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1  Project outline of goals and results envisaged at the beginning of the project

cycle

Understanding the changes in spatial distributions of cod, herring, sprat and flounder, and disentangling the
role of natural drivers and various human induced impacts constituted the challenging topic for the research in
BONUS INSPIRE. The project set out to fill in the most persistent gaps in knowledge of the spatial ecology of the
major commercial fish and thereby supported the effectiveness of the relevant policies and ecosystem-based
management of the Baltic Sea.

BONUS INSPIRE substantially advanced our knowledge on the four major commercial fish species in the Baltic
Sea. These fish form more than 95% of the commercial catches and represent key elements of the Baltic Sea
ecosystems. To accomplish the main goals, BONUS INSPIRE addressed the following questions:

What physical, chemical and biological (prey and predators) parameters characterise the spatial distributions
of cod, herring, sprat and flounder?

To what extent do fishing and species interaction affect the local and basin-scale distribution of exploited
stocks?

What drives spatial connectivity and migrations of different fish populations?

How does population structure and separation of natural populations impact stock assessment outcomes?

2  Work carried out in the project

Substantial amount of data was collected in order to generate new knowledge regarding fishes hereabouts at
different times and causes for these occurences. This constituted the main part of fieldworks in the project.
Thus, we performed extensive gillnet and beach seine surveys to monitor the distributions of the main life
stages of cod and flounder over the whole Balic Sea. Acoustic and experimental trawling surveys were
performed to obtain additional information on distribution and abundance of juvenile and adult herring and
sprat together with collection of their stomachs for dietary analysis. The distribution of sprat eggs and larvae in
the open Baltic Sea was surveyed to identify the reproduction areas of sprat. To reveal the spatial distributions
of pelagic and demersal spawning flounder in various parts of the Baltic Sea, vital parameters of the egg and
spermatozoa were investigated.

To gain an understanding of the past, various types of historical data (e.g., zooplankton, fish tagging, fish
larval abundance, fish stomach content data, acoustic/international trawl survey data) was standardised and
assembled together with the newly collected data. Data and information obtained from different modern
techniques (genetics, morphometrics & otolith chemistry) were also assembled to develop tools for
separating flounder ecotypes and enabling allocation of catch by these ecotypes.

Besides collecting data, we used models to evaluate drift patterns of cod, herring and flounder eggs, and to
analyse stock mixing between different areas. The drift of fish eggs and larvae was then scaled to temporally
and spatially resolved distribution and settlement probability maps. We also developed a mathematical model
that couples key fish populations to a complex suite of trophic, environmental and geomorphological factors.
By using advanced spatial statistics, annual and seasonal maps of fish distribution in demersal and pelagic
habitats from 1978 onwards was established. A basic spatially explicit multispecies length-based model was
developed, which integrates population dynamics, foraging behaviour and predator (cod) growth. Analytical
stock assessments of cod, sprat and herring stocks were run by several relevant assessment units, based on
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different combinations of management areas and incorporation of biological/ecological knowledge of the
species. A variety of assessment models and methods for estimation of management reference points have
been tested and applied for flounder.

3  Main results achieved during the project

The experience gained during the gillnet and beach seine surveys to monitor the distribution and habitat
preferences of the main life stages of cod and flounder survey was used to produce guidelines for future
sampling. The dual response of the gillnet survey results to salinity and water depth suggested the existence of
two distinct flounder ecotypes, demersal and pelagic spawning, with the abundance of the two respective
ecotypes related to different biotic and abiotic factors (see also below).

A hydrodynamic model combined with a Lagrangian particle tracking technique was utilised to provide long-
term knowledge of environmentally-related survival probability and drift of eastern Baltic cod eggs and larvae.
Eggs initially released as drifters in the westernmost spawning grounds were more affected by sedimentation
than those released in the eastern spawning grounds. For all spawning areas temperature dependent mortality
was only evident after severe winters. Egg buoyancy in relation to topographic features like bottom sills and
strong bottom slopes could appear as a barrier for transport of Baltic cod eggs and could potentially limit the
connectivity of Baltic cod early life stages between the different basins in the central and eastern Baltic Sea.

Connectivity of pelagic, early life stages via transport by ocean currents is of particular interest, as it may affect
survival chances of offspring, recruitment success and mixing of stocks across management units. Based on drift
model studies, the transport of larvae showed a high intra- and inter-annual variability, but also some general,
consistent patterns of retention within and dispersion to different management areas. Good agreement of
drifter end-positions, representing potential juvenile settlement areas with actual catches of juveniles from
bottom trawl surveys, suggests that the drift simulations provide reasonable estimates of early life stage
connectivity between cod populations in the investigated areas. High exchange rates of drifters between
management areas suggest that cod populations are demographically correlated.

For the first time, a drift study has been performed in which fertilized cod eggs have been released in historically
important Baltic cod spawning grounds. These eggs drifted at levels of neutral buoyancy until they entered the
first feeding state. The end-positions of this drift study were the starting positions for the subsequent drift
study, where first feeding stage larvae drifted until they reached the age of settlement. The study has shown
that particles representing eastern Baltic cod juveniles settled to a relatively large extent in the western Baltic
cod management area and may significantly contribute to western Baltic cod recruitment. Therefore, it could
be suggested that larval and juvenile transport could contribute to recruitment in the western Baltic Sea.

The spatial resolution of mixing of Eastern and Western Baltic cod suggests immigration occurring north of
Bornholm and propagating throughout the Arkona Basin. The immigration cannot be attributed to spawning
migration, as no seasonal trend in stock mixing was observed. Thus, the immigration of Eastern cod does
therefore not seem to contribute significantly to Western Baltic cod’s recruitment.

The cod tagging data indicate that only a small fraction of the tagged population is conducting trans-basin
migrations with the net displacement being largely independent of the time. This means that adult migrations
probably do not contribute to whole Baltic scale re-distributions of cod. Furthermore, it implies that regional
stock recovery might not lead to recovery of cod in the whole Baltic Sea, but rather to regional regulation of
stock size due to density-dependent processes.

The spatial extent of flounder eggs and larvae represented as modelled particles is primarily determined by
oxygen and salinity conditions. The reproduction habitat most suitable was determined for the Gdansk Deep,
followed by the Bornholm Basin. Relatively low habitat suitability was obtained for the Arkona Basin and the
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Gotland Basin. Eggs initially released in the Arkona Basin and Bornholm Basin were strongly affected by
sedimentation compared with those released in the Gdansk Deep and Gotland Basin. Highest relative survival
of eggs occurred in the Gdansk Deep and in the Bornholm Basin. Relatively low survival rates in the Gotland
Basin were attributable to oxygen-dependent mortality while oxygen content had almost no impact on survival
in the Arkona Basin. For all spawning areas mortality caused by lethally low temperatures was only evident after
severe winters. Buoyancy of eggs and larvae in relation to topographic features appear as a barrier for their
transport and potentially limits the connectivity of early life stages between the different spawning areas.

Information about species interactions at a spatial scale comparable to the perceptive abilities of the involved
species is crucial for the establishment of predictive, food consumption models at the population level.
Nevertheless, such information is sparse due to methodological constraints. Cod predation took place in the
Bornholm Basin during late winter primarily at dusk and dawn during ascent and descent of sprat associated
with school dissolution and formation. Cod resided close to the bottom outside these temporal predation
windows. Sprat schools were located at the same depth or deeper than cod during daylight hours, whereas
dispersed sprat at night were situated higher in the water column. These vertical dynamics could be explained
by fitness optimization using bioenergetics and trade-offs between temperature, oxygen saturation of the
water, and predation risk. The study thus forms the first step to providing a mechanistic background for the
aggregate functional response of cod at basin scale and beyond.

At a high stock size, adult cod is distributed over large area, whereas at low stock sizes the population contracts
into the most favorable areas in terms of abiotic conditions, supporting thereby the existence of density-
dependent habitat selection. Analyses of vertical distribution revealed a clear day/night pattern, proving the
existence of an overall migration of adult cod to the pelagic habitat during night-time. Temporal drop in the
occurrence of cod in the distribution area of sprat and herring, and in the occurrence of large cod in the
distribution area of small cod was observed. A decline in prey occurrence in the areas occupied by cod evidences
that lower feeding opportunities of cod on fish prey occurred during the past 20 years. A strong link between
extent of hypoxic areas and cod condition was also evidenced, likely operating through habitat contraction,
decline in benthic prey and direct effects on cod physiology. This new knowledge help understanding the decline
in cod condition.

Predator—prey interactions are a primary structuring force in marine foodwebs and they play an important role
in the dynamics of both marine fish populations and their prey. Study in the feeding of two dominant
zooplanktivorous clupeids — herring and sprat — evidenced that the fullness of fishes’ stomachs increased with
the increasing proportions of prey in the zooplankton community. The share of empty stomachs was lower for
sprat, and among smaller fish in both species. Our results point to high interspecific competition, where sprat
seems to be more successful than herring in finding and consuming prey, and therefore may have an advantage
over herring when the zooplankton community is dominated by small-sized taxa.

Sprat tended to aggregate in deeper waters in spring season while moving towards coastal waters and
aggregating at 30-70m depth during feeding. The main factors determining aggregation and distribution pattern
of sprat in spring were previous winter's severity and water temperature in 50-100 m depth layer during the
autumn months (September-October). In last two decades, sprat distribution has shifted northward coinciding
with an increase in winter temperatures and population size. The investigated area of Eastern Central Baltic is
supposedly important for the reproduction of sprat as the proportion of sprat spawning stock biomass
significantly increases in years of rich year-class formation. A hypothesis is put forward that Gotland Deep basin
is the centre of distribution of sprat stock in the Baltic Sea.

For most herring populations in the Baltic Sea frequenting coastal zones and inner coastal waters for spawning
and larval retention, this means that important drivers and stressors of recruitment dynamics are acting on the
scale of regional basins or estuaries. Generally, reproductive success and year class strength of Baltic herring
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populations is strongly determined by the survival of early life stages such as eggs and larvae in local nursery
areas. However, the explicit mechanisms by which local stressors might affect overall recruitment are currently
not well understood. It appeared that in the very shallow part of the Gulf of Riga, high summer temperatures,
which likely exceed the physiological optimum, may negatively affect larval survival. Therefore, the observed
simultaneously high growth and mortality rates primarily resulted from a rapidly increasing and high water
temperature that masked potential food-web effects. The investigation suggests that the projected climate
warming may have significant effect on early life history stages of the dominating marine fish species inhabiting
shallow estuaries.

An ontogenetic loop in habitat use during larval ontogeny indicated an active habitat selection and revealed a
key role of shallow littoral waters for larval herring retention in the Western Baltic Sea. Elemental fingerprinting
in herring earstones revealed a distinct chemical separation between juvenile herring caught in the vicinity of
the Island of Ruegen in the south-western Baltic Sea and other potential nursery areas. This novel information
will increase our understanding of the contribution of particular coastal nursery areas to overall western Baltic
herring productivity.

The eastern Baltic cod stock was assessed with two models, in which natural mortality in recent years was
allowed to increase. It was shown that the assessment models with natural mortality (M) related to growth
perform much better than the standard assessment models in which M is assumed constant. In addition, a
stock similar to eastern cod with natural mortality increasing in recent years was generated. It appeared that
the assessment of such stock using constant natural mortality performs similarly badly as recent assessments
by the International Council for the Exploration of the Sea (ICES) in terms of model diagnostics. The obtained
results strongly suggest that natural mortality of cod in recent years markedly increased.

Herring and sprat were assessed according to former assessment units (AUs), used up to 1990s. Such
assessments reflect better both biological characteristics of stocks and spatial overlap of clupeids with predator
(cod), than the standard assessment performed presently by ICES. Assessments of herring show similar trends
in biomass development in AUs as well as in fishing mortality. In general, assessments of sprat also show similar
trends in stock biomass and fishing mortality developments in the considered AUs. The sum of biomasses by
AUs is close to ICES estimates of sprat biomass in the Baltic Sea. However, differences in intensity of exploitation
of the stocks by AUs might be substantial (fishing mortality being higher in the north-eastern areas) and spatial
management could be suggested. Such management would require assessment and data by former AUs.

Egg and spermatozoa characteristics, genetics, morphometrics and earstone microchemistry were applied to
develop tools for separating demersal and pelagic spawning flounder and enable allocation of catch to different
spawning types of flounder in different management areas. Although it was possible to correctly classify 74%
of flounder based on morphometry, it required use of 18 morphological characteristics’ landmarks and hence
was quite time consuming. Results from the otolith chemistry revealed that further studies are needed before
the findings can be used for stock separation.

Important elements of flounder fishery are discards. They could not be directly included into the assessments
as time series of reliable discards estimates are very short. The general conclusion was that inclusion of discards
increase estimates of biomass in similar rate as discards rate but has little effect on estimates of fishing
mortality. Trends in biomass estimates with modelled discards included were similar to trends in biomass
estimates without discards.

Potential early warning indicators for the Eastern Baltic cod stock development were examined. Indicators
characterising the recruitment environment could be suggested for early warning, such as depth at 11 psu
isohaline. The rescaled Baltic International Trawl Survey (BITS) index may also be considered an early warning
indicator of cod stock size.
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Altogether 15 species-based (herring, sprat, cod and flounder) spatially explicit indicators were identified and
elaborated. These address the following three EU Marine Strategy Framework Directive descriptors: D1
Biodiversity, D3 Exploited fish stocks and D4 Food-webs. In addition, composite indicator to evaluate status of
the cod and herring stocks at the pan-Baltic scale was developed, by applying the recently developed Baltic
Health Index framework. We also presented the indicator-testing framework, which can be used to identify
responses of food-web indicators to manageable pressures while accounting for the biotic interactions in food-
webs linking such indicators. The outcomes, essentially D3 indicators on spawning stock biomass and fishing
mortality, were discussed in the light of potential precautionary reference and Good Environmental Status
(GES). Several indicators need further work not only to develop reference points and targets, which will
ultimately result in achievement of GES, but also consider spatial scales for indicator aggregations.

Several spatially-explicit novel research results emerged, which will make valuable contribution for advaning
the ecosystem-based managemnt in the Baltic Sea. The highlights include: i) recent abundant presence of sprat
in the NE Baltic Sea is likely facilitated by superior competitive feeding to herring; ii) the commercial extinction
of the previously abundant autumn spawning herring in the early 1980s was likely due to too high fishing
mortality; iii) spatial distribution and size composition of sprat and herring affect the individual performance in
salmon and cod, suggesting the need for spatial management of sprat; iv) the presently implemented area
closures of cod fisheries in Gdansk Deep and Gotland Basin are likely to be largely ineffective in enhancing the
cod stock; and v) the two subpopulations of flounder seem to use different areas following settlement (but see
also above).

BONUS INSPIRE was conducted in close collaboration with ICES and the Baltic Sea Advisory Commission, which
ensured immediate delivery of new research results to the main stakeholders of the project. We were, for
example, organising and co-convening Theme Session ‘From genes to ecosystems: spatial heterogeneity and
temporal dynamics of the Baltic Sea’ at ICES Annual Science Conference in 2015, jointly with BONUS BIO-C3 and
BAMBI projects. Together with these two projects, we also contributed to the BONUS 2015 summer school “The
Baltic Sea: a model for the global future ocean?” and organised the BONUS 2016 summer school “Modelling
Biodiversity for Sustainable Use of Baltic Sea Living Resources”. BONUS INSPIRE scientists performed multiple
national and international advisory roles on fisheries and marine ecosystem management. Our BONUS
symposium on ’Science delivery for sustainable use of the Baltic Sea living resources’ (jointly with BONUS BIO-
C3), which also accommodated stakeholder panel discussion had nearly 150 participants with in total of over
100 scientific presentations given. We already published 49 peer-reviewed papers, produced 18 additional
manuscripts, defended 2 PhD thesis, and participated in 370 stakeholder committee meetings and 34 media
events. We contributed to several international collaborations, such as global networks on ‘Indicators of the
Seas’ and ‘Oceans Past Initiative’, and participated in developing the Baltic Health Index.

4  The continuity plan of the project

Several important actions will be performed in relation to continuity of the project. We will continue our
involvement in ICES and HELCOM work to ensure that all the created knowledge will be considered in the
advisory process for fisheries and marine ecosystems management. We will also finalise 18 unfinished
manuscripts and ensure their submission to peer-reviewed scientific journals. Several BONUS INSPIRE scientists
are part of the recently accepted BONUS project on ‘Taking stock of Baltic Sea food webs: synthesis for
sustainable use of ecosystem goods and services’ (XWEBS). This will facilitate further utilisation and synthesis
of INSPIRE results into a broader context of the Baltic Sea ecosystems structure and functioning. The project
website will be kept up and running for at least additional 2 years with continuous update of appropriate
information (e.g., publications, collaborative projects).
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The work initiated in BONUS INSPIRE has already resulted in several successful new project applications, such

as Morphometric and fitness variation in Platichthys flesus, Tagging Baltic Cod (TABACOD) and H2020 project
on Paradigm for Novel Dynamic Oceanic Resource Assessments (PANDORA).

BONUS INSPIRE project has received funding from BONUS (Art 185), funded jointly by the EU and Estonian
Research Council, Forschungszentrum Jiilich Beteiligungsgesellschaft GmbH, Swedish Research Council

Formas, Innovation Fund Denmark, Latvian Academy of Science, Academy of Finland, and Polish National
Centre for Research and Development.



