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  BONUS XWEBS overview 
 

Food webs are essential for ecosystem functioning, yet resource management rarely 
incorporates food web knowledge, in part due to the complexity of food webs and the 
heterogeneous knowledge base. The overarching aims of BONUS XWEBS are to synthesize 
available knowledge on food webs in the Baltic Sea, to assess how food web knowledge 
is used in management, and to outline a future vision for this field. At the core of the 
XWEBS approach is a series of writing workshops, in which we link the expertise from our 
core consortium (four partner institutes from four Baltic nations, coordinated by the 
GEOMAR Helmholtz Centre for Ocean Research Kiel) with that of experts as well as 
stakeholders from around the Baltic Sea. 
 
Why are food webs important? 
 

Food webs are the backbones of healthy ecosystems providing sustainable goods and 
services to humans. Their function is essential for energy and matter cycling and for 
healthy populations and interactions of fish, seabirds and marine mammals. Food webs 
also play an important role in the buffering of global and regional anthropogenic impacts 
resulting from e.g., human exploitation, eutrophication, hypoxia, climate change, and the 
introduction of non-indigenous species. Understanding of the complex food web 
processes in the Baltic Sea will therefore be key to predict futures states of Baltic 
ecosystems and to manage resources sustainably, now and in the future. 
 
The problem  
 

While information about Baltic Sea food webs has grown strongly over the past decade, 
the synthesis of this knowledge and its transfer and integration into management 
strategies is lagging. Also, a number of crucial knowledge gaps remain, including 
insufficient abilities to forecast future states of food webs. Baltic food web science thus 
stands at a crossroad: synthesis is needed, and decisions need to be taken on where to 
direct future research efforts and on how to best apply the new wealth of information in 
practical management to benefit society.  
 
XWEBS and Baltic Sea food webs 
 

BONUS XWEBS has the objective to address these pressing needs, by 
• Synthesizing what we know and need to know about Baltic food webs, their temporal 

and spatial dynamics, the impacts of bottom-up (e.g., nutrient availability) and top-
down (i.e., grazing, predation, harvesting) forces under changing anthropogenic 
drivers, and their past, present and future states. In these efforts, we are taking stock 
and synthesizing the wealth of new information available from completed and 
running BONUS food web projects as well as from outside BONUS.  

• Assessing the bottlenecks in the application of this knowledge in assessment and 
management.  

• Providing a future vision for Baltic food web science, including the identification of the 
methods, tools and concepts required for the incorporation of knowledge into 
management. 

The ultimate goal of these efforts is to guide Baltic food web science in the direction 
needed to support the sustainable use of ecosystem goods and services in the future. 
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Executive Summary 
Based on short reviews of the actual legislation for food web indicators in the Baltic Sea and 
the existing food web or ecosystem models for the region, we develop the perspective, that 
a) good environmental status has to be seen as a vector of dependent food web indicators, 
and b) that the dependencies of indicators cannot be assessed by observations alone, but 
need to be investigated using ecosystem modelling.   
Using the Baltic as an example, we discuss a possibility, how multiple indicators  need to be 
interpreted in connection to each other. This includes the different systems states, or regimes, 
that correspond to different vectors of indicators. Hence, good environmental status is 
probably not a unique combination of indicators, which is an important perspective that both 
scientists and decision makers should account for.  
Operationally, the issue of dependent indicators can to our opinion best be investigated using 
ecosystem models. The model community, on the other hand, might benefit from our 
perspective by being inspired to choose trophic guilds and model domains that are compatible 
with actual management domains. The two fields of ecosystem modelling and ecosystem 
based management have, to our surprise, been quite disconnected. 
The links between anthropogenic activities and the environment are a central point in our 
perspective, because it is only via ‘controllable’ human activities that good environmental 
status can be pursued. The model review part of our perspective focuses on this issue, while 
the indicator part identifies critical lacks in the data base for ecosystem based management 
of human activities.  
The single most important policy recommendation of our perspective is that if an indicator-
based ecosystem management should be implemented for the Baltic, the critical next step is 
to interpret indicators in connection and  on management-relevant temporal and spatial 
scales.  
 

Progress and deviations from the original workplan 
No deviations from the workplan. 

 

Introduction 
Objectives of the workpackage 3 on ’Integration and transformation’ is to: 1) contribute to 
meeting the objectives of the MSFD (essentially Descriptor 4), and implementation of the CFP, 
and 2) evaluate the applicability of existing food web models in GES-assessments.  
 
This workpackage first reviews the food web indicators proposed under the EU MSFD 
(essentially under Descriptor 4 (food webs), but also other Descriptors) and their suggested 
threshold values, together with associated uncertainties and gaps. Second, we perform a 
comprehensive review of existing food web models in the Baltic Sea, and select those 
potentially suited for testing indicators and their threshold values. Third, we work further with 
the sub-set of the selected models and assess their applicability to D4 and the implementation 
of the EU CFP.  
 
Task 3.3 selected models best suited for validating the use of the proposed indicators and 
associated threshold values. We will propose model-based improvements of the existing 
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food web indicators, taking into account indicator inter-dependencies and the existence of 
different stable states of the ecosystem when evaluating good environmental state. 
 

Results/Manuscript abstract 
 
 

Food web indicators in the 21st century: bridging the gap between scientific 

advice and resource management needs 

Abstract 

Ecosystem-based management requires assessment of food-webs. Consequently, evaluation 

of the food web status is obligatory in the European Union Marine Strategy Framework 

Directive (MSFD) for the EU Member States, with a recommendation to coordinate and 

harmonise assessments by neighbouring countries.  To evaluate progress and possibilities 

towards food web status assessments, we review the suite of actual food web indicators in 

parallel to the portfolio of existing ecosystem models, using the Baltic Sea as case. We consider 

food web and ecosystem models an indispensable tool in advancing indicator-based 

assessments, considering the limitations of monitoring activities, and the functional linkages 

between food web indicators. We suggest that while some indicator-based food web 

assessments can be operational based on observational data only, model applications are 

inevitable in several cases, either obtaining estimates for unsampled indicator values, defining 

reference levels or evaluating the structural uncertainty in estimates. 

Key words  

Food web indicators, Ecosystem models, Ecosystem-based management, Baltic Sea 

 

The complete submission is appended to this report. 
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Kopenhagen, 29. August 2020 

 

Dear Editor, 

 

Please consider our manuscript “Food web indicators in the 21st century: bridging the gap between 

scientific advice and resource management needs” for publication as a perspective in Ambio. 

Based on short reviews of the actual legislation for food web indicators in the Baltic Sea and the 

existing food web or ecosystem models for the region, we develop the perspective, that a) good 

environmental status has to be seen as a vector of dependent food web indicators, and b) that the 

dependencies of indicators cannot be assessed by observations alone, but need to be investigated 

using ecosystem modelling.   

Currently, we experience a stagnation in ecosystem-based management. Indicators for good 

environmental status exist, but are not applied in e.g. fisheries or spatial management.  

We consider our manuscript relevant for an international readership with a very wide interest in 

environmental science, because using the Baltic as an example, we discuss a possibility, how 

multiple indicators  need to be interpreted in connection to each other. This includes the different 

systems states, or regimes, that correspond to different vectors of indicators. Hence, good 

environmental status is probably not a unique combination of indicators, which is an important 

perspective that both scientists and decision makers should account for.  

Operationally, the issue of dependent indicators can to our opinion best be investigated using 

ecosystem models. The model community, on the other hand, might benefit from our perspective by 

being inspired to choose trophic guilds and model domains that are compatible with actual 

management domains. The two fields of ecosystem modelling and ecosystem based management 

have, to our surprise, been quite disconnected. 

The links between anthropogenic activities and the environment are a central point in our 

perspective, because it is only via ‘controllable’ human activities that good environmental status can 

be pursued. The model review part of our perspective focuses on this issue, while the indicator part 

identifies critical lacks in the data base for ecosystem based management of human activities.  

The single most important policy recommendation of our perspective is that if an indicator-based 

ecosystem management should be implemented for the Baltic, the critical next step is to interpret 

indicators in connection and  on management-relevant temporal and spatial scales.  

Keeping in mind that the Baltic probably is the most data- and model-dense eco-region in the world, 

but on the other side has to face multiple and often diverging national interests, we consider our 

finding relevant beyond the Baltic region. Sooner or later all indicator-based management attempts 

will run into the same problems. 

 

Kind regards, 

Stefan Neuenfeldt 
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Food web indicators in the 21st century: bridging the gap between scientific 

advice and resource management needs 

Abstract 

Ecosystem-based management requires assessment of food-webs. Consequently, evaluation 

of the food web status is obligatory in the European Union Marine Strategy Framework 

Directive (MSFD) for the EU Member States, with a recommendation to coordinate and 

harmonise assessments by neighbouring countries.  To evaluate progress and possibilities 

towards food web status assessments, we review the suite of actual food web indicators in 

parallel to the portfolio of existing ecosystem models, using the Baltic Sea as case. We 

consider food web and ecosystem models an indispensable tool in advancing indicator-based 

assessments, considering the limitations of monitoring activities, and the functional linkages 

between food web indicators. We suggest that while some indicator-based food web 

assessments can be operational based on observational data only, model applications are 

inevitable in several cases, either obtaining estimates for unsampled indicator values, 

defining reference levels or evaluating the structural uncertainty in estimates. 

Key words  

Food web indicators, Ecosystem models, Ecosystem-based management, Baltic Sea 

Introduction  

With increasing human use of the marine environment, an ecosystem-based approach to 

management has been widely acknowledged as the fundamental principle to accomplish 

sustainable resource use and maintain healthy marine ecosystems (Pikitch et al. 2004; 
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McLeod & Leslie 2009). The underlying aim of this approach is an ecologically sound resource 

management that responds to natural ecosystem processes (Marasco et al. 2007). Ecosystem 

connections are perceived as a key element in ecosystem-based management (EBM) (Long et 

al. 2015).  

However, while development and application of novel methods has allowed rapid 

advancement in our understanding of the mechanisms and processes responsible for energy 

and matter transfer at molecular level (Hussey et al. 2014), we still understand surprisingly 

little of the mechanisms that regulate the stability and resilience of the processes at the 

ecosystem level (Scheffer 2009). 

Ecological indicators, serving as proxies for the multiple ecological processes and represent 

ecosystem states, are being proposed to better inform management decisions. Of particular 

interest are food web indicators, which are becoming increasingly important as they 

represent important ecosystem services (Longo et al. 2015). The application of these 

indicators has, however, stagnated. The critical and presently unresolved step in the science-

policy process is to not only agree on food-web indicators that are understandable and 

defensible to all stakeholders, but also capture key food-web states and processes that 

underlie critical and complex ecosystem dynamics (Tam et al., 2017). The EU Marine Strategy 

Framework Directive (MSFD; EU 2008) and the revised EU Common Fisheries Policy (CFP; EU 

2017) consequently call for better integration of food web characteristics in the assessment 

and management of biological resources.  

Our aim is 1) to provide a comprehensive review and  gap analysis of the food web indicators 

developed for the Baltic Sea, 2) review the portfolio of scientifically published ecosystem 

models that include at least 3 trophic levels of which at least 1 is manageable,  and 3) evaluate 



the capacity of the models to aid the indicator-based assessment of the food web status.  Our 

focus is on the Baltic Sea, which is one of the most data-dense regions in the world. This 

regional sea has been characterized by some of the strongest rates of change in 

anthropogenic pressures over the past decades, but also intense cross-border efforts to 

manage pressures resulting in both management successes and failures (Reusch et al., 2018). 

While the Baltic is thus an ideal test case, we think that the lessons learned are generally 

applicable.  

 

Legislative framework 

In the European Union, the Commission Decision 2017 changed the definition of the MSFD 

descriptors of good environmental status for Descriptor 4 (D4) for food webs, considerably. 

Following the original Commission Decision (2010), substantial effort went into the 

development of indicators fitting the requirements of this decision, namely, indicators for 

’Performance of key predator species using their production per unit biomass (productivity)’, 

’Large fish (by weight)’, and ’Abundance trends of functionally important selected 

groups/species’. The Commission Decision 2017 defines Descriptor 4 assessment criteria to 

be the diversity within and balance between trophic guilds (Box 1).  

 

Food web indicators: state-of-the-art 

In total, we have identified 27 published food-web related indicators with different 

application areas in the Baltic Sea. The indicators addressing the two primary criteria of the 

MSFD, i.e. D4C1 and D4C2, were identified and summarised based on the published evidence 



from multiple, properly documented international sources, including research papers in 

scientific journals, EU-funded project reports, and online publications by international 

organisations or research groups (for further details see Ojaveer et al. 2020). The collected 

information was interpreted primarily in the context of the EU Marine Strategy Framework 

Directive (EC 2007) and the Commission Decision 2017 (EU 2017; see Box 1), considering also 

ICES advice (ICES 2015). The trophic guild/taxonomic group matrix (ICES 2015) was used for 

mapping the availability of indicators by trophic guilds (food web compartments, which share 

common structural or functional aspects; ICES 2014; Zador et al. 2017), by allocating 

specific/example species and/or taxonomic groups by the requested fields (Table 1, white 

cells). 

There is at least one (but frequently more than one) food-web indicator available for primary 

and secondary producers, planktivores, sub-apex predators and sub-apex demersal 

predators, with the latter group having the highest number of indicators (9). No food-web 

indicators were developed so far for filter feeders, deposit feeders or apex predators (Table 

1). For planktonic planktivores (e.g. jellies and mysids), there are also no food-web indicators 

developed so far. 

Out of the six taxonomic groups, at least one food-web indicator is available for two groups 

(phytoplankton, zooplankton) to address MSFD D4C1 and for three groups (phytoplankton, 

zooplankton and fish) for D4C2. No food-web indicators are available for benthos, seabirds 

and marine mammals.. For guilds, at least one indicator is available for primary and secondary 

producers for both D4C1 and D4C2, while sub-apex pelagic and demersal predators have 

indicators under D4C2 only; Tables 2 and 3). There are no indicators for filter feeders, deposit 

feeders, planktivores or apex predators for either of the two primary criteria under D4. This 

also includes planktivorous zooplankton (mainly mysids, but also the native Moon jellyfish 



Aurelia aurita and the invasive comb jelly Mnemiopsis leidyi), which may often play key roles 

in coastal and offshore food webs, but are not explicitly required according to the Commission 

Decision (EU 2017). However, there are several indicators which do not explicitly address the 

D4 criteria of the recently changed Commission Decision (EU 2017) (Tables 2 and 3), but can 

be fairly easily developed to operational indicators to meet the new needs, as the required 

data should be available. 

Most existing food web indicators have sufficient and relevant temporal coverage in terms of 

available data, but only partly reflect changes that are solely caused by manageable 

pressures. Often, indicators are influenced by multiple stressors (e.g. plankton indicators for 

climate, eutrophication, fisheries, bioinvasions) making them challenging to directly relate to 

management. The Commission Decision (EU 2017) requires assessment of D4 by using 

indicators for at least three trophic guilds, with two non-fish trophic guilds and at least one 

primary producer trophic guild. Our analysis shows that the available suite of food web 

indicators for the Baltic Sea does not meet the MSFD requirements for any of the primary D4 

criteria. For D4C1 there are only two guilds with indicators and for D4C2 only one non-fish 

indicator is available (Tables 2 and 3). In addition, there are major challenges for key trophic 

groups which play essential roles in local food webs. This concerns for instance 

macrozoobenthos, which is a driving force for food web interactions in both the shallow 

coastal areas and open sea systems (Kiljunen et al. 2020). Another major limitation is the lack 

of indicators for upper trophic levels.  

 

Trophic models for the Baltic Sea and their application 



In total, we have identified 30 published food-web related models with different application 

areas in the Baltic Sea. The models and their application domain are listed in Figure 1 and 

Table 5). Below we briefly characterize the main findings of these studies. 

Elmgren (1984) was the first to model Baltic energy flows using a mass-balance model. He 

showed pelagic primary production to be the primary energy source with river input and 

benthic primary production to be important locally. 

Wulff and Ulanowicz (1989) concluded in their comparison of mass-balanced models of the 

Baltic Sea to Chesapeake Bay, that in the Chesapeake the menhaden (Brevoortia tyrannus) 

acted in large part as herbivores consuming phytoplankton, whereas  Baltic herring and sprat 

fed exclusively on trophically higher zooplankton during the warm months and on benthic 

invertebrates during the winter.  

Rudstam et al. (1995) review evidenced for and possible consequences of top-down control 

in the pelagic Baltic Sea ecosystem using partially a statistical approach. Two top-down 

control processes, cod predation on clupeids and clupeid predation on cod eggs, were 

considered important and tended to produce either a cod-dominated or a clupeid-dominated 

system.  

Jarre-Teichmann (1995) presented four mass-balance models of carbon flow by season, based 

on estimates of standing stock and energy flow from the late 1980s and early 1990s. The 

construction of the models emphasized the commercially most important fish species, herring 

(Clupea harengus), sprat (Sprattus sprattus), and cod (Gadus morhua).  

Horbowy (1996) developed a multispecies stock-production model and used it to estimate 

the dynamics of cod, herring, and sprat stocks. The model produced estimates of the 



population dynamics of Baltic fish stocks consistent with the estimates from age-structured 

models. 

Sandberg et al. (2000) used the EcopathII software  to analyse models of carbon flow through 

the food webs in the three main areas of the Baltic Sea; the Baltic proper, Bothnian Sea and 

Bothnian Bay.  Elmgren (1984) was complemented with data on respiration and flow to 

detritus from Wulff and Ulnowicz (1989) in order to present complete mass balance models 

of carbon.  

Harvey et al. (2003) created a food web model for the Baltic proper, using the Ecopath with 

Ecosim software, to evaluate interactions between fisheries and the food web. The model 

was based largely on values generated by multispecies virtual population analysis, an earlier 

commercial fish centered model. Ecosim outputs closely reproduced MSVPA biomass 

estimates and catch data for sprat, herring, and cod, but only after making adjustments to 

cod recruitment, to vulnerability to predation of specific species, and to foraging times.  

Sandberg et al. (2004) quantitatively assessed the relative importance of terrigenous 

dissolved organic material as a carbon source for secondary producers (e.g. bacteria) and as 

a structuring factor for the pelagic food web in the Gulf of Bothnia, northern Baltic Sea. 

Sandberg (2007) compared Ecopath models of mass flow of carbon through pelagic food webs 

in the three major basins of the Baltic Sea: Bothnian Bay (BB), Bothnian Sea (BS) and the Baltic 

proper (BP) including the Gulfs of Finland and Riga. The study gave indirect support to the 

view that the carbon flow through the microbial food web is enhanced in less productive 

aquatic systems with relatively high input of allochthonous carbon such as the Bothnian Sea 

and the Bothnian Bay.  



Hansson et al. (2007) explored possible effects of different management scenarios for the 

Baltic Sea, based on an earlier published ecosystem model (Harvey et al., 2003). The scenarios 

include an oligotrophication of the system, a drastic increase in the number of seals, and 

changes in the fishery management. From these simulations they concluded that fisheries, 

seals, and eutrophication all have strong and interacting impacts on the ecosystem.  

Van Leeuwen et al. (2008) explored whether the lack of cod recovery can be ascribed to an 

emergent Allee effect, which is a mechanism intrinsic to the community in contrast to 

explanations involving environmental factors. They formulated a stage-structured biomass 

model for the cod-sprat interaction in the Baltic Sea, paying special attention to the size-

dependent prey preference of differently sized cod.  

Tomczak et al. (2009) compared carbon flows in five south-eastern Baltic coastal ecosystems 

(Puck Bay, Curonian Lagoon, Lithuanian coast, Gulf of Riga coast and Pärnu Bay) on the basis 

of mass-balance ECOPATH models using 12 common functional groups. They found that 

macrophytes were not consumed by grazers, but rather channeled into the detritus food 

chain. In all ecosystems, fisheries had far reaching impacts on their target species and on the 

food-web in general. In particular, benthic food-webs were partly affected by indirect 

fisheries effects. These cascades were ecosystem specific and needed to be considered when 

using benthic invertebrates as productivity and eutrophication indicators.  

Using a statistical food-web model for the Baltic Sea, Lindegren et al. (2009) were able to 

reconstruct the history of the Eastern Baltic cod stock. Moreover, they demonstrated that in 

hindsight the collapse could only have been avoidable by adapting fishing pressure to 

environmental conditions and food-web interactions.  



Teschner et al. (2010) investigated the effects of oxygen deficiency on cod consumption rates 

and how these translate to stock size estimates in multi-species models. Based on results from 

laboratory experiments, a statistical model was fitted to evacuation rates at different oxygen 

levels and integrated into the existing consumption rates for Baltic cod within a multispecies 

model.  

Tomczak et al. (2012) simulate and understand trophic interactions and their flows. The 

model enabled the quantification of the flows through the food–web from primary producers 

to top predators including fisheries over time and explained 51% of the variation in biomass 

of multiple trophic levels and to simulate the regime shift from a cod dominated to a sprat 

dominated system. Results show a change from benthic to more pelagic trophic flows. Before 

the reorganization macrozoobenthos was identified as an important functional group 

transferring energy directly from lower trophic levels to top predators. After the regime shift, 

the pelagic trophic flows dominated. 

Tomczak et al. (2013) simulated the regime shift in the Central Baltic Sea of the 1980s that 

has been associated with food-web reorganization and redirection of energy flow pathways. 

The long-term dynamics from 1974 to 2006 have been simulated here using a food-web 

model forced by climate and fishing. Ecological network analysis was performed to calculate 

indices of ecosystem change. The model replicated the regime shift. The analyses of indicators 

suggested that the system's resilience was higher prior to 1988 and lower thereafter. The 

ecosystem topology also changed from a web-like structure to a linearized food-web.  

Gårdmark et al. (2013) presented a "biological ensemble modeling approach," using the 

Eastern Baltic cod as an example. The core of the approach was to expose an ensemble of 

models with different ecological assumptions to climate forcing, using multiple realizations of 



each climate scenario. They simulated the long-term response of cod to future fishing and 

climate change in seven ecological models ranging from single-species to food web models. 

Species interactions greatly influenced the simulated 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 responses.  

Lindegren et al. (2014) presented a metacommunity-perspective on source-sink dynamics of 

Baltic Sea fish stocks by using a spatially disaggregated statistical food web model. The model 

was fitted to area-specific time series of multiple abiotic and biotic variables using state-space 

methods. Their analysis revealed pronounced net fluxes between areas, indicative of source-

sink dynamics, as well as area-specific differences in species interactions.  

Gårdmark et al. (2015) showed how mechanisms underlying alternative stable states caused 

by predator-prey interactions can be revealed in field data, using analyses guided by theory 

on size-structured community dynamics. This was done by combining data on individual 

performance (such as growth and fecundity) with information on population size and prey 

availability. They discussed and distinguished two types of mechanisms, ‘cultivation 

depensation’ and ‘overcompensation’, that can cause alternative stable states preventing the 

recovery of overexploited piscivorous fish populations. 

Norrström et al. (2017) stated that the current fisheries management goals set by the 

European Commission to deliver maximum sustainable yields (MSY) and simultaneously take 

ecosystem considerations into account creates unsolved trade-offs for the management of 

the stocks. They suggested a definition of a multi-species-MSY (MS-MSY) where no alternative 

fishing mortality (F) can increase yield (long term) for any ecologically interacting stock, given 

that the other stocks are fished at constant efforts (Fs). Such a MS-MSY can be solved through 



the game theoretic concept of a Nash equilibrium and they explored two solutions to this 

conflict in the Baltic Sea.  

Weighing objectives becomes increasingly challenging when managers have to consider 

opposing objectives from different stakeholders. Jacobsen et al. (2017) offered an alternative 

view on dealing with trade-offs: An alternative to weighing incomparable and conflicting 

objectives was to focus on win–wins until Pareto efficiency is achieved: a state from which it 

is impossible to improve with respect to any objective without regressing at least one other. 

They investigated the ecosystem-level efficiency of fisheries in five large marine ecosystems 

(LMEs), including the Baltic, with respect to yield and an aggregate measure of ecosystem 

impact using a novel calibration of size-based ecosystem models.  

Bauer et al. (2018) investigated, if eutrophication management has the potential to 

substantially affect which areas are going to be most suitable for commercial fishing in the 

future. They used an EwE spatial-temporal framework (Stenbeck et al, 2013), forced by a 

coupled physical-biogeochemical model, to simulate the spatial distribution of functional 

groups within a marine ecosystem, which depends on their respective tolerances to abiotic 

factors, trophic interactions, and fishing.  

Bossier et al. (2018) presented a new framework, with a Baltic implementation of the spatially 

explicit end-to-end Atlantis ecosystem model linked to two external models, to explore the 

different pressures on the marine ecosystem. The HBM-ERGOM initializes the Atlantis model 

with high-resolution physical-chemical-biological and hydrodynamic information while the 

FISHRENT model analyses the fisheries economics of the output of commercial fish biomass 

for the Atlantis terminal projection year. By simulating several scenarios of nutrient load 

reductions on the ecosystem and testing sensitivity to different fishing pressures, they 



showed that the model is sensitive to those changes and capable of evaluating the impacts 

on different trophic levels, fish stocks, and fisheries associated with changed benthic oxygen 

conditions.  

Ecosystems are known to change in terms of their structure and functioning over time. 

Modelling this change is a challenge, however, as data are scarce, and models often assume 

that the relationships between ecosystem components are invariable over time. Dynamic 

Bayesian Networks (DBN) with hidden variables have been proposed as a method to 

overcome this challenge, as the hidden variables can capture the unobserved processes. In 

Uusitalo et al. (2018), a series of DBNs with different hidden variable structures was fit to the 

Baltic Sea food web.  

Bauer et al. (2019a) developed numerical simulations of potential future ecological states of 

the Baltic Sea ecosystem at the end of century under five scenarios. They used an EwE spatial 

food web (ecospace habitat capacity module) model, forced by a physical–biogeochemical 

model. Their results suggest that a scenario including low greenhouse gas concentrations and 

nutrient pollution and ecologically focused fisheries management results in high biodiversity 

and catch value.  

The focus of Bauer et al. (2019b) was to examine the extent of model disagreements which 

could impact management advice for EBFM in the central Baltic Sea. They compared how 

much three models (EwE, Gadget and a multispecies stock production model) differ in 1) their 

estimates of fishing mortality rates (Fs) satisfying alternative hypothetical management 

scenario objectives and 2) the outcomes of those scenarios in terms of performance 

indicators (spawning stock biomasses, catches, profits). They suggested that disagreements 

among the ecosystem models will not impede their use for providing strategic advice on how 



to reach management objectives that go beyond the traditional maximum yield targets and 

for informing on the potential consequences of pursuing such objectives.  

Kulatska et al. (2019) developed and tested a model which is able to predict changes in the 

Baltic cod diet by reconstructing the dynamics of cod and its prey, herring and sprat, 

populations, their length distributions, and parametrizing trophic interactions between them. 

They analysed time-series of cod stomach data and built an age-length structured 

multispecies model using Gadget.  

Maldonado et al. (2019) analyzed the Baltic Sea food web in order to examine potential 

unobserved processes that could affect the ecosystem and make predictions on some 

variables of interest. To do so, dynamic Bayesian networks with different setups of hidden 

variables were built and validated applying two techniques: rolling-origin and rolling-window. 

Moreover, two statistical inference approaches were compared at regime shift detection: 

fully Bayesian and Maximum Likelihood Estimation.  

Karlson et al. (2020) investigated changes in the physiological status and 

population/community traits of six consumer species/groups in the Baltic Sea (1993–2014), 

spanning four trophic levels and using metrics currently operational or proposed as indicators 

of food-web status. They asked whether the physiological status of consumers can be 

explained by food-web structure and prey food value. This was tested using partial least 

square regressions with status metrics for grey seal, cod, herring, sprat and the benthic 

predatory isopod Saduria entomon as response variables, and abundance and food value of 

their prey, abundance of competitors and predators as predictors.  

 



Using trophic models to operationalise food web indicators 

Indicators should ensure an assessment of the Baltic Sea food webs at ecologically and 

spatially relevant scales, prescribed by the relevant policy and legislative instruments. Such 

assessment should cover aspects like diversity, balance in abundance, size distribution and 

productivity across selected trophic guilds, and provide understanding of the overall food web 

dynamics with identification of pressures responsible for the change (EU 2017). 

We have identified major challenges related to food web assessments mandated by legislative 

documents. This is essentially related to a lack of indicators for several key trophic guilds 

under both primary MSFD D4 criteria. Such a situation has occurred due to the 2017 

Commission Decision, which represented a major change in the content and orientation 

compared to the 2010 Commission Decision (EU 2010). 

Trophic guilds are not independent and several of them are very closely linked to each other. 

Hence, good environmental status of food webs needs to be described by a number of guild-

based indicators simultaneously. There is probably more than one food web configuration 

that maintains good environmental status at different biomass-levels of one single guild (cf. 

Yletyinen et al. 2016).  

All models reviewed here represent the dynamics of species guilds, such as, for instance 

models 12, 15, 22, 23 and 25 in Table 1. While the existing models already include some of 

the key pressures on the Baltic Sea - fisheries and eutrophication combined explicitly in model 

23, simulating the impacts of hazardous substances and non-indigenous species needs to be 

developed. The models developed so far are suitable to investigate aspects of mass-balance 

(Ecosim-based models and Atlantis), also by utilizing observational data from field surveys as 

input.  



To define a coherent vector of indicators and simulate the elasticity of single or ensemble 

indicators for external perturbations and exploitation, models are needed. Furthermore, 

models can deliver estimates of the so far missing indicators, such as for macro-zooplankton 

or seabirds and other top predators.  

Simulation models that can be run with different starting points can be used to find low and 

high limit values for species and guild abundances that are still consistent with healthy and 

stable ecosystem functioning, also bearing in mind occurrence and different timing of 

ecosystem regime shifts in various sub-regions of the Baltic Sea (Olsson et al. 2015).  However, 

the integrated models encompassing all key trophic levels to simulate the cumulative impact 

of major drivers on food web structure and functioning have to be considered carefully due 

to lack of coherent data, insufficient process knowledge and difficulties in model 

configurations and parametrization. Keeping this in mind, before we can expect any 

‘uncertainty’ to be quantified by any model, we need to understand the structural 

uncertainty, basically how far a single model deviates from reality. This is partly a falsification 

exercise, but can also to some extent be initiated by using model ensembles (Gårdmark et. al. 

2015), allowing to identify inconsistencies via comparison. 

In the Baltic Sea, where the transboundary aspects of environmental problems are highly 

evident, management objective and targets, as well as their implementation, often need to 

be coordinated at the regional level to be efficient and effective. However, actual 

implementation often takes place at national or local level. Hence, the information 

underpinning the regional work should preferably be provided at appropriate spatial 

resolution to be useful for management actions. This is not necessarily complicated, as for 

example point sources of pressures can be managed more effectively than from diffuse 



sources, and lessons learned can be transferred from one region to another (Reusch et al. 

2018). 

To advance with an indicator-based management of human activities, we consider food web 

and ecosystem models an indispensable tool, especially since single indicators are not 

independent of each other. Issues related to spatial scales remain challenging, including the 

mis-match of distribution areas of many populations and spatial management units. The goal 

has to be to match the legislative needs of food web assessments with the structure of food 

web constituents and associated key ecological processes. While some of the assessments 

can be based on observational evidences (relying on monitoring data), in many cases model 

applications are inevitable to either obtain estimates for indicator values or define reference 

levels. 
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Box 1: Information on the EU MSFD criteria, and associated detailed information for the 

foodweb assessment (EU 2017). 

 



 

 

Table 1. Availability of food-web indicators by trophic guilds and taxonomic groups. Numbering and naming of indicators as in Table 2. Grey cells 
- indicator not required by the revised Commission Decision. 

Guild\Taxonomic 

group 

Phytoplankton Zooplankton Benthos Nekton (excl. warm-

blooded) 

Seabirds Marine 

mammals 

Primary 

producers 

1.Seasonal succession 

of dominating 

phytoplankton groups; 

2.Diatom to 

dinoflagellate ratio 

          

Secondary 

producers 

  3.Ratio of total zooplankton 

biomass to total phytoplankton 

biomass; 4.Ratio of cladocerans to 

copepods; 5.Microphagous 

mesozooplankton biomass; 

6.Zooplankton mean size and total 

stock  

        

Filter feeders     7.State of the soft-

bottom macrofauna 

community 

      

Deposit feeders     As above       

Planktivores   None none 8.Abundance of key fish 

species; 14.Biomass of 

small prey fish; 

15.Trophic level of 

landings: 16.Catch based 

N/A N/A 



Marine Trophic Index; 

17.Mean fish length 

Sub-apex pelagic 

predators 

      9.Abundance of coastal 

fish key functional 

groups 10.Abundance of 

salmon spawners and 

smolt; 11.Abundance of 

seatrout spawners and 

parr 

24.Abundance 

of wintering 

waterbirds 

25.Abundance 

of breeding 

waterbirds   

27.Number of 

drowned 

waterbirds in 

fishing gear 

N/A 

Sub-apex 

demersal 

predators 

    7.State of the soft-

bottom macrofauna 

community 

8.Abundance of key fish 

species ; 9.Abundance of 

coastal fish key 

functional groups; 

12.Proportion of 

predatory fish; 

13.Biomass of large 

predatory fish; 

15.Trophic level of 

landings; 16.Catch based 

Marine Trophic Index; 

17.Mean fish length; 

18.Large fish indicator; 

19.Body condition of fish 

24.Abundance 

of wintering 

waterbirds; 

25.Abundance 

of breeding 

waterbirds; 

27.Number of 

drowned 

waterbirds in 

fishing gear 

N/A 



Apex predators       N/A 26.White-

tailed eagle 

productivity 

20.Distribution 

of Baltic seals; 

21.Population 

trends and 

abundance of 

seals; 

22.Reproductive 

status of seals; 

23.Nutritional 

status of seals; 

27.Number of 

drowned 

mammals in 

fishing gear 

* ‘Secondary link’ indicator for MSFD D4, meaning that these primarily serve for other purposes than describing the state of the foodweb as are 
directly affected by one or more than one anthropogenic pressures (e.g. levels of hazardous substances, fishing pressure and habitat quality). 
Relevant cells are highlighted in red in Tables 2 and 3 (for D4C1 and D4C2). 
 
 



 1 

 2 

Table 2. Availability of indicators for MSFD D4C1 [The diversity (species composition and their 3 

relative abundance) of the trophic guild is not adversely affected due to anthropogenic 4 

pressures]. Green: at least one already existing or potential primary food-web indicator is 5 

available per guild. Red: no existing or potential primary food-web indicator is available. 6 

Indicator in grey: example/potential indicator, requires further developmental work to 7 

address D4C1. 8 

 9 
 10 

 11 

  12 

Guild\Taxonomic 

group

Phytoplankton Zooplankton Benthos Nekton (excl. warm-blooded) Seabirds Marine mammals

Primary producers 1.Seasonal succession of dominating 

phytoplankton groups                      

2.Diatom to dinoflagellate ratio

Secondary 

producers

4.Ratio of cladocerans to copepods 

5. Microphagous mesozooplankton 

biomass

Filter feeders

Deposit feeders

Planktivores 8.Abundance of key fish species N/A N/A

Sub-apex pelagic 

predators

9.Abundance of coastal fish key 

functional groups

N/A

Sub-apex demersal 

predators

8.Abundance of key fish species                

9.Abundance of coastal fish key 

functional groups                   

13.Biomass of large predatory fish

N/A

Apex predators N/A



 13 

Table 3. Availability of indicators for MSFD D4C2 [The balance of total abundance between 14 

the trophic guilds is not adversely affected due to anthropogenic pressures]. For details and 15 

legend, see Table 2. 16 
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 28 

  29 

Guild\Taxonomic 

group

Phytoplankton Zooplankton Benthos Nekton (excl. warm-blooded) Seabirds Marine mammals

Primary producers 3.Ratio of total zooplankton 

biomass to total 

phytoplankton biomass

Secondary 

producers

3.Ratio of total zooplankton 

biomass to total phytoplankton 

biomass                                                 

6. Zooplantkon mean size and 

total stock    

Filter feeders

Deposit feeders

Planktivores 8.Abundance of key fish species        

14. Biomass of small prey fish

N/A N/A

Sub-apex pelagic 

predators

12.Proportion of predatory fish N/A

Sub-apex demersal 

predators

12.Proportion of predatory fish N/A

Apex predators N/A



 30 

Table 4. Rank-based evaluation of primary food-web indicators for meeting the selected data 31 

and management-related criteriaa (Tam et al. 2017, adjusted). Green: generally meets 32 

criteria; orange – meets criteria only partly, red – fails to meet criteria). 33 
 34 

 35 
 36 

  37 

No. Indicator no. and name

Existing and 

ongoing 

data

Relevant 

spatial 

coverage

Relevant 

temporal 

coverage

Indicators 

technically 

rigorous

Reflects changes in ecosystem 

component that are caused by 

manageable pressures

Relevant to 

managemen

t

Management 

thresholds targets are 

estimable

PLANKTON

1 1. Seasonal succession of 

dominating phytoplankton groups

2 2. Diatom to dinoflagellate ratio

3 3. Ratio of total zooplankton 

biomass to total phytoplankton 

biomass

4 4. Ratio of cladocerans to copepods

5 5. Microphagous mesozooplankton 

biomass

6 6. Zooplankton mean size and total 

stock

FISH

8 8. Abundance of key fish species

9 9. Abundance of coastal fish key 

functional groups

12 12. Proportion of predatory fish

13 13. Biomass of large predatory fish

14 14. Biomass of small prey fish

15 Trophic level of landings

16 Catch based Marine Trophic Index

17 Mean fish length

18 Large fish indicator

19 Body condition of fish

Availability of underlying data Quality of underlying data Management



Table 5: Model applications by ICES subdivisions and purpose of the models (according to Opitz, 38 

2014). 39 

# Authors Year Subdivisions 

   21 22 23 24 25 26 27 28.1 28.2 29 30 31 32 

                

1 Elmgren 1984              

2 Wulff & Ulanowicz 1989              

3 Rudstam et al. 1995              

4 Jarre-Teichmann 1995              

5 Horbowy 1996              

6 Sandberg et al. 2000              

7 Harvey et al. 2003              

8 Sandberg et al. 2004              

9 Sandberg 2007              

10 Hansson et al.  2007              

11 Van Leeuwen et al. 2008          

12 Tomczak et al. 2009       

     Coastal systems 

   

13 Lindegren et al.  2009              

14 Teschner et al. 2010              

15 Tomczak et al. 2012               

16 Tomczak et al. 2013                     

17 Gårdmark et al 2013              

18 Lindegren et al.  2014              

19 Gårdmark et al. 2015              

20 Norrström et al.  2017              

21 Jacobsen et al. 2017              

22 Bauer et al.  2018              

23 Bossier et al.  2018              

24 Uusitalo et al.  2018              

25 Bauer et al.  2018              

26 Bauer et al.  2019              

27 Bauer et al.  2019              

28 Kulatska et al. 2019              

29 Maldonado et al. 2019              

30 Karlson et al. 2020              

 40 
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 45 

Figure 1: ICES subdivisions and statistical rectangles in the Baltic Sea 46 
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