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The western Baltic Sea cod (WBC) stock is at historically low levels, mainly attributed to high fishing pressure and low recruitment. Stable
stock assessment metrics suggested recovery potential, given appropriate fisheries management measures. However, changing environmental
conditions violate stability assumptions, may negatively affect WBC, and challenge the resource management. The present study explored
42 years of changes in WBC biological parameters. WBC body condition gradually decreased over the last decades for juveniles and adults,
with a rapid decrease in recent years when a single cohort dominated the overfished stock. The hepato-somatic index and the muscle weight
decreased by 50% and 10% in the last 10 years, respectively, suggesting severely decreasing energy reserves and productivity. The changes
in energy reserves were associated with changes in environmental conditions (increase in bottom water temperature, expansion of hypoxic
areas during late summer/autumn), and changes in diet composition (less herring). A key bottleneck is the warming and longerlasting summer
period when WBC, trapped between warmed shallow waters and hypoxic deeper waters, have to mobilize energy reserves to account for
reduced feeding opportunities and thermal stress. Our results suggest that stock recovery is unlikely to happen by fisheries management alone

if environmental trajectories remain unchanged.
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Introduction

Atlantic cod (Gadus morhua L.) is an ecologically and eco-
nomically important demersal fish species in the North At-
lantic (Merino et al., 2014; Trenkel et al., 2014). However,
stock assessments and field data show the poor status of many
cod stocks on both sides of the Atlantic Ocean (e.g. North
and South Gulf of St Lawrence, eastern Scotian Shelf, North
Sea, Kattegat, and eastern Baltic cod; Myers et al., 1996; Du-
til et al., 1999; Lilly, 2008a, b; Sguotti et al., 2019), linked to
high fishing pressure, changing environmental conditions, and
unfavourable trophic cascades and feedback loops (e.g. Fu et
al., 2001; Bundy and Fanning, 2005; Frank et al., 2016; Hue-
bert et al., 2018; Dinesen et al., 2019). Rebuilding or recovery
of collapsed cod stocks is often slow or absent (Lilly, 2008a;
Sguotti et al.,2019), suggesting that specific management mea-
sures are needed earlier to be effective (Zimmermann and
Werner, 2019) as well as an incorporation of environmental
conditions in the management (Winter ef al., 2020).

The metrics used in analytical stock assessments to deter-
mine the stock status are highly aggregated averages that in-
tegrate data collected mainly for stock assessment purposes
and are linked to different levels of uncertainty. Moreover,
analyses of the trajectories of these metrics (e.g. spawning
stock biomass (SSB)) of declined cod stocks usually detect
change points only in retrospect, and early warning signs are
largely missing. Apparent changes in the physiological condi-
tion of individuals that compose the SSB, e.g. fish body condi-
tion, health status, or diet composition, may remain unnoticed

because they are either not monitored or are not part of the
routines applied in stock assessments. The historical prime ex-
amples of Canadian cod stock collapses show, in retrospect,
that monitoring the temporal changes of the condition factor
could help to earlier detect the decline of the different stocks
(Lambert and Dutil, 1997a, b; Lapointe ef al., 2006).

The condition factor (i.e. the body-mass/length ratio of
fish) is a critical diagnostic. It is easy to measure (only length
and weight data are required) and can be used to estimate fish
energy reserves (Lambert and Dutil, 1997b). When many fish
are analyzed, the condition factor is indicative of the stock en-
ergy status. The level of the energy reserves in cod is closely
linked to sensibility to environmental conditions and potential
recovery after an external stressor (Dutil et al., 2006). For ex-
ample, low energy reserves limit the recovery after poor feed-
ing conditions or parasitic infections (Yaragina and Marshall,
2000; Ryberg et al., 2020). Furthermore, the condition fac-
tor directly influences the health of a fish stock through the
reproductive potential (Rakitin et al., 2011) by affecting the
timing of maturation before spawning and length-at-first ma-
turity (Marteinsdottir and Begg, 2002; Morgan, 2004), the
quality and quantity of eggs (Brosset et al., 2016), and the
proportion of skip-spawners (Rideout et al., 2000; Rideout
and Rose, 2006; Skjeeraasen et al., 2012). Among 10 North
Atlantic cod stocks, the lower average condition factor has
been associated with a lower growth rate and recruitment po-
tential, thus reducing the stock productivity (dtz and Lloret,
2003).
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The condition factor is influenced by both internal
metabolic processes and extrinsic parameters that influence
the individual or population level. The water temperature,
a variable mainly controlling the speed of metabolic reac-
tions in ectothermic animals, has been correlated to changes
in the condition factor, especially among different stocks. For
example, cod stocks are, on average, in better conditions in
warmer waters in the North Atlantic (Ritz and Lloret, 2003).
In contrast, laboratory studies indicated more complex rela-
tionships, revealing that temperature has size-dependent ef-
fects, i.e. an increasing thermal niche width with increasing
cod length (Arnason et al., 2009). Further, the ambient water
temperature can strongly influence the individual energy bud-
get of cod and consequently the body condition by driving,
e.g. metabolic rates (Saunders, 1963), gastric emptying, and
consumption (Temming and Herrmann, 2003). In addition,
temperatures above the thermal tolerance range of cod may
limit the access to warmed feeding areas (Freitas et al., 20135,
2016), potentially resulting in periodic starvation (Funk et al.,
2020, 2021). Generally, the limited spatial scale inhabited by
many cod and restrictions in the locally available prey biomass
can severely alter cod energy uptake (Funk, 2020), and thus
the condition factor (Werner et al., 2019).

Recently, the eastern Baltic cod (EBC) stock became another
prime example of undetected changes before it was perceived
to be in severe distress (Eero et al., 2015). In 2014, the rou-
tine stock assessment was suspended virtually with no previ-
ous warning sign from the scientific community or fishing in-
dustry. A posteriori, the main issues identified were linked to
biological parameters: (1) highly uncertain age determination
(ICES, 2014a; Hussy et al.,2016), (2) maturation at a smaller
size (Cardinale and Modin, 1999; Orio et al., 2019), (3) de-
creased growth (Hissy et al., 2018; McQueen et al., 2020;
Mion et al., 2021), (4) decline of relative abundance of larger
individuals in the population (Eero et al., 2015), and (5) a de-
crease of body condition (Eero et al., 2012; Casini et al., 2016,
2020). These complex biological changes have been linked to
(1) a change in cod diet, with an increase of clupeids and a
decrease of invertebrates (Casini et al., 2016) and a weaker
spatial overlap between cod and sprat and herring distribu-
tion (Neuenfeldt et al., 2020); (2) an increase of liver infes-
tation by larval stages of the nematode Contracaecum oscu-
latum (Sokolova et al., 2018; Ryberg et al., 2020); (3) poor
oxygen condition in deeper waters, with negative influence on
growth (Chabot and Dutil, 1999; Limburg and Casini, 2019),
on larval survival, benthic prey abundance (Carstensen et al.,
2014; Casini et al., 2020), and (4) thiamine deficiency (Engel-
hardt et al., 2020).

The neighboring western Baltic Sea cod (WBC) stock is
considered overfished (F >> Fyy since 2009), and the last
stronger year class from 2016 is contributing the major part
of the descending SSB in recent years (SSB below By;,,; ICES,
2020b). All year classes since 2017 were weak. However,
the stock is generally still perceived as a stock with recov-
ery potential. Before 2021, stock assessment data showed that
there were still larger specimens (> 80 cm) in the stock, and
the mean weight-at-age was considered stable (ICES, 2020a).
However, similar to the Canadian cod stocks and the EBC,
there are strong retrospective patterns in the analytical as-
sessment, and failure of the WBC stock assessment in 2021
required an inter-benchmark (ICES, 2021). Except for high
fishing pressure and a period of low recruitment, no warning
signals had emerged in previous years (ICES, 2020b).

A. Receveur et al.

In this study, we present an analysis with 44 years of biolog-
ical parameters, collected during scientific surveys and from
commercial catches, ranging back to 1977, to assess the health
and condition status of WBC. We shed light on the temporal
changes in WBC condition factor and hepato-somatic index
(HSI). Eventually, we investigated potential external drivers
of the changes in biological parameters, using available data
on temporal changes in WBC diet composition, feeding level,
and the influence of oxygen, salinity, and water temperature.

Material and methods

Study area

The Baltic Sea is a heavily exploited, semi-enclosed, and post-
glacial microtidal brackish-water sea that has experienced
substantial changes in anthropogenic pressures and environ-
mental conditions over time (Reusch et al., 2018). A total of
two Baltic cod stocks are currently managed separately. The
WBC stock occupies the western Baltic Sea, i.e. the Belt Sea
(ICES subdivisions (SD) 22; Figure 1), the Sound (SD23), and
the Arkona Sea (SD24). This study only used biological data
of cod from samples collected in SD22 and SD24. The hy-
drographic conditions of SD22 and SD24 strongly depend on
inflows of water from the Kattegat, bringing saline and oxy-
genated water (Matthdus and Franck, 1992; Matthaus et al.,
2008).

The Arkona Sea (SD24) is the westernmost area of the
Baltic proper with water depths of 45 m and transitions to the
shallower area of the Belt Sea (Figure 1). The brackish surface
water (approximately 8 psu) is separated from the saline bot-
tom water (approximately 15-20 psu) by a permanent halo-
cline at 30-40 m (Lass and Mohrholz, 2003; Reissmann et al.,
2009). SD24 is the area of mixing WBC and EBC (Hemmer-
Hansen et al., 2019; Schade et al., 2019; Weist et al., 2019).

The shallow Belt Sea (SD22, 98% of the area is shallower
than 30 m; ICES, 2014b; Figure 1) has salinities ranging be-
tween 10 and 25 psu near the bottom. The hydrography of the
area is characterized by wind-induced current patterns, related
primarily to changes in the two-layer exchange flow of more
saline bottom water from the Kattegat and surface outflow
from the central Baltic Seathrough the Danish Straits.

Sampling of cod

Biological data of cod were obtained from various German
scientific trawl surveys supplemented by data obtained from
the catch sampling programme of the German Baltic com-
mercial fisheries (Supplementary Table S1; Figure 1). We de-
cided to separately analyze cod data from SD22 and SD24
to account for different degrees of Baltic cod stock mixing
and differences in environmental settings (e.g. bathymetry and
oceanography). To back our conclusions on WBC dynamics,
only results from SD22 samples are presented in the main
manuscript, and results of SD24 cod are given in the Supple-
mentary Material.

In SD22, a total of 77 769 cod were sampled in 42 years
ranging from1977 to 2020 (no data from 1980 to 1981).
Given seasonal changes in the catchability of cod by trawlers,
the temporal coverage of samples varied among quarters
(January—March (quarter 1-Q1): N = 42 913; April-June
(quarter 2-Q2): N = 12 804; July-September (quarter 3—
Q3): N = 6 233; and October-December (quarter 4-Q4):
N = 15 819). Given 35, 26, 13, and 37 years of data for Q1,
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Figure 1. Map of available samples collected from 1997 to 2020 (black dots). Blue colours show the bathymetry. Purple, yellow, and red lines surround
ICES subdivisions 22, 23, and 24, respectively. Important regions are indicated.

Q2, Q3, and Q4, respectively, we decided to only use data
from Q1 and Q4. Furthermore, the available time series from
Q2 and Q3 had started significantly later (Supplementary Fig-
ure S1).

Several size class intervals were tested but to ensure robust
results and well-balanced sample sizes across domains (e.g.
years and quarters), only two length classes were used: be-
low 35 c¢m (juveniles) and above 35 ¢cm (adults). This thresh-
old corresponds to the minimum conservation reference size
of cod in the western Baltic Sea (i.e. cod < 35 cm cannot be
sold for human consumption but have to be landed; European
Commission, 2014), approximates the ontogenetic transition
between juveniles and adults (Krumme et al., 2020) and an
ontogenetic feeding shift (Funk ez al., 2021).

Biological measurements
The total length (L; ¢cm) and full wet mass (M; g) were
recorded for each individual (Supplementary Figure S1). The
sex was determined by visual examination of the gonads for
almost all individuals.

Since 1977 (only during Q4 between 1977 and 1987), the
stomach fullness was visually determined based on six cate-
gories: “‘empty’ = 0, ‘7 full’ = 0.25, ‘1 full’ = 0.5, *3 full’

= 0.75, “full’ = 1, and ‘regurgitated’” (the latter category was
excluded from the analysis; Supplementary Figure S1).

Condition factor

As cod display an allometric growth pattern (McQueen et al.,
2019,2020; Arnason et al., 2009), the relative body condition
index K,, (Le Cren, 1951; Froese, 2006) was calculated as:

K, = M/Mt where M is the measured full wet weight (g) and
M, = ax Lb, (1)

the predicted wet mass (g) of an individual of length L (cm).
The analysis relies on full wet weight data because these cov-
ered 41 years of data and 58 732 individuals compared to only
30 years of data and 35 570 individuals with gutted weight in-
formation. The results of the analysis on gutted weight data
showed the same trends as the full weight data (Spearman cor-
relation of 0.85; Supplementary Figure S2). The parameters
a and b were calculated separately for SD22 (a = 0.00 729
and b = 3.0784) and SD24 (a = 0.00 679 and b = 3.0958)
to account for differences in stock mixing dynamics and re-
lated differences in growth (McQueen et al., 2020; Mion et
al., 2021) and spawning phenology between EBC and WBC
(Bleil et al., 2009).
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To facilitate comparison with other studies from the
Baltic Sea and since the b parameters from the weight—
length relationships of cod from SD22 and SD24 were
close to 3, the Fulton index Ky was calculated using: Kp =
M s 100/]43 with M the full wet mass (g) and L the length
(cm) of each individual. The two condition factor indices
showed strongly similar results (Supplementary Figure S3),
and therefore, only the Fulton index (KF) is presented in the
results.

Both higher K,, and Ky estimates indicate fish in better body
condition. To facilitate comparisons with studies on EBC body
condition, which used full wet weights (Eero et al., 2015;
Casini et al., 2016; ICES, 2020a), we additionally computed
the proportion of Fulton index values below 0.8.

Since Kr was calculated using the full weight of the fish,
it can provide evidence of changes in total weight in rela-
tion to fish length. However, it does not explain whether these
changes can be related to a decrease in liver mass, gonads, or
somatic muscle tissue. To check especially for the latter, we
calculated length—gutted-weight [Equation (1)] relationships
for each sex (males: N = 20 202; a = —4.82, b = 3.010;
females: N = 15 368; a = —4.81, b = 3.004). Further-
more, we calculated residuals (i.e. predicted gutted weight—
observed gutted weight) for the respective length—gutted-
weight relationship and present the residual distribution over
time.

HSI

Given that the liver is the major organ of energy storage in
cod (Kjesbu et al., 1991; Hemre et al., 1993; Karlsen et al.,
1995; Pardoe et al., 2008), the HSI was computed with HSI =

100 MI/MZWith M; the wet mass of the fresh liver (g); and

M, the predicted wet mass [Equation (1)]. HSI was used as a
metric to assess temporal changes in the energy status of the

fish.

Assessment of diet composition

To explore the role of food intake on changes in the condition
factor of cod, we assessed the temporal changes in cod diet
composition and quantity. To study the change in diet quan-
tity, a mean stomach fullness value (by considering the five
categories: “‘empty’ = 0, ‘% full’ = 0.25, ‘% full’ = 0.5, ‘% full’
= 0.75, and “full’ = 1”) was calculated by quarter, year, and
length class. To ensure robustness, more than 10 individuals
had to be present in each group combination.

Given the lack of a continuous cod stomach sampling, his-
toric (Schulz, 1987; Weber and Damm, 1991) and contem-
porary cod diets (Funk et al., 2021) were compared. From
Funk et al. (2021), we extracted specimens as similar as pos-
sible to the two historic studies, i.e. choosing cod stomach
samples originating from waters with depths > 20 m, and
caught with trawl gear (N = 764). All prey species iden-
tified by Funk et al. (2021) were allocated into six prey
groups and two cod length classes for comparison with
Weber and Damm (1991) data, and into five prey groups
and three cod length classes for comparison with Schulz
(1987).

In all cases, the masses of each prey item were summed by
the prey group predator and divided by the corresponding to-
tal stomach content weight of the predator to obtain relative
stomach content weights for each group and predator.

A. Receveur et al.

Measurements of environmental parameters

We extracted variables from the General Estuarine Transport
Model to explore relationships between condition factor and
environmental parameters. This hydrodynamic model has a
spatial resolution of 600 m, and 50 terrain-following vertical
adaptive layers, with a minimum layer thickness of 0.3 m. A
detailed description of the setup, boundary conditions, surface
forcing, nesting procedure, and validation of the model are
given in Klingbeil et al. (2014) and Grawe et al. (2015). In
particular, Grawe et al. (2015) demonstrated the robustness
of this model to reproduce oceanographic changes.

To account for the demersal life style of cod, three param-
eters were extracted from a simulation covering the time pe-
riod 1979-2020: the bottom salinity, the bottom water tem-
perature, and the bottom water age. The bottom water age
or ventilation is defined as the time elapsed since last contact
with the surface (Delhez et al., 1999). The bottom water age
is used as a proxy for the oxygen concentration, i.e. the older
the water, the lower the oxygen content. To simplify the inter-
pretation of water age, we transformed the water age values
into an oxygen proxy so that the proxy ranges and varies sim-
ilar to oxygen concentrations. We computed monthly mean
values per SD for all three variables for the whole period be-
tween 1977 and 2020.

Development of the 2016 cohort

To assess the development of the 2016 cohort, the data from
all age-read cod from German scientific trawl surveys and
commercial catch sampling in SD22 were used. Fish age was
determined by using sliced otoliths, processed according to
standard procedures. Ring patterns were interpreted using
age-validated otoliths from recaptured tetracycline-marked
WBC (McQueen et al., 2019; Krumme et al., 2020). An age-
length-key was calculated using the frequency of fish in each
length interval and age combination, and was used to assign
individual ages to all length-measured cod using the method of
Ogle (2016). A theoretical mean-length-at-age was calculated
for the 2016 cohort in each year using the von Bertalanffy
growth function (VBGF) and growth parameters of WBC by
McQueen et al. (2019). Method details and parameter esti-
mates are given in Textbox S1 in the Supplementary material.

Finally, we calculated the mean-length-at-age when age
data were available and we assessed whether the Kg truly
changed in the mass/length ratio. The mean-length-at-age was
stable across time, especially for ages 2, 3, and 4; and not cor-
related to the Kp values (excepted for Age 1 in Q1; Supple-
mentary Figure S4). Therefore, the Kr appears as the most ap-
propriate criterion to study the temporal changes of cod body
condition.

Statistical analysis

We tested for changes in condition factor over time. For this
purpose, we calculated the mean condition factor per year and
length class, which were used as a response variable in a lin-
ear regression model. The explanatory variables were “year”
(quantitative) and “quarter” as a factor. The quarter was in-
cluded to take seasonal variability in cod condition factor
into account, given the seasonal spawning cycle and differ-
ences in habitat use and related food availabilities and intake
(Funk et al.,2021). Homogeneity of variance of condition fac-
tor values and of linear model residuals across quarters had
been checked with two Bartlett tests (p-value > 0.05 for the
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Figure 2. Mean Fulton’s condition factor by year (x-axis), length class (rows), and quarter (colours) in SD22. The fitted linear regressions are shown,
together with the predicted confidence interval (grey ribbon). Vertical dashed lines indicate the identified slope breaks.

two tests). Linear regression residuals had been checked and
validated. Subsequently, we applied a breakpoint analysis in
the slope to test for abrupt changes in the linear regressions
(Muggeo, 2008).

The linear model and breakpoint detection method were
chosen to detect and describe temporal trends and change in
trends in body condition.

The relationship between condition factor and HSI was in-
vestigated with Spearman correlations.

To assess the influence of the different parameters on the
condition factor of cod, we used the classification and regres-
sion tree (CART) approach of Breiman et al. (1984). Decision
trees were built by partitioning the dataset into increasingly
homogeneous subgroups based on fish body condition values.
Each split was defined by a simple rule based on a single ex-
planatory variable, and mean values of cod’s Kr characterized
each final group. The monthly mean values of body condition
acted as a response variable and bottom salinity, water tem-
perature, oxygen proxy, and mean stomach fullness value as
quantitative explicative variables.

All analyses were done using the statistical computing pro-
gram R, Version 4.0.2. The libraries segmented (Muggeo,
2008) and rpart (Therneau and Atkinson, 2019) were used
to identify linear regression breakpoints and calculate the re-
gression tree.

Results

Temporal changes in condition factor

Kg was higher during Q1 and Q4 compared to Q2 and Q3
in SD22 for all pooled years for adult (> 35 ¢cm) cod (Sup-
plementary Figure S5). During Q1 and Q2, K¢ was higher for
the males than for the females. For juvenile (< 35 ¢m) cod,
K across the quarters was relatively stable in both SDs, and
similar for males and females.

From 1980 to 1999, Kf of juvenile cod remained rela-
tively constant with a mean value of 0.99 (and a SD of 0.13;
Figure 2) with no significant trend (Table 1) and high inter-
annual variability in both quarters (i.e. Q1 and Q4). From
2000 onwards, K values displayed a steady decrease in Q1
and Q4.

For adult cod, clear differences in Kz were observed over
the whole period, with Kr being consistently higher in Q1
than in Q4 (Figure 2). The condition factor showed a de-
creasing trend (p-value < 0.001) over time in both quar-
ters since the beginning of the time series. The decline in
Kp was significant for the entire period. The decline accel-
erated from 2016 onwards leading to especially low K val-
ues displayed in the first quarters of 2018, 2019, and 2020
(Table 1) with a negative slope (—0.026 for Q1 and Q4) seven
times higher than in the previous period (around —0.0038
before 2016). The mean condition factor of adult Q1 cod
fell from about 1.1 in the late 1980s to about 0.9 in 2020,
i.e. a gradual reduction of approximately 18% in 30 years
(Figure 2).

A similar trend was observed in the data from SD24 for
juvenile cod, with a stagnation period and a decrease in K
observed from 1999 onwards (Supplementary Figure S6). For
adult cod in SD24, decline in Kr was also substantial, but
started earlier than in SD22 (around 1989; Supplementary
Figure S6).

The proportion of individuals in critical body conditions
(i.e. Kr < 0.8; Eero et al., 2015) increased over time in both
juvenile and adult cod and in both SDs (Supplementary Figure
S7). Since 20085, an increase in the proportion of individuals
in poor body condition occurred for juvenile cod in SD22 and
SD24 and for adult cod in SD24. For adult cod in SD22, the
proportion of individuals with Kz < 0.8 showed a strong in-
crease from 2017 onwards during Q1.

Length-gutted-weight relationship residuals (Supplemen-
tary Figure S8) also displayed a change over time indicating a
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Table 1. Parameters (with intercept and slope’s estimate, standard error, and p-value intercepts) and the A% from the two linear models for condition factor
of juvenile (< 35 cm) and adult (> 35 cm) cod in SD22. A representation of these relationships is given in Figure 2.

Length class Parameter Estimate Std. Error p-value R? (%)
Intercept Q1 2.26 3.16 3.09¢-06
Intercept Q4 3.59 2.11 2.12¢03
Slope Q1 [1979-2000] —0.00063 0.0016 0.520
<35 cem Slope Q1 [2000-2020] ~0.00642 0.0018 1.84¢03 521
Slope Q4 [1979-2000] —0.0013 0.0011 0.38
Slope Q4 [2000-2020] —0.0071 0.0010 0.7¢-05
Intercept Q1 9.09 1.43 2.95¢08
Intercept Q4 7.95 1.71 5.91¢07
Slope Q1 [1979-2016.8] —0.0040 0.00071 < 116
z 35 em Slope Q1 [2016.8-2020] ~0.027 0.00946 < 1e16 66.5
Slope Q4 [1979-2016.8] —0.0035 0.00085 <116
Slope Q4 [2016.8-2020] —0.026 0.00034 < 116
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(p-value < 0.05).

clear change in somatic weight, i.e. muscle tissue. Both sexes
displayed a similar trend in residual distribution over time,
with only minor deviations. While positive medians of resid-
ual values occurred at the beginning of the time series be-
tween 1990 and 1993, negative medians occurred especially
at the end of the time series from 2015 to 2020. From 2018
onwards, the negative trend steadily decreased, display-
ing the three lowest medians in the whole time series in
a row.

Changes in HSI

HSI values of juvenile cod did not display any apparent change
over time in both quarters (Figure 3a, top). The 2019 value
during Q4 was higher than the previous values, but with a

large standard deviation (grey bar). Juvenile HSI values were
positively correlated to K values in Q1 (Figure 3b, top).

HSI values for adult cod were, for almost all years, higher
in Q1 than in Q4 (Figure 3a, bottom). In Q1, HSI values of
adult cod showed relatively high and stable levels (3.5-5) be-
tween 2000 and 2010, followed by a steady decline (from 5
to 2) with particularly low HSI values for the three most re-
cent years. In the last 10 years, HSI of adult cod decreased by
approximately 50% (Figure 3a) in Q1. This decrease was sig-
nificantly correlated (R = 0.77) to the observed decrease in K
(Figure 3b). In Q4, no temporal pattern in HSI of adult cod in
SD22 was identified, and HSI values were not correlated to Kp.

For SD24, a similar trend was found for adult cod in Q1,
lowest HSI values in recent years, and a significant correlation
between Ky and HSI during Q1 (Supplementary Figure S9).
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Development of the 2016 cohort

The annual length—frequency distributions of the 2016 cohort
showed that the first faster-growing cod were already fished on
as age-1 in 2017. It dominated the landings from 2018 (age-
2) onwards. The observed average length-at-age of adult cod
(age-2 and older) was about 32% lower than expected by the
VBGEF calculation (Supplementary Table S2; Figure 4).

Drivers of change

The CART model classified the condition factor into six
classes, ranging from mean Kp values of 1.06 (highest) to
0.9 (lowest; Figure 5a). The class with the highest K was
predominantly present in Q1 and at the beginning of the
time series (i.e. from 1987 to 1995), while in recent years
(i.e. from 2012 onwards), Q1 was mostly dominated by the
class 4 (Kr = 0.97; Figure 5b). The class 3 (K¢ = 1.01) pri-
marily characterized Q4 until 2002 and the sixth class (K
= 0.9) from 2013 onwards. Generally, the different classes
changed revealed a gradual decrease in mean condition factor
between the 1990s and 2020s of about 10% in both quarters
(Figure Sc).

The regression tree based on four drivers (bottom water
temperature, oxygen proxy, salinity, and mean stomach full-
ness) revealed a strong effect of bottom water temperature on
cod K variability (Figure 5a). The two lowest condition fac-
tor classes were associated with highest bottom water temper-
atures (i.e. temperatures > 10.45°C), leading to a clear sepa-
ration from the other classes. On the opposite, bottom salinity
did not affect the cod body condition. Bottom oxygen proxy
and stomach fullness was identified as a secondary driver of
Kpvariability. In Q1, the historic period 1987-2000 (class 1)
was separated from the recent period (2012-2019, class 4)
primarily by changes in oxygen proxy (historical period re-
lated to oxygen proxy values higher than 7.85 and recent pe-
riod associated with lower oxygen proxy values). In the fourth
quarter from 2000 onwards, a middle class in terms of con-
dition factor (class 5; K = 0.96 as mean value) was split
from the sixth class (i.e. the lowest Kz = 0.9) by a threshold
on stomach fullness, with a lower condition factor displayed
by individuals with lower stomach fullness.

For SD24, we also found temporal splitting of condition
factor values (Supplementary Figure S10), with a mean de-
crease of about 15% and 8% across 30 years in Q1 and Q4,
respectively. In contrast to SD22, in SD24 the stomach full-
ness index was revealed as the most critical parameter of cod
body condition. Until 2005, the high mean condition factor
values were explained by a high stomach fullness index for
both quarters. From 2005 onwards, lower stomach fullness
indices were linked to lower mean Kr (i.e. classes 4, 5, and
6). The bottom water temperature split the condition factor
among quarters, but not consistently across the whole time
series.

Diet comparison

The comparison of diet compositions of cod in SD22 from
the 1980s (Weber and Damm, 1991) and the recent sampling
(Funk et al.,2021) revealed a remarkable decrease in the pro-
portions of Clupeids in the stomachs (Figure 6), especially for
the length classes of adult cod (i.e. 40-49 cm and 50-69 cm)
and in both quarters (i.e. Q1 and Q4). At the same time, the
proportion of “other fish” increased in the four cases (two
quarters * two length classes). The proportion of invertebrates
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showed a distinct increase over time for Q1, but a decrease
for Q4.

The overall decrease of the proportion of fish prey (espe-
cially Clupeids) was confirmed by the comparison of the con-
temporary stomach data (Funk ef al., 2021) to the data of
Schulz (1987) (Supplementary Figure S11).

The increase of invertebrate prey in the cod diet during Q1
between the two periods can be primarily associated with a
large increase in crustacea (mostly the common shore crab
Carcinus maenas) and an increase of molluscs (mostly Arctica
islandica) for cod in all length classes.

Discussion

Our analyses showed that the body condition of adult WBC
is gradually declining since the 1980s in SD22, with a massive
drop in the most recent years. This decline was due to a loss
of both muscle tissue and liver weight. These changes suggest
that fish of the WBC stock, across years and cohorts, are con-
stantly losing energy reserves, thus adversely affecting stock
productivity and resilience.

This negative trend in stock status was not detected in the
weight-at-age data or any other of the metrics used in the ICES
stock assessment (ICES, 2020a) and the fisheries management
acted on a stock perceived as having full recovery potential.
The weight loss of individual only raised concerns in the most
recent 2021 stock assessment (ICES, 2021) when the weight-
at-age drop characterizing the trajectory of the only stronger
cohort from 2016 became apparent and resulted in a bycatch
quota for 2022.

We argue that the gradual decline in energy reserves is due
to an environmentally driven decrease in temporal and spa-
tial availability of suitable habitat in terms of metabolic needs
and food supply. The sharp decline in recent years when the
overfished stock was dominated by the 2016 cohort, shows
the fate of a single year-class going through the Rosa Lee phe-
nomenon (Lee, 1912; Kraak et al.,2019) and a period of heat
anomalies, with poor prospects given predicted environmental
conditions (Dutheil et al., 2021; Meier et al., 2021).

Gradual decrease in energy reserves

The WBC stock is adapted to the life in the shallow, brackish
waters of the western Baltic Sea. The fish display a charac-
teristic seasonal, depth-related pattern in habitat use (Funk et
al., 2020): from late December until March during low sea
surface temperatures (SST) and a mixed water column, areas
deeper than 15 m are favoured for spawning. Post-spawning
cod use the warming shallower waters to feed (April-June).
From July until August, at strong thermal stratification, high
SST restrict cod access to the productive shallow water habi-
tats while downslope movements are restricted by widespread
hypoxia in the deeper waters. Thus, during summer WBC
are trapped between warmed shallow waters and hypoxia in
deeper waters, similar to the pattern found in a south Nor-
wegian fjord (Freitas et al., 2015, 2016). This period is linked
to poor feeding opportunities and reduced food intake (Funk
et al., 2020), a metabolic deficit (Funk, 2020), and translu-
cent zone formation in the otoliths (Krumme et al., 2020). In
autumn, decreasing SST render shallow-water habitats usable
again for cod and peak growth occurs (McQueen et al., 2019)
before cod descend again for the next spawning cycle.
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Temperature

The primary adverse effects of high SST in summer are loss
of the possibility to use productive shallow-water habitats
and metabolic stress. Laboratory experiments suggest that At-
lantic cod experience optimum temperatures between 6 and
13°C, depending on the size of the fish, with optimal temper-
ature decreasing with individual size (Bjérnsson and Steinars-
son, 2002). Arnason et al. (2009) demonstrated a weak neg-
ative effect between 16 and 20°C and no effect between 4
and 16°C. Freitas et al. (2015, 2016) identified 15°C as the
threshold in summer when cod avoided using the productive
shallow-water habitats. Free-ranging WBC of the Arkona and
Bornholm Sea did not fully avoid higher temperatures and ex-
perienced maximum temperatures of 18.1°C during summer
(S. Haase, pers. comm.). However, Funk et al. (2021) showed
that reduced food intake in WBC occurred during summer.
This reduced food intake in warm condition is in line with ex-
perimental results showing that Atlantic cod display reduced
gastric evacuation rates (at ambient temperatures > 15°C)
or even stop food intake when temperatures exceed thresh-
old temperatures (i.e. 19°C; Tyler, 1970). Thus, high ambi-
ent temperatures result in an accelerated decrease in the over-
all energy intake of cod. Moreover, high ambient tempera-
tures should result in increased metabolic losses, and thus in
an overall increased metabolic turnover, which negatively af-
fects the energy reserves in WBC. However, under-water ob-
servations of relatively inactive, aggregated cod during peak

summer (S. Funk and U. Krumme, pers. comm.) suggest an
aestivation behaviour, likely to minimize metabolic turnover.
Overall, prolonged summers are likely to result in longer aes-
tivation periods with reduced food intake and use of energy
reserves in WBC.

The observed overall increase of yearly mean sea bottom
temperature in our regression tree analysis is mainly due to
the overall prolongation of summer periods, which in recent
years start earlier (i.e. in mid-June) and last longer than in the
past (e.g. in 2016 warm SST lasted until late September). The
prolongation is linked to an earlier start of temperature rise
in spring (due to warmer winters) and heat waves in summer.
A worsening of the bottom oxygen situation in coastal waters
during recent years is also reported by the local state authori-
ties of Schleswig Holstein, Germany (LLUR, 2020) and Den-
mark (DCE, 2020). The oxygen-depleted area at the Belt Sea
and the Mecklenburg Bay in October 2020, along with 2016
was the largest registered for the season since 2008 (DCE,
2020). In waters deeper than 15 m, LLUR (2020) measured
at 22 out of 30 stations dissolved oxygen values lower than
2.8 ml 17! (73%), slightly less than in September 2019 (93%
of the stations with < 2.8 ml 17! dissolved oxygen).

A climate warming-induced earlier start and delayed end of
aestivation in summer equals contracted periods of shallow-
water habitat use of WBC in spring and autumn. WBC cannot
compensate for the temporal loss of feeding opportunities in
shallow waters by using deeper, cooler waters because (i) in
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winter the fish are engaged in spawning and low water tem-
peratures coincide with slow gastric evacuation rates (even if
food were in sufficient supply) and (ii) in summer, hypoxia
restricts habitat use and feeding opportunities.

Hypoxia

In the Baltic, hypoxia is exacerbated by excess of anthro-
pogenic nutrient input. Presently, in the western Baltic Sea
hypoxia only prevails during summer and early autumn. In the
Arkona and Bornholm basin wild-ranging WBC, unlike EBC,
never entered hypoxic waters (S. Haase, pers. comm.). Hence,
direct adverse effects of pulsed or chronic hypoxia (Chabot
and Claireaux, 2008) on WBC metabolism are unlikely. Hy-
poxic areas may rather act by (i) restricting habitat access to
deeper areas, which would offer e.g. cooler and more saline
environmental conditions or food, (ii) reducing abundance,
biomass, and diversity of sessile and mobile animals during
and after the hypoxic period, and (iii) potentially causing lo-
cal fish kills of unknown magnitude when hypoxic waters
are drawn to shore by local upwelling events in late summer
and autumn. Therefore, the relationship between a decrease in
condition factor and a decrease in oxygen proxy most likely is
caused by the use of sub-optimal, unfavourable habitats and
reduced feeding opportunities over weeks or months during
longer-lasting and warmer summers, which are linked to the
use of energy reserves. Overall, gradually shortened feeding
periods and prolonged starvation periods are therefore likely
reasons for the gradual decline in cod nutritional condition
over the years.

Diet composition

The environmental changes have also gradually changed the
availability of prey species of WBC. Hence, contemporary
WBC do not rely on different food sources compared to his-
torical studies, but the proportions of different prey species,
and thus the metabolic quality of the diet composition, may
have changed drastically.

The western Baltic spring spawning herring stock showed
a distinct decline in stock biomass since the 1990s and is
presently in a poor state (ICES, 2021). A key driver may be
the warming winters result in reduced reproductive success
(Polte et al., 2021). While herring was the major prey organ-
ism of WBC in the 1980s (Schulz, 1987; Weber and Damm,
1991), it contributed little to the stomach content of WBC in
SD22 in recent dietary studies (Funk et al., 2021). Currently,
dominating prey species are demersal fish and benthic inver-
tebrates, especially the common shore crab Carcinus maenas.
This new diet composition suggests a temporal diet shift re-
lated to a compensatory feeding behaviour of WBC in this
area.

Such dietary changes can have a negative impact on the to-
tal energy intake of WBC. Especially hard-shelled crustaceans,
such as C. maenas, generally display slower gastric evacua-
tion rates than fish prey and also have a lower energy den-
sity compared to high-fat clupeids (Temming and Herrmann,
2003; Andersen et al., 2017; Funk et al., 2021). As a con-
sequence, contemporary cod must consume larger quanti-
ties of crabs to achieve the same energy level as with clu-
peids. Beyond the two-sided habitat exclusion during sum-
mer, a shift from energy-rich to energy-poor prey items is
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Figure 6. Temporal change in diet composition of cod from SD22 (in %) between the present (2016-2017; Funk et al., 2021) and the past reference
period (1981-1989; Weber and Damm, 1991) of the prey groups proportion by cod size (rows) and quarter (columns).

likely to contribute to an overall deterioration of cod body
condition.

However, there are alternative explanations for the decrease
of herring in the diet of cod in SD22. Potential sampling biases
were discussed in Funk et al. (2021), e.g. historic samples were
restricted to areas deeper than 20 m; cod could have shifted
feeding grounds; several hypoxia events in Weber and Damm
(1991) could have produced an underestimate of the role of
invertebrates in the historic cod diet.

Moreover, density-dependent mechanisms in cod foraging
behaviour may have occurred, too. Studies of cod off New-
foundland showed that cod at higher densities tend to school
and aggregate at lower structured areas, while cod tend to re-
side in small groups on structured habitats at low densities
(Laurel et al., 2004). Similarly, the decrease in WBC stock
size may have been accompanied by a shift in foraging be-
haviour from historically larger schools feeding on highly fatty
clupeids to a smaller population characterized by specimens
mainly using shallow-water habitats, where they mainly feed
on benthic invertebrates and less-energy dense forage fish,
rather than fatty clupeids.

Given the uncertainty on a food shift in WBC and historic
changes in the energy budget of WBC, stable isotope analysis
of otolith archives (Gronkjer et al.,2013) may be a promising
approach to obtain more information on the present and past
feeding ecology of WBC and help to identify changes in diet
composition and overall energy intake.

Role of liver weight and muscle loss in body condition decline

When fish body condition decreases, weight loss can be due to
reduced liver weight, muscle weight, gonad weight, or stom-
ach fullness. Here, we found that the decline of body condition
and HSI did not follow the same trajectory: body condition
and HSI started to decrease around 1995 and around 2010,
respectively. The high correlation between Kr and HSI must
be driven by changes in recent years when a decrease in Kg
and HSI co-occurred.

To build up energy reserves, (1) cod store energy-rich lipids
in the liver (Kjesbu et al., 1991; Kjesbu, 1994), which can
be remobilized during starvation to compensate for energy
deficits caused by metabolic losses (Lambert and Dutil, 2000);
and (2) proteins in their muscle mass (Hemre et al., 1993).
We found evidence that liver weight declined (mostly for the
2010-2020 period) and muscle proteins (since 1980s). It sug-
gests that the WBC stock has significantly lost energy reserves
leading to a true decrease in somatic weight. It should be noted
that our biological HSI time series only covered two decades
starting in 2000. The 150 years HSI time series of Barent Sea
cod (Kjesbu et al., 2014) identified periods of stable HSI values
that covered two to six decades, so that the significance of our
time series is certainly restricted. It is, however, notable that
the lowest HSI of Barent Sea cod also occurred in the recent
time period (2004-2012; Kjesbu et al., 2014).

The liver lipids, and therefore, the HSI, can be consid-
ered directly related to the lipid intake from food supply
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(Yaragina and Marshall, 2000; Pardoe et al., 2008). Thus, the
observed decrease in HSI from the 2010s might be closely
linked to the potential decrease of herring, a high-fat prey fish
species (Rojbek et al., 2014; Keininen et al., 2017) of WBC.

Moreover, in controlled feeding experiments, muscle
metabolic capacities decreased progressively while the body
condition of cod deteriorated (Lemieux et al., 2004). Re-
duced muscle metabolic capacities were linked to lower swim-
ming capacities and slower recovery following burst swim-
ming (Martinez, 2003; Martinez et al., 2004; Lapointe et al.,
2006). These results suggest that poor body condition may
lead to reduced capacity to catch mobile prey, and thus worsen
the status of cod in poor body condition.

It is notable that, unlike to EBC, the decrease in body con-
dition and HSI in WBC cannot be linked to infection by the
liver worm C. osculatum because cod in SD22 are character-
ized by very low infection levels, i.e. the lowest values in the
whole Baltic Sea (Sokolova et al., 2018; Ryberg et al., 2020).
However, one possible reason for reduced body condition that
WBC and EBC may have in common is thiamine deficiency,
which was reported for EBC (Engelhardt et al., 2020), but not
for WBC or other cod stocks. To conclude, the two declines
in body condition detected for WBC and EBC stocks seem to
involve remarkably different metabolic processes.

Potential effects on reproductive success

Generally, the development of reproductive products in At-
lantic cod is highly dependent on the overall energy status
(Kjesbu et al., 1991; Lambert and Dutil, 2000). Laboratory
experiments revealed a substantial decrease in cod fecundity
for females in poor body condition (Lambert and Dutil, 2000),
which has already been confirmed by i situ measurements for
cod around Iceland (Marteinsdottir and Begg, 2002) and in
the Northwest Atlantic (Alonso-Ferndndez et al., 2009). Thus,
energy deficits and related low energy storage during matura-
tion and spawning can negatively affect the reproductive suc-
cess of the stock by influencing egg quantity. Moreover, it can
be assumed that changes in cod fecundity can amplify the pos-
tulated negative effect of environmental changes on cod larvae
(Stiasny et al., 2018; Voss et al., 2019, Wasmund et al., 2019).
Finally, cod in poor condition have been shown to skip the
reproduction more often (Rideout et al., 2000; Rideout and
Rose, 2006; Skjeraasen et al., 2012). Hence, an overall de-
crease in WBC reproductive success may be partly linked to
the constant decrease in body condition of adult cod.

Accelerated decline with the 2016 cohort

The cod stock virtually collapsed in 2015 with the lowest SSB
of the time series at that time. Surprisingly, the 2016-year class
was strong and constituted the major part of the SSB since
2018 because all year classes from 2017 and onwards were
very weak. The difference between the observed and expected
mean length of juvenile cod (age-0 year and age-1 year) of
the 2016 cohort suggests that density-dependence affected this
strong cohort before it entered the fishery. Given the extremely
unbalanced age structure of the overfished stock, the fishing
mortality massively reduced cod densities from 2018 onwards
so that cod of age-2 year and older were released from density-
dependence.

The accelerated decline in body condition and HSI in WBC
in recent years is, therefore, closely linked to the development
of the 2016-year class, which is a representative for "Lee’s
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Phenomenon” (Lee, 1912) where the faster-growing individu-
als in a cohort enter the fishery earlier, and the slower-growing
individuals become over-represented in older age groups. And
slower-growing individuals are more likely to display lower
than average body condition.

In addition, the 2016 cohort experienced a series of warm-
ing records in the western Baltic Sea: in 2016 the summer was
extraordinary long, lasting until end September. In 2018 and
2019/2020, the warmest summer (Naumann et al., 2019) and
winter occurred, respectively. The latest years represent a se-
ries of winters much warmer than the long-term average (Nau-
mann et al., 2021). In 2021, the June was the second hottest
on record, and three of the six summers of 2016-2020 were
in the “top ten” of warmest summers in the regional time se-
ries at Warnemiinde (dating back to 1948; Naumann et al.,
2021). Thus, the habitat restriction during the summer (i.e.
cod trapped between warmed nearshore waters and hypoxic
waters in the deep) was probably severe in terms of space (ex-
tremely small band of suitable habitat) and time (long-lasting),
likely with strong negative effects on energy reserves of the
2016 cohort. This habitat restriction is backed by anecdotal
evidence from gill net fishers in SD22 and SD24 who reported
extraordinarily small livers in cod caught over the summer
period in recent years (when the fish reside in deeper waters)
and a constant increase in liver sizes when the fish resumed us-
ing the shallow-water areas in late summer/early autumn. Our
results demonstrated that the overall proportion of WBC indi-
viduals in SD22 in body conditions below 0.8 exceeded 20%
in 2020 for adult cod, and this proportion of thinner cod was
even higher during Q4 than Q1 and higher for juvenile than
for adult cod. This decrease is a recent drop to levels similar
to EBC (Eero et al., 2015).

Conclusions

The decrease in body condition was gradual, and therefore,
difficult to detect. It may have been noticed only now be-
cause the accelerated decline with the 2016 cohort produced
a remarkable drop that counteracted a shifting baseline syn-
drome (Pauly, 1995; Soga and Gaston, 2018). In the routine
stock assessment, weight-at-age should be the indicative met-
ric for weight gains or losses in the population. However, there
are uncertainties linked to the weight-at-age metric (e.g. un-
certainties in age-reading Hiissy et al., 2016; Krumme et al.,
2020; variation among national weight sampling and raising
procedures; large weight range for single year age classes; offi-
cial transformation factors for the relationship gutted weight
vs. fresh weight). In the end, the variance of the interna-
tional weight-at-age estimate used in stock assessment may be
too high to realistically depict inter-annual and longer-term
changes. If the environmental stability assumption inherent in
single stock assessment models, no longer holds and a stock
responds to these changes by a decrease in individual quality
of the fish, standard stock assessment metrics and a biomass
reference point may be no longer useful as the only metrics.
As environmental changes strongly influence the stock
properties, there is a crucial need to monitor the environmen-
tal changes, as well as the impact of these changes on the
physiology and ecology of the individual fish composing the
stock. The time series of key biological parameters (e.g. the
body condition factor) add another important dimension rel-
evant for sustainable resource use and could for example be
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stronger and routinely incorporated in the stock assessment
process and advice.
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