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Preface

This report is financed by the Danish EMFF program “Fiskeri, natur og miljg - Marin biodiversi-
tet”, constitutes the professional delivery of the results of the two EMFF projects "Seal-related
liver worm in Eastern Baltic cod: Status, effects and biological input for management (TESLO)”
and "Biological press factors limiting the growth of Eastern Baltic cod (TORVAKST)” with the
grant no 33113-B-17-110 and 33113-B-20-161 which, through national and international collab-
oration between researchers, managers and representatives of the fishery, has contributed new
knowledge about how infection load in cod with the parasitic nematode Contraceacum oscula-
tum (also known as cod’s liver worm) associates with the health status, growth potential and
natural mortality of the fish.

Furthermore, these projects have paved the way for implementation (from 2021) of a pan-Baltic,
trans-national monitoring of the spatio-temporal occurrence of liver worm in cod, using the BITS
surveys as platform, and based on the developed liver category method.

The project leader was Jane W. Behrens, and the project period was from December 2017 to
December 2020 (TESLO) and from June 2020 to March 2023 (TORVAKST).

Moreover, the following persons have contributed to the work and are co-authors of the scien-
tific articles:
e Kurt Buchmann, Department of Veterinary and Animal Sciences, University of Copen-
hagen
e Katarzyna Nadolna-Altyn, National Marine Fisheries Research Institute, Gdynia, Poland
e Jan Dierking, GEOMAR, Helmholtz Centre for Ocean Research Kiel, Kiel, Germany
e Uwe Krumme, Thinen Institute of Baltic Sea Fisheries, Rostock, Germany
e Jens-Peter Herrmann (deceased), Institute of Marine Ecosystem and Fishery Science,
University of Hamburg
¢ Richard Klinger, Institute of Marine Ecosystem and Fishery Science, University of Ham-
burg
e Christian Jargensen, Department of Biological Sciences, University of Bergen, Norway
¢ Virginia Chondromatidou, DTU Aqua, Technical University of Denmark

In Danish the project titles are “Saelrelateret leverorm i Jstersgtorsken: Status, effekter og biolo-
gisk input til forvaltning (TESLO)” and "Biologiske presfaktorer som begraenser veeksten for
gstlige stersgtorsk (TORVAEKST)”.

Kgs. Lyngby, August 2024

Jane W. Behrens
Senior Researcher
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Project Summary

The present report describes results of the two EMFF projects "Seal-related liver worm in East-
ern Baltic cod: Status, effects and biological input for management (TESLO)” and "Biological
press factors limiting the growth of Eastern Baltic cod (TORVAKST)”, funded by European Mar-
itime and Fisheries Fund and the Danish Fisheries Agency.

Knowledge about how parasites influence the health status, growth potential and mortality of
fish is extremely limited, likely because it is difficult to quantify and describe, and parasites are
rarely monitored. Furthermore, fish in the wild are exposed to various factors (e.g. unfavorable
temperature, salinity, oxygen or food conditions), and it is difficult to separate the effects of
these factors from those of parasites. Many parasites also have complex life cycles including
several hosts, making their infection dynamics difficult to predict.

Grey seal is final host to the parasitic nematode Contraceacum osculatum (common name cods
liver worm), and concurrent with the recovery of grey seal in the Baltic Sea, high infection levels
with this parasite have been observed in cod in the central and southern parts of the Baltic Sea.
Cod is one of several transport hosts to this parasite.

Field investigations have shown that infection intensity with liver worm in Eastern Baltic cod co-
incides with poor nutritional status. As the common name cod’s liver worm imdicates, this para-
site sits explicitly in the liver of the cod. The liver is responsible for many vital processes includ-
ing nutrient assimilation, bile production, maintenance of metabolic homeostasis and protein
synthesis and also serves as an energy reserve and breeding capital for the fish. It is thus intui-
tive to think that a high liver parasite burden leads to reduced function of the organ with nega-
tive effects on the nutritional condition of the infected individual. It however remains unclear to
what extent cod that are already thin due to food limitations are more susceptible to becoming
infected, or whether the nutritional condition of the fish deteriorates when they have many of
these liver parasites. This is especially relevant for Eastern Baltic cod, which has experienced
food limitation for decades, and for several years has been a stock in distress. Disentangling
potential effects of parasites on their hosts from effects arising in the wake of unfavorable abi-
otic and food conditions thus demands an interdisciplinary approach combining field and labora-
tory studies, and bioenergetic modelling.

The projects reveal that cod with many nematodes in their liver generally have a reduced en-
ergy status, both in terms of the amount of protein in the muscles and in terms of fat in the liver.
These thin cod are possibly more susceptible to liver worms. However, the changed ratio be-
tween protein and glycogen energy in the fish found here points to a direct effect of the liver
worm on the fish, and not an effect of being starved. In support, we also found that highly in-
fected cod show signs of suffering from a severe liver disease reflected by changes in the blood
plasma composition such as decreased plasma albumin and increased globulin levels, resulting
in reduced albumin to globulin ratio, as seen in humans with chronic liver diseases. Histopatol-
ogy revealed that cod with high infection loads of liver worms have pronounced inflammatory
reactions and bleedings in their livers, pointing to reduced liver functionality. The growth experi-
ment revealed that even when highly infected cod had access to ample food, they were not able
to overcome the negative effects of high liver worm load on their nutritional condition.
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Based on an extensive pan-Baltic analysis of liver worm in sprat, a main prey for cod, we show
that infection levels of sprat with this parasite is in general low, although with some indications
that sprat living adjacent to grey seal colonies have slightly higher infection levels. Yet, the re-
sults suggest that cod gets infected by addition prey items besides sprat. Building on these re-
sults, and energy content analysis of sprat throughout the year, we parameterized an individual-
based bioenergetic model of growth in cod and show that independent of the starting size of the
cod, the growth rate and condition factor decreased when the infection rate with liver worm in-
creased. In addition, the model showed that heavily infected cod reached a 'point of no return’
where their energy intake was so low that they could no longer get the energy required to cover
the basal metabolism; after that the fish starved to death.

The spatial distribution of liver worm in cod will potentially vary over time, depending for exam-
ple on how the number of grey seals develops in the future in the various areas. Detailed analy-
sis of cod livers where the total number of liver worm in each organ is counted is however time-
consuming and expensive, and we therefore developed the so-called ‘liver category method’
where individual livers are assigned a category between 0 and 4, depending on how many liver
worms can be observed on the surface of the liver. We further developed area-specific models
which can be used to predict the total number of nematodes based on these categories. Based
on this, and that results from the present projects combined clearly point to that infection load
with liver worm is needed as an additional indicator of the health status of cod in the Baltic Sea,
ICES made it a mandatory part of the routine sampling protocol on Baltic monitoring surveys
from 2021 to assign a liver category to individual cod livers.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information



Background and outline of the project

The Eastern Baltic cod stock is in a remarkably poor state. The stock biomass has declined to
the lowest level on record (ICES 2022), and the fish are small, suffer from low body condition
and mature at a small size (Eero et al. 2015t, 2023; Casini et al. 2016b). Growth of the fish has
declined (Mion et al. 2021), natural mortality has increased (ICES 2022) and during the latest
decade, concurrent with an increasing abundance of grey seals Halichoerus grypus, an increas-
ing load of the parasitic nematode Contraceacum osculatum has been observed in cod livers,
where large fish have highest infection loads (Haarder et al. 2014; Sokolova et al., 2018).

Cod functions as a transport host for this parasite within the Baltic Sea and gets infected when
eating infected prey such as e.g. sprat, and the parasite accumulates with time in the cod liver
as the fish eats infected prey. Grey seal is the final host for C. osculatum. Several field studies
have shown a relationship between high infection load and poor nutritional status (i.e. condition
factor) of cod. A high parasite burden might lead to reduced function of the liver with potential
negative effects on the nutritional condition of the infected individual, potentially leading to mor-
tality. Yet, in the field several factors (alone or in combination) may influence the nutritional sta-
tus of the fish, and fish which are already skinny due to e.g. food limitations may be more sus-
ceptible to infection.

Combining controlled laboratory experiment with field data and bioenergetic modelling, our aim
in the present projects is to provide new knowledge on how high loads of C. osculatum affects
the physiology and nutritional condition of cod, and how this may relation to natural mortality.
More specifically, we investigated the energy content and composition of cod in relation to liver
worm load, also including analysis of plasma composition (section 1) and did histopathology of
cod livers to describe the state of the organ in relation to C. osculatum loads (section 2). To
evaluate the likelihood of cod getting infected by sprat (the main prey of cod in this stock) and
model the bioenergetics of cod growth in relation to energy intake and infection risk via sprat
(section 4), we determined the spatial distribution of C. osculatum in sprat across the Baltic Sea
in different seasons and determined the energy content of this prey fish for cod throughout the
year (section 6). We also tested experimentally if cod when fed preferred prey ad libitum can
growth despite high liver worm load (section 5). Finally, we tested if the newly implemented pan-
Baltic monitoring of liver worm load in cod using the so-called ‘liver category method’ could be
used to reliably predict total number of parasites in individual livers (section 3).

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 7



1. The physiological condition of Eastern Baltic cod
infected with liver worm

1.1 Energy composition and content of Eastern Baltic cod infected with
liver worm (TESLO)

Authors: Marie Plambech Ryberg, Peter V. Skov, Niccold Vendramin, Kurt Buchmann, Anders
Nielsen and Jane W. Behrens

Background

The liver of cod is responsible for processes related to the metabolism of food and protein syn-
thesis. In addition, the liver is very lipid rich and functions as an energy reserve (‘lunch box’) for
the fish (Hinton et al., 2017). The parasitic nematode Contracaecum osculatum migrates specifi-
cally to the liver of cod following ingestion of smaller infected prey — hence its common name
cod’s liver worm (Figure 1.1.1.)

Figure 1.1.1. A) Infections with C. osculatum in an Eastern Baltic cod liver (photo: Marie P. Ryberg).
B) Several C. osculatum found close to the major blood vessels in the liver (photo: Heidi Andre-
asen. Both photos are from Ryberg, 2020.

Because liver worm accumulates in cod liver with time as the fish eats infected prey items, high
infection loads are most often seen in larger cod (Horbowy et al., 2016; Zuo et al., 2016). A high
parasite burden might lead to reduced function of the liver with potential negative effects on the
nutritional condition of the infected individual. This can be reflected by changes in the energy
content and composition of the fish. In the present study we investigated the relationship be-
tween infection density (number of parasites per gram liver) with C. osculatum and energy con-
tent and composition in Eastern Baltic cod.

Material and Method

Cod start to get infected with liver worm when they reach a size of aprox. 30cm, and own previ-
ous studies have shown that a range of infection levels are seen in fish between 35 and 50 cm
(Ryberg, 2020). Based on this, thirty-three Eastern Baltic cod between 35 and 50 cm were
caught east at Bornholm and killed directly thereafter, and subsequently transported to DTU
Aqua in Hirtshals where they were kept at -20 degrees until analysis. After thawing, the liver
was dissected out from the fish and number of parasites was determined for each liver. For
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each fish, data was also collected for length and weight of the whole fish, as well as liver weight.
To determine protein, fat, glycogen and water content and composition of the fish, and fat and
water content of the liver, each fish and liver were there after homogenized separately. Based
on this, the energy content of each fish was also determined. Protein content of the fish, and li-
pid content of fish and livers, were determined using the Kjeldahl (Foss Kjeltec 2200, Hillerad,
Denmark) and the Bligh and Dyer methods (Bligh and Dyer, 1959), respectively. To obtain dry
matter and water content of the fish and liver, samples were dried for 24 h at 105-C, and weight
loss was determined (Memmert UN110, Blichenbach, Germany). Glycogen content of the fish
was calculated as the difference between the initial dry weight and the sum of the crude protein,
fat, and ash weights (Saint-Paul, 1984). The energy density of dry cod tissue was determined
from dried tissue samples and subsequently converted to energy density per gram of wet body
mass (kd g—1) (Schloesser and Fabrizio, 2017).

Results

Number of liver worms in individual livers varied between 0 to 104, and 85% of the livers had
nematodes. All nematodes were determined by their morphology to be Contraceacum oscula-
tum, the nematode known as cod liver worm. Overall, the results showed that the composition
of the fish changed when the cod had many nematodes (Figure 1.1.2.). More specifically, the
protein and energy content (Figure 1.1.2A.) of the fish decreased significantly while water con-
tent increased significantly (Figure 1.1.2B.) with an increased number of nematodes. The glyco-
gen content was significantly higher in the most heavily infected cod. Overall, this meant that
the decrease in the total energy content of the fish that had many nematodes could be ex-
plained by their energy source being changed from being primarily protein energy in the fish that
had a high energy content, to primarily becoming glycogen energy in the fish that had a lower
energy content.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 9
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Figure 1.1.2. (A) Total energy content (kJ g wet-weight-1) of the whole fish excluding the liver, (B)
water content (%) of the whole fish, (C) lipid content of the liver (g per gram liver) and (D) water
content of the liver (%), all in relation to changes in infection density as described by the thin grey
lines. Both the total energy of the fish and lipid content of the liver decreased significantly with in-
creasing infection density while water content increased significantly in both the fish and the liver
with increasing infection density. In C and D, colours and symbols represent: blue and

A = female, red and o = male. Grey, blue and red areas represent 95% confidence intervals. Figure
text and figure from Ryberg et al., 2020.

The lipid content of the livers was significantly lower in the fish that had the highest infection lev-
els (Figure 1.1.2C.). These livers also contained more water than livers from cod with low infec-
tion levels (Figure 1.1.2D.). Regardless of the number of nematodes, female fish had fattier liv-
ers than the male fish (Figure 1.1.2C.).

Conclusions

Together, the results suggest that cod with many nematodes in their liver generally have a re-
duced energy status, both in terms of the amount of protein in the muscles and in terms of fat in
the liver. The reason for this may be that the liver tissue is destroyed when many nematodes
enter the liver, whereby the function of the organ is compromised. It should however be noted
that Eastern Baltic cod have also experienced limited food availability over several years, why
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fish in this stock in general are thinner than cod in other stocks. These thin cod are possibly
more susceptible to liver worms. Furthermore, food restricted cod may also have reduced fat
content in the liver, as well as less protein in the meat. However, the changed ratio between
protein and glycogen energy in the fish points to a direct effect of the liver worm on the fish, and
not an effect of being starved. These results are published in Ryberg et al., 2020, Conservation
Physiology https://doi.org/10.1093/conphys/coaa093

1.2 Blood plasma in relation to infections with liver worm (TESLO)

Authors: Marie Plambech Ryberg, Peter V. Skov, Niccold Vendramin, Kurt Buchmann, Anders
Nielsen and Jane W. Behrens

Background

To complement the findings in the study of energy content and composition in relation to infec-
tion density with C. osculatum in Eastern Baltic cod (section 1.1.), we examined potential
changes in blood plasma of infected cod by studying the plasma protein composition. Changes
in blood plasma composition reflects the health status of the fish, just as in humans where such
tests are often performed upon suspicion of certain diseases. In fish, the albumin to globulin ra-
tio (A/G ratio) has been used to reveal different physiological effects of specific pathogens (Ay-
din et al., 2001; Osmani et al., 2009). We hypothesized that highly infected cod would reveal
clinical signs of suffering from a liver disease when their liver tissue is destroyed by high num-
bers of C. osculatum.

Materials and methods

Eighty Eastern Baltic cod were caught by trawling east of the coast of the island Bornholm in the
Baltic Sea. Fish were kept in tanks at Nexg@ Kleekkeri for 2 weeks before being transferred to the
fish stable at DTU Aqua by professional animal transporters. Here, fish were kept in two circular
tanks (2000 L each) with air-saturated recirculated water with constant temperature (10° C) and
salinity (10 ppt) throughout the whole experiment. Fish were fed with boiled blue mussels
(22KJ/g ash free dry weight) 3 times a week (around 2% of their body mass per week) to ensure
no transfer of parasites or other diseases from the food. Besides for the present purpose of re-
lating health status of fish using blood plasma composition and relating this to varying degree of
infection, sixty of these cod were also used in another experimental work where we examined
how the infections affected the metabolism of the cod (Ryberg et al., 2020). Following these
metabolic experiments fish were stunned by a sharp blow to the head; blood was immediately
sampled by caudal puncture with a lithium-heparinized 21-gauge hypodermic needle, and fish
were euthanized by spinal transection (Figure 1.2.1). Blood samples were centrifuged at 1610G
for 5 min, and the plasma fraction was stored at —18-C (Houston, 2002). We analysed different
relevant blood parameters related to liver diseases such as total blood protein and plasma pro-
tein fractions (i.e., pre-albumin, albumin and 5 different globulins). Total blood protein content (g
L-1) was determined using an ADVIA 1800 Clinical Chemistry System (Siemens), while the
separation of plasma protein fractions into pre-albumin, albumin and the globulins (alpha-1, al-
pha-2, beta-1, beta-2 and gamma) was done using capillary electrophoresis (MINICAP PRO-
TEIN 6, Sebia, Lisses). We then calculated the A/G ratios by dividing individual plasma albumin
and globulins values. The A/G ratio is a very important parameter when studying whether an in-
dividual is suffering from a liver disease.
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Figure 1.2.1. Blood sampling from the caudal vein of a cod. Photo: Jane W. Behrens.

Results

The total blood protein and the A/G ratio decreased significantly with increase in infection inten-
sity (Figure 1.2.2.). The albumin/gamma ratio could best be described with an exponential de-
cay model (Eq. 1). The best model to describe A/G ratio for all data only included the infection
intensity (Figure 1.2.2B.):

A
a= o (—0.27+INF+0.30) (Eq.1)
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Figure 1.2.2. (A) Total blood protein (g L™") and (B) albumin/globulin ratio in cod (n = 60) in relation
to varying degrees of infection densities with C. osculatum. Both parameters decreased signifi-
cantly with increasing infection density, as described by the thin grey lines. The grey boxes are
95% confidence intervals. Figure from Ryberg et al., 2020.
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The prealbumin, the precursor of the albumin, also showed the same trend as albumin, with a
significant decrease when infection intensity increased (Figure 1.2.3.)
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Figure 1.2.3. Prealbumin (%) in cod (n = 60) in relation to varying degrees of infection densities with
C. osculatum. This blood parameter decreased significantly with increasing infection density, as
described by the thin grey lines. The grey boxes are 95% confidence intervals.

Conclusions

Overall, this study revealed that highly infected cod show signs of suffering from a severe liver
disease reflected by changes in the blood plasma composition such as decreased plasma albu-
min and increased globulin levels, resulting in reduced albumin to globulin ratio. Albumin is the
main protein of the blood plasma and in humans reduced albumin to globulin ratios are seen in
individuals with chronic liver diseases (McDonald and Milligan, 1992; Garcia-Martinez et al.,
2013). In support of our finding’s genes related to immune response are overall affected by in-
fections with C. osculatum in Eastern Baltic cod (Marnis et al., 2019). In conclusion we argue
that the significant decrease in the albumin to globulin ratio (caused by concomitant changes in
plasma albumin and gamma globulin) that occurs in the highly infected cod reflects that these
individuals show signs of suffering from a severe liver disease. These results are published in
Ryberg et al., 2020, Conservation Physiology https://doi.org/10.1093/conphys/coaa093
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2. Liver histopathology of cod infected with liver
worm (TESLO)

Authors: Jane W. Behrens, Marie Plambech Ryberg, Virginia Chondromatidou and Tine
Moesgaard Iburg

Background

As mentioned in earlier sections (1.1. and 1.2.), the parasitic nematode Contracaecum oscula-
tum infects the liver of cod. The liver is a highly vital organ that is involved in several physiologi-
cal functions, many related to growth and health status of the individual (Hinton et al., 2014).
For the liver to function optimally, it is important that its structure is intact. Hence, structural
damage and/or bleeding in the liver tissue may result in reduced functionality of the organ (Rob-
erts & Ellis, 2012). Considering that liver worm accumulates in the cod liver over time, and that
single livers may obtain very high numbers of this parasite (up to several hundred), it can be
speculated that physical damage to the tissues of highly infected livers may occur. The parasite
may also elicit immune reactions, being a 'foreign body' in the liver. Together, this will in all
probability affect the functioning of the organ and result in reduced health status of the infected
individual. We know from previous studies (including the findings in sections 1.1. and 1.2., pub-
lished in Ryberg et al., 2020) that high infection levels in cod with C. osculatum lead to impaired
physiology of the cod, shown by depressed energy turnover, reduction in the digestive organ
masses along with changes in the plasma, body and liver composition and fish energy source.
Especially the findings in section 1.2. (i.e., “Blood plasma in relation to infection with liver
worm”) reveal clear signs that highly infected cod suffer from a severe liver disease (Ryberg et
al., 2020). Previous studies have shown that C. osculatum becomes encapsulated in the liver of
cod as part of an inflammatory reaction (Buchmann & Mehrdana, 2016; Zuo et al., 2017), but no
one have studied in detail what actually happens to the liver tissues in infected cod. In the pre-
sent study, we therefore aimed to examine the relation between the degree of inflammation and
other changes in the liver tissue with infection level of liver worm in Eastern Baltic cod. For this,
we used histological examinations to categorise the degree of inflammation associated with dif-
ferent levels of infection with C. osculatum. With this investigation, we provide new knowledge
on the histopathological effects of C. osculatum in Eastern Baltic cod.

Materials and methods

Eastern Baltic cod (n = 69) were caught by trawl in the Baltic Sea east of Bornholm, close to the
harbour of Nex@ in October 2018. Following evisceration of the fish and examination of the sur-
face of their livers for number of visible nematodes, 30 livers were chosen to ensure a high vari-
ation in infection load of the livers included in the study. Three healthy, well-fed, and non-in-
fected cod from the national aquarium ‘The Blue Planet’, Copenhagen, Denmark, were used as
baseline for histopathological comparison. These cod have mainly been fed boiled blue mussel
throughout their life in captivity. Data on length (cm), wet weight (gram), and liver weight (gram)
of the 30 Eastern Baltic cod and 3 control cod were noted (Table 2.1.).
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Table 2.1. Information of cod sampled east of Bornholm (30) and control cods from the Danish Na-
tional Aquarium ‘The Blue Planet’ (3) for histopathology of their livers in relation to infections with
Contraceacum osculatum. Table from Behrens et al., 2023.

# TL (cm) TW (g) LW (g) Fulton HsI Preval. (%) Intensity
30 38+0.9 454 +34.8 17 +2.3 0.82 +0.03 3.66 +0.33 90 35.5+7.0
a) 63+2.9 3396 +300.2 161 +66.4 1.34 +0.06 4.58 +1.64 0 0

Note: Values are mean +SE unless otherwise stated.

Abbreviations: #, number of fish; HSI, hepatosomatic index; LW, liver weight; Preval., prevalence: percentage of fish infected with liver nematodes;
Intensity: mean number of liver nematodes per fish, including only infected individuals; TL, total length; TW, total wet weight.

Samples were taken from each of three predetermined sites in the liver (left lobe, middle lobe
and right lobe) for histopathological examination. Following the removal of the samples, the liv-
ers were frozen at —20°C for subsequent estimation of the total number of nematodes in the liv-
ers. After thawing, individual livers were placed in a plastic bag (200 x 400 x 0.07 mm) and com-
pressed between two glass plates (15 x 15 x 1 cm) to a thickness of 1 mm by the addition of
gentle pressure to the plates (Buchmann, 2007). Nematode species identification was based on
morphometric characteristics of the caudal and cephalic ends according to Fagerholm (1982).
For the histological analysis, we embedded (in paraffin), stained and sectioned 30 cod livers
with varying degrees of liver worm infection. The sections were then analysed under a micro-
scope, and the changes in relation to the number of liver worms described. Each liver tissue
was assigned an 'Inflammation Category' between 1 and 5 (Cat1-Cat5), and this category was
then compared with the number of liver worms in the same tissue. The categories are based on
the severity of inflammation seen in the liver tissue, where a so-called granuloma (a collection of
macrophages) is formed in response to chronic inflammation (Figure 2.1.). In addition to this, we
looked at how the amount and shape of fat vacuoles changed in the liver in relation to infection
intensity and we examined the presence of other parasites.

The livers from the Eastern Baltic cod were compared with each other in terms of infection in-
tensity (none, low, medium and high infection intensity), as well as with livers from cod that had
been housed on the Blue Planet for a period when they had been fed well (i.e. acting as con-
trols). Two generalized linear models (GLM) with negative binomial distribution and a log link
function were used to describe how infection density varied with (1) the five categories of inten-
sity of inflammation in the liver and (2) the three categories each reflecting numbers of other
parasites (none, few <10, and many >10). All statistical tests were conducted in R (R Core
Team, 2016). The model assumptions of normality and independence were subsequently vali-
dated by visual inspection of model residuals.

Results

Overall, we found nematodes in 27 of the 30 livers and found in total 960 nematodes all belong-
ing to C. osculatum. The results showed that the livers that had the most pronounced inflamma-
tion were also the ones that had the most liver worms. The statistical results showed that infec-
tion density of C. osculatum in the livers increased significantly with increasing inflammation cat-
egory of the liver, with the infection density being lowest in livers assigned an inflammation cate-
gory 0, and highest in livers assigned an inflammation category 3 and 4 (df = 24, p = .002, Fig-
ure 2.1. and Figure 2.2.A.). Track lesions were seen in categories 2—4, presumably created by
the large nematodes moving around in the liver destroying or pushing liver cells aside (Figure
2.1.E, F).
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Figure 2.1. Inflammatory lesions in the liver of cod infected with Contracaecum osculatum. (A) A
row of small granulomas and the edge of a larger granuloma in the right corner. A wall of epitheli-
oid cells (arrowheads) surrounds a centre of parasite or red blood cells or the epithelioid cells fills
the centre. The granulomas are surrounded by layers of fibrosis (arrow) and the fibrosis coalesce
to form a band of fibrosis with the granulomas (fibrosis). Small haemorrhages are seen (asterix).
(B) A large granuloma with a cross section of a nematode centrally and some proteinaceous mate-
rial surrounded by a wall of epithelioid cells (arrowhead) and a thin layer of fibrosis with lympho-
cytes. (C) A large granuloma with eosinophilic amorphous material centrally surrounded by a thin
wall of epithelioid cells (arrowhead). (D) Loosely formed immature granulomas are seen (arrows) at
the borders of a large granuloma with pale basophilic material centrally delineated by epithelioid
cells (arrowhead). In the right lower corner, a small granuloma is seen. (E) A track lesion filled with
blood (asterix) next to a large granuloma with a cross section of a nematode. Epithelioid cells are
seen around the granuloma and the track (arrow heads). (F) A track lesion with a cross section of a
nematode in the upper right corner. Proteinaceous fluid is seen in the cavity (asterix) and artefacts
are also seen (arrow). The track is surrounded by inflammatory cells (arrowhead). (A-F) Stained
with HE. Bar = 176 um. Figure and text from Behrens et al., 2023.
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Figure 2.2. (A) Infection density (nematodes/g liver) in relation to the intensity of inflammation.
Number on top of each box represent number of cod in each inflammation category. (B) Infection
density (nematodes/g liver) in relation to the density of other parasites in the liver (none:0, few:1—
10 and many: >10). The square symbols relate to the post hoc comparisons. In both figures, the
solid line is the median in the box plots and the box is the interquartile area (bottom and top are
25th and 75th percentiles, respectively). Whiskers show either the max/min observation if within
1.5 of the interquartile range or 1.5 times the interquartile range. Figure and figure text are from
Behrens et al., 2023.

In terms of the size distribution of the fat vacuoles in the livers, two things were discovered;
firstly, the fat vacuoles in the livers of the well-fed cod from the Bla Planet were larger and more
well-shaped than the fat vacuoles from the Eastern Baltic cod. Secondly, contrary to expecta-
tions, there were no difference in the size distribution of the fat vacuoles between Eastern Baltic
cod with no, few, medium or many liver worms. For most of these cod, the fat vacuoles were
generally of mixed size (with many very small vacuoles in between), and very irregular in shape.
In several livers, another parasite was discovered, which exclusively inhabited the bile ducts
(Figure 2.3.). The morphology and location were compatible with a Myxosporidian spp. In con-
nection to this parasite, bile ducts were often dilated, and occasionally very mild fibrosis sur-
rounded the bile ducts. When grouping intensity of infection of other parasites in the liver into
none, few or many, the infection density with C. osculatum was significant higher in the groups
of livers designated many other parasites (df = 27, p<.001, Figure 2.2.B).

Figure 2.3. Dilated bile duct with flattened epithelium in a cod liver with Myxosporidian parasites. A
normal bile duct is seen next to the dilated bile duct. Photo; Virginia Chondromatidou.
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Conclusion

The liver of a cod is normally a very fatty organ and can be regarded as the cod's 'lunch box'.
Under circumstances where the liver tissue is destroyed, for example by the presence of a high
number of foreign bodies like parasites, it can have consequences for the fish's energy status
and growth potential. The described histopatological changes in the present study in cod with
high infection loads of C. osculatum in their livers, including inflammatory reactions and bleed-
ings, supports previous studies (Buchmann and Mehrdana, 2016; Mohamed et al., 2020;
Ryberg et al., 2020, 2022) suggesting that high infections loads can result in reduced liver func-
tionality and thus reduced health status, because of damage to the liver tissue. The results from
this were published in Behrens et al., 2023, Journal of Fish Disease

https://doi.org/10.1111/jfd. 13776
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3. Spatial distribution and liver category of liver
worm in the Baltic Sea (TESLO)

Authors: Marie Plambech Ryberg, Bastian Huwer, Anders Nielsen, Jan Dierking,
Kurt Buchmann, Maria Sokolova, Uwe Krumme and Jane W. Behrens.

Background

The spatial distribution of liver worm in cod will
potentially vary over time, depending for exam-
ple on how the number of grey seals (which are
the main host of the liver worm) develops in the
future in the various areas. In other words, the
areas where the cod are heavily infected with
liver worm can change over time, and it is im-
portant to follow this development, to under-
stand which factors may affect the health status
of the different cod populations. One major chal-
lenge in this respect is that detailed analysis of
cod livers where the total number of liver worm
in each organ is counted is time-consuming and
expensive, and therefore only done occasion-
ally, except in Poland, where continues analysis
of total number of liver worm in individual cod
livers has occurred for several years as part of
their monitoring routines. As a cheaper and less
time-consuming alternative, Denmark and Ger-
many started on a volunteer basis to register
liver worm in individual cod on their monitoring
cruises, beginning in 2015/2016. These registra-
tions have been done using the so-called 'liver
category' method. Here individual livers are as-
signed a category between 0 and 4, depending
on how many liver worms can be observed on
the surface of the liver. More specifically, a liver
with category 0 has no visible nematodes on the
surface, a category 1 liver has 1-10 nematodes
visible on the surface, a category 2 between 11-
20 nematodes, a category 3 between 21-30

Liver category scale
0=0,1=1-10,2=11-20,3 =21-30and 4= > 30

nematodes and category 4 over 30 nematodes (Figure 3.1.).

Figure 3.1. Photo of the five liver categories (0—4) of nematode infection levels of cod livers that is
used in the Baltic Sea. A liver category scale is assigned according to the number of nematodes
counted on the surface of the liver and the categorical boundaries given by the scale. Photo by B.

Huwer and published in Ryberg et al., 2022.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information

19



Based on the wish to follow the spatio-temporal development in liver worm load, the aims were
to ensure that i) all the countries around the Baltic Sea start recording the occurrence of liver
worms in individual cod on their monitoring cruises, ii) that everyone uses the same method for
this (whereby data becomes comparable), and iii) that these registrations of liver worms be-
comes a permanent part of the countries' data collection protocol. To ensure this, the current
project manager (JWB) organized and held a workshop at DTU Aqua in February 2020 for rep-
resentatives from Germany, Sweden, Poland, Estonia and Latvia, with the aim of discussing the
possibility of a joint monitoring of liver worms on the countries' research cruises in the Baltic
Sea, as well as agreeing on a protocol for this.

Based on the outcome from the above-mentioned workshop, ICES has subsequently decided
that from 2021 it is mandatory to record liver worms in individual cod on all BITS (Baltic Interna-
tional Trawl Survey) surveys in the Baltic Sea (ICES, 2021). It is a great advantage that liver
worm registrations based on the liver category method have now become mandatory, but there
is one challenge: With the liver category method, only the parasites that are visible on the sur-
face of the liver are counted, and there can be several liver worms inside the organ which are
not immediately visible. In other words, the liver worm categories to some extent underesti-
mates the total number of nematodes in livers.

The overarching aim of this study was therefore to test the ability of liver category method to act
as a predictor for the total number of nematodes in the liver, and to examine its use as a means
of monitoring the spatiotemporal development in infection load at the population level. This was
done by testing whether the liver categories are a sufficiently accurate estimate of the total num-
ber of nematodes in the whole liver. As a supplement to this we also examined the association
between infections and critical individual Fulton condition factor of cod to test whether infections
may result in increased natural mortality.
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Methods and material

We established a database containing both liver category and counted total number of nema-
todes for each individual liver assigned a liver category by using the so-called “liver category
method” on fresh livers. Altogether, 642 cod from the ICES defined subdivisions (SD) 22 (Kiel
Bight and Mecklenburg Bay, western Baltic), SD24 (Arkona Basin) and SD25 (Bornholm Basin)
were examined (Figure 3.2.). To account for the potential seasonal variation in condition and in
the liver size, sampling was performed in different months between 2017 and 2020.
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Figure 3.2. (Upper) The study area and the sampling positions within the three ICES subdivisions
(SD22, SD24 and SD25) where cod were collected for analysis of liver nematodes: The grey scale
indicates water depth of the Baltic, and the size of the bubbles represents the number of samples
examined from each position. (Lower) Percentage of the total number of livers assigned to each
liver category by subdivision. Figure and figure text from Ryberg et al., 2022.

After assignment of liver categories, individual livers were kept at -20 °C until subsequent analy-
sis of total number of nematodes using the so-called “compression method”. Nematode species
identification was based on morphometric characteristics of the caudal and cephalic ends ac-
cording to Fagerholm (1982).

Four area-specific (for SD 22, 24 and 25 respectively) generalized linear (GLM) models which
could estimate the exact number of worms based on the category to which the liver has been
assigned were developed for this study. In all four models, the total number of nematodes was

defined as the response variable (ui), which followed a negative binomial distribution (eq. 1):

log(y;) = a(livercategory;) « HSI; + B(livercategory;) *» TL; + &(livercategory;) (eq.1)
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Where HSI refers to the liver index (hepato-somatic index) and TL to the total length of the fish.
To examine associations between Fulton condition factor and infections with C. osculatum in
cod, two different analyses were performed on data from SD25. Calculation of Fulton condition
factor was based on gutted weight, GW and total length, TL (eq. 2):

GW
Fulton condition factor = TR * 100 (eq.2)

The first analysis aimed to examine the association between Fulton condition factor and infec-
tion density and the second analysis aimed to estimate the probability of cod with critical condi-
tion factor (i.e. below 0.65) in relation to infection density. The critical Fulton condition factor re-
flects the level where cod are considered dying (Dutil and Lambert, 2000; Casini et al., 2016a).
The statistical tests were carried out using R with Rstudio (version 3.4.1.) (R Core Team, 2016)
and the four GLM models were fitted with gimmTMB using the package “gimmTMB” (Brooks et
al., 2017). Model selection was performed using a stepwise backward selection routine based
on a likelihood ratio test for each of the variables included and excluded in the models.

Results

A total of 11352 nematodes were recovered from the 642 livers examined, with 32, 1487 and
9833 nematodes from SD22, SD24 and SD25, respectively. Overall, there were pronounced dif-
ferences between SD22, SD24 and SD25, both in relation to the number of livers assigned to
each liver category, and in the counted number of nematodes within each liver category (Figure
3.3.).
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Figure 3.3. Relationship between the assigned liver categories and the counted total number of
nematodes inside the livers of Baltic cod sampled in subdivisions (SD) defined by ICES (A = SD22;
B = SD24; C = SD25) and all areas combined (D). See Figure 3.1. for visual appearance and a de-
tailed description of the five liver categories. In panels (A) and (B), NA illustrates that to date this
category has not been used in the areas SD22 and SD24. For the box plots, the solid line is the me-
dian and the box is the interquartile area (bottom and top are 25th and 75th percentiles, respec-
tively). Whiskers show either the max/min observation if within 1.5 of the interquartile range or 1.5%
the interquartile range. Black dots illustrate the outliers in the data. Figure text and figure from
Ryberg et al., 2022.

In all three area models, the estimated number of nematodes increased significantly with
increasing liver category (p<0.001). In SD22, the estimated number of nematodes increased
significantly with TL (=0.094, p=0.04) and HSI (y=0.331, p=0.04), whereas there was no effect
of HSI and TL on estimation of nematodes in SD24. In SD25, estimation of the number of nem-
atodes increased with TL ($=0.049, p<0.001) but decreased with increased HSI (y=-0.043,
p=0.004). For a 40 cm cod with a category 4 liver (i.e. highly infected) from SD25, the

predicted number of nematodes was e.g. 39% lower in fish with highest observed HSI
(HSI=14.9; 42 nematodes) compared to cod with a medium HSI (HSI=5.4; 61 nematodes) (Fig-
ure 3.4.).
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Figure 3.4. Predictions of the total number of nematodes in livers of Baltic cod from area SD25 de-
rived from the final GLM model for different cod sizes with mean hepato-somatic eviscerated index
(HSI) = 5.4 (a) and the highest observed HSI index = 14.9 (b). Colours represent the five liver cate-
gories 0—4. See Figure 3.1. for visual appearance and a detailed description of the five liver catego-
ries. Solid lines: mean predictions of the total number of nematodes, dashed lines: confidence in-
tervals (0.95) of the model predictions. Figure text and figure from Ryberg et al., 2022.

Fulton condition factor decreased significantly with an increase in IFD (likelihood ratio test, p <
0.001, y = exp(-0.029), SD = 0.002, intercept = exp(—0.262)). The subsequent calculation of
the tail probability revealed a sigmoid pattern between IFD and the probability of the fish having
a critical Fulton condition factor (Figure 3.5.).
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Figure 3.5. A) Model fit (grey solid line) and uncertainty (grey area) of Fulton condition factor in re-
lation to infection density (IFD) for the 594 eastern Baltic cod sampled between 2016 and 2020 from
area SD25 and included in the present study. (B) Mean (blue solid line) and uncertainty (grey area)
of the probability for cod having Fulton condition factor below 0.65 (i.e., critical Fulton condition
factor) for different levels of IFD. The probability model-fit and the uncertainty are calculated based
on the predictive output of the model shown in panel A. The level of the critical Fulton condition
factor where cod are considered dying is defined in Casini et al., (2016a). Figure text and figure
from Ryberg et al., 2022.

Conclusion

It is important to get information about the exact number of nematodes in the liver of cod to cal-
culate the infection density (number of nematodes per gram liver), which is known to relate with
the health status of cod (Ryberg et al., 2020). With the present study we for the first time verify
the liver category method and its ability to predict the total number of nematodes. We found that
the number of nematodes predicted by the models for each liver category was significantly dif-
ferent between all categories. This means that we have demonstrated that the liver category
method is a robust proxy for the total number of nematodes in individual livers, i.e., the method
is a good and easy supplement to the more detailed analyses of cod livers for liver worms and
can be used to follow the spatial and temporal development of liver worm in cod in different ar-
eas. Finally, we also showed that infection density is related to an increased probability of cod
having a critical Fulton condition factor (below 0.65), believed to lead to mortality of the fish. Al-
together our findings show that the liver category is suitable tool to obtain pan-Baltic information
on spatiotemporal changes in infection load with liver worm in cod and we hope to inspire others
working with disease in fish stocks to include parasite monitoring. The results of this work have
been published in Ryberg et al., 2022, Fisheries Management and Ecology
https://doi.org/10.1111/fme.12516
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4. Bioenergetics modelling of growth in infected cod
(TESLO+TORVAKST)

Authors: Marie Plambech Ryberg, Asbjarn Christensen, Christian Jargensen, Stefan Neuen-
feldt, Peter V. Skov and Jane W. Behrens.

Background

Parasites are the most common animal lifestyle and universal components of biological
systems (Marcogliese, 2004; Kuris et al., 2008). Per definition, parasites exploit their hosts for
development and reproduction (Combes, 2001). Yet, infection with parasites is often neglected
when describing stressors in wild fish populations (Lloret et al., 2012; Timi and Poulin, 2020)
and have so far has been ignored in mechanistically founded bioenergetics models for fish.
Building on a previous bioenergetics modelling approach used to study growth and maturation
of Northeast Arctic cod (Jorgensen & Fiksen, 2006), we here for the first time assess the effects
of parasite load on the energy budget and subsequent growth potential of an infected wild host
population. We use the host-parasite system between the Eastern Baltic cod stock and the par-
asitic nematode, Contraceacum osculatum, as a case study. Recent studies have revealed a
negative association between parasite load and poor nutritional condition and impaired physio-
logical condition of Eastern Baltic cod infected with C. osculatum (Horbowy et al., 2016;
Sokolova et al., 2018; Ryberg et al., 2020). The overall aim of the present study was to develop
and parameterise the model with data from the literature on Baltic cod, as well as own data gen-
erated under the previous EMFF project 'Effect of seal-related liver worm on Baltic cod growth
and mortality' (33113- B-16-071) and the studies carried out in section 1.1. and 1.2. Moreover,
results from the studies in section 6 (i.e., Spatial distribution of nematodes in sprat and energy
content) were used to validate the output of the model. This model is the first bioenergetic
model where the effect of parasites on the growth and condition of fish is evaluated.

Methods and material

In brief about the model, the free energy that the cod consumes (via food) can be allocated to
either somatic growth (irreversible) and/or storage, where storage is energy that can be used for
reproduction, or to pay for metabolism, in situations where the fish is food restricted. This frame-
work of the model is based on the Wisconsin framework (Hewett and Johnson, 1992) that de-
scribes how energy in the food is diverted to digestion, excretion and defecation and further
cover costs of maintenance metabolism and activity (swimming) before any surplus can be used
for growth and reproduction (Figure 4.1.). Changes in growth within the model are seen as
changed length/weight/condition. The model is developed from a previously established, state-
dependent bioenergetics model that first was developed for the Northeast Arctic stock of Atlan-
tic cod (Jagrgensen and Fiksen, 2006) to study growth and fishing induced changes in matura-
tion age and size. In the present study, modifications that describe infections with parasitic nem-
atodes are added to resolve the emerging patterns in growth and condition, and the model is
reparameterised for the Eastern Baltic cod.

The surplus energy of the model is the energy intake minus the metabolic cost related to meta-
bolic processes associated with life:

surplus energy = energyintaxe — metabolic.,s; (eq. 1)
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The key additions in terms of implementation of infections with parasites in the present version
of the model are (i) food intake-dependent parasite infection load, and (ii) recursive parasite
load effects on cod food intake and energetic requirements. Thus, fish in the model gets in-
fected by eating infected sprat and number of parasites accumulates over time in the model re-
sulting in an increase in infection load over time. Focus was put on the emerging consequences
of successively lowered energy intake at progressing parasite infection on cod growth and con-
dition. Four new parameters were implemented to the model to meet the energetic effects of in-
fections with parasites. These were parameterised based on previous studies on the physiologi-
cal condition of infected cod (Ryberg et al., 2020) and validated based on the findings in section
6 in the current report. For more detailed information about the modelling structure please see
a model description in Ryberg et al., 2023. This version of the model was fully recoded and im-
plemented in Python (Harris et al., 2020; Python Software Foundation, 2020), and plots were
made in R (R Core Team, 2016).

Growth ———=—= | ength

Food
intake

Figure 4.1. Schematic overview of the bioenergetic model examining growth and condition of fish
infected with parasites. In the model the parasite causes a reduction (red colour) of maintenance
cost (SMR) as well as energy intake. The standard dynamic action (SDA) is covering all

energy related to processing of food for use and storage. When the energetic requirements of SMR
and SDA are covered, the surplus energy is allocated toward different processes. In the present
model, the fish store its energy and use it on growth and/or stored energy where the latter can be
allocated to reproduction and SMR depending on the energetic status of the fish white colour). In
the case where surplus energy becomes negative (i.e. reduction in food intake), the fish can start
using its stored energy for maintenance of SMR (dashed white line). Length, weight and resultant
condition are states of the outcome of the energy allocation (dark grey colour). Figure text and fig-
ure from Ryberg et al. (2023).

Results

The results from the model showed that independent of the starting size of the cod, the growth
rate and condition factor decreased when the infection rate with liver worm increased (Figure
4.2).
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Figure 4.2. (A) Monthly resolved trajectories (grey lines) and annual trends (black lines) of growth
rate in individual non-infected cod (dashed lines) and infected cod (solid lines). Numbers above
spikes represent the age (years) of the cod in the model. (B) Overall trends of daily energy intake
(kJ/day) in relation to body length of infected cod. The four different lines reflect non-infected indi-

viduals with either recent satiation level (light grey dashed line) or historic satiation level (dark

grey dashed line), and infected individuals with recent satiation level (black solid line) and overall
trend (green solid line). The four minimum spikes in both panels A and B reflect the time after
spawning where infection density (nematodes per gram liver) is very high due to the use of energy
from the liver. The model output for food intake has been validated by comparison with intake lev-

els with previous data from Neuenfeldt et al., (2020). Figure text and figure is from Ryberg et al.

(2023).

In addition, the model showed that heavily infected cod reached a 'point of no return’ where their
energy intake was so low that they could no longer get the energy required to cover the basal
metabolism; after that the fish starved to death (Figure 4.3.).
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Figure 4.3. The infection level at given length and weight (contour scale) where the energy budget
becomes negative in the model and the cod enters a ‘point of no return’ with respect to nutritional
condition, i.e. the fish is unable to grow in length because its surplus energy balance is negative.
For example, a 40-cm cod with infection density at two enters the vicious spiral when the body
mass declines below 750 g (black star) and then dies when it enters below the yellow contour line
in the plot (black open circle). In general, the fish is alive in the white area above and dead in the
white area below the contour lines. Figure text and figure from Ryberg et al., 2023.

Validation of the model's output based on results from section 6 in the present report showed
that the model initially overestimated how many parasites the cod got from its food intake of
sprat. This meant that the fish in the model became infected far too quickly with unrealistically
high infection rates. With the infection rates for sprat (section 6.1.), a more realistic infection rate
of sprat was validated and provided a more realistic output i.e., that the 'model cod' had infec-
tion rates that correspond to data from field studies. In addition, the results from the growth trial
were used to support the final model output.

Conclusions

In conclusion, building on established bioenergetics concepts, we showed that a broadly appli-
cable modelling approach can be used to complement laboratory and field investigations to un-
ravel effects of parasites on vital rates. This contributes to the understanding of an often-over-
looked driver of wild fish populations (and wild animals in general), namely parasites. Thus, with
this modelling approach we show how it is possible to bridge between two different worlds, biol-
ogy and modelling. This concept is important as the modelling framework offers a platform to
incorporate candidate drivers of growth and condition simultaneously, for example temperature,
hypoxia and prey quantity and quality, to understand their partial and synergistic effects. The re-
sults from the present study are published in Ryberg et al., 2023, Conservation Physiology
https://doi.org/10.1093/conphys/coad007
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5. Growth potential of infected cod (TORVAKST)

Authors: Jane W Behrens, Marie Plambech Ryberg, Anders Nielsen, Maria Kriger and Niels
Gerner Andersen.

Background

The Eastern Baltic cod stock has suffered from poor individual growth and condition since

the early 1990s and the stock is in distress, with historically low productivity (Casini et al.,
2016b; Eero et al., 2015; Hissy et al., 2018; Mion et al., 2020). Many drivers behind this trend
have been debated including changes in feeding levels that recently are very low compared to
historic feeding levels (Neuenfeldt et al., 2020). In addition, the Eastern Baltic cod has also suf-
fered from an increase in infections with C. osculatum in the last decades (Haarder et al., 2014;
Nadolna and Podolska, 2014). Whether growth is negatively or positively affected with a given
parasitic infection depends on whether the parasite is a so-called low- or high-cost parasite to
its host (Henriksen et al., 2019). Three main factors that can determine the severity of parasitic
infections to the host are as follows: 1) the site of infection of the parasite; 2) the immune re-
sponse of the host; and 3) the condition of the fish when it becomes infected (Ryberg, 2020). If
we look at number 3, the high infection loads found in wild Eastern Baltic cod can therefore be a
result of the low conditioned cod and thus low feeding levels in nature when cod start to get in-
fected. To gain a better understanding of whether the infections with liver worm in cod also tend
to have a direct effect on growth, thus ignoring the food limitations, controlled experiments are
needed. In the present study we wanted to investigate the growth potential of non-food-re-
stricted cod with varying degrees of infection loads, to examine the potential effect of C. oscula-
tum on cod growth potential. A controlled experiment was carried out, in which we determined
growth rates in relation to varying degrees of infection loads in cod fed to saturation.

Method and materials

Wild and naturally infected cod (approx. 200 in total) were sampled by trawl during a Baltic In-
ternational Survey Cruise (BITS) in the Baltic Sea East of Bornholm in November 2020. The cod
were transported by ship to the fish-holding facilities at DTU Aqua in Lyngby. Upon arrival, the
fish were treated in a 1:5000 formalin bath for 30 min to kill any ectoparasites, and subsequently
held in two circular 2000 | (larger fish) and one 800 | (smaller fish) holding tanks receiving fil-
tered, recirculated, well-aerated (dissolved oxygen 95-98%) seawater at 10 °C, and a salinity of
11 ppt. The fish were fed to satiation every second day with chopped sandeel. After 8 days in
the Blue unit, the 161 fish were anesthetized and each individual fish was implanted with a pit
tag in order to be able to control every single growth potential growth during the experiment. At
the same time, the cod's nutritional status (condition) was calculated by collecting data on
length and weight for each individual. Based on length, the fish were separated into three
groups divided into three different basin (large fish: n = 37, medium-sized fish: n = 89, and small
fish: n = 35) and kept in the above-described tanks for four days to recover before initiation of
the growth trials. All experiments were carried out according to the animal welfare regulations of
the Technical University of Denmark and EU directive 2010/63/EU for animal experiments. Ethi-
cal permit 2017-15-0201-01282 from the Danish Animal Ethics Committee covered all experi-
ments reported here. When there were approx. 4 days into the experimental period, we stopped
feeding the fish to ensure that there was no food left in the stomachs that could affect the final
weight of the fish. On the last day of the experiment, the fish were euthanized by an overdose of
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anaesthetic. Then weight, length and liver weight were recorded, and the liver was subse-
quently stored in the freezer at minus 20 degrees to be able to later analyse each individual liver
for the total number of nematodes (Figure 5.1.).

Figure 5.1. Setup for gaining data on cod after finishing the experiments and collecting data on
weight, (left picture) length and (right picture) liver for all cod.

Results

Overall, the results of the controlled growth trial showed that despite unlimited access to food
the growth potential (reflected by specific growth rate) was lower in the cod with high infection
densities compared to cod with low infection densities (Figure 5.2.).
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Figure 5.2. Model fit (green solid line), uncertainty of the model fit (green dotted lines) and uncer-
tainty related to observations (light green dotted lines) of specific growth rate in relation to infec-
tion density (IFD) for the 119 cod included in the study. Colours represent the three groups of fish
defined in the study; small cod (green), medium cod (red) and large cod (black).
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In addition, the most infected cod also had a lower liver index (i.e., hepatosomatic index; HSI)
meaning a smaller liver size compared to body size (Figure 5.3.) and did not gain as much
weight as the non- or low-infected individuals (Figure 5.4.).
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Figure 5.3. Model fit (grey solid line), uncertainty of the model fit (green dotted lines) and uncer-
tainty related to observations (light green dotted lines) of the Hepatosomatic index (HSI) in relation
to infection density (IFD) for the 119 cod included in the study. Colours represent the three groups
of fish defined in the study; small cod (green), medium cod (red) and large cod (black).
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Figure 5.4. Model fit (grey solid line), uncertainty of the model fit (green dotted lines) and uncer-
tainty related to observations (light green dotted lines) of AFulton condition factor in relation to in-
fection density (IFD) for the 119 cod included in the study. AFulton condition factor reflects the
changes in the Fulton condition factor over the experimental period calculated as the difference
between the Fulton condition factor at the final day of the experiment minus the Fulton condition
factor at the first day in the experiment.
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Conclusions

We here for the first time show that the growth potential, liver index and Fulton condition factor
are reduced in highly infected cod despite the fish being fed to saturation. The reason for these
results may be that the liver function is so reduced due to the high infection loads that there is
so little functional liver tissue at the start of the experiment that the fish cannot restore its normal
liver function despite being offered food ad libitum. From these findings we support previous
studies revealing that infections with liver worm lead to reduced health status of the cod (Beh-
rens et al., 2023; Ryberg et al., 2020, 2022, 2023; section 1.1., 1.2. and 2 in the present report).
Thus, we argue that the severity of these infections reflects that liver worm is a high-cost para-
site to the cod. Thus, Eastern Baltic cod are not only food limited in nature, they also have to
battle infections in the liver with this parasite, in an organ being one of the most vital for growth
and nutrient turnover. A manuscript based on these results and intended to ICES Journal of Ma-
rine Science is being finalized for submission.
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6. Spatial distribution of liver worm in sprat and
energy content (TORVAKST)

6.1 Spatio-temporal distribution of liver worm in sprat (TESLO)

Authors: Bastian Huwer, Katarzyna Nadolna-Attyn, Marie Storr-Paulsen, Uwe Krumme, Richard
Klinger, Jan Dierking and Jane W. Behrens

Background

During the last decades, a shift from a cod-dominated (Gadus morhua) to a sprat-dominated
(Sprattus sprattus) system was observed in the upper trophic levels of the Central Baltic Sea
ecosystem (Koster et al., 2003). Sprat is a key fish species in the Baltic Sea ecosystem: it is the
most important fish in the food webs of the open part of the sea (Ojaveer and Kalejs 2010),
where it is a major prey of piscivorous consumers such as cod, salmon and marine mammals.
Sprat is also economically important for the Baltic Sea Fisheries (Ojaveer and Kalejs 2010) and
is targeted for both fish meal and fish oil as well as human consumption. Thus, due to the po-
tential role of sprat in both the transmission of parasites in the Baltic Sea ecosystem and issues
related to food safety, it is important to know the dynamics of sprat infection with zoonotic Ani-
sakidae nematodes.

Three main species of parasitic nematode that use fish as transport host exist: Herring worm
Anisakis simplex, cod/seal worm Pseudoterranova decipiens and liver worm Contracaecum o0s-
culatum. These species have quite similar life cycles, where marine mammals are the final
hosts. In the final host the mature nematodes produce fertilized eggs, that are released to the
water environment with the faeces of the marine mammals. In the water within the egg transfor-
mation to the larval stages L1, L2 or even L3 occurs (Kgie and Fagerholm 1995). L2 or L3 lar-
vae are eaten by crustaceans (intermediate host) where transformation from L2 to L3 can take
place. Infected crustaceans are then eaten by pelagic fish (e.g. sprat, herring), which in turn are
eaten by predatory fish (e.g. cod, salmon). These parasites are ingested by fish with food intake
and can migrate from stomach and intestines to other organs like muscles or liver. Marine mam-
mals feed on infected fish and thus become the definitive / final host and subsequently the life
cycle is completed (Kgie and Fagerholm 1995; Klimpel et al. 2004; Mouritsen et al. 2010).

Research conducted so far revealed the presence of liver worm in sprat in Estonian waters in
the southern Baltic Sea (Turovsky et al. 1992), in the Russian economic zone (Rodjuk and
Eliseev 2006, Rodjuk 2014), in the Gulf of Gdansk (Skrzypczak and Rolbiecki 2015) and in cen-
tral off-shore areas of Polish waters (Nadolna-Altyn et al. 2018) as well as the south-western
area of the Baltic Sea (Zuo et al. 2016). Despite these reports on the infection of sprat with C.
osculatum from various areas, a more comprehensive analysis of the spatial and seasonal oc-
currence and distribution of sprat infection in the Baltic is so far lacking. Furthermore, so far only
liver worm was detected in Baltic Sea sprat while other parasitic nematode species were also
reported in other fish species from that region.

Therefore, the aim of present study was to analyse the spatio-temporal dynamics of sprat infec-
tion with liver worm in the central and southern Baltic Sea. To achieve this goal sprat samples
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were collected in different areas along a west-east transect from Kiel Bight to the Gulf of
Gdansk during surveys in four quarters of the year.

Materials and methods

Sampling

Samples of sprat were collected during various research cruises in 2021 and 2022 in collabora-
tion with several of DTU Aqua’s partner institutes. The following 5 institutes were involved in the
sampling: National Institute of Aquatic Resources, Technical University of Denmark (DTU Aqua
Denmark); Thinen Institute of Baltic Sea Fisheries (TI, Germany); Institute of Marine Ecosystem
and Fishery Science, University of Hamburg (UH, Germany); GEOMAR Helmholtz Centre for
Ocean Research Kiel (Geomar, Germany); National Marine Fisheries Research Institute
(NMFRI, Poland).

The sprat were collected randomly from the catch (i.e. without any size selection), frozen on
board and transported to the laboratory on land for further analysis. All collected samples were
transported frozen to NMFRI, where the following analyses were conducted.

The aim was to collect samples (300 sprat each) in all four quarters of 2021 and from 6 different
areas on a west-east transect in the southern Baltic Sea (see Figure 6.1.1): Kiel Bay (ICES SD
22), Mecklenburg Bay (ICES SD 22), Arkona Basin (ICES SD 24), Bornholm Basin (ICES SD
25), Midsjébanke = Middle Bank (ICES SD 25) and Gulf of Gdansk (ICES SD 26).

F9 GO0 G1 G2 G3 G4 G5 G6 G7 G8 G9

Sampling areas in the Southern Baltic Sea [;

Bl Sampling site (approximate location)

Midsjdbal
|

53°30'N 54°N 54°30'N 55°N 55°30'N 56°N 56°30'N 57°N

Figure 6.1.1. Map of the study area in the Southern Baltic Sea, indicating the 6 different areas for
sample collection. Note that the symbols indicate the approximate locations of the sampling sites,
while the exact sampling positions vary slightly in the different quarters of the year when samples
were collected.

However, samples could unfortunately not be collected in all planned quarter/area combina-

tions, due to severe weather conditions, technical/mechanical issues on the research vessels or
simply the lack of sprat in the area. In addition, part of the samples from quarter 4 in 2021 were
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lost by the shipping company during transport from Denmark to Poland. Therefore, sampling
was repeated in quarter 4 in 2022. Table 6.1.1 presents a summary of all collected sprat sam-
ples by area and quarter of the year that were analyzed by NMFRI.

Table 6.1.1. Number of analysed sprat by sampling area and quarter of the year (q).

AREA q1-2021{q2-2021({q3-2021{q4-2021|q4-2022| Sum
1-Kiel Bight 300 277 90 300 967
2-Mecklenburg Bay 300 174 40 300 814
3-Arkona Basin 600 300 108 476 1484
4-Bornholm Basin 300 300 250 300 1150
5-Midsjobanke 300 300 300 900
6-Gulf of Gdansk 300 300 300 300 300 1500
Total 2100 1374 827 538 1976 6815

Sample analyses
The following standard ichthyological analyses of thawed fish were conducted: length, total
weight, sex, gonad developmental stage (Maier scale) and stomach fullness.

During the standard ichthyological analyses, a parasitological visual inspection focused on the
presence of nematode parasites in each fish was conducted. Viscera were examined for the
presence of parasites. All detected nematode parasites were collected and immediately identi-
fied to the lowest possible taxonomic level based on anatomical and morphological features
with reference to descriptions given by Berland 1961 and Fagerholm 1982.

In addition, nematodes were fixed in ethanol for potential genetic analyses on selected sub-
samples to corroborate the taxonomic identification. All analysed fish were subsequently di-
gested in artificial gastric juice (water solution of pepsine and hydrochloric acid) at laboratory
temperature. After 24 h digestion each sample was separately rinsed on a sieve under running
tap water to reveal the presence of nematodes not detected during visual inspection (for exam-
ple present in the muscle tissue). All collected nematodes were identified and fixed in the etha-
nol as described above.

Parasitological descriptors (prevalence, intensity and abundance of infection) were calculated
for sprat infection with Anisakidae nematodes based on the definitions given by Bush et al.
(1997):

- Prevalence of infection is the number of hosts infected divided by the number of fish ex-
amined.

- Intensity of infection is the number of individuals of a particular parasite species in a sin-
gle infected host.

- Abundance is the number of individuals of a particular parasite in a single host regard-
less of whether or not the host is infected.
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Results

The numbers of collected samples differs between areas and quarters of the year due to the
challenges described above. The highest numbers of the samples were collected in quarter 1
and in the Gulf of Gdansk (Table 6.1.1). As fish were collected randomly from the catch without
size selection, the length distribution of collected sprat differs between areas and quarters of the
year. The smallest individuals were caught in Gulf of Gdansk, while bigger fish were collected
west from that area (Table 6.1.2). The majority of collected sprat (about 80%) were in a size
range between 10.5 - 13.5 cm.

Table 6.1.2. Mean length & length range (cm) of the analysed sprat by areas and quarters.

AREA q1l-2021 q2-2021 q3-2021 q4-2021 q4-2022
MEAN| RANGE [MEAN| RANGE [MEAN| RANGE |MEAN| RANGE |MEAN| RANGE
1-Kiel Bight 12.5| 7.5-14.5| - - 12.5| 8.5-15.0 11.5[ 9.0-14.0] 10.4| 6.5-15.0
2-MecklenburgBay | 11.9[ 7.0-14.5| 12.6| 8.5-15.5[ - - 12{10.0-15.0f 11.8| 7.5-15.5
3-Arkona Basin 12.6] 8.5-16.0] 13.3| 9.5-16.0f - - 11.6] 8.5-15.0f 13.1f 9.0-15.5
4-Bornholm Basin 11.4| 8.0-14.5 12|10.0-14.5|] 12.5|10.5-14.5| - - 13| 11.5-15.0
5-Midsjébanke 12.7| 9.5-14.5| 10.2| 7.5-12.5] - - - - 12.2| 9.5-14.0
6-Gulf of Gdansk 9.1] 7.0-14.0/ 10.4] 7.5-13.0] 10.8] 9.5-13.0f 11.5[(10.0-13.0] 11.8|10.5-14.5
Total 11.8| 7.0-16.0f 11.6( 7.5-16.0 11.9( 8.5-15.0f 11.5/ 8.5-15.0f 12.1| 6.5-15.5

The sex composition of collected sprat differed between areas and quarters of the year (Table
6.1.3). However, the proportions between males and females on average in each quarter of the
year were similar.

Table 6.1.3. Sex composition of collected sprat by areas and quarters in % (M-male, F-female).

AREA q1-2021 | q2-2021 | q3-2021 | q4-2021 | q4-2022
M F M F M F M F M F
1-Kiel Bight 36.7| 63.3| - - 76.9| 23.1| 60| 40 47 53
2-Mecklenburg Bay | 57.7| 42.3| 70.7{ 29.3| - - 57.5| 42.5 56| 44
3-Arkona Basin 42.8(57.2| 37.3| 62.7| - - 62| 38| 33.4| 66.6
4-Bornholm Basin 61.3| 38.7| 40.7| 59.3| 46.4| 53.6| - - 22| 78
5-Midsjébanke 21.3( 78.7| 53.3| 46.7| - - - - 43.7] 56.3
6-Gulf of Gdansk 57| 43| 62.3| 37.7 47| 53| 52.7| 47.3| 47.3| 52.7
Total 45.7| 54.3| 51.2| 48.8| 56.8| 43.2| 56.1| 43.9| 40.8| 59.2

In total 14 of 4839 analysed sprat sampled in 2021 have been infected with 19 parasites (preva-
lence of infection 0.29%; intensity of infection 1-3 parasites per fish; abundance 0.004). The
smallest infected fish was 12 cm long. Most of infected individuals were females. The most
heavily infected sprat was a 13 cm long male from the Arkona Basin. Among the 1976 sprat
sampled in quarter 4 in 2022, a total of 10 were infected (prevalence of infection 0.51%, inten-
sity of infection 1-8 parasites per fish, abundance 0.012), and a total of 23 parasites were found
in these sprat (prevalence of infection 0.51%, intensity of infection 1-8 parasites per fish, abun-
dance 0.012). Infected fish were of Arkona Basin, Mecklenburg Bay and Bornholm Basin origin.
The smallest infected fish was 11.5 cm long and was caught in Mecklenburg Bay. Of the 42 par-
asites found in total, only three could not be confirmed to be liver worm (C. osculatum).
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Both prevalence and intensity of infection differ between sampling areas and seasons (Table
6.1.4 and Figures 6.1.2 & 6.1.3 — note that the figures do not show results for Q4 in 2021, as the
number of analyzed samples was rather low).

The highest prevalence and intensity of sprat infection with liver worm were observed in 2021 in
the first quarter of the year, while no parasites were detected in samples collected during quar-
ter 4 in 2021.

The majority of infected fish were caught in the Arkona Basin (5 fish) and Kiel Bight (4 fish) in
quarter 1in 2021. Overall, sprat sampled in quarter 4 in 2022 revealed the highest prevalence
and intensity of infection. Here, the majority of infected sprat were from the Arkona Basin and
Mecklenburg Bay, while the most heavily infected sprat were sampled in Arkona Basin (up to 8
nematodes per fish) and Bornholm Basin (6 nematodes in a single fish).

Table 6.1.4. Prevalence (P in %) and mean intensity (I) of sprat infection with parasitic nematodes
by areas and quarters.

AREA q1-2021 | q2-2021 | q3-2021 | q4-2021 | q4-2022
P I P | P | P I P |
1-Kiel Bight 133 1 - - 0 0 0 0 - -
2-MecklenburgBay | O 0 0 0 - - 0 0 [1.33]|1.25
3-Arkona Basin 0.83| 1.6 [0.33( 1 - - 0 0 |[1.05] 24
4-Bornholm Basin 0 0 [033] 2 | 08|15 - - (033 6
5-Midsjobanke 0 0 0 0 - - - - - -
6-Gulf of Gdansk 033 1 0 0 0 0 0 0 - -
Total 048] 1.3 |0.15( 1.5 |0.24( 1.5 0 0O (051] 23
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Figure 6.1.2. Prevalence of parasite infection (%) in the 6 different sampling areas in Quarter 1,
Quarter 2 & Quarter 3 in 2021 and Quarter 4 in 2022. Note that the symbols indicate the approxi-
mate locations of the sampling sites, while the exact sampling positions vary slightly in the differ-
ent quarters of the year when samples were collected.
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Figure 6.1.3. Intensity of parasite infection in the 6 different sampling areas in Quarter 1, Quarter 2
& Quarter 3 in 2021 and Quarter 4 in 2022. Note that the symbols indicate the approximate loca-
tions of the sampling sites, while the exact sampling positions vary slightly in the different quar-
ters of the year when samples were collected.

Discussion and conclusions

Previous studies have shown the presence of parasitic nematodes — almost exclusively liver
worm C. osculatum - in sprat from the southern Baltic Sea, but these were restricted to relatively
few analyzed individuals and to local areas and short time periods. In contrast, the present
study covered for the first time a large spatio-temporal range, extending over a broad area in
central and Southern Baltic Sea and over 4 quarters of the year. Besides, an unprecedented
large number of individual sprat (more than 6800) was investigated for that purpose. Thus, this
study provides a comprehensive overview on the prevalence and intensity of sprat infection by
parasitic nematodes (> 90% being liver worm, C. osculatum) in this region, covering the main
distribution area of the Western and Eastern Baltic cod stocks.

Our results revealed that both prevalence and intensity of sprat infection with liver worm in the
central and Southern Baltic Sea are generally low but show some differences between sampling
areas and seasons. The areas showing the most regular prevalence and also the highest inten-
sities are the Bornholm Basin and Arkona Basin. This may be due to the fact that several haul-
out sites of grey seal are located in the Bornholm area and southern Sweden, i.e. in the vicinity
of these sampling areas. As presence of the final host (marine mammails, in this case grey
seals) is necessary to complete the life cycle of these parasites, areas where seal colonies are
numerous likely pose a higher risk of getting infected with Anisakidea larvae (Hauksson 2011).

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 40



However, sprat can also undertake migrations, e.g. related to spawning (Ojaveer and Kalejs
2010) and feeding (Lindquist, 1971; van Khan el al., 1972), and may therefore transport para-
sites to areas distant from the place where they got infected. Notably however, our results
should be interpreted with some caution, as not all sites were sampled in all seasons, and the
number of analysed sprat in each area also varied between sites, which may bias the results
and their interpretation. Yet, cod may become infected by alternative prey items than sprat. For
example, various Gammarus species have also been shown to act as transport host of liver
worm in the Baltic Sea (Pawlak et al., 2019), and these small crustaceans are like sprat a pre-
ferred prey item of cod.

Host organisms (invertebrates, fish, marine mammals) are unable to get rid of parasitic nema-
todes from the body cavity, and as a consequence they accumulate the parasites. However, in-
vertebrates have a rather short life span and generally prey much less compared to fish and
marine mammals, and therefore the risk of getting infected to accumulate the parasites is lower
due to the shorter duration of exposure to parasites. This may explain why the level of infection
with these nematodes in organisms on the lower levels of the Baltic Sea food web (inverte-
brates and sprat) is rather low compared to top predators that live longer and ingest more prey
during their lifetime (cod, salmon, marine mammals).

An increasing number of individuals in the Baltic Sea grey seal population has been observed in
recent years (Galatius et al. 2020) and a further increase may be expected in the future. This
could also cause an increase in the availability of parasites that have grey seal as final host in
the environment and, consequently, an increase in the infection levels of fish. Thus, our study
may be used as “baseline” to follow the future development of parasite infection in sprat and
other relevant species in the Baltic ecosystem.

In conclusion, our study showed that the level of parasite infection in Baltic sprat is relatively low
but shows some variability in time and space. Although infection levels were still very low, sprat
seemed to be most affected in areas located near grey seal colonies, where higher quantities of
eggs and larvae of nematode parasites as well as infected invertebrate prey can be expected.

6.2 Energy content and condition of sprat (TORVAKST)
Authors: Stefan Neuenfeldt, Jens Peter Hermann, Jane W. Behrens

Background
During the past four decades, the Baltic Sea ecosystem went through a major reorganization with
two alternate states separated by a transition period in 1988—-1993 (Moellmann et al., 2009). The
first period is characterized by high predator (cod) and low prey (sprat) abundances, and the
second characterized by decreased cod and increased sprat abundances (Alheit et al., 2005;
Casini, 2013).

In the main part of the cod distribution area, the biomass of Sprattus sprattus L. (sprat) was low
until the early 1990s, increased rapidly up to the mid-1990s and thereafter decreased again to
levels comparable to the early 1990s (Casini et al., 2016b). Here, we investigated changes over
one year in sprat energy density, i.e. the nutritional value sprat has as food item for cod measure
in kJ/gram wet weight. We also calculated, how much sprat a cod of a given age is eating per
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year during its life. The energy contained in sprat as well as feeding rates have been used in WP
3 as input for the bioenergetic modelling.

Materials and methods

From March 2002 until the end of 2003, GLOBEC Germany conducted 23 cruises that sampled
along a standard 52 stations grid in the Bornholm Basin and adjacent areas. Both process-ori-
ented and broad-scale surveys were performed to address the different research hypotheses of
GLOBEC Germany. The sampling intensity (338 days at sea) allowed nearly complete seasonal
coverage, encompassing the prolonged sprat spawning season. As part of this effort, sprat have
been sampled monthly in 2002 to 2003. The sprat have been processed in a bomb calorimeter in
order to determine their energy content.

The stochastic multispecies population models, SMS, is the currently applied tool to estimate
predation mortality rates of cod on sprat. The predation mortalities are currently use in the Baltic
sprat assessment, However, the model output was used here in order to estimate, how many
sprat a cod on average consumes during each year of its life.

Results

Sprat energy content is between 4 and 8 kJ/g wet weight from March to September. Energy in-
crease after September when the sprat start accumulating energy for spawning in spring (Fig.
6.2.1)
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Fig. 6.2.1. Sprat energy density (data from 2002/3) over the yearly cycle. Here. All sprat length
groups are pooled.

The pattern is the same, if length groups are considered separately, but variability in a given
month is decreased. (Fig. 6.2.2).
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Figure 6.2.2. Sprat energy density over the yearly cycle for A) 8 cm sprat, B) 10 cm sprat and C) 12
cm sprat.

Cod start on average to forage on sprat at age 3 and consume around 18 sprat during this year
of their life. During the next year, at age 4 they consumed 40 sprat, that is around 3 sprat per

month. For large cod, sprat consumption is almost exponentially higher, for example at agwe 7 a
cod consumed on average 170 cod, i.e. almost one every second day (Fig. 6.2.3).
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Fig. 6.2.3. Cumulative number of sprat eaten through the life span of a cod. The numbers given are
an average for the whole cod population.

Conclusions

We measured sprat energy density over the annual cycle. The energy density is highest in winter
when sprat are preparing for spawning. Cod consume sprat mostly before and after cod spawn-
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ing. Hence, energy values between 5 and 7 kJ/g wet are appropriate for the bioenergetic model-
ling in Section 4. Until cod reach an age of around 4 years, the modelled consumption rate of
sprat specimen is to be considered only moderate. First at ages >6 cod digest sprat almost daily.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 44



7. Synthesis of knowledge

The Eastern Baltic cod stock is currently in an unprecedentedly poor state (Eero et al., 2023),
and results from the present projects clearly suggests that high infection loads with the parasitic
liver worm is one of several drivers causing this misery. Similar poor levels have occurred for
the relationship between nutritional condition and liver worm load in the 1940s-1950s (where
abundance of grey seal was comparable to present time) and subsequently improved, suggest-
ing that recovery from such indicator states is possible (Eero et al., 2023). Yet, grey seal is cur-
rently recolonizing the southern and western Baltic Sea, including the Danish Straits and Katte-
gat (Galatius et al 2020), and infections load in cod will likely oscillate with grey seal abundance
(Eero et al 2023). It however remains unclear to what extent the lower salinity and increasingly
complex food-web in the more westerly parts of the Baltic, and the Danish Straits and Kattegat,
may reduce the transmission of this parasite to cod (Sokolova et al., 2018). To this end, the re-
cently implemented mandatory assignment of a liver category to individual cod livers in the rou-
tine sampling protocol on Baltic monitoring surveys from 2021 (ICES 2020) will reveal this.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 45



References

Alheit, J., Mélimann, C., Dutz, J., Kornilovs, G., Loewe, P., Mohrholz, V. and Wasmund, N.
2005. 361 Synchronous ecological regime shifts in the central Baltic and the North Sea in the
late 362 1980s. ICES Journal of Marine Science, 62(7): 1205-1215.

Aydin S, Erman Z, Bilgin OC (2001) Investigations of Serratia liquefaciens infection in rainbow
trout (Oncorhynchus mykiss Walbaum). Turkish J Vet Anim Sci 25: 643-650.

Behrens JW, Ryberg MP, Chondromatidou V, & Iburg TM (2023) Comparative histopathology of
livers from Baltic cod infected with the parasitic nematode Contracaecum osculatum. J Fish Dis:
46, 653662

Berland B (1961) Nematodes from some Norwegian marine fishes, Sarsia 2 pp. 1-50.

Bligh EG, Dyer J (1959) A rapid method of total lipid extraction and purification. Can J Biochem
Physiol 37: 911-917.

Brooks, M., Kristensen, K., Benthem, K., Magnusson, A., Berg, C., Nielsen, A. et al. (2017)
GImmTMB balances speed and flexibility among packages for zero-inflated generalized linear
mixed modelling. The R Journal, 9(2), 378—400.

Buchmann, K. (2007). An introduction to fish parasitological Methods: Classical and molecular
techniques. Biofolia

Buchmann K, Mehrdana F (2016) Effects of anisakid nematodes Anisakis simplex (s.l.),
Pseudoterranova decipiens (s.l.) and Contracaecum osculatum (s.l.) on fish and consumer
health. Food and Waterborne Parasitology 4: 13—-22.

Bush AO, Lafferty KD, Lotz JM, Shostak AW (1997) Parasitology Meets Ecology on Its Own
Terms: Margolis et al. Revisited, J Parasitol, 83: 575-583.

Casini, M. 2013. Spatio-temporal ecosystem shits in the Baltic Sea: top-down control and 394
reversibility potential. In “Advances in Environmental Research, Vol. 28”. J. A. Daniels Ed., 395
Nova Science Publishers, New York: 149-167. ISBN: 978-1-62417-738-5.

Casini, M., Eero, M., Carlshamre, S. & Lovgren, J. (2016a) Using alternative biological infor-
mation in stock assessment: conditioncorrected natural mortality of Eastern Baltic cod. ICES
Journal of Marine Science, 73(10), 2625-2631.

Casini, M., Kall, F., Hansson, M., Plikshs, M., Baranova, T., Karlsson, O., Lundstdm K, Neuen-
feldt S, Gardmark A and Hjelm, J. (2016b). Hypoxic areas, density-dependence and food limita-
tion drive 392 the body condition of a heavily exploited marine fish predator. R. Soc. open sci.
3(10): 160416

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 46



Combes C (2001) Parasitism: the ecology and evolution of intimate interactions. University of
Chicago Press, Chicago, USA.

Dutil, J.D. & Lambert, Y. (2000) Natural mortality from poor condition in Atlantic cod (Gadus
morhua). Canadian Journal of Fisheries and Aquatic Sciences, 57(4), 826-836.

Eero, M., Hjelm, J., Behrens, J., Buchmann, K., Cardinale, M., Casini, M., Gasyukov, P., et al.
(2015). Eastern Baltic cod in distress: Biological changes and challenges for stock assessment.
ICES Journal of Marine Science, 72: 2180—2186.

Eero M, Brander K, Baranova T, Krumme U, Radtke K, Behrens JW (2023) New insights into
the recent collapse of Eastern Baltic cod from historical data on stock health. PLoS ONE 18(5):
0286247

Fagerholm, H.P. (1982) Parasites of fish in Finland. VI. Nematodes. Acta Acad Aboensis Ser B.
Abo: Abo Akademi, vol. 40, no. 6.

Galatius A, Teilmann J, Dahne M, Ahola M, Westphal L, Kyhn LA, Pawliczka |, Tange Olsen M,
Dietz R (2020) Grey seal Halichoerus grypus recolonisation of the southern Baltic Sea, Danish
Straits and Kattegat. Wildlife Biology 2020: https://doi.org/10.2981/wlb.00711

Garcia-Martinez R, Caraceni P, Bernardi M, Gines P, Arroyo V, Jalan R (2013) Albumin: patho-
physiologic basis of its role in the treatment of cirrhosis and its complications. Hepatology 58:
1836-1846.

Haarder S, Kania PW, Galatius A, Buchmann K (2014) Increased contracaecum osculatum in-
fection in Baltic cod (Gadus morhua) livers (1982-2012) associated with increasing grey seal
(Halichoerus gryphus) populations. J Wildl Dis 50: 537-543.

Harris CR, Millman KJ, van der Walt SJ, Gommers R, Virtanen P, Cournapeau D, Wieser E,
Taylor J, Berg S, Smith NJ et al. (2020) Array programming with NumPy. Nature 585: 357—362.
https://doi.org/10.1038/s41586-020-2649-2.

Hauksson E (2011) The prevalence, abundance, and density of Pseudoterranova sp.(p) larvae
in the flesh of cod (Gadus morhua) relative to proximity of grey seal (Halichoerus grypus) colo-
nies on the coast off Drangar, Northwest Iceland. Journal of Marine Biology, ID 235832, 1-8.

Henriksen, E. H., Smalas, A., Strgm, J. F., and Knudsen, R. (2019) The association between
parasite infection and growth rates in Arctic charr: do fast growing fish have more parasites?
Hydrobiologia, 8: 261-270.

Hewett SW, Johnson BL (1992) Fish bioenergetics model 2. University of Wisconsin, Sea Gran
Institute, Madison, Wisconsin.

Hinton DE, Segner H, Braunbeck T (2017) 4. Toxic responses of the liver. In D Schlenk, HW

Benson, eds, Target Organ Toxicity in Marine and Freshwater Teleosts: Organs. CRC Press,
pp. 238-282.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 47


https://doi.org/10.2981/wlb.00711
https://doi.org/10.1038/s41586-020-2649-2

Horbowy J, Podolska M, Nadolna-Attyn K (2016) Increasing occurrence of anisakid nematodes
in the liver of cod (Gadus morhua) from the Baltic Sea: does infection affect the condition and
mortality of fish? Fish Res 179: 98—103. https://doi.org/10.1016/j.fishres.2016.02.011.

Houston AH (2002) Blood and circulation. In CB Schreck, PB Moyle, eds, Methods for Fish Biol-
ogy. American Fisheries Society, Maryland, pp. 273-334.

Hussy, K., Eero, M., and Radtke, K. 2018. Faster or slower: has growth of eastern Baltic cod
changed? Marine Biology Research, 14: 598—609.

ICES. (2020) Working Group on Marine Mammal Ecology (WGMME). ICES Scientific Reports,
2, 39.

ICES. 2021. ICES Working Group on Baltic International Fish Survey (WGBIFS; outputs from
2020 meeting). ICES Scientific Reports. 3:02. 539pp. http://doi.org/10.17895/ices.pub.7679.

Jorgensen C, Fiksen & (2006) State-dependent energy allocation in cod (Gadus morhua). Can
J Fish Aquat Sci 63: 186—199. https://doi.org/10.1139/f05-209.

Khan N van, Drzycimski I, Chojnacki J (1972) A contribution to the biology of sprat (Sprattus
sprattus balticus Schneider) from the Bornholm Basin. ICES CM 1972/H:23.9 pp.

Klimpel S, Palm HW, Riickert S, Piatkowski U (2004) The life cycle of Anisakis simplex in the
Norwegian Deep (northern North Sea). Parasitology Research, 94: 1-9.

Kaie M, Fagerholm HP (1995) The life cycle of Contracaecum osculatum (Rudolphi, 1802)
sensu stricto (Nematoda, Ascaridoidea, Anisakidae) in view of experimental infection. Parasitol-
ogy Research, 81: 481-489.

Kdster FW, Méllmann C, Neuenfeldt S, Vinther M, St John MA, Tomkiewicz J, Voss R, Hinrich-
sen HH, Kraus G, Schnack D (2003) Fish stock development in the Central Baltic Sea (1996—
2000) in relation to variability in the environment. ICES J. Mar. Sci. 219: 294-306.

Kuris AM, Hechinger RF, Shaw JC, Whitney KL, Aguirre-Macedo L, Boch CA, Dobson AP, Dun-
ham EJ, Fredensborg BL, Huspeni TC et al. (2008) Ecosystem energetic implications of para-
site and free-living biomass in three estuaries. Nature 454: 515-518.
https://doi.org/10.1038/nature06970.

Lindquist A (1971) Contribution to the knowledge of the Baltic sprat, (Sprattus sprattus). ICES
CM 1971 /H: 19.9 pp

Lloret J, Faliex E, Shulman GE, Raga JA, Sasal P, Mufioz M, Casadevall M, Ahuir-Baraja AE,
Montero FE, Repullés-Albelda A et al. (2012) Fish health and fisheries, implications for stock as-
sessment and management: the Mediterranean example. Rev Fish Sci 20: 165-180.
https://doi.org/10.1080/10641262.2012.695817.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 48


https://doi.org/10.1016/j.fishres.2016.02.011
http://doi.org/10.17895/ices.pub.7679
https://doi.org/10.1139/f05-209
https://doi.org/10.1038/nature06970
https://doi.org/10.1080/10641262.2012.695817

Marcogliese DJ (2004) Parasites: small players with crucial roles in the ecological theater. Eco-
health 1: 151-164. https://doi.org/10.1007/s10393-004-0028-3.

Marnis H, Kania PW, Syahputra K, Zuo S, Dirks RP, Buchmann K (2019) Transcriptomic analy-
sis of Baltic cod (Gadus morhua) liver infected with Contracaecum osculatum third stage larvae
indicates parasitic effects on growth and immune response. Fish Shellfish Immunol 93: 965—
976.

McDonald DG, Milligan CL (1992) Chemical properties of the blood. In WS Hoar, DJ Randall,
AP Farrell, eds, Fish Physiology, Vol 7B. Academic Press, San Diego, pp 56—165.

Mion M, Hilvarsson A, Hussy K, Krumme U, Kriger-Johnsen M, McQueen K, Mohamed E,
Motyka R, Orio A, Plikshs M et al. (2020) Historical growth of eastern Baltic cod (Gadus
morhua): setting a baseline with international tagging data. Fish Res 223: 1-12, 105442.
https://doi.org/10.1016/j.fishres.2019.105442.

Moellmann C., Diekmann, R., Miller-Karulis, B., Kornilovs, G., Plikshs, M. and Axe, P. 2009.
Reorganization of a large marine ecosystem due to atmospheric and anthropogenic pressure: a
discontinuous regime shift in the Central Baltic Sea. Glob. Change Biol. 15(6).

Mohamed, A., Zuo, S., Karami, A. M., Marnis, H., Setyawan, A., Mehrdana, F., Kirkeby, C.,
Kania, P., & Buchmann, K. (2020). Contracaecum osculatum (sensu lato) infection of Gadus
morhua in the Baltic Sea: Inter-and intraspecific interactions. International Journal for Parasitol-
ogy, 50(10-11), 891-898.

Mouritsen KN, Hederholm R, Schack HB, Mgller LN, Storr-Paulsen M, Dzido J, Rokicki J (2010)
Occurrence of anisakid nematodes in Atlantic cod (Gadus morhua) and Greenland cod (Gadus
ogac) West Greenland. Acta Parasitologica, 55: 81-89.

Nadolna K, Podolska M (2014) Anisakid larvae in the liver of cod (Gadus morhua) L. from the
southern Baltic Sea. J Helminthol 88: 237—246.

Nadolna-Attyn K, Szostakowska B, Podolska M (2018) Sprat (Sprattus sprattus) as a Possible
Source of Invasion of Marine Predators with Contracaecum osculatum in the Southern Baltic
Sea. Russian Journal of Marine Biology 44(6): 471-476.
https://doi.org/10.1134/S1063074018060093.

Neuenfeldt, S., Bartolino, V., Orio, A., Andersen, K. H., Ustups, D., Kulatska, N., Andersen, N.
G, et al. (2020) Feeding and growth of Atlantic cod (Gadus morhua L.) in the eastern Baltic Sea
under environmental change. ICES Journal of Marine Science, 77: 624—632.

Ojaveer E, Kalejs M (2010) Ecology and long-term forecasting of sprat (Sprattus sprattus balti-
cus) stock in the Baltic Sea: a review Reviews in Fish Biology and Fisheries 20 (2): 203-217

Osmani H, Fadel N, Ali A (2009) Biochemical and histopathological alterations in catfish, Clarias

gariepinus infected with trypanosomiasis with special reference to immunization. Egyption J
Comp Pathol Chem 22.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 49


https://doi.org/10.1007/s10393-004-0028-3
https://doi.org/10.1016/j.fishres.2019.105442
https://doi.org/10.1134/S1063074018060093.

Pawlak J, Nadolna-Altyn K, Szostakowska B, Pachur M, Bankowska A, Podolska M (2019) First
evidence of the presence of Anisakis simplex in Crangon crangon and Contracaecum oscula-
tum in Gammarus sp. by in situ examination of the stomach contents of cod (Gadus morhua)
from the southern Baltic Sea. Parasitology, 146: 1699-1706.

DOI: https://doi.org/10.1017/S0031182019001124

Python Software Foundation (2020) https://www.python.org/.

R Core Team (2016) R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. https://www.r-project.org/.

Roberts, R. J., & Ellis, A. E. (2012). The anatomy and physiology of teleosts. In R. J. Roberts
(Ed.), Fish pathology (4th ed., pp. 17-62). Wiley-Blackwell

Rodjuk G, Eliseev A (2006) Parasitological Assessment of the Commercial Fishes from the Rus-
sian EEZ of the South Baltic Sea, Copenhagen: ICES CM 2006/G:09.

Rodjuk GN (2014) [Infestation rates of the main commercial fish species with larvae of Contra-
caecum osculatum (Rudolphi, 1802) (Nematoda: Anisakidae) in Russian waters of the South
Baltic in 2000-2012], Parazitologiia, vol. 48, pp. 220-33. [Article in Russian]

Ryberg, M. P., Skov, P. V, Vendramin, N., Buchmann, K., Nielsen, A., and Behrens, J. W.
(2020) Physiological condition of Eastern Baltic cod, Gadus morhua, infected with the parasitic
nematode Contracaecum osculatum. Conservation Physiology. https://doi.org/10.1093/con-

phys/coaa093.

Ryberg, M. P. (2020). Eastern Baltic cod infected with Contracaecum osculatum: physiological
mechanisms and the importance of monitoring infection loads. PhD thesis; DTU Aqua.

Ryberg, M. P., Huwer, B., Nielsen, A., Dierking, J., Buchmann, K., Sokolova, M., ... & Behrens,
J. W. (2022). Parasite load of Atlantic cod Gadus morhua in the Baltic Sea assessed by the liver
category method, and associations with infection density and critical condition. Fisheries man-
agement and ecology, 29(1), 88-99.

Saint-paul U (1984) Investigations on the seasonal changes in the chemical composition of liver
and condition from a neotropical characoid fish Colossoma macropomun (Serrasalmidae).
Amaz Limnol Oecologia Reg Syst Fluminis Amaz 9: 147-158.

Scharff-Olsen CH, Galatius A, Teilmann J, Dietz R, May Andersen S, Jarnit S, Kroner A-M, Bolt
Botnen A, Lundstrom K, Mgller PR, Tange Olsen M (2019) Diet of seals in the Baltic Sea re-
gion: a synthesis of published and new data from 1968 to 2013. ICES Journal of Marine Sci-
ence 76(1): 284—-297

Schloesser RW, Fabrizio MC (2017) Condition indices as surrogates of energy density and lipid
content in juveniles of three fish species. Trans Am Fish Soc 146: 1058-1069.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 50


https://doi.org/10.1017/S0031182019001124
https://www.python.org/
https://www.r-project.org/
https://doi.org/10.1093/conphys/coaa093
https://doi.org/10.1093/conphys/coaa093

Skrzypczak M, Rolbiecki L (2015) Endoparasitic Helminths of the European Sprat, Sprattus
sprattus (Linnaeus, 1758) from the Gulf of Gdansk (the Southern Baltic Sea) with a Checklist of
Its Parasites, Russ J Mar Biol, 41: 167-175.

Sokolova M, Buchmann K, Huwer B, Kania PW, Krumme U, Galatius A, Hemmer-Hansen J,
Behrens JW (2018) Spatial patterns in infection of cod Gadus morhua with the seal-associated
liver worm Contracaecum osculatum from the Skagerrak to the Central Baltic Sea. Mar Ecol
Prog Ser 606: 105—-118. https://doi.org/10.3354/meps12773.

Timi JT, Poulin R (2020) Why ignoring parasites in fish ecology is a mistake. Int J Parasitol 50:
755-761. https://doi.org/10.1016/j.ijpara.2020.04.007.

Turovsky A, Aps R, Raid T (1992) The parasitic infestation and growth of Clupeids in the North -
Eastern Baltic. ICES C.M./J:43.

Zuo S, Huwer B, Bahlool Q, Al-Jubury A, Christensen ND, Korbut R, Kania P,
et al. (2016) Host size-dependent anisakid infection in Baltic cod Gadus morhua
associated with differential food preferences. Dis Aquat Org 120:

69-75.

Liver worm in Eastern Baltic cod: growth, status, effects and biological information 51


https://doi.org/10.3354/meps12773
https://doi.org/10.1016/j.ijpara.2020.04.007

Appendix — scientific articles from the projects
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