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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci This introductory chapter to our Environment International VSI does not need an abstract and therefore we just

include our recommendations below in order to proceed with the resubmission. Future work should examine

Keywords: waterbirds as food web sentinels of multiple stressors as well as Baltic Sea food web dynamics of hazardous
POPs substances and how climate change may modify it. Also, future work should aim at further extending the new
x:;f;rszects frameworks developed within BALTHEALTH for energy and contaminant transfer at the population level (Des-
Biomarkers forges et al., 2018, Cervin et al., 2020/this issue Silva et al., 2020/this issue) and their long term effects on Baltic
Baltic Sea top predators, such as harbour porpoises, grey seals ringed seals, and white-tailed eagles. Likewise, the risk

evaluation conducted for PCB in connection with mercury on Arctic wildlife (Dietz et al., 2019, not a BONUS
BALTHEALTH product) could be planned for Baltic Sea molluscs, fish, bird and marine mammals in the future.
Finally, future efforts could include stressors not covered by the BONUS BALTHEALTH project, such as food web

fluxes, overexploitation, bycatches, eutrophication and underwater noise.

1. The Baltic Sea

The Baltic ecosystem has undergone drastic changes over the past
century due to a combination of anthropogenic and environmental
stressors. As such, it serves as a unique ecosystem model for the un-
derstanding of cumulative effects of stressors on marine top predators,
birds, fish, invertebrates and plants, providing an early warning system
for ecosystem health. Most Baltic Sea top predator species have under-
gone significant population declines due to factors including pollution,
overexploitation, pathogens, eutrophication, climate change, shipping,
underwater noise and offshore developments. At present, there is little
information available to assess the cumulative impact of multiple
stressors on single species in the Baltic Sea food web.

The aim of this special issue of Environment International is to up-
date and review the current knowledge on selected stressors affecting
the Baltic Sea ecosystem based on the BONUS (Baltic Organisations’
Network for Funding Science) project Baltic Sea multilevel health impacts
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on key species of anthropogenic hazardous substances BONUS BALTH-
EALTH (https://projects.au.dk/bonusbalthealth/). Focusing on key
Baltic Sea wildlife species such as grey (Halichoerus grypus), ringed seals
(Pusa hispida), harbour porpoises (Phocoena phocoena), Eurasian otters
(Lutra lutra), pink-footed geese (Anser brachyrhynchus), common eiders
(Somateria mollissima) and white-tailed eagles (Haliaeetus albicilla), we
highlight the need for understanding, identifying and quantifying
powerful indicators of individual, population, and ecosystem health. In
turn, this allows for an assessment of the impact of multiple anthropo-
genic and environmental stressors in space and time including inputs for
risk assessment by Baltic Sea stakeholders such as BONUS, HELCOM,
ICES, OSPAR, ASCOBANS, a.o.

2. This virtual special issue (VSI)

This VSI contain 12 key papers with results of the BONUS BALTH-
EALTH project conducted over the period 2016-2020. The additional
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published result as well as subsequent papers are available at: https://
projects.au.dk/bonusbalthealth/publications/. The work packages
include food web dynamics and persistent organic pollutants such as
legacy and emerging contaminants and a wealth of health and
biomarker endpoints as well as analyses of infectious diseases and finally
modelling of population level effects (Fig. 1).

We have reviewed the state-of-the-art contaminant exposure and
related health effects in Baltic Sea key species prior to the onset of
BONUS BALTHEALTH. Contaminant exposure of Baltic wildlife species
including grey seals and ringed seals, white-tailed eagles and otters
resulted in massive population declines where Anthropogenic Hazard-
ous Substances (AHSs) have been the major force behind the reduced
numbers and health of the Baltic Sea. The exposure to legacy persistent
organic pollutants, such as polychlorinated biphenyls (PCB) and
dichlorodiphenyltrichloroethane (DDT), has been associated with sig-
nificant population declines through effects on the reproductive system,
survival and immunity in white-tailed eagles and seal species. In addi-
tion, our reviews show that Baltic high trophic level key species are
exposed to multiple bacterial, viral and parasitic pathogens. The distri-
bution of existing viral and bacterial pathogens, along with the emer-
gence and spread of new pathogens, need to be monitored in order to
assess the health status of key Baltic species. This is of special impor-
tance as some of the occurring pathogens are zoonotic and thus pose a
potential risk for human health linked to climate change and pollutant
exposure that all affect the immune suppression and subsequent in-
flammatory diseases. Altogether, this presents a comprehensive update
of the health of the Baltic Sea including risks for wildlife and human
health effects. However, as we also show, although many stressors
causing effects in the 1960-2000s are now regulated, new stressors in
the form of AHS, pathogens, noise and climate change are on the rise,
posing continuous threats to the ecosystem. Thus, we recommend
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continuing the monitoring of sentinel species in the Baltic Sea.
3. Anthropogenic hazardous substances

Anthropogenic hazardous substances have shown to be a major
driver of wildlife population declines in the Baltic Sea where for example
high tissue concentrations of industrial and environmentally persistent
chemicals in Baltic seals in the 1970-80s were associated with oviduct
occlusions and stenosis due to repeated infections leading to sterility
(Sonne et al., 2020a/this issue). Although environmental levels of legacy
AHSs have declined since their international restriction in the 1970-80s,
concentrations in high trophic predators of the Baltic Sea remain rela-
tively high compared to other areas. The concentrations levels of espe-
cially PCBs and mercury are still within population level effects on
reproduction as documented for certain marine mammals and white-
tailed eagles (Dietz et al., 2021 /this issue; Sonne et al., 2020a, 2020b/
this issue, Sun et al., 2019a, 2020/this issue, de Wit et al., 2020/this
issue). These studies adds to the understanding of increases and de-
creases of contaminant exposure in Baltic key bird and marine mammal
species and how they affect their health and population dynamics. For
example, concentrations of persistent organochlorines have decreased in
Swedish white-tailed eagles during 1968-2011 except for chlordanes
(Sun et al., 2020/this issue). In most species, levels of emerging con-
taminants, such as organophosphate esters (OPEs), chlorinated paraffins
(CPs) and emerging halogenated flame retardants (HFRs) were generally
similar or higher than those of legacy polybrominated diphenyl ethers
(PBDEs) and/or hexabromocyclododecane (HBCDD) (de Wit et al.,
2020/this issue). Organophosphate esters, CPs and HFRs concentrations
were also similar to the legacy contaminants PCB and DDT concentra-
tions in blue mussel (Mytilus edulis), viviparous eelpout (Zoarces vivipa-
rus) and Atlantic herring (Clupea harengus). In marine mammals and
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Fig. 1. Work packages and themes addressed under the BONUS BALTHEALTH programme 2017-2020.
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birds, however, the PCB and DDT concentrations remained orders of
magnitude higher than those of the emerging contaminants OPEs, CPs,
HFRs and per/polyfluorinated alkyl substances (PFAS). Comparing
representative predator-prey species indicated that OPEs have low bio-
magnification potential, some CPs show potential biomagnification, and
several HFRs and PFAS show high biomagnification potentials. These
results add to weight of evidence that the targeted compounds are of
environmental concern and that their continued spatiotemporal moni-
toring is warranted.

4. Health and biomarkers

With respect to health and biomarkers, Siebert et al. (2020/this
issue) show that older specimens of harbour porpoises have higher
values of eosinophilic granulocytes, aspartate aminotransferase (AST)
and alanin aminotransferase (ALT), which is important to take into ac-
count when assessing health. The highest eosinophil values are in free-
ranging porpoises, most likely reflecting their higher parasitic burden.
Free-ranging harbour porpoises are among the most exposed whales in
the world to high concentrations of environmental contaminants
including PCBs and mercury. Schmidt et al. (2020/this issue) examined
skulls of ringed seals from the Baltic Sea and Greenland using museum
samples using dual-energy x-ray absorptiometry to measure bone min-
eral density (BMD). Skull BMD of the Baltic seals was positively corre-
lated with the historical polychlorinated biphenyls (PCB)
contamination, showing potential effects on the constitution of bones.
BMD fluctuated between the three study periods with the lowest BMD
found between 1897 and 1957. The highest peak of the contaminant
concentration in the Gulf of Bothnia was in the second period and the
BMD levels increased with increasing PCB concentrations. The
Greenland population showed significantly lower BMD concentrations
than the Baltic population. This study also showed a higher BMD in
males than in females. In conclusion, the variations between 1829 and
2019 may to a certain extent reflect normal fluctuations; however, this
study revealed several factors affecting BMD including sex and PCB
levels. Likewise, Schmidt et al. (2020/this issue) investigated the tem-
poral trend in liver histological lesions over time in Baltic grey seals
between 1981 and 2015 in the Gulf of Bothnia and northern Baltic
Proper and correlated these with historical PCB contamination. Six
histological features were evaluated showing statistically significant
positive correlations between three of these lesions and age. Two of the
lesions correlated with adipose tissue (blubber) concentrations of
¥PCB;o measured in 34 of the individuals. These results show that age is
an important factor for the development of liver lesion and that PCB
burdens may be a significant co-factor. Regarding common eiders, Ma
et al. (2020/this issue) investigated the Baltic flyway population and
found that blood concentrations of total mercury (THg) showed a sig-
nificant increase from west to east with the lowest concentration at Hov
R¢n, medium concentration at Agersg and highest concentration at
Christiansg. However, the health of eiders in the Baltic Sea is most likely
not affected by mercury contamination. Lam et al. (2020a/this issue)
showed that glucose, fructosamine, amylase, albumin and protein
decreased significantly in eider blood from early to late incubation at
Hov R¢n and Christiansg, reflecting long-term fasting as supported by
the decline in body weight. Untargeted metabolomics of Christiansg
eiders revealed that 417 annotated metabolites changed significantly
from the early to late incubation with vitamin B2 (riboflavin) signifi-
cantly down-regulated. This reflects that while individual stressors are
not yet identified Baltic eiders face multiple energy and nutritional
related stresses during incubation, affecting their health and most likely
their reproductive output.

5. Infectious diseases

Siebert et al. (2020/this issue) reported on autopsies of harbour
porpoises in the Baltic Sea i.e. the western Baltic, Belt Seas and Kattegat
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and the Baltic Proper, respectively. Harbour porpoises throughout these
areas are exposed to a large number of human activities causing direct
and indirect effects on individuals that might also harm this species on a
population level. From Latvia, Poland, Germany and Denmark, 385 out
of 1769 collected dead harbour porpoises were suitable for extensive
necropsy. The animals were collected between 1990 and 2015 and were
either by-caught or found dead on the coastline. The respiratory tract
had the highest number of morphological lesions and pneumonia caused
by lungworms. The alimentary, hearing, and haematopoietic systems
also had inflammatory lesions and parasitic infections while 20% to
100% of the animals had injuries or marks from nets following the by-
catch. Inflammatory lesions, especially in the respiratory tract were in
higher numbers when compared to control populations in areas with less
human activities such as arctic waters. The high number of morpho-
logical changes in the respiratory tract and of bycatches especially
among immature animals before reaching sexual maturity is of serious
concern, as well as the low number of adult animals among the material.
Data on health status and the causes of death are valuable for manage-
ment. A next step in this regard will combine data from health and ge-
netic investigations in order to detect differences between the two
populations of the Baltic.

Lam et al. (2020b/this issue) studied the seroprevalence of specific
avian influenza A antibodies to obtain information on circulating Al
serotypes and exposure in Baltic eiders and pink-footed geese represent
terrestrial, brackish and marine ecosystems spanning from the Western
to the Eastern and Northern part of the Baltic Sea. Overall, antibody
prevalence was 55% for the eiders and 47% for the pink-footed geese.
Ca. 12% (22/183) of the eiders and 3% (12/427) of the pink-footed
geese had been exposed to Al of the potentially zoonotic serotypes H5
and/or H7 virus. Al seropositive samples selected at random (n = 33)
showed a low frequency of serotypes H1, H6 and H9. Future projects
should aim at sampling and isolating Al virus to characterize dominant
serotypes and virus strains (PCR). This will increase our understanding
of how Al exposure may affect health, breeding and population viability
of Baltic common eiders and pink-footed geese as well as the potential
spillover to humans (zoonotic potential).

6. Modelling population level effects

Dietz et al. (2021/this issue) investigated a wide range of species,
including marine mammals, seabirds, birds of prey, fish and bivalves for
potential population health risks resulting from contemporary (post-
2000) mercury (Hg) exposure, using novel risk thresholds calculated on
both literature and de novo exposure data. For marine mammals, 23% of
the groups, each composing individuals of a specific sex and maturity
from the same species in a specific study region, showed Hg-
concentrations within the High-risk category (HRC) and Severe Risk
Categories (SRC). The corresponding percentages for seabirds, fish and
bivalves were 2.7%, 25% and 8.0%, respectively, although fish and bi-
valves were not represented in the SRC. Juveniles from all species
showed to be at no or low risk. In comparison to the same species in the
adjacent waters, i.e. the Greater North Sea and the North Atlantic, the
estimated risk for Baltic Sea populations is not considerably higher.
These findings seem to suggest that over the past few decades the Baltic
Sea has improved considerably with respect to presenting Hg exposure
to its local species, while it does still carry a legacy of elevated Hg levels
resulting from high neighbouring industrial and agricultural activity and
slow water turnover regime.

Silva et al. (2020/this issue) conducted a study where they devel-
oped a full lifecycle dynamic energy budget and individual based model
(DEB-IBM) that captured Baltic grey seal physiology and life history, and
showcase potential applications of the model to predict population re-
sponses to select stressors known to threaten grey seals and other marine
mammals. The authors found that continuous incremental food limita-
tion can be more detrimental than short random events of starvation and
further, that the effect of endocrine disruptors on population growth and
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structure is delayed due to bioaccumulation, and that communicable
infectious diseases significantly decrease population growth even when
spillover events are relatively less frequent. One important finding of the
study was that the delayed effect on population growth rate from some
stressors, several years after the exposure period, resulting from a
decline in somatic growth, increased age at maturation and decreased
fecundity. Such delayed responses are being ignored in current models
of population viability and can be important in the correct assessment of
population extinction risks. The model provides a unique test bed on
which effects of new hazardous substances and different scenarios of
future environmental changes can be analysed. The importance of food
availability and seasonal energetic demands can be investigated
providing a tool for better understanding how diverse environmental
stressors affect marine mammal populations and to guide scientifically
based management.

Cervin et al. (2020/this issue) studied the Baltic Sea harbour por-
poise population, which is genetically distinct, amounting to only about
500 animals and is classified as ‘Critically Endangered’ according to the
IUCN red list. Data deficiency on nearly all demographic parameters
have precluded systematic investigations of the relative importance of
stressors affecting population viability. The authors took a comparative
life history approach and investigated the phenotypic plasticity in so-
matic and demographic vital rates of seven larger, well studied North
Atlantic harbour porpoise populations, enabling them to approximate
the missing pieces of the life history of the Baltic population. Due to high
levels of endocrine disruptive contaminants observed in Baltic harbour
porpoises, Cervin et al. (2020/this issue) also investigated the effect of a
possible reduction in fecundity. Subsequently, the combined effects of
bycatches and reduced fecundity were investigated in terms of popula-
tion growth rate and quasi-extinction risk. The Baltic harbour porpoise
population is viable in the baseline scenario without anthropogenic
stressors. However, even the lowest estimated bycatch level of 7 in-
dividuals per year will lead to a population collapse to <50 animals with
high probability (0.4-1.0) over the next century, assuming an interme-
diate or low (<73%) fecundity. Adult survival is of critical importance
and mitigation of fishery impacts and reduction of anthropogenic dis-
turbances in the identified main breeding areas were recommended in
the study.

7. Recommendations for future work

Future work should examine waterbirds as food web sentinels of
multiple stressors as well as Baltic Sea food web dynamics of hazardous
substances and how climate change may modify it. Also, future work
should aim at further extending the new frameworks developed within
BALTHEALTH for energy and contaminant transfer at the population
level (Desforges et al., 2018, Cervin et al., 2020/this issue, Silva et al.,
2020/this issue) and their long term effects on Baltic Sea top predators,
such as harbour porpoises, grey seals ringed seals, and white-tailed ea-
gles. Likewise, the risk evaluation conducted for PCB in connection with
mercury on Arctic wildlife (Dietz et al., 2019, not a BONUS BALTH-
EALTH product) could be planned for Baltic Sea molluscs, fish, bird and
marine mammals in the future. Finally, future efforts could include
stressors not covered by the BONUS BALTHEALTH project, such as food
web fluxes, overexploitation, bycatches, eutrophication and underwater
noise.
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