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Food webs are central entities mediating processes and external pressures in marine ecosystems. They are essential to understand and predict
ecosystem dynamics and provision of ecosystem services. Paradoxically, utilization of food web knowledge in marine environmental conserva-
tion and resource management is limited. To better understand the use of knowledge and barriers to incorporation in management, we assess
its application related to the management of eutrophication, chemical contamination, fish stocks, and non-indigenous species. We focus on
the Baltic, a severely impacted, but also intensely studied and actively managed semi-enclosed sea. Our assessment shows food web processes
playing a central role in all four areas, but application varies strongly, from formalized integration in management decisions, to support in select-
ing indicators and setting threshold values, to informal knowledge explaining ecosystem dynamics and management performance. Barriers for
integration are complexity of involved ecological processes and that management frameworks are not designed to handle such information. We
provide a categorization of the multi-faceted uses of food web knowledge and benefits of future incorporation in management, especially mov-
ing towards ecosystem-based approaches as guiding principle in present marine policies and directives. We close with perspectives on research
needs to support this move considering global and regional change.

Keywords: chemical contamination, ecosystem approach, envrionmental conservation, eutrophication, fisheries management, food web, living
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Introduction
Multiple human activities affect marine ecosystems worldwide
leading to environmental problems such as eutrophication, pollu-
tion, over-exploitation of resources, destruction of habitats, and in-
troduction of non-indigenous species (NIS; e.g. Harding and Perry,
1997; Ruiz et al., 2000; Jackson et al., 2001; Islam and Tanaka, 2004;
Korpinen et al., 2019). Climate variability and change further exert
significant impacts on marine ecosystems (e.g. Cloern et al., 2016;
Ullah et al., 2018). At the same time, human society is depending

on various goods and services that these ecosystems provide, such
as safe and nutritious food, shipping, energy, carbon sequestration,
geological resources, and attractive sea areas for recreation (e.g. Bar-
bier, 2017).

Food webs are central entities mediating major processes as well
as pressures in marine ecosystems, providing a functional link be-
tween individuals and populations, ecosystem functioning and re-
silience, and ultimately, ecosystem services. There are numerous ex-
amples of major changes in marine food webs globally, that have
substantially impacted the goods and services the ecosystems can
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provide. This includes fishing induced trophic cascades that con-
tributed to losses of kelp forests and seagrasses followed by shifts
to a different state of food webs respectively in the Gulf of Maine
and Moreton Bay, Australia, as well as mortality of corals in the
Great Barrier Reef and subsequent regime shift to an algae domi-
nated system (all covered in Jackson et al., 2001). Multiple human
influences in combination with climate variability and change have
reorganized food webs at all trophic levels in many locations world-
wide, for example in the Baltic Sea (Casini et al., 2008; Möllmann
et al., 2008), the Gulf of Maine (Overholtz and Link, 2009) and
the Bay of Fundy, Canada (Lotze and Milewski, 2004), with im-
pacts on biodiversity and abundances of valued resources, among
others.

It is therefore important to recognize when human perturbations
are reaching critical levels that could significantly modify and dete-
riorate food webs, causing, for example health risks to human con-
sumers, or collapse of a resource supporting livelihoods and food
provision. This requires up to date understanding of the structure
and functioning of food webs, their vulnerability to combinations of
pressures as well as predictive capabilities (Lotze et al., 2011; Niira-
nen et al., 2013). Food webs also mediate the effects of management
measures regulating various human pressures, e.g. through flow and
recycling of nutrients and contaminants and interactions between
organisms. This is recognized in relevant EU directives and poli-
cies, such as the Marine Strategy Framework Directive (MSFD; EU,
2008a) and the Common Fisheries Policy (CFP; EU, 2013) that call
for better integration of food web characteristics in the assessment
and management of marine biological resources. In line with this,
one of the eleven descriptors for determining good environmen-
tal/ecological status (GES) in the context of the MSFD is explicitly
focusing on food webs (MSFD Descriptor D4, “All elements of the
marine food webs, to the extent that they are known, occur at normal
abundance and diversity and levels capable of ensuring the long-term
abundance of the species and the retention of their full reproductive
capacity”), and several other descriptors entail close links to food
web information, e.g. D1 Biological diversity, D2 NIS, D3 Commer-
cially exploited fish and shellfish, D5 Human-induced eutrophica-
tion, and D6 Seafloor integrity (EU, 2017a).

The paradox about food web knowledge is that despite its im-
portance for the functioning of marine systems and the provision of
ecosystem services, its use and usefulness in environmental conser-
vation and resource management is rarely explicitly acknowledged
or assessed. To alleviate this situation, we conducted a review of
the current situation, focusing on the links between fundamental
knowledge of food webs (components, dynamics, processes, struc-
ture, and functioning) and management of key environmental is-
sues in marine systems. We focus on the Baltic Sea, which provides
an ideal test case due to its long history of multi-stressor distur-
bance (Ősterblom et al., 2007; Reusch et al., 2018; ICES, 2019a) and
comparatively long data series based on monitoring programmes
and a thriving research community (e.g. Snoeijs-Leijonmalme et
al., 2017). This has resulted in a relatively advanced knowledge
base also on food web processes and their spatio-temporal dynam-
ics. Moreover, international cooperation and management struc-
tures in the Baltic Sea are well developed (Elmgren et al., 2015),
started earlier than in many other seas and have supported or
led to a number of trend reversals and environmental manage-
ment successes (Reusch et al., 2018). These combined character-
istics make the Baltic Sea an ideal system to identify patterns and
provide lessons on future priorities for food web related research
and the potential uptake of the resulting knowledge in management

Figure 1. Scheme of key pressures on the Baltic Sea affecting its
provision of goods and services both through direct impact on
specific components of the system (species, guilds, communities, and
habitats) and indirectly through food web interactions. Monitoring
and research provide the knowledge base and evidence needed for
advice on management measures through legislations and directives.

towards solving key environmental challenges and contributing to
the sustainable utilization of natural resources in an ecosystem
approach.

Approach
We focus this assessment on four key human-induced environmen-
tal concerns in the Baltic Sea, which are also common in many other
coastal marine ecosystems, namely:

i) eutrophication,
ii) chemical contamination,
iii) exploitation of living resources, and
iv) NIS.

The main human pressures associated with these concerns, i.e.
nutrient and organic enrichment, introduction of chemical con-
taminants, selective extraction of species, and introduction of NIS,
have been identified as high priority pressures for the Baltic Sea
(ICES, 2019a). These pressures act jointly on the ecosystem, very
often through food web mediated processes, and interact with
each other and other drivers, such as climate change, in influenc-
ing the ecosystem status and its provision of goods and services
(Figure 1).

Focusing on these four pressures does not imply that other an-
thropogenic activities, e.g. extraction of geological resources, large-
scale constructions, coastal protection, and tourism are unimpor-
tant in the Baltic Sea or can be ignored in an ecosystem approach
to management. However, their impact is at present in the Baltic
Sea of more limited and local nature and consequently neither well
covered by the existing regional or global policies and directives.

For each of the four major environmental concerns, we:

a) Provide a brief background to the issue and the role of food webs
in mediating the associated effects.

b) Describe the overarching management goals and measures reg-
ulating the associated main human pressure.
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c) Assess application and applicability of food web knowledge in
relation to the management of the respective environmental
concern; this includes the identification of the specific pathways
of food web knowledge flow into informing management.

The reviews of background and role of food webs under (a) were
conducted by leading Baltic experts in the respective fields and
were then cross-checked by the remaining author team. Apart from
ground breaking older publication, the reviews and assessments
are based on peer reviewed publications published since 2000, re-
stricted to in maximum 40 key references in each area of environ-
mental concern. Under both (b) and (c), key reports by advisory
institutions or management authorities were as well included, de-
scribing present management policies and goals as well as enforced
management measures and plans, and in some cases also referenc-
ing ongoing evaluations.

Based on the four assessments, we then categorize identified
types of food web knowledge use and associated deliveries. Finally,
we discuss the future perspectives, considering the remaining and
developing knowledge gaps under global and regional change and
potential uptake of scientific evidence on food webs in marine man-
agement.

For the Baltic Sea, as in other seas with riparian EU member
states, overarching management goals are defined in four EU legis-
lations, the MSFD (EU, 2008b), Water Framework Directive (WFD;
EU, 2000), Habitats Directives (EU, 1992), and CFP (EU, 2013).
Moreover, the Baltic Marine Environment Protection Commission
(HELCOM) Baltic Sea Action Plan (BSAP) outlines management
goals specifically for this region, including the overarching goal of
GES of the Baltic Sea environment (HELCOM, 2007). The EU Strat-
egy for the Baltic Sea Region (EUSBSR) can be regarded as a co-
ordination platform supporting regional implementation of these
directives.

In the present review, we focus on management strategies, leg-
islative instruments and measures where food web knowledge is
considered relevant. “Use of food web knowledge” would thus con-
stitute all situations where (short- or long-term) management that
accounts for food web information differs from management that
does not. Thus, we do not assess strategies and measures that may
be relevant for a given pressure, should they lack food web rele-
vance. We also do not explicitly address the assessment of the GES
of food webs, an important topic addressed by the MSFD D4, be-
ing linked, but going beyond the practical management of con-
crete pressures. We distinguish between different ways of utilizing
food web knowledge, from formalized use to less well defined, but
potentially important informal integration. The most well-defined
use of knowledge is via established tools (e.g. quantitative mod-
els and indicator frameworks), formally applied to provide scien-
tific evidence and advice on specific management measures or for
assessing the status of ecosystem components in relation to man-
agement goals. In addition, food web knowledge may also be po-
tentially useful in relation to a specific management measure, even
if no formally established procedures or pathways for information
flow exist. Finally, even when not used for setting management ob-
jectives, entering the process of making management decisions or
evaluating management strategies, food web knowledge may sup-
port the strategic long-term success of management, e.g. by pro-
viding process-based information that helps explain dynamics in
the status of marine living resources or ecosystem components, and
to establish improved long-term projections of future ecosystem
states.

The role of food web knowledge in managing key
environmental concerns
Eutrophication
Background
Eutrophication of the Baltic Sea is a result of increased nutrient
loading in the 1950s–1980s due to intensified use of fertilizers
and continued industrialization (Wulff et al., 1990; Humborg et
al., 2007). In recent decades, the nutrient loading has decreased
due to enforced management measures, though diffusive nutrient
fluxes from agriculture are still high (Andersen et al., 2016; Reusch
et al., 2018). Nutrient concentrations in the water column and in
sediments remain high, due to the very long water residence time
of the Baltic Sea. In line with this, eutrophication effects, such as
cyanobacterial summer blooms and extensive bottom water hy-
poxia are still pronounced (Conley et al., 2002; Carstensen et al.,
2014; Kahru and Elmgren, 2014). An improvement of the environ-
mental conditions in the Baltic Sea with improved water clarity and
oxygen conditions is expected to take decades (Meier et al., 2012),
even if the reduction measures on land continue and follow the
overall scheme of the HELCOM BSAP.

Role of food webs
The effects of elevated primary production due to increased nu-
trient inputs propagate through the entire ecosystem via food web
processes. In particular, enhanced biological productivity may in-
crease biomass at different trophic levels (Cederwall and Elmgren,
1990; Ősterblom et al., 2007). This may include direct effects on
higher trophic levels, e.g. increased zooplankton and fish produc-
tion driven by increased food availability on lower trophic level.
However, because effects are moderated through food web inter-
actions, they are not expected to result in high standing stocks
on all trophic levels. In fact, it has been surprisingly difficult to
demonstrate consistent biological changes, for example in phyto-
plankton, zooplankton, and planktivourous fish, resulting from in-
creased nutrient availability during the 1950s–1980s (e.g. Cederwall
and Elmgren, 1990; Eero et al., 2016). Food web processes are highly
complex, e.g. enhanced plankton production leading to higher
sedimentation rates of organic material and respiration by bacte-
rial communities fueling on one side the microbial food web recy-
cling dissolved organic carbon into the classic food web (Pomeroy
et al., 2007) and on the other side increasing oxygen consumption
in deeper water layers, leading to large areas of oxygen deficiency
(Carstensen et al., 2014). Oxygen depletion has adverse effects on
bottom fauna (Karlson et al., 2002) and its capability to reminer-
alize suspended biological material and sustaining production at
higher trophic level (Neuenfeldt et al., 2020a). Oxygen deficiency
impacts in addition negatively on distribution and reproduction of
higher trophic level organisms, such as cod (Gadus morhua; Köster
et al., 2017), releasing planktivorous fish from predation pressure
with associated cascading effect on lower trophic levels (Casini et
al., 2008).

Management goals and measures
The EU WFD and MSFD (D5) address the eutrophication issues
in the inner coastal and open marine waters in Europe, aiming at
the minimization of its adverse effects. In line with this, one of the
overarching goals in the HELCOM BSAP is “Baltic Sea unaffected
by eutrophication” (Figure 2). In this framework, the reduction of
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 M. Eero et al.

Figure 2. Nutrient and organic enrichment: Overarching management goals (dark blue), associated management measures and strategies
(yellow), and relevant tools (light blue) channeling food web information. The arrows depict the flow of food web knowledge, with increasing
color intensity indicating where the pathways are well defined, where knowledge is relevant for specific management measures or strategies,
though its practical use is not well established or where the knowledge use is indirect, but still relevant for understanding and explaining the
status in relation to management goals.

nutrient inputs is a prerequisite for achieving good ecological and
environmental status. Therefore, HELCOM has adopted a river-
ine and atmospheric nutrient input reduction scheme consisting of
maximum allowable inputs (MAI) and country-allocated reduction
targets (CART) for nitrogen and phosphorus.

Applicability of food web knowledge
Eutrophication status is evaluated through indicator-based assess-
ments, which include target values for water clarity, winter concen-
trations of dissolved inorganic and total organic nutrients, as well
as oxygen and chlorophyll-a concentrations (McQuatters-Gollop
et al., 2009). Additionally, natural distributions and occurrence of
plants and animals are considered in the assessment. As such, none
of these target values include food web interaction directly. Food
web knowledge is however relevant in eutrophication assessments,
because it assists in the selection of indicators and defining their
thresholds, although the indicator values as such are based on ob-
servations from environmental monitoring, and do not incorporate
food web interactions directly.

Food web knowledge can directly inform eutrophication man-
agement via the coupled physical-biogeochemical model BALT-
SEM (Savchuk et al., 2012), which is used to calculate the
nutrient load reductions (MAI) required to reach the target for wa-
ter clarity in the open sea, providing input to CART (Figure 2).
This model allows the evaluation of the likely development of au-
totrophs (cyanobacteria, diatoms, and flagellates), i.e. their stand-
ing stocks and blooms, and exploring future scenarios of indica-
tor values such as winter nutrient concentrations triggering blooms
and carbon or chlorophyll concentrations as a measure for their
standing stock, which can contribute to long-term nutrient re-
duction strategies. Zooplankton and bacteria as heterotrophs are
merged into one functional group addressing the overall con-
sumption patterns of oxygen that determine the spatial exten-
sion of hypoxic area in the central Baltic Sea especially under the
halocline.

Additionally, a number of end-to-end ecosystem models exist
for the Baltic Sea, e.g. Ecopath (Tomczak et al., 2013) and Atlantis
(Bossier et al., 2018). Such models have been used for testing dif-
ferent scenarios, e.g. to explore the effects of various nutrient levels
in combination with other drivers such as climate change or fish-
eries (e.g. Niiranen et al., 2013; Bauer et al., 2019a; Bossier et al.,
2020). To do so, these models rely on the representation of key food
web interactions determining internal ecosystem dynamics and im-
pact of ecosystem drivers including eutrophication. Thus, food web
knowledge directly affects our perception on how eutrophication
propagates to higher trophic levels in model outcomes and how the
dynamics of higher trophic levels affects remineralization of nutri-
ents. This information is considered highly relevant for developing
long-term management strategies and plans, as well as their eval-
uation (Figure 2), but available end-to-end ecosystem models lack
the realism to include food webs on all trophic levels and linkage
to the various external drivers impacting on key species, including
their different life-stages, or even ecologically meaningful groups of
species.

Understanding of food web processes is a prerequisite to be able
to explain how changes in primary production and algal blooms
affect the eutrophication status. Such processes relate to, for exam-
ple, nutrient legacy on land and in the sea and associated feedback
mechanisms affecting the time scales when improvements in eu-
trophication status can be expected (Conley et al., 2002; Meier et
al., 2012; McCrackin et al., 2018). Similarly, evaluating the poten-
tial effects of biological nutrient removal measures, such as mussel
aquaculture (Petersen et al., 2020), requires quantitative food web
understanding. Moreover, explaining the consequences of changes
in hypoxia and water quality requires not only knowledge on al-
gal species composition (share of cyanobacteria, diatoms, and di-
noflagellates) and their vital dynamic rates, but also knowledge on
their consumers, e.g. abundance, diet composition and consump-
tion rates of microzooplankton, and higher trophic level species.
Finally, knowledge on the microbial food web is important, as dis-
solved organic carbon is returned to higher trophic levels via its
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incorporation into bacterial biomass, and then coupled with the
classic food web through micrograzers (Pomeroy et al., 2007).
Without such knowledge, the impact of bottom-up and top-down
control of trophic cascades on remineralization rates and eutroph-
ication remains unclear.

Chemical contaminants
Background
Chemical contamination of the Baltic Sea is a result of various hu-
man activities in the catchment (e.g. industries, agriculture, and ur-
ban areas) and at sea, as well as global emissions of chemicals with
long-range transport potential. Thousands of anthropogenic sub-
stances are potentially occurring in the Baltic Sea, however only a
small fraction of these have been analysed in monitoring programs,
screening campaigns or scientific studies (Sobek et al., 2016). Exam-
ples of substances with anthropogenic origin found in the marine
environment include industrial chemicals, unintentionally formed
by-products of combustions, pesticides, anti-foulants, pharmaceu-
ticals, dumped ammunition, and heavy metals (e.g. Lehtonen et al.,
2017; HELCOM, 2018). Management of chemicals relies largely on
the ability to identify hazardous substances based on basic proper-
ties tested in laboratories, predictions using in-silico methods or to
a lesser extend field measurements. Chemicals are commonly iden-
tified as inherently hazardous based on their persistence, bioaccu-
mulation potential, and toxicity (Matthies et al., 2016), and more re-
cently also on their mobility in the aquatic environment (Reemtsma
et al., 2016). The degree to which a chemical bioaccumulates also
influences the outcomes of chemical exposure and risk assessments
(Swackhammer et al., 2009). Hazardous substances have accumu-
lated at high levels in top predators in the Baltic Sea and previously
caused reproductive failure and contributed to near extinction of
grey seals (Halichoerus grypus) and white-tailed sea eagles (Hali-
aeetus albicilla; Roos et al., 2012; Bignert and Helander, 2015). Since
the 1970s–1980s, concentrations of several contaminants in biota
have declined significantly due to strict regulations (Nyberg et al.,
2015), allowing for top predator populations to recover (Helander
et al., 2008; Roos et al., 2012; Reusch et al., 2018). However, com-
pared to natural conditions or acceptable thresholds, elevated con-
centrations of several legacy pollutants remain, and new ones are
emerging (Gustavsson et al., 2018; HELCOM, 2018; Dreyer et al.,
2019; Schultes et al., 2020).

Role of food webs
A major concern regarding contaminants is their bioaccumulation
at higher trophic levels, mediated by food web processes, since this
increases the risk of exceeding toxicologically significant body con-
centrations (Fisk et al., 2001; Kelly et al., 2007; Ferriss and Ess-
ington, 2014). Contaminants bioconcentrate in organisms due to
equilibrium partitioning from air and water into organic matrices
(e.g. lipids and organic carbon) via diffusion. Food chain or food
web biomagnification imply that lipid normalized concentrations
increase with increasing trophic level, also called trophic magnifi-
cation; bioaccumulation is the combined result of bioconcentration
and biomagnification (Kelly et al., 2009). The extent of biomagni-
fication depends on physical–chemical properties of the chemical,
environmental conditions and food web characteristics including
type of organisms involved, the number of trophic levels and the
contaminant load of specific diets (e.g. Arnot and Gobas, 2004).

Differences in bioaccumulation of a certain substance for differ-
ent species at the same trophic level can thus be explained by sev-
eral factors, such as (i) poikilothermic species have lower energy
requirements and food intake compared to homeotherms leading
to lower chemical exposure per body weight, (ii) the capacity to
biotransform contaminants lowers concentrations in some species
faster than in others, e.g. seals have better capacity to metabo-
lize certain PCBs than cetaceans, and (iii) larger and slow-growing
species/individuals generally contain higher concentrations than
young and fast-growing ones (Borgå et al., 2012). Thus, the bio-
magnification factors between trophic levels (BMFs, i.e. lipid nor-
malized concentration in predator compared to prey) for a specific
substance varies between predator-prey pairs (Kelly et al., 2009).

Management goals and measures
The international legislations and conventions explicitly addressing
chemical contamination of the marine environment include WFD,
MSFD, and HELCOM BSAP in the Baltic Sea (Figure 3). The WFD
aims towards good ecological and chemical status of surface wa-
ters. A total of 2 out of the 11 descriptors in MSFD relate to chem-
ical contaminations, with the objectives that contaminants in ma-
rine environment should be at a level not giving rise to pollution
effects (D8) and should be below established thresholds in seafood
for human consumption (D9). Similarly, the HELCOM BSAP con-
tains an overarching goal of the Baltic Sea undisturbed by hazardous
substances. To achieve these goals, EU regulations and directives
have been implemented to regulate production and use of chemi-
cals, and introduce end-of-pipe measures to keep emission streams
from reaching the environment, e.g. the REACH regulation of in-
dustrial chemicals, directives for chemicals with specific use such
as pesticides, directives for specific products, and industrial emis-
sions (EU, 2006). Additionally, global conventions and voluntary
agreements are in place to restrict or phase out certain chemicals
(e.g. the Stockholm and Minamata Conventions). Regarding food
web knowledge, the potential for bioaccumulation in aquatic or-
ganisms is a hazard criterion used in several legislative instruments
to identify priority substances for which some action/measure is to
be taken, for example restriction or environmental monitoring (e.g.
REACH, WFD, and Stockholm Convention).

Applicability of food web knowledge
The contamination status of the Baltic Sea is assessed based on mea-
sured concentrations in water, sediments or biota for a subset of
harmful substances, used as indicators (e.g. HELCOM, 2018). Food
web related processes influence bioaccumulation and hence the
concentrations observed in biota (Parmanne et al., 2006; Kiljunen
et al., 2008; Miller et al., 2013; Airaksinen et al., 2014). Food web
knowledge therefore supports identification of chemicals with po-
tential to bioaccumulate (Undeman et al., 2010; Conder et al., 2012)
and is relevant for selecting indicator substances, defining their
thresholds as well as developing monitoring strategies (Miller et al.,
2014).

To obtain comparable monitoring data, the trophic level and nu-
tritional condition (e.g. lipid content and growth rate) of organisms
needs to be taken into account when assessing biomagnifying com-
pounds (EU, 2014; Kidd et al., 2019). Furthermore, to interpret tem-
poral trends and spatial differences in monitoring data, the impact
of food web structure (e.g. feeding habits and number of trophic
levels) needs to be considered.
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Figure 3. Introduction of chemical contaminants: Overarching management goals (dark blue), associated management measures and
regulations (yellow) and relevant tools (light blue) channeling food web information. The arrows depict the flow of food web knowledge, with
decreasing color intensity indicating where the pathways are well defined, where knowledge is relevant for specific management measures or
strategies, though its practical use is not well established or where the knowledge use is indirect, but still relevant for understanding and
explaining the status in relation to management goals.

Several modelling tools rely on food web knowledge for
addressing bioaccumulation in Baltic Sea food chains. These
include mechanistic bioaccumulation models (Czub and McLach-
lan, 2004), bioenergetics and ecosystem models analyzing transport
and accumulation of contaminants through aquatic food webs (e.g.
Peltonen et al., 2007; Niiranen et al., 2008). Such models can con-
tribute to indicator development, and be used to explain or predict
bioaccumulation of specific chemicals.

Food web knowledge is also relevant for developing and testing
long-term management strategies regarding contaminants (Unde-
man et al., 2015). Besides emissions, future changes in chemical
pollution and the time scales when good status can be expected de-
pend on developments in multiple drivers. For example, climate, eu-
trophication, and fisheries all have impact on food webs, and hence
potential bioaccumulation (Booth and Zeller, 2005; Parmanne et al.,
2006; Peltonen et al., 2007; Niiranen et al., 2008; Borgå et al., 2010;
Alava et al., 2018; Pihlajamäki et al., 2018). It has also been sug-
gested that migratory species transport contaminants across long
distances, and that on local scales this “biological focusing” of con-
taminants via biovector transport can be more important than abi-
otic transport in air and water (Blais et al., 2007). Finally, under-
standing the pollution effects on biodiversity and other aspects
of ecosystem status, largely mediated through food web processes
(Nilsen et al., 2018), aids explaining the progress towards manage-
ment goals, also regarding objectives other than those directly fo-
cusing on contaminants.

Exploitation of living resources
Background
The principal species targeted by commercial fisheries in the Baltic
Sea are cod, herring (Clupea harengus), and sprat (Sprattus sprat-
tus), with cod being the main piscivorous predator in this system

(ICES, 2019a). Species with local economic importance include
salmon (Salmo salar), flatfishes and coregonids. Overfishing has
historically been an issue in the Baltic Sea. In recent years, fishing
pressure has declined, although for some stocks it is still above levels
corresponding to the long-term maximum sustainable yield (ICES,
2020a). For most assessed stocks, latest biomass estimates are above
safe biological limits, with the exception of western Baltic herring
and eastern Baltic cod (ICES, 2020a). Stocks are also impacted by
environmental and climate change. This includes e.g. eutrophica-
tion fueling increased biological production channeled through the
food web into upper trophic levels (see Section 3.1), but also oxygen
depletion in spawning areas impacting negatively on reproductive
success (e.g. Hinrichsen, et al., 2016; Köster et al., 2017) and condi-
tion of cod (Eero et al., 2015; Casini et al., 2016a). Declining salin-
ities alter food webs from marine to estuarine/freshwater plankton
communities, with potential negative impacts on planktivorous fish
growth and early life stage survival (Alheit et al., 2005; Möllmann
et al., 2008). Corresponding changes in the fatty acid and vitamin
composition of the entire food chain can have additional impacts
on piscivorous fish species (Røjbek et al., 2014a, b; Majaneva et al.,
2020). Increasing temperatures impact on the phenology of zoo-
plankton and the availability of suitable prey for fish larvae (e.g. Voss
et al., 2012; Dodson et al., 2018). Reduced contamination load con-
tributes to the recovery of mammal top predators (see Section 3.2),
impacting on fish stocks through both predation and infestation by
parasites (Eero et al., 2015).

Role of food webs
Fish species in the Baltic Sea are strongly linked through predator–
prey interactions (e.g. Sparholt, 1994; Köster et al., 2003) and de-
pend on autotroph production channeled through lower and mid
trophic levels up the food web. In turn, fishing not only impacts
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directly on target and by-catch species, but the effects, moder-
ated by other drivers, can propagate down through the food web
restructuring the entire ecosystem. For example, a decline in cod
abundance in the 1980s due to overfishing and unfavorable hydrog-
raphy resulted in a community-wide trophic cascade leading to a
shift in ecosystem functioning in both offshore (Casini et al., 2008;
Möllmann et al., 2008) and coastal areas (Casini et al., 2012). In
addition to overall stock biomass, reduced growth, and nutritional
condition of individual fish is a concern in the Baltic Sea, and food
web mediation of environmental changes is playing a central role
here. The severe condition declines observed in Baltic cod over the
past two decades (Eero et al., 2015) represent a prime example. It
is at least partly driven by reduced benthic food (and energy) up-
take (Neuenfeldt et al., 2020a) caused by spreading anoxic zones in
deeper water (Carstensen et al., 2014; Casini et al., 2016a) as well
as a north/eastward shift of the major fish prey species sprat (Eero
et al., 2012). Additional causes involve food web processes related
to prey availability and quality, competition, and parasitism, some
of which are interacting with fishing (Svedäng and Hornborg, 2014;
Horbowy et al., 2016; Neuenfeldt et al., 2020a). Condition declines
have also been observed for sprat and herring driven by complex
biological, physical, and chemical interactions (e.g. Casini et al.,
2011). Interconnections of fisheries, climate change, and environ-
mentally induced effects on fish stocks are conceptually, but not
necessarily quantitatively understood (e.g. MacKenzie et al., 2007;
Eero et al., 2020).

To investigate the impact of structural uncertainty in models
predicting the long-term development of fish stocks, Gårdmark
et al. (2013) conducted a “biological ensemble modeling approach.”
An ensemble of models with different ecological assumptions was
exposed to climate forcing, using different climate scenarios. The
long-term response of cod to future fishing and climate change was
simulated in seven ecological models ranging from single-species to
food web models. Species interactions greatly influenced the simu-
lated response of cod to fishing and climate, as well as the degree
to which the statistical uncertainty of climate trajectories carried
through to uncertainty of cod population responses, indicating that
realistic modelling of food webs is a requirement for long-term pro-
jections.

Based on a comparison of output from three ecosystem mod-
els (Ecopath with Ecosim, Gadget, and a multi-species stock pro-
duction model), Bauer et al. (2019b) concluded, that although
disagreements among the output of the ecosystem models ex-
ist, these will not impede the usefulness of ecosystem models
for providing overarching strategic advice. However, the quanti-
tative response to altering fishing pressure differed among mod-
els suggesting that ecosystem models can be used to provide
quantitative fisheries advice only after improving the understand-
ing of trophic links and fish population dynamics in the Baltic
Sea.

Management goals and measures
The CFP sets the frame for fisheries management in Europe, aim-
ing at environmentally, economically, and socially sustainable fish-
eries providing maximum long-term yields within an ecosystem
approach considering the precautionary principle (EU, 2014). The
aims of safeguarding fish stock reproduction for high long-term
yield and conservation of fish stocks are also included in the MSFD
(D3; Figure 4). Total allowable catch (TAC) of individual species
is one of the major fisheries management measures, applied for

cod, herring, sprat, salmon, and other species in the Baltic Sea. In
addition, technical measures such as restrictions on fishing effort
and gears as well as closed areas and periods are in place for several
fisheries.

Applicability of food web knowledge
Fish stock assessments conducted by ICES for internationally man-
aged stocks provide the basis for scientific advice on sustainable
management to the EU Commission. Output on exploitation level
and stock structure including reproductive capacity are as well used
as indicators for commercial fish in the context of the MSFD. Mod-
els incorporating species interactions, so called multi-species mod-
els, deliver predation mortality rates used in both, assessments of
historical stock developments as well as short-term single species
predictions. Stock assessments for sprat and herring incorporate
predation pressure by cod, using information on predator–prey re-
lations, and diet compositions (Lewy and Vinther, 2004). However,
most stock assessments are still based on single species models, thus
ignoring species interactions.

Food web knowledge provides also indirect input to stock as-
sessments, to validate model estimates, or assumptions regarding
input parameters. This includes changes in natural mortality over
time, which is relevant, for example, for eastern Baltic cod (ICES,
2020a), where the factors driving the condition decline may have
led to higher natural mortality rates (Casini et al., 2016b). Also in
case of Baltic salmon, food web knowledge has provided a basis for
adjusting scientific advice on future fishing opportunities, when ex-
pecting a poor recruitment to the stock due to food web related dis-
orders, such as M74 syndrome (ICES, 2019b).

Concerning technical fisheries management measures, food web
knowledge is relevant in relation to spatio-temporal fisheries re-
strictions. For example, cases of local prey limitation and high com-
petition between species affecting their growth and condition have
been reported in the Baltic Sea (Casini et al., 2011; Eero et al., 2012).
Such information can both be semi-quantitatively inferred by the
distribution of predator and prey or derived by multi-species or
ecosystem models. In the Baltic Sea, such knowledge has led to an
ICES advice (e.g. in 2018) to regulate spatial distribution of fishing
pressure on sprat and herring, which has however not been pursued
further in practice, as the food web related benefits resulting from
such measures so far have not been quantified.

Multi-species models are used for long-term management strat-
egy evaluations, for example to determine reference values for fish-
eries management in an ecosystem context (Köster et al., 2009;
Horbowy and Luzeńczyk, 2017; Norrstrøm et al., 2017) and to test
whether harvest control rules and management plans are precau-
tionary in the long-term (ICES, 2013), being part of a formal man-
agement plan implementation procedure. While a quantitative eval-
uation of the multi-annual fisheries management plan for Baltic
cod, herring, and sprat (EU Reg. 2016/1139) according to proce-
dures outlined by ICES (2013) remains to be conducted, a qual-
itative evaluation has been conducted recently by ICES (2019c).
Multi-species and ecosystem models have also been used to ex-
plore tradeoffs associated with exploiting different ecologically in-
terlinked species (Voss et al., 2014), or to evaluate scenarios of fish-
ing pressure in combination with other drivers (Bauer et al., 2019a;
Bossier et al., 2020), however, results have never been used formally
as basis for fishery advice and input to fisheries management.

Finally, food web knowledge allows understanding and explain-
ing unexpected changes in fish productivity, which affect stock
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Figure 4. Exploitation of living resources: overarching management goals (dark blue), associated management measures and strategies (yellow),
and relevant tools (light blue) channeling food web information. The arrows depict the flow of food web knowledge, with decreasing color
intensity indicating where the pathways are well defined, where knowledge is relevant for specific management measures or strategies, though
its practical use is not well established or where the knowledge use is indirect, but still relevant for understanding and explaining the status in
relation to management goals.

status and subsequent fishing opportunities. Examples of such pro-
cesses include variations in prey availability for larvae (Voss et al.,
2012; Köster et al., 2017) and predation on early life stages (Neu-
mann et al., 2014; Kotterba et al., 2017), both impacting on fish
stock recruitment. Another example is parasites affecting growth
and/or mortality of a host species (Horbowy et al., 2016; Sokolowa
et al., 2018).

Non-indigenous species
Background
The introduction of NIS has been widely recognized as a potential
threat in marine ecosystems only since the 1980s. In the 1950s–
1970s, even deliberate introductions to the Baltic Sea were fa-
cilitated, to enhance the stocks of commercial fish (e.g. Pacific
salmonids and sturgeons; AquaNIS, 2015). To date, 176 NIS and
cryptogenic species have been recorded in the Baltic Sea (Aqua-
NIS, 2015). We still understand very little on both the direction
and magnitude of the effects of NIS on the structure and dynam-
ics of the Baltic Sea ecosystems, evidenced for example by the fact
that published records are lacking for 28% of the most widespread
NIS (Ojaveer and Kotta, 2015). Based on the limited available in-
formation, combined observations on impact strength, information
type and confidence level suggest that two benthic invertebrates, the
polychaete Marenzelleria spp. and the zebra mussel Dreissena poly-
morpha exert the highest ecosystem impact while benthic habitats
and communities suffer the most at the next hierarchical organism
aggregation level (Ojaveer and Kotta, 2015 and references therein).

Role of food webs
NIS can impact biota and ecosystems via different mechanisms,
including change of physical habitat, alteration of nutrient and/or
contaminant cycling, and competition for space or parasitism,
with corresponding indirect effects on food webs. However, the
most important mechanisms are the mediation via direct food

web processes, i.e. consumption and competition (Ojaveer et al.,
2021). Perhaps the best studied NIS to exemplify the variety of
food web interactions and associated effects is the round goby
(Neogobius melanostomus). Introduction of the species has
caused dramatic decline in blue mussel (Mytilus edulis) abun-
dance/biomass and changed size structure, which has further
induced a dietary shift in wintering long-tailed duck (Clangula
hyemalis) towards fish prey and overall led to reduction in carrying
capacity of the bird in the southern Baltic Sea (Skabeikis et al.,
2018). After the round goby invasion, flounder (Platichthys flesus)
and turbot (Psetta maxima) juveniles exhibited shifted diets, an
increased diet overlap with other species, and a lower feeding suc-
cess, which together potentially affected their recruitment success
(Ustups et al., 2016). In turn, a population increase of grey heron
(Ardea cinerea) in the southern Baltic Sea may be related to the
rapid expansion of the round goby, as important prey for the bird
(Jakubas, 2004). Finally, pikeperch (Sander lucioperca) exhibited
faster growth and a better condition factor after the introduction
of the round goby and the exploitation of this NIS as new food
resource (Hempel et al., 2016).

Management goals and measures
The United Nations Convention on the Law of the Sea (UNCLOS)
and the Convention on Biological Diversity (CBD, 2004) ask mem-
ber states to take measures to prevent or control introductions of
NIS, which may be harmful to local ecosystem. The MSFD is the
first legally binding instrument stating a management objective that
NIS introduced by human activities should be at levels that do
not adversely alter the ecosystems (D2). The HELCOM BSAP con-
tains an objective of no introductions of alien species from ships.
Other introduction pathways (aquaculture, canals, and so on) are
yet to be equipped with clear management objectives. Specific reg-
ulations regarding NIS include: (i) the International Convention
for Control and Management of Ships’ Ballast Water and Sedi-
ments (IMO, 2004); (ii) the Habitats Directive (EU, 1992), requiring
regulation of deliberate introductions of NIS into the wild; and (iii)
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Figure 5. Introduction of NIS: overarching management goals (dark
blue), associated management measures and regulations (yellow),
and relevant tools (light blue) channeling food web information. The
arrows depict the flow of food web knowledge, with decreasing color
intensity indicating where the pathways are well defined, where
knowledge is relevant for specific management measures or
strategies, though its practical use is not well established or where
the knowledge use is indirect, but still relevant for understanding and
explaining the status in relation to management goals.

the EC Regulation on use of alien and locally absent species in aqua-
culture (EU, 2007), to avoid adverse effects from their introduction
or translocation and from spreading into the wild (Figure 5).

Applicability of food web knowledge
The overarching goal in the MSFD, “NIS not adversely affecting the
ecosystem,” by definition considers a wide range of processes and
interactions in the ecosystem. Since food web mediation is the cen-
tral driver of most negative effects from NIS, knowledge of food web
processes is essential to understand the potential adverse effects of
NIS. This is specifically relevant for D2 criterion 2 “Abundance and
spatial distribution of established non-indigenous species, particularly
of invasive species, contributing significantly to adverse effects on par-
ticular species groups or broad habitat types” and D2 criterion 3 “Pro-
portion of the species group or spatial extent of the broad habitat type,
which is adversely altered due to non-indigenous species, particularly
invasive non-indigenous species.” Advanced food web knowledge is
required in biopollution assessments. Such assessments can be used
to evaluate NIS impacts on native species, communities, habitats,
and ecosystem functioning (Olenin et al., 2007; Zaiko et al., 2011),
and evidence to what extent the MSFD D2 overall objective is met
(Figure 5).

Due to the ecosystem wide relevance of the impacts of NIS,
knowledge on food web processes can also aid explaining the sta-
tus and dynamics of various aspects of biological ecosystem com-
ponents affected by NIS, which primarily includes species abun-
dance/biomass and their spatio-temporal dynamics, and dynamics
of community composition (e.g. Dinasquet et al., 2012; Jormalainen
et al., 2016; Skabeikis et al., 2018).

Food web knowledge can be considered a prerequisite for issu-
ing permissions for species introductions into the wild and use or
translocation in aquaculture (EU, 2007) as NIS act as both prey
and predator, including dietary overlap and competition with na-
tive species. Food web information (e.g. availability of suitable prey

and abundance of predators) is also relevant in relation to stock en-
hancement, and can apply both to native species and NIS (e.g. rain-
bow trout in the Baltic Sea). Concerning the EC Regulation on use
of alien and locally absent species in aquaculture, the decision cri-
teria explicitly include effects such as predation on native species
populations resulting in their decline, and depletion of native food
resources (EU, 2008b). However, it remains unclear to what extent
national authorities actually require/use food web knowledge in
their decision making. There are presently no quantitative or qual-
itative tools formally applied to channel food web information into
the management regarding regulation of deliberate introductions of
NIS into the wild or their use in aquaculture.

Synthesis
The current review demonstrates widespread application of food
web knowledge in environmental conservation and resource man-
agement of the Baltic Sea, but to a varying degree in different man-
agement contexts and for different purposes. These range from di-
rect formalized integration in management decisions to support
in the selection of indicators and setting of biologically meaning-
ful threshold values, to informal knowledge flow contributing to
the explanation of relevant ecosystem processes and dynamics, the
evaluation of the appropriateness and success of implemented man-
agement measures, and the development of long-term management
strategies.

Framework for the categorization of the use of food web
knowledge in management
In this section, we deliver a framework for an overarching cate-
gorization of the knowledge use and deliveries from application
of food web knowledge that become evident from the assessments
conducted (Table 1) and discuss current barriers to more formal in-
tegration of food web knowledge. This framework provides a foun-
dation on which to base future assessments of food web knowledge
application in the management of (other) marine environmental
concerns and/or other sea areas. It should also be valuable for man-
agers and researchers to more explicitly acknowledge the multi-
faceted potential benefits of food web knowledge and types of in-
formation that can support them, as well as the barriers currently
preventing more systematic use of knowledge.

Utilizing food web knowledge is obvious when information en-
ters quantitative models or other tools formally applied to support
management decisions (e.g. Skern-Maurtizen et al., 2016). In these
cases, the pathway of information flow to the management process
is well established, standardized and documented. Under this cate-
gory, we have identified five different types of specific uses:

1. Food web knowledge is directly used in identifying indicator ref-
erence values corresponding to GES, such as water clarity/algal
blooms, sustainable exploitation of fish stocks, such as fishing
mortality or the potential for bioaccumulation of hazardous sub-
stances in aquatic organisms.

2. Food web knowledge enters either directly or as model output
when assessing present ecosystem states, e.g. relative to reference
values. Examples include mechanistic bioaccumulation models
(Figure 3) and biopollution level assessments (Figure 5) as well
as higher trophic level multi-species models delivering predation
mortalities into fish stock assessments (Figure 4).
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Table 1. Summary of categories of the use of food web knowledge in a management context identified from the review of the four central
environmental concerns in the Baltic Sea, including examples of how output is presently applied.

Used to… Delivery Eutrophication Contamination
Exploitation of living

resources NIS

IDENTIFY State indicators and reference
values

Water clarity/algal
blooms

Potential of
chemicals for
bioaccumula-
tion

Sustainable or limit
fishing mortality rates

ASSESS Status of ecosystems and its
components relative to
reference levels

Climate/oceanographic/
biogeo-chemical
model output

Bioaccumulation
model output

Multi-species stock
dynamics and
predation mortalities

Biopollution
assessments

DEFINE Specific management
measures to
reach/approach targets and
avoid limit reference points

Maximum allowable
nutrient input

Acceptable
pollutant
thresholds

TACs or effort and
technical measures

PREDICT Response to management Effects of Baltic Sea
Action Plan

Bioaccumulation
of specific
chemicals

Stock development
under short-term
single species catch
options and
multi-annual fisheries
management plan

EVALUATE Performance of existing and
alternative
medium/long-term
management strategies and
plans

Evaluation of country
allocated reduction
targets

Evaluation of harvest
control rules and
multi-annual
management plans

EXPLAIN Changes in ecosystem,
progress towards achieving
management goals;
conceptual and process
understanding to develop
long-term management
strategies

Environmental impact
of nutrient loading
and developing
management plans

Environmental
impact of
contaminants
and developing
management
plans

Environmental impact
of fishing and
developing
management plans

Environmental
impacts of NIS

3. Food web model output may form the basis to define neces-
sary management actions to achieve the identified targets. Ex-
amples include MAI (Figure 2) and TACs (Figure 4). In sev-
eral cases, food web models are also utilized to develop and test
the responsiveness and sensitivity of state indicators used, e.g.
indicator substances for chemical management and fishing mor-
tality rates allowing maximum sustainable yield in fisheries.

4. Adequate representation of food web processes in ecosystem
models is a prerequisite to reliably predict future ecosystem de-
velopments under different scenarios of marine management
and natural drivers, both in the medium and long term. Exam-
ples are the HELCOM BSAP (Figure 2) and the multi-annual
fisheries management plan for Baltic cod, herring, and sprat
(Figure 4) utilizing above mentioned state indicators as target or
limit reference points. Further examples are utilization of bioac-
cumulation models to predict concentrations of specific chemi-
cals in biota (Figure 3).

5. Food web models and their output allow evaluating long-term
management plans, such as those mentioned under 4 above, be-
fore, during, or after implementation, considering both scenar-
ios of environmental and climate change as well as future ex-
ploitation.

Food web knowledge is as well relevant and applied in several
less formalized ways. These include the delivery of background
information for management measures and regulations, where
clear procedures for information flow and use are not established.

Relevant examples include, e.g. (i) the environmental impacts of
NIS and corresponding management targets and measures, (ii) de-
signing technical fisheries management measures, such as closed
areas, based on distribution of predator and prey or competitors for
food and/or habitat, and (iii) selection of species for monitoring of
contaminants. While the specific informal knowledge uses vary, all
of them are valuable to help explain (and thus understand) the im-
pact of different external and internal ecosystem drivers, and the
associated outcomes of ecosystem status and dynamics.

Understanding food web and ecosystem processes is essential
to be able to explain why certain management measures may or
may not have the expected effect, what is the outcome of interac-
tions between various anthropogenic pressures and climate change
for ecosystems and their components and how management mea-
sures should be adjusted to be able to meet the expected outcome.
For example, knowledge on contaminant bioaccumulation and me-
tabolization is important for both chemical and ecosystem-based
management, including supply of healthy seafood, even when man-
agement decisions are normally based on direct monitoring results
contrasted against limit reference levels.

Application of food web knowledge in management
Applications of all types of uses of food web knowledge are ev-
ident in the management of eutrophication and living resources.
Most types are used as well in the management of chemical con-
taminants, but evaluation of long-term management plans and
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strategies are not supported by food web knowledge. In contrast,
only few types of uses are established in the management of NIS,
i.e. assessing biopollution levels and explaining their environmen-
tal impacts (Table 1). In all four areas, food web knowledge is used
to explain changes in ecosystems and progress towards achieving
management goals. Also conceptual and process understanding is
used to develop long-term management strategies in relation to eu-
trophication, contamination, and exploitation of living resources.
A formal evaluation of existing or alternative management plans is
only conducted in the field of eutrophication and fisheries manage-
ment, but predictions of response to management are conducted
as well in the area of chemical contamination. Most difficulties
are encountered in both prediction and evaluation with respect
to the effect of multiple human pressures and climate change. In
consequence, fisheries management relies on an adaptive approach
in short-term predictions with reasonably constant environmental
conditions and pressures. The definition of specific management
measures to reach or approach identified targets or avoid limit ref-
erence points is again conducted in management of fisheries and
nutrient and chemical loading, but not in the management of NIS.
Assessments are conducted in all four areas, but considering dif-
ferent complexity and are more (eutrophication and chemical con-
tamination) or less model based (NIS). In general, it is important to
underscore that the extent to which and how food web knowledge
is used varies substantially between all areas.

In all four assessments, considerable barriers to the more sys-
tematic inclusion of food web knowledge became visible. The most
notable reasons that could be identified were twofold: the first re-
lates to the often high complexity of the underlying ecological pro-
cesses. Related to this, routine monitoring data that reflect this com-
plexity are not yet available, process understanding is only partly
advanced enough to be used, and models quantifying the impact
are rather the exception then the rule. The second reason relates to
the current management frameworks, which are not designed for
the incorporation of food web information. An example here is the
use of single-species models in fisheries (Section 3.3) contrasting
with more ambitious multi-species or ecosystem approaches that
would account for this information, but requires priority setting
with respect to exploitation and conservation of interacting species.
Overall, the analysis also shows differences among the level of food
web knowledge application in the four areas of concern, with the
least systematic inclusion in the management of NIS. Three of the
concerns addressed in this perspective, eutrophication, chemical
contamination, and exploitation of living resources, directly link to
ecosystem services in the form of nutrient and contaminant recy-
cling and fisheries. The large importance of food webs processes
underlying these concerns therefore confirms the intimate connec-
tion between the functioning of food webs and the provision of
ecosystem services (Heckwolf et al., 2021). A formal assessment
of these links would be a valuable endeavor but is also complex
and potentially hampered by lack of quantitative information with
demonstrated causality, and therefore was beyond the scope of this
manuscript.

Discussion and future perspectives
Our assessment related to four key environmental challenges in the
Baltic Sea confirms that food webs are central for mediating ecolog-
ical processes as well as pressures in the Baltic Sea ecosystems, and
hence essential for both ecosystem functioning, ecosystem services

and ecosystem-based management approaches. Despite their im-
portance and extensive scientific information available, application
of food web knowledge in related management was quite variable,
both in extent and form, and we identified the complexity of in-
volved ecological processes and management frameworks that may
not allow for the systematic incorporation of this type of informa-
tion as two underlying reasons.

There is a need and potential for further use, especially with
respect to the development of long-term management strategies
within the framework of the ecosystem approach. This requires en-
hanced quantitative understanding and predictive capability con-
sidering multiple anthropogenic and natural ecosystems drivers, in-
cluding climate change.

In the following, we review the importance of food web knowl-
edge for implementation of policies and directives. Further we dis-
cuss the importance and role of food web knowledge as evidence
base for long-term management and policy development. We close
with a discussion on future science needs to accommodate the re-
quirements on food web knowledge and tools allowing to integrate
them more successfully into the advisory and management process.

Importance for implementation of policies and directives
As evidenced above, food web knowledge is often central for mak-
ing progress in environmental conservation and sustainable utiliza-
tion of marine living resources. This confirms previous studies that
have demonstrated their relevance for e.g. energy and matter cy-
cling (Hoikkala et al., 2015; Karlson et al., 2015; Griffiths et al.,
2017), healthy populations and interactions of fish, seabirds and
marine mammals (Casini et al., 2011; Niiranen et al., 2013; Hans-
son et al., 2017; Eero et al., 2020), as well as for ecosystem buffering
capacity of anthropogenic impacts (e.g. Tomczak et al., 2013; Gård-
mark et al., 2015).

This finding underscores the value of the specific attention that
food web characteristics have received by major EU policies and
directives, including the MSFD (EU, 2008a) and the CFP (EU,
2017b) calling for better integration of food web knowledge in the
assessment of environmental status and management of biological
resources. The updated EU Strategy for the Baltic Sea (EUSBSR) Ac-
tion Plan (EU, 2017b) explicitly requires the consideration of fish-
eries impact on food web structure under its objective Save the Sea,
enforced by its policy area Bioeconomy. However, only one food
web project, i.e. BONUS BLUEWEBS, has yet achieved EUSBSR
flagship status (Bonus, 2020). The project developed a decision sup-
port system displaying possible consequences of different nutrient
and fisheries management objectives under various future climate
scenarios. Such initiatives, with a broadened scope addressing mul-
tiple interacting drivers, various food web levels and contrasting
different sea areas are required.

The MSFD applies a broad definition of biodiversity (D1) ac-
knowledging that the variety of life on earth operates at various
scales, from genes and species to entire ecosystems. Thus, biodiver-
sity refers to all life-forms and their behaviours, the environments
or habitats in which they live, and the complex system of relation-
ships between organisms, such as food webs. This broad definition
follows the CBD (UN, 1992) and has implications on most other
MSFD D2 NIS, D3 Commercial fish, D4 Food webs, D5 Eutrophi-
cation, D6 Sea floor integrity, D8 Concentrations of contaminants,
and D9 Contaminants in seafood.

MSFD D4 addresses explicitly food webs, with in principle
all components to be considered. However in practical terms, it
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includes only those components that are effectively monitored, i.e.
groups (i) characterized by high turnover rates, e.g. phytoplankton,
zooplankton, and bacteria, (ii) targeted by fisheries, (iii) defining
habitats, or (iv) charismatic or sensitive species. It is obvious that
such a focus falls short in describing the functional aspects and
dynamics of marine food webs, especially the rates of energy trans-
fer, nutrient recycling, accumulation, and metabolization of con-
taminants as well as bottom-up and top-down control of ecosystems
systems.

Nature conservation segments of the BSAP (HELCOM, 2007)
do not address food web status or function specifically and neither
does the Assessment of status, pressures and impacts on the Baltic
Sea marine environment published as 2nd HELCOM holistic assess-
ment (HELCOM, 2018). However, the assessment states that oper-
ational food web indicators are lacking and consequently, and there
are considerable efforts to include food web information more ex-
plicitly in the 3rd HELCOM holistic assessment. The HELCOM
BSAP is in the process of being updated (https://helcom.fi/baltic
-sea-action-plan/bsap-update-2021/), maintaining its focus on eu-
trophication, hazardous substances, maritime activities, and biodi-
versity, but increase the integration of cross-cutting issues, such as
the ecosystem approach and climate change. In order to facilitate
this, food web consideration will be of increasing importance.

While food web structure and dynamics are not of direct rele-
vance for maritime spatial planning and the implementation of the
respective EU Directive (2014/89/EU), they are of considerable in-
direct importance. Mapping of sub-regional food web structure and
understanding their dynamics is a prerequisite to predict and opti-
mize the impact of maritime activities in combination with natural
ecosystem drivers.

The ability to hind-, now-, and forecast food web dynamics sup-
ports management actions under all these directives; furthermore
it allows future policy development and the communication of the
rationale behind management decisions to stakeholders and the
larger society. This is a prerequisite to build up scientific credibility,
facilitate agreement among stakeholders on prominent issues and
motivate their engagement and buy-in to support necessary man-
agement measures.

Importance for long-term management
Understanding ecosystem processes (CBD, 2004; ICES, 2005; EU,
2008a) is by definition essential for implementing an ecosystem ap-
proach to management (Long et al., 2015; Link et al., 2020). The
required knowledge increases proportionally with both the speed
and amplitude of ecosystem change as well as the time span man-
agement measures address. A highly adaptive management tar-
geting short-term impact can in principal be designed without
process-based understanding and rely on up-to-date monitoring
system covering relevant ecosystem components in adequate spa-
tial and temporal scale, although the development of ecologically
meaningful indicators and setting target and threshold values in-
evitably requires some food web knowledge (“identify,” Table 1).
However, long-term, strategic management plans and targets re-
quire advanced process-based information and models related to
key ecosystem components and single drivers in question (“de-
fine”). Representation of the entire ecosystem and multiple drivers
in model systems is required as the projection period (time hori-
zon) expands, and as the amplitude of change in drivers increases
(“predict”).

A large body of research indicates that the Baltic Sea ecosys-
tems have not only undergone substantial changes until today (e.g.
Reusch et al., 2018), but are projected to undergo substantial addi-
tional, potentially accelerating changes in the coming decades due
to a combination of global and regional pressures (see contribu-
tions to the Assessment of Climate Change for the Baltic Sea Basin
(BACC, 2008, 2015). These include warming, freshening, and de-
clining oxygen content of water, continued eutrophication, chang-
ing input of chemical contaminants, intensified exploitation of ma-
rine living resources, and continued introduction of new NIS. These
changes are expected to lead to novel conditions not observed in the
Baltic Sea before and can be expected to be happening in all Euro-
pean regional seas.

Cumulative effects of pressures and the mediation by food web
processes are addressed for four key environmental concerns in
Section 3, but the full complexity of interactions is hardly known at
present. For example, intensive bottom trawling results not only in
increased mortality of benthic organisms and degradation of ben-
thic habitats (Collie et al., 2000; Kaiser et al., 2006), but impacts on
benthic food webs and thus as well on benthic production, while
in parallel releasing nutrients from sediments and thus enhanc-
ing oxygen consumption, impacting further negatively the benthic
community. However, compared to other marine ecosystems, the
impact of bottom trawling is smaller in the Baltic Sea because of
spatial restrictions and the gears in use (Eigaard et al., 2017).

The impact of the multitude of non-trophic interactions on
food web webs is difficult to assess, but as demonstrated by Kéfi
et al. (2015), the occurrence of different types of non-trophic in-
teractions was well reflected by the trophic structure and species
traits in a benthic shore community and thus may be used to
predict the functioning and resilience of ecological communi-
ties. In comparison, non-trophic interactions in pelagic ecosystems
characterizing the deeper areas of the central Baltic Sea with anoxic
bottom water layers are easier addressed, e.g. through the use of
coupled biological hydrodynamic models (e.g. Hinrichsen et al.,
2011). Coupling individual-based modelling approaches into these
coupled bio-physical models can also account for individual vari-
ability (Thompson et al., 2012). However, these models still en-
counter difficulties to include realistic behavior and movement of
predator and prey (e.g. Holt et al., 2014). How the interplay be-
tween trophic and non-trophic interactions affects community sta-
bility and overall ecosystem resilience remains largely unknown
(Kéfi et al., 2015). It has however been demonstrated, that degraded
marine food webs have simpler structure with likely negative conse-
quences for food web stability (Coll et al., 2008; Baden et al., 2012).

Of overarching importance is climate change, which directly
impacts on ecosystem structure and functioning on all trophic
levels, and thus affects nutrient recycling, extent of bioaccumu-
lation of contaminants and associated toxic effects, resilience to
NIS introductions and harvest potential of living resources. Un-
derstanding the impact of climate change on food web dynamics
and mediating ecosystem consequences in parallel to various other
human-induced pressures is critically important for restoring and
maintaining GES of the Baltic Sea and using its living resources
sustainably. This conclusion also holds for other (semi)enclosed
regional sea areas, which are heavily affected by multiple anthro-
pogenic activities.

In this context, understanding implies not only gathering quali-
tative food web evidence to be able to interpret dynamics observed
through monitoring programs (“explain” Table 1), but incorpo-
rating quantitative process knowledge at relevant spatio-temporal
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scales in defining and testing indicators and setting reference val-
ues (“identify”) as well as describing quantitatively ecosystem states
(“assess”). Adequate representation of food web processes in ecosys-
tem models is a prerequisite to define management actions (“de-
fine”), and develop predictive tools and management strategy eval-
uation tools (“predict” and “evaluate”).

Where do we stand?
The Baltic Sea is an intensively studied, monitored, and regulated
semi-enclosed sea with relatively well described relationships be-
tween ecosystem drivers and environmental state (e.g. Reusch et al.,
2018). The knowledge on its food webs has grown exponentially in
the last decades, not least through the targeted efforts of the BONUS
program (Snoeijs-Leijonmalm et al., 2017).

The present assessment revealed that food web knowledge for
the Baltic Sea is used to identify state indicators and reference val-
ues, assess ecosystem status relative to reference levels, and define
specific management measures in order to reach or approach tar-
gets and/or avoid limit reference points. Food web knowledge is
used as well in models to predict ecosystem dynamics in response to
management measures, addressing mostly single drivers for man-
agement applications, and in specific cases also multiple human
pressures and climate change. Finally, food web knowledge con-
tributes to the performance evaluation of existing and alternative
medium and long-term management strategies and plans and more
often to explain changes in the ecosystem and progress/or failure
to advance towards achieving management goals. While food web
knowledge thus funnels into practical management in multi-faceted
ways (Table 1), one important conclusion of our assessments was
that the potential theoretical benefits are often not reached system-
atically in the management of key environmental concerns, a con-
clusion certainly holding for other regional seas in Europe and else-
where.

What is needed?
In this section, we provide a vision of how better integration of
food web processes in evolving model frameworks, together with
improved design of monitoring programs and enhanced process
understanding, could allow us to take a step forward, towards the
more systematic integration of food web knowledge in environmen-
tal conservation and resource management.

Integrating food web information in model frameworks
Marine organisms and the food webs they form are affected by
“bottom-up” (i.e. resource availability determining production on
all trophic levels) and “top-down” forces (i.e. grazing, predation,
and harvesting; Baum and Worm, 2009). Human activities may
lead to changes in ecosystem and food web functioning via pres-
sures such as resource exploitation, eutrophication, bioinvasions,
and habitat degradation. This can culminate in trophic cascading
and shift of ecosystem states, both of which have occurred in the
Baltic Sea (Möllmann et al., 2008; Casini et al., 2012) and elsewhere
(e.g. Conversi et al., 2010).

An array of advanced food web and ecosystem models exist for
the Baltic Sea. Mass balanced models have been in use since the
1980s, demonstrating pelagic primary production to be the primary
energy source in the Baltic Sea with river input and benthic pri-
mary production to be important locally (Elmgren, 1984). This was

followed by attempts to use these models for contrasting carbon
flow in different time periods (Jarre-Teichmann, 1995), different
Baltic Sea areas (Sandberg, 2007; Sandberg et al., 2000) and com-
parison to other estuarine sea areas (Wulff and Ulanowicz, 1989).

Comparing carbon flows in five south-eastern Baltic coastal
ecosystems utilizing an Ecopath models with 12 common func-
tional groups (Tomczak et al., 2009), revealed that fisheries had far
reaching impacts on the food web in general, with benthic food
webs being affected indirectly and these cascades being ecosystem
specific. Simulating an ecosystem regime shift observed in the cen-
tral Baltic Sea in the 1980s utilizing an Ecopath with Ecosim (EwE)
model, forced by climate and fishing scenarios, suggested a food
web reorganization and redirection of energy flow pathways as a
function of the regime shift (Tomczak et al., 2013). This included
a shift from macrozoobenthos-mediated transfer of energy from
lower trophic levels to top predators to the domination of pelagic
trophic flows (Tomczak et al., 2012).

Bauer et al. (2018) deployed an EwE spatial-temporal frame-
work (Steenbeck et al., 2013), forced by a coupled physical-
biogeochemical model to investigate if eutrophication management
has the potential to affect future harvest of living resources. Simu-
lations were based on the spatial distribution of functional groups,
depending on their respective tolerances to abiotic factors, trophic
interactions, and fishing. The study concluded that strategic plan-
ning of fishery management strategies could benefit from consid-
ering future changes in species distributions caused by eutrophica-
tion.

A spatially explicit end-to-end Atlantis model has recently been
used to explore the effects of different pressures on Baltic ecosys-
tems (Bossier et al., 2018). The model was linked to a high-
resolution Baltic Sea physical–chemical–biological and hydrody-
namic model for initialization, and a fisheries economics model. By
simulating several scenarios of nutrient load reductions and test-
ing the sensitivity to different fishing pressures, it was concluded
that the model is capable of evaluating the impacts on different
trophic levels, fish stocks, and fisheries associated with changed
benthic oxygen conditions. Including both intra-specific and inter-
specific competition and density-dependent regulations, Bossier
et al. (2020) were able to capture the functional responses in inter-
actions of groups and levels as well as trophic cascades. The authors
conclude that in order to better understand ecosystem interactions
and trophic cascade state and control mechanisms, a holistic ap-
proach is needed integrating multiple processes and seasons and
which includes the complexity of all the intra- and inter-specific in-
teractions of the full food web.

The range of available ecosystem models for the Baltic Sea is
expanding and the number of applications is increasing, reflecting
progress in model development, complexity, initialization, and real-
istic forcing. However, the consequences of simultaneous top-down
and bottom-up effects, e.g. fisheries vs. eutrophication and climate
change especially considering the impact of chemical and biolog-
ical contamination, are difficult to understand, let alone quantifi-
able or predictable. Better integration of food web processes in
ecosystem models is necessary to project ecosystem effects of mul-
tiple drivers, e.g. of changes in nutrient loading, climate forcing,
or fisheries. Integrated models encompassing all key trophic levels
and realistically representing existing physical–biological and bio-
geochemical processes to simulate the cumulative impact of major
drivers on food web structure and functioning are not yet available
and will likely not be available in the near or even intermediate fu-
ture. The reasons for this situation include (i) lack of coherent data,
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(ii) insufficient process knowledge, and (iii) difficulties in model
configurations and parametrization. As such, it is clear that not only
the methodological improvement of models, but also systematic de-
livery of data tailored to the model needs will be essential.

Providing the information we need
As described in Section 5.3, the Baltic stands out as a region with
comparatively good data availability and monitoring density, but
it is lacking, as most regional seas, an integrated monitoring pro-
gram. What is available, is a > 40-year-long tradition of internation-
ally standardized and coordinated monitoring of hydrographic and
chemical conditions, zooplankton, zoobenthos, and fish standing
stocks. However, the monitoring programmes were designed prior
to the current policies, and with the exception of fish stock moni-
toring, primarily to detect long-term trends at basin-scale (Nygard
et al., 2020). Thus, they are suboptimal to fulfil recent policy re-
quirements, such as area-based periodic status assessments or al-
lowing rapid detection of regime shifts. Second, existing monitor-
ing programs, although being on high international standard in the
Baltic Sea, are not designed to deliver life cycle information for key
species and do not address several trophic levels on relevant tem-
poral and spatial scales in parallel. Finally, monitoring systems are
not designed in an integrative way to resolve dynamics of ecosys-
tem components related to external drivers, i.e. both natural and
anthropogenic ones incl. climate change, simultaneously. This leads
to fragmental process-based understanding, e.g. on the impact of
chemical contaminants and physical/chemical ambient conditions
on individual physiology, behavior, and survival of indigenous key
species on different trophic levels, let alone performance of NIS,
fisheries induced indirect changes in ecosystems or climate change
related distributional shifts of species in or to a new environment.

A key step forward would therefore be the revision and improved
coordination of national and international monitoring programs
and utilization of technological advancements without disrupting
long-term time series. This is a major task, but will be a prerequisite
to enhance our understanding of food web and ecosystem processes
and allow adequate state assessments.

In spite of the research density in the Baltic Sea, key food web
process understanding is lacking. This includes e.g. information on
prey selection and prey preferences of at least ecologically impor-
tant species. Moreover, the structuring effects of NIS have not been
sufficiently considered in food web studies. Some major gaps in our
understanding refer to the impact of anthropogenic activities on
population and community level, e.g. which species are more re-
silient or even benefit from specific human disturbances of the sys-
tem, e.g. fisheries, and the potential cumulative/synergistic effects
with other drivers of change, not least climate change. We therefore
propose a research effort to fill these knowledge gaps, as a start for
species of known ecological importance.

The future
The combination of data limitations and lack of process under-
standing translate into deterministic model configurations hav-
ing problems to capture complex interactions acting on individ-
ual, population, community, and ecosystem level in a realistic way.
Such interactions are likely to become increasingly challenging as
for example climate change presents abiotic conditions outside the
ranges of past variability on which many existing models have been
built, and leads to immigration of new, and potential declines in

abundance or distribution of existing, species throughout the food
web. In the long run, complex models such as Atlantis, described
in Sections 3.1 and 3.2, driven with realistic forcing conditions may
provide a solution, but implementation is resource-intensive and re-
quires substantial effort. Alternative models address specific trophic
levels and single or paired drivers of change, e.g. in biogeochemical
models (Section 3.1), bioaccumulation models (Section 3.2), and
multi-species stock assessment models (Section 3.3) or are statis-
tically based, e.g. Bayesian models or neural network models. The
latter are being tested, but not used to inform management on food
web related issues in the Baltic Sea yet. However, utilization of a
Bayesian network model considering environment habitat condi-
tions in salmon stock assessment (ICES, 2020b) demonstrates their
potential.

In conclusion, it can be expected that information on food web
dynamics will in the immediate and intermediate future still be
channeled in different more or less formalized ways as more or less
quantitative information into advice on policy development and
management. Realizing the different uses and benefits of food webs
knowledge summarized in Section 4 will be an important step to
provide structure to this process. If matched with regular compar-
isons of the type and quality of available information and the real-
ized uses in the management of key pressures, this would help also
to assess whether available food web knowledge is used to its best
potential, and which knowledge gaps hamper progress.

As described above, the ecosystem approach to marine man-
agement demands addressing more than single drivers of change,
in fact the multitude of interacting major drivers considering spa-
tial and temporal scales they act upon. This is a challenge, which
requires different, better coordinated, and enhanced efforts of
developing integrative quantitative ecosystem models with neces-
sary adjustments in the monitoring systems to support process
model development and model parametrization.

Alternatively, qualitative and semi-quantitative (i.e. direction
and magnitude of change) food web knowledge could be used by
opening and reconfiguring existing management frameworks. This
avenue implies an enhanced and more structured communication
and information exchange between evidence-generating sectorial
science and the advisory systems, seldom conducted within the
same organization as e.g. in ICES. It requires as well enhanced
knowledge and manpower in the advisory and management sys-
tems, as the process cannot be driven by scientists alone, but re-
quires co-leadership by policymakers and management authorities
in a process, which should include various stakeholders.

The Baltic Sea as a test case
As described in Section 5.1, policy developing authorities have rec-
ognized the necessity and enshrined the need to understand the
functional aspects and dynamics of marine food webs in the MSFD,
including the rates of energy transfer, nutrient recycling, accumula-
tion and metabolization of contaminants, bottom-up and top-down
control of ecosystems, as well as productivity in key components.
In all these aspects, the Baltic Sea can be seen as a test bed to im-
prove management by integrating knowledge on food web dynam-
ics into the evidence base. As an example, the Baltic Sea has served
for the development of concepts for biopollution assessments aim-
ing at the evaluation of the impact of NIS on native species, com-
munities, habitats, and ecosystem functioning (Olenin et al., 2007;
Zaiko et al., 2011). Similarly, understanding the pollution effects on
biodiversity and other aspects of ecosystem status, largely mediated
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through food web processes (Nilsen et al., 2018), aids explaining the
progress towards management goals, including, but not restricted to
those focusing on chemical contaminants.

An integrated analysis and cross-comparison with other sea ar-
eas, both with contrasting and similar characteristics would be a
rewarding scientific endeavor addressing (i) integrated observation
and monitoring systems, (ii) process understanding on individ-
ual, population, community, and ecosystem level, and (iii) versa-
tile food web and ecosystem models of varying complexity. This
endeavor would include besides fundamental research on biolog-
ical processes, development of new integrated observation systems
and technology, research on multiple impact of drivers of change
including climate change, as well as analyses of trans-national gov-
ernance and policy frameworks including regional and national im-
plementation of directives and policies. Such research can only be
handled on international level, e.g. under the umbrella of The EU
Framework Programme for Research and Innovation. Such an ini-
tiative should be implemented in close cooperation with other EU
Multi-annual Financial Framework programmes, such as the Eu-
ropean Maritime, Fisheries and Aquaculture Fund financing the
largest part of the marine monitoring conducted in Europe, the Eu-
ropean Regional Development Fund as well as the EU Programme
for Environment and Climate Action.
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