to drastically change local species composition and cause re-
gime shifts, with often as yet unclear long-term consequences [see, for
example, the study of Ojaveer et al. 41)], it is also becoming increasingly
clear that some novel species may actually improve ecosystem func-
tioning (93). Moreover, eradication is impossible in most cases such that
any sensible management needs to face the reality of new food webs
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that are composed of a mix of resident and novel taxa, once the latter
have established (94).

Adaptive management approaches are a projection of the shifting-
baseline concept into the future and acknowledge that ecosystems are
changing rapidly, with the consequence that conservation targets
need to move as well to stay operational and feasible (“Ecosystem
Stewardship concept”) (92). As one major step forward, in the Baltic
Sea region, a framework for sustainable stewardship management that
considers rapidly increasing external pressures and intends to enhance
the resilience of ecosystem functions has been developed (95).

Another area of rapid development at the policy-science interface in
the Baltic Sea is the development of participatory approaches that are
critical to improving horizontal policy integration across sectors (96).
More research is needed to understand how to successfully implement
more inclusive governance arrangements based on stakeholder par-
ticipation and social learning, which support recognition and aware-
ness of different perceptions, values, interests, and objectives across
sectors, increasing (in the long term) the acceptance of implement-
ingmore costly but alsomore effectivemeasures in theBaltic Sea region.
For example, the Kosterhavet marine protected area (Kattegat region)
was implemented in a participatory process involving all stakeholders
and resulted in regulations such as changed fishing gear with mea-
surable effects (97). Other recent examples include participatory ap-
proaches to regional management of nutrient inputs in Swedish water
councils (98). By and large, countries neighboring the Baltic Sea have
taken leading roles in these new, promising approaches to regionalized
management (99).
CONCLUSIONS
We have argued that regional seas are potential time machines where
impacts of regional and global change are accumulating faster than in
the coastal oceans. We show that the Baltic Sea, because of the unique
combination of strong multistressor perturbations ahead of most other
regional seas and coastal areas, good data availability, and the imple-
mentation of an advanced multinational governance and management
structure, is particularly suitable as a time machine to study conse-
quences andmitigation of coastal perturbations. Key lessons to consider
in other regional seas and future coastal oceans include the following: (i)
the implementation of effective intergovernmental policies that served
as an essential foundation in reversing the status of a highly disturbed
regional sea such as the Baltic Sea with its exemplary cross-border nature
of regional perturbations; (ii) the early andmaintained implementationof
monitoring and long-termdata series is priceless, to understandproblems
and evaluate and guide management actions; (iii) tackling the “low
hanging fruit” (for example, dealing with point sources of nutrients or
contaminants first), if addressed consistently on a macroregional scale,
is an important first step and can lead to significant environmental im-
provements; (iv) global change interacting with regional perturbations is
increasingly jeopardizing initial management successes, which calls for a
revised management that is both conservative and adaptive; and (v)
for further improvement, more inclusive governance arrangements
based on stakeholder participation and cross-sector collaboration are
imperative.
SUPPLEMENTARY MATERIALS
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