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Abstract

The effects of abiotic and biotic processes on recruitment of Central Baltic cod has been studied in an EU
funded interdisciplinary research project, integrating 13 institutes from 8 countries bordering the Ballic Sea.
The project provides a contribution to the GLOBEC Cod and Climate Change Programme.

For statistical trend analysis, extensive time series of stock related information and environmental
data have been intercalibrated and {re-}constructed. They also formed the basis for major process analysis
and modelling activities.

Investigations on processes affecting the maturation, distribution and structure of the spawning stock,
individual fecundity and viability of the offspring revealed a clear picture of the temporal and spatial variation
in the reproductive potential of Baltic cod. Since the mid 1980s recruitment has been dependent on the
reproductive success in the Bornholm Basin, while the stock component in the Gotland Basin is close to
extinction,

Based on exiensive field and laboratory experiments, environmental conditions and processes
conducive for survival of early life stages have been described. A decrease in the water volume suitable for
successful egg development and corresponding increase in egg mortalities were encountered during
stagnation periods, e.g. from 1885-80. Some small and one intermediate major inflow in 1991-94 improved
the hydrographic conditions, but egg survival remained still limited. Reasons are: 1) the main spawning time
of cod has shifted to summer, thus most eggs released are exposed to relatively low oxygen concentrations
due to fast oxygen consumption during spring/summer in bottom water layers and 2) predation by herring and
especially sprat, being presently extremely abundant, affects cod egg survival substantially. Furthermore,
survival of larvae requires a successful vertical migration from hatching depths to surface layers, as a



combination of low prey abundance and low light intensities does not allow successful feeding within or below
the halogline. '

Characteristics of the larval and juvenile populations examined (e.g. distribution of hatching dates
derived from otolith analysis, drift paths obtained by 3-D hydrodynamic models) resulted in the identification
of important environmental processes and biological attributes leading to increased survival success {e.g.
rapid transport from spawning to suitable nursery areas). Cannibalism has been confirmed to effect the
survival of juvenile cod and was estimated to be most intense in 1978-84, a period with high adult and
juvenile stock size.

A series of physical/biological models have been set up to describe important processes effecting
survival during successive stages of early development. On this basis, alternative stock-recruitment models
have been established, incorporating environmental variability: and predator/prey interaction. The models
explain a considerable part of the variance encountered in ‘cod recruitment and allowed to: 1) outline a
pragmatic approach for an improvement of the stock assessment and 2) to specify a more complex approach
to be utilised in medium-term stock simulation models, considering regional differences and sub-components
of the cod stock in the Baltic. With regard to the fisheries management, the project results enabled a
validation of sore of the presently enforced management measures and resulted in recommendations for
future management, including a discussion on the feasibility of an artificial stock enhancement.
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2. Obijectives of the programme

The cod stock in the Central Baltic is a majc@r componeni of the Baltic ecosystem and has a large social and
economic importance in the countries bordering the Baltic Sea. After an intermediate increase in stock size
and landings in the beginning of the 1980ies, the stock abundance was on its lowest level on record in 1992,
'slow'NIy reco_ver%ng afferwards. The drastic decline appears {o be caused by a substantial reduction in the
reproductive success. coupled with high fishing moriality. As cod is the main predaior in the ecosystem, the
_reduction _in'stock' size influences the lower frophic levels in the food web and this has implications on the
' stock devei_op'ment of herring and sprat and their utilisation by the fishery. A comprehensive investigation on
‘_ the abiotic and biotic processes influencing cod recruitment appeared to be required in order to improve the
basis for assessing and managing the cod stock and also for a sufficient understanding of the role and
impact of cod in the Baltic ecosystem. For this purpose a muttidisciplinary research programme integrating 13
inStitute_s from 8 bountries bordering the Baltic Sea was developed. The primary goals of the project were to:

a) identify and describe the dominant biotic and abiotic processes affecting the maturation of cod and the
developmental success of the early life stages of cod; -

. b) - incorporate these key processes into recruitment models o enhance prediction of future stock fluctuations
due to the state of the spawning stock, environmental perturbations, species interactions and fisheries
management directives; _ _

c) assess the biological basis and evaluate the feasibility and possible effects of cod stock enhancement
programmes.

3. Summary of scientific achievements and conclusions

3.1 Trend Analysis

The Trend Analysis component of the CORE project focused on three main hypotheses related to long-term
reproductive and recruitment success in this cod population:



1) reduced oxygen concentrations in the deep basing of the Baltic (caused by low intrusion rates of
Kattegat water and oxygen consumption due to eutrophication) have produced conditions which are
detrimental for reproductive success and recruitment;

2) physical oceanographic and food web processes occurring durrng the first year of life influence the
abundance of prey and predators of larval and juvenile cod, thereby influencing the growth and
survival of these life stages;

3) abiotic factors (e.g. temperature, salinity) dlrectly atfect the survival of ood eggs.

Analysis of these hypotheses requrred mvestrgatron -of assoclatrons between blologit':all variables and
- climate/physical oceanographic parameters, preferably using long-term data series. Many such data series
existed at the start of this project so the raw material for hypothesis-testing was ava:ilable and couid be
extended with additional observations conducted during the prolect period in other tasks However, for many
of the variables of interest (e.g. egg abundance, oxygen condition in spawnlng areas wind speed}, the
individual data series were unsuitable for direct statistical analyses Sampling and measurement techniques
varied over time and/or between institutes. As a result, it was necessary io allocate a considerable effort to
the preparation, intercalibration and configuration of data series for further analyses within both the Trend
Analysis and Recruitment Modelling tasks. Most effort was applied to those variables and datasets which the
literature suggested would have the most direct and significant influences on cod reproductron and
_recruitment. These vanables were those relating to the productlon and sunrwal of eggs and Iarvae and
. oxygen conditions at spawning sites.
| A calibration of samplmg methods for cod eggs and larvae showed that two long-term data serres could be
combined. This allowed trends in egg and larval abundances in the maln spawning basins to be interpreted
over several decades. Dunng the 1970'|es, egg and Ianral abundances were high and relatwely stable.
However, abundances decreased from the early 19801 |es untrl the mid 1990%es. This pattem was seén in all of
the major spawning areas, the Bornholm Basin, the Gdansk Deep and the Gotland Basin. The downward trend
in the Bornholm Basin stopped in 1992 -and egg abundances increased in 1994 and 1995 to levels, which
exceeded those  observed throughout the entire trme series {1 954~present) Abundances in 1996 were similar to
levels observed dunng the entire 1970‘5 and therefore must also be consrdered as hlgh Larval conoentratrons
however remained fow. Egg and larval concentrations in the Gdansk Deep and Gotland Basins have remained
“essentially zero since the late 1980%es. ' E
The high concentrations of eggs in the Bornholm Basin occurred during a period when cod spawning stock
biomass and the abundance of a known cod egg predator (sprat) were respectively below and well above
long-term averages. Improved oxygen conditions (due to saltwater inflows during the winters of 1993-94),
coupled with possible changes in spatial distribution of the cod stock, increases in relative fecundity, and
altered predator-prey distributions may have contributed to the high concentrations of’ eggs observed during
the project. ' o
The calibrated egg and larval surveys were also used to estimate the timing of peak spawning in the
Bornholm Basin, and evaluate how timing varied with population age structure and water temperature. The
timing of peak spawning was delayed by cold temperatures and a higher than average proportion of first-time
spawners in the population. However this pattern was only evident when the spawning biomass of cod in the
Bornholm ‘Basin 'was low {< 40,000 t); the timing of peak spawning at higher stock levels could not be
analysed, but was likely influenced by competition for food..



- Environmental conditions were shown o affect cod reproduction and potentially recruitment. A new time
series of water volumes having suitable:oxygen, salinity and temperature conditions for cod egg development
- in"the Bornholm Basin was constructed. A comparison of wolume estimates derived from a 36-station grid in
the basin and from single stations showed that one carefully; chosen station can be used to estimate the
entire. volume of suitable water throughout: the basin. This time series also showed fiuctuations that were
highly correlated. with a similar- but -independent time series collected by the Latvian Fisheries Research
-Institute- in: the. same area, . but constructed from different hydrographic data. Latvian measurements
- elsewhere in the eastern BaRic also show that reproductive volumes in the Bornhoim Basin have consistently
been larger than those in the three other spawning areas {Gdansk Deep, southern and central Gotland Basin)
since the early 1950's. o _
Analysis of the temporal variability in the reproductive volumes showed little evidence .of an overall increase
or decrease since the 1950's. However at shorter time scales, significant variation exists, and in. many years
(e.g. much of the 1880%es and early 1990%es), the Bornhoim Basin was the only site which supports cod egg
development. This situation changed after inflows of saline oxygenated water in January 1993, the conditions
improved significantly in all basins for a short period. However, in most recent years, oxygen levels have
-decreased again.in all areas, so that the Bornholm Basin, and to a much less extent the Gdansk Basin, are
- presently the only sites capable of supporting-successful cod egg develdpment. _ ,

In general-in all cod spawning areas in the: eastern Baltic, reproductive volumes are larger in spring (May)
..than in summer (August), but the seasonal decrease varies significantly between years and areas. The extent
. .of the seasonal decline between spring and summer in the Bornholm Basin is significantly greater in years
-when water temperatures. in the spring are warm in the surface mixing layer and the halocline. In.addition,
-during warm -years, the concentration of zooplankton throughout-the central Baltic in May is significantly

higher than in cold years and the seasonal decrease in reproductive volume appears to be positively

correlated with the abundance of zooplankton. These associations suggest that low spring temperatures

{which were found to be significantly correlated to the maximal area of ice coverage in the previous winter)

affect the functioning of the pelagic food web of the Baltic, including processes (e.g. produc_tion and

decomposition of organic matter). affecting cod reproductive volumes. We then considered the long-term
‘trend in the seasonal variation itself. This analysis suggested a weak but significant increase in the seasonal

decline in reproductive volume in the Bornholm Basin between spring and summer during the years 1952-
1992, _ _ _ | - .
Environmental conditions also have other effects on egg and larval survival. In warm years, cod larvae
;produced in May will experience higher food concentrations than in cold years and may be able to grow and
-survive at higher rates. Warmer temperatures will also directly stimulate feeding and gfowth rates. Wind
conditions affect drift trajectories .and the predominant directions. of the wind that aifects these trajec,iories
-varied during. 1966-1996. The abundance oi cod egg predators (i.e. sprat and herring) has also varied during
the last 2-3 decades and one of these predators (sprat) is presently at its highest recorded level. Statistical
. analyses showed that sprat recruitment was not related to spawning stock biomass, but was significantly
lower in years with low water temperature. The effect of temperature on sprat recruitment is possibly due -to a
detrimental effect of cold water on development of sprat eggs. _

The overall results of the task were highly. positive and alt major project commitments have been met. Task
activities have enabled intercalibration and (re-}construction of extensive time series of both stock-related
{e.g. egg and larval abundances) and environmental information (e.g. spatialiy- and temporally-resolved



hydrographic conditions at spawning sites, wind indices. related to larval drift from spawning sites}. These
~ time series are matched by few (if any) other cod populations around the North Atlantic, nor by few:other fish
populations around the world. As a result; the time series produced in this project are of higher and ‘more
reliable quality than those previously available to the Baltic fisheries community for its various modslling:(e.g.
recruitment,: retention/dispersion), assessment andstatistical analyses. They- should be an invaluable
resource for the management of the cod stock and the Baltic ecosystem in the years to-come, particutarly if
they are maintained and updated. ‘Statistical analyses of the assembled data series have:identified new
- mechanisms-by which environmental variability can influence reproductive success, and ways that stock
characteristics can interact with environmental conditions to generate variability in reproductive success. In
addition new hypotheses (e.g. retention/dispersion of eggs and larvae from spawning areas, temperature
effects on reproductive volumes, predators of cod eggs.and larval food concenirations) have been identified
that were examined in‘more detail in other tasks within the project.

3.2 . Maturation processes, timing of spawning, spawning stock structure and distribution, egg
‘production and quality of spawning products

The identification of the finks between the adult stock component, environmental conditions; and the
production of viable eggs Is critical for the determination of any stock-recruitment relationship. The present
section focuses on the egg production by Baltic cod in relation to the structure, abundance and distribution of
the stock, size and sex specific maturation processes, timing of spawning, individual female fecundity and the
viability of spawning products including contamination effects. These parameters in combination enable an
“estimation of the potential viable egg production by the Baltic cod. However, the age and sex composition,
t|m|ng of maturatlon and the number of oocytes produced by individual females have been demonstrated to
vary between years ‘and areas and underlymg proceeses needed to be mvest:gated ' ‘

-Maturity ogives and sex ralios

Extensive data on sexual and gonadal maturation of cod in different areas of the Baltic have been ‘compiled,
based partly on historical data and partly on new material from trawl surveys conducted within the project.
The maturity ogives dérived from the Baltic Interational Trawl Survey in the first quarter of the vear
confirmed that males in general reach Sexual maturity ‘sighificantly earlier than females. Differences in-the
~ timing of sexual maturation between stocks were also revealed, i.e. the cod in the eastern Baltic' stock
géneraliy reach maturity at an older age than cod in the western' Baltic stock. Even within stocks there is a
clear trend of attaining sexual maturity at a progressively oider age from the Belt Sea to the Gotland Basin.
The meUJrify ogives were not constant over time, but showed a time trend to earlier sexual maturation-at age
from the 1980°ies to the 1990°ies in the Central Baltic, however, with considerable inter-annual variability.
“Time series of ccmbmed as well as female and male matunty ogives have been established, taking'into
account the dlfferences between Subdivisions in sex specmc maturity ogives and sex ratios (see below) as
well as'tempora! changes in the spatial distribution within the stocks. The established time séries deviate
 substantially from the maturity ogives used in stock assessments prior to 1997, kept constant over time. As a
consequence VPA estimates of the spawning stock in numbers’'and biomass are’ reduced con3|derably for
the 1970 |es and 1980'|es when applymg the newly establlshed maturity oglves
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Timing of spawning activity and stock structure

. The timing of gonadal maturation differed between the sexes:in all areas investigated. The males reached
spawning: condition ea’riier‘_thantfe'males and entered also. the spawning areas earlier resulting in a high male
- abundance on the spawning.grounds prior to the onset and in the beginning of the spawning period. The start
and duration of the spawning period differed between areas with a progressively later female spawning period
~.from Kiel Bight (February fo June) to the Bornholm Basin {May to September). The timing of main spawning
.activity in-the: eastern Baltic did not differ substantially between areas and sexes {app. May-August), but
“spawning was in general of longer. duration for males. The size composition of the spawning components in
(.the -various areas-in the eastern Baltic changed over time and the proportion of females exceeded the
.proportion: of -males.:in the laie spawning period. In the beginning of the spawning period an increased
proportion of larger female cod was in spawning condifion compared to smaller fish with a tendency to
~continue spawning longer as well. However, the timing of peak spawning tended to be similar for all size
‘groups. For males, the timing of gonadal maturation and peak spawning did not differ substantially between
“length groups, but the duration of the spawning stage tended to be longer with increasing size.
The sex and size: dependent reproductive. strategies with an eariier start and a longer duration of the male
~ spawning period compared to females suggest that the mortality of males may be higher than the female
mortality rates, caused by a high fishing effort in spawning areas of the central Baltic in the second quarter of
the year. The longer duration of the spawning period is also likely to increase the natural mortality of males
due to a higher physiological stress level, which in combination with the earlier sexual maturation would
expiain the decreasing proportion of mates in the stock with increasing size/age.
The compiled ‘data on gonadal maturation and egg abundance confirmed for both stocks a clear shift of
. spawning activity to-later months of the year within the 1980°ies and 1990%ies. Maturation data from the
. Gotland. Basin showed no spawning of young females in March/April since 1985. A similar retardation in
: spawning is obvious since 1981 for intermediate sized females, whereas larger fish showed a graduat delay,
but are to minor certain extend stili spawning in March/April. Shifts in the spawning time have previously been
related to changes in the age composition and age specific differences in the timing of gonadal maturation.
. The present analysis confirmed that larger females start spawning earlier than smaller ones and that the
-proportion of older ages has been low during the 1% half of the 1990°ies. However, an analysis of the Baltic
.. International Trawl Survey Database {BITS) revealed a low proportion of old fish similar to the beginning of
the 1990°es already in earlier in the 1980’ies. Furthermore, the increasing proportion of older fish in 1996/97
caused by the slightly above average year-classes 1990 and 1991 did not result in earlier main spawning
activity. Also in Subdivision 26, the corresponding proportion of repeat spawners was in general well above
© -the level in Subdivision 25, especially in most recent years, while the timing of spawning is rather similar.
. Thus, the corresponding shift in spawning activity described for both populations can not be explained by
.changes in the proportion of older fish in the stock alone. This is also confirmed by the observed size-specific
- -delay-in the onset of spawning of females in the Gotiand Basin. The shift in the timing of the gonadal
maturation and spawning has been related to the growth rate, dependent on food supply and stock density.
. According to this hypothesis high. clupeid and low cod stock levels should have resulted in early sexual
maturation (which has in.fact been shown by our analysis) as well as early gonadal maturation (which is
_ obviously not the case).



Distribution of the stock

From the analysis of the BITS database, a general decrease in the abundance of the spawning stock is
evident for all areas in the central: Baltic during the 1980 ties. It is-most pranounced in Subdivision 28, where
in ‘contrast to. other areas, no sign of stock recovery has been observed yet. From abundance indices of
-iuvéniles it is obvious, that a substantial recruitment originated from a large spawning population:in the
Gotland Basin in the beginning of the 1980"ies. In the 2™ haif of the decade, the abundance ‘indices: of
recruits in the eastern Baltic were extremely low. This confirms the results from ichthyoplankion. surveys
indicating an almost' complete failure of cod reproduction in the Gotland Basin in the last 10 years.:The
increase in the spawning stock in Subdivision' 26 in recent years appears to be caused: by -successful
-reproduction in the Bo'rnholm Basin, with. the exception of 1994, when a major Baltic-inflow allowed a limited
reproduction in the eastern Baltic. - : S _

Related to the question whether and to. which extend cod migrate from the eastern spawning areas into the
Bornholm Basin to spawn, especiafly. in times with unfavourable hydrographic: conditions, a substantial
increase of CPUE in the Bornholm' Basin accompanied by a decrease in Gotland and Gdansk areas from
March to July/August indicates that: migration from the eastern areas to the Bornholm spawning area might
have taken place in 1296. ' '

Spatial distribution of cod in relation to hydrographic conditions

Hydrographic and bathymetric factors were found to influence -significantly the ‘spatial distribution ‘of Baltic
cod, thereby providing empirical evidence ‘of strong habitat associations. The results showed that oxygen
concentration and salinity were the main determinants of adult cod distribution-with the habitat being defined
at the upper limit by the halocline and at the lower limit by oxygen content. The effect of temperature was
found not to influence the distribution pattern of neither adult nor immature cod significantly, while immature
- cod aburidance was positively related to decreasing bottom depth within the observed range. Although the
habitat preference may vary spatially and seasonally, the results emphasize that the distribution of ‘Baltic cod
is' affected by hydrographic conditions as well as by bathymetry. The volume and oxygen content of the deep
" saline water differ substantially between areas and years; which indicates that the available preferred habitat
varies both spatially and temporally and influences cod catchability and abundance estimates, as well-as the
stock size. The environmentally influenced distribution patterns of cod suggest that monitoring a few selected
- hydrdgraphi'c variables during trawl surveys may improve the reliability of abundance estimates of Baltic cod.

Individual female fecundity

“Historic investigations on the fecundity of cod in the Baltic were rather limited in their temporal coverage and
refer _rﬁainly to the western Baltic and the Gdansk Deep. Due to a relatively high variability in both absolute
and relative fecundity encountered in these studies, for which the reasons were unknown, a specific analysis
procedure had to be developed and the obtained results had to be investigated in order to |dent|fy mgmfucant
temporal and spatial differences in individual potential egg production. R

In"total 1250 ovaries have been analysed originating from a 10 years period (1987-96), covering mostly
Subdivision 25, but for comparative stidies also other ‘spawning areas. For éach sampling date'and area,
relationships between individual fecundity and length as well as weight were established using different linear
and non linear regression techniques. Significant differences in fecundity were determined between different
years and stocks, but not between different sampling dates within one spawning period nor between different

6



" 'spawning grounds. Together with - fecundity data extracted from the literature, a time series of relative
fecundity was established for the Central Baltic cod stock, covering the period 1976-96. Attempts to explain

the obtained significant inter-annual deviations in relative fecundity (up to 33%) by hydrographic conditions
(i.e. the temperature regime during the preceding winter) or the nutritional status of the females (i-e. condition

factor, hepatosomatic index) -were not successful. Required research actions to solve the problem were

- discussed and outlined, but were, due to their complexity, beyond the scope of the present project. A first
approach to investigate the occurrence of atresia demonstrated that degeneration of cocytes is a frequent
phenomenon in the field, however, with a relatively low intensity.

. Viability of cod eggs and larvae

- Differences in-egg quality might be an important parameter in explaining variation in recruitment of cod. In
- addition to stock parameters, egg quality of cod in the Baltic might be affected by contaminants. This has
--been discussed since the 1980°ies when high malformation rates at early egg stages were recorded in
ichthyoplankion samples. .
< Aiming to elucidate egg quality of Baltic cod in refation to female age/size and in comparison to other stocks,
--Baltic and Skagerrak cod were kept in tanks-throughout the spawning season and egg and larval viability up
“to day. 10 post hatching was assessed in subsequent batches from individual females. Incubations yielded
low variability between both replicates within batches (on average 3.112.2% viable hatch and 7.215.6% larval
" 'survival) and between batches from individual ferales (on average 6.615.2 and 6.7+4.0% viable hatch and
larval survival respectively) with low frequency of nonviable hatched larvae (on average 3.7£3.3%). Viable
hatch for individual females ranged between 33.5 and 96% and larval survival from 68.5 to 95%.
Analysis: revealed no effect of egg size on viable hatch, whereas larval size, growth, and survival during the
‘yolk sac stage were significantly. correlated to -eqqg size (P<0.001 for all parameters). As egg size vary with
“female. age/size and stage of spawning the results suggest that larval viability decreases with number of
- 'spawned:baiches during the spawning period.of an individual female and increases with female age/fsize.
Based on the relationship between eqg size and larval survival, estimations of larval survival probabilities
varied from 64% for a 2-year oid female to 86% for a female age 6+. Comparison of viable hatch and larval
survival between newly caught Baltic and Skagerrak cod revealed no- significant difference between the
stocks. Viable hatch:averaged 85+9% for Battic and 91+3% for Skagerrak cod and larval survival 87+5% and
87+4% for Baitic and Skagerrak cod respectively. This is consistent with reported egg survival for cod from
- ‘northern Norway (80+11%}. An equally high figure for egg survival of the three stocks indicates that Baltic cod
is not affected by a reproductive disturbance influencing egg quality.
Incubation of eggs with malformations at early blastula stages, with normally developed eggs from the same
. batch -as controls, revealed that viability of eggs with malformations .is highly variable. The results suggest
‘that irregular cell morphology at early blastula stages might be repaired as a number of eggs displaying
- malfermations resulted in viable larvae, i.e. this-parameter is not a consistent indicator of egg quality, as has
been suggested, and should be. used with caution when assessing egg viability in e.g. ichthyoplankton
sampling. : 3 :
The proportion of fish age 6+ in the Baltic cod stock has decreased from 8.2-11.2% in the mid 1980ies to
1.5-2.6% in 1993/94 only slightly increasing afterwards to- 3.4-4.0%. The resulis obtained in the present
investigation suggest that the poor recruitment of Baitic cod during the 1990°ies might be caused by a low



number of repeat-spawners producing:high quality eggs and consequently egg quality aspects should be
“incorporated in stock-recruitment relationships.

Contamination of sex products with toxic substances .

Three series of successful experiments on fertilisation and egg and larval development conducted on board
RV Dana (1995, 1996) and RV ‘Alkor (1996) respéctiVely, clearly indicated negative correlations between
organochlorine contaminant concentrations of cod ovaries -and reproductive success (percentages of. larval
hatch, survival, growth and developmental stage) of spawned eggs. The Dana series obtained:in 1996:also
revealed corresponding regional differences between the Gdansk Deep and the Bornholm Basin, i.e.
significantly lower maternal condition together with lower hatching success, lower larval survival of larvae
after hatch and lower developmental stage were seen in eggflarvae batches obtained from females caught in
- the Gdansk Deep. In contrast, comparable experiments with eggs of cod: from a) the Swedish West Coast,
b) Baltic cod kept in-the Lysekil for 2 years, ¢) newly caught Baitic cod and d) lab-raised Baltic cod did not
yield similar correlations. However, the egg and larval performance showed also in general- higher: survival
rates compared to the: Dana and Alkor experimental series, which might be explained either by the fact that in
Lysekil voluntarily spawned egg were used, while the field based experiments were performed with stripped
‘eggs or-that in general no high contaminant levels were detected in the Lysekil samples, The: only obvicus
deviation between the differenit groups of .cod in the Swedish experiments occurred in: elevated
DDT/DDD/DDE values in the newly caught Baltic cod eggs. The latter group. was also the only one fed with
Baltic sprat, whereas the other groups were fed on Skagerrak sprat, being considerably less contaminated. A
first limited histological study on the occurrence and intensity of atresia in'cod ovaries, of which a limited
number was also analysed for organochlorines, indicated that the intensity of atresia is positively:related to
elevated contaminant burdens. In summary, it can be concluded that contaminant burdens occurring in Baltic
cod are likely to reduce the reproduction -potential 10- a certain exiend. We do not assume - that the
contamination situation presently threatens the survival of the Baltic Sea cod stock as a whole, but:it may still
be a serious problem in certain areas. '

Estimation of viable egg production

Potential annual egg production estimates of different Central Baltic cod stock components for the period
1976-96 were derived on basis of newly established ferale maturity ogives and sex ratios, new-extensive
" data on individual female fecundity as well as stock size and biomass per age-group derived by area dis-
aggregated MSVPA runs. Additionally, the viability of the offspring (larvae) in relation to maternal age is taken
into consideration in corresponding viable egg production estimates. : o L

To check whether the established time series are reliable, annual as well as daily egg production estimates at
specific sampling dates were related to field measurements, i.e. egg- and larval abundance values obtained
from ichthyoplankton surveys. Due' to highly variable egg mortality rates, no significant correlations were
revealed, independently whether a viability array was applied or not. However, egg production estimates of
the youngest developmental stage derived from ichthyoplanikion surveys were significantly correlated to the
potential and the viable egg production: This indicates that the production rates determined are-a reliable
measure of the actual egg production by the spawning stock in the different major spawning areas of: the

Central Baltic.



. "According to the established data series, the egg production was on a rather high level in the late 1970'ies
“and remained o this:level-until 1984 (though the reproductive ucéess had already declined). Caused by the
decrease in the ‘spawning stock- the egg production .deciined: drastically- until 1991 in ali major spawning
‘areas. In-contrast to the other areas, in Subdivision 25:a substantial: increase in egg production was
-determinied for-most recent years, reaching nearly similar levels as in the early 1980%es. In Subdivision 26, a
moderate increase:in egg production was estimated for 1995/96, reaching the intermediate levels of the mid
1970%ies. In Subdivision 28 the-egg production did not show any recovery and is still on a very low.level, i.e.
only around 3% of the historic- maximum. The relafive contribution of first time and repeat spawners to the
‘potential ‘egg production showed. considerable fluctuations in- Subdivision 25, the latter being .on average
substantially lower than in the other spawning areas. A simple. relationship:between periods of high egg
- production by well-established repeat spawners and high recruitment success could not be determinad within
‘any of the areas. , o o
- The potential egg-preduction in 1993/94 estimated for the Western Baltic cod stock was significantly lower
than in the Central Baltic, i.e. around 15% of the production. This is, due to a higher individual fecundity in the
Western Baltic stock, in fact slightly higher than expected from a comparison of the corresponding spawning
stock biomass values. -

3.3 - - Physical and chemical factors acting directly on the developmental rate, mortality and smali-
- scale distribution of eggs and larvae

For the identification -and examination of hydrographic factors influencing the development and survival of
‘Baltic cod eggs and‘larvae & close linkage between fieid, laboratory and modeliing studies was established.
Cod sp'awning areas were covered by combined ichthyoplankton/hydrographic surveys during spawning time
‘and ‘the impact ‘of obtained environmental variability on' developmental and survival rates was tested in
‘controlled laboratory experiments. Subsequent numerical simulations ‘enabled an examination which
‘hydrographic processes acting in the Baltic have most-impact on successful development of eggs and early
larvae. Funhermore, the -vertical distribution: of larvae and their prey where investigated in relation to small-
scale hydrographic processes. '

- Distribution and hydrographic environment conducive for survival of cod eggs and larvae

Resuits from 11 years of intensive field studies on the vertical distribution of Baltic cod eggs in relation to
safinity, temperature, and oxygen conient were summarized. The observation period 1986-96 covers a variety
of common hydrographic scenarios in the Baltic: high salihity in the deep water after strong inflows (1993 and
-1994), low to intermediate salinity in the deep water after weak to moderate inflows (1990, 1991 and 1992),
“oxygen deficiency in the bottom layer during stagnation periods (1988, 1989, 1995 and 1996) and oxygen
' Eleficiency in the bottom layer and iow temperature in the intermediate layer after severe winters during
stagnation periods (1886 and 1987).
‘It has been demonstrated that the actual salinity regime is the primary factor determining the egg distribution,
“whereby critical oxygen levels and temperatures have additional effects. From field observations, the
" tendency was identified that eggs sink towards deeper layers during development due to an increase in
 specific gravity. This effect has implications for the interpretation of field estimates of egg mortality.
“The influence of the hydrographic parameters on the distribution patterns was analysed, and‘a predictive
artificial neural network model for the estimation of mean ambient development temperatures encountered by



Baltic: cod eggs was -established, explaining 82% of the variance of predicted vs. observed relative
frequencies for the full series of observations. This confirmed that salinity is the primary factor. determining
the vertical distribution:of -eggs, and that the deviations between theoretical and abserved frequencies were
largely due to limiting oxygen concentration and low temperature. As only slightly more than 80% of. the
observed variance was explained by the ANN, it is likely:that additional factors also contribute to the vertical
distiiution’ of the eggs. One such factor could ba the age structure of the spawning stock, which.has
-changed:considerably during the past 10 years. Small cod females produce on average smaller eggs than
large females, and their eggs are less buoyant. The distribution of the eggs can therefore be expected to be
'shifted towards higher salinity, concurrently being subjected to: unfavourable -oxygen- conditions - limiting
survival. The structure:of the spawning stock and accordingly the average egg size produced by the females
may therefore be a factor influencing the vertical distribution of eggs per se, in addition to pre-spawning
adaptation of the eggs in the gonads and at fertilization in dependence of the ambient salinity. Apart.from this,
the- ANN model can be regarded as an adequate .tool to predict the vertical distribution and ambient
temperature for the development of cod eggs in the Bornholm Basin. '
The impact: of the special hydrographic .conditions on cod egg mortality was studied: by comparing mortallty
rates estimated for time periods characterized by different environmental situations. At all sampling dates.egg
mortality changed considerably during development, but with pronounced differences between the different
dates. Highest mortality rates occurred in the developmental period before the closure of the blastopore‘and
just prior to hatch, in particutar when critical oxygen levels in the bottom’ water restricted substantially the
vertical range inhabited by the eggs; which corresponds well to findings from laboratory studies (see below).
Cumulative egg mortality until hatch varied from 93.6 to 98.6 % in studies based on repeated surveying of the
distributional area and amounted to-99.9 % for a drift' study conducted in July 1996. Thereby, the most
pronounced differences between the sampling dates were found in the early egg deveiopment untii the end of
- stage IB:. Comparing the cumulative mortality until hatch of different cohorts with the reproductive volume in
the Bornholm Basin a weak, but insignificant correlation is indicated for the period 1987 to 1992. Hence,
either the reproductive volume alone does not adequately describe the environmental conditions duri_ngi: edg
development or other factors than the hydrographic regime have to be considered additionally. The
pronounced variation of mortality in the early egg period rhay indicate an impact of age struciure of the
spawning stock influencing the initial viability of the eggs (see below); and especially for the older egg stages
- predation can be an important source of. mortality.

Expenmenfs on the :nﬂuence of temperature sahmiy and oxygen concentratron

' The incubation of eggs under different oxygen levels resulted in different mortallty rates, hatchlng success,
and larval survival for eggs obtained.from the same female. Combining these data with results obtained
-earlier:in the project confirmed a significant influence :of oxygen content on. egg and larval _suryivall,: with
minimum requirements of 2 ml/i oxygen concentration for successful hatching. The overail developmental
time from. fertilization to hatching was not varying significantly between the tested oxygen concentrations.
- These results indicate that oxygen has an important effect on. mortality rates, but not on developmental time
-of cod eggs. Based on these laboratory: results a functional relationship describing'the impact of different
oxygen saturation levels on the viable 'hatch. of cod ,Iarvae -was established. Temperature is an important
~factor controlling the rate of egg development. A dir_ec_:t influence of temperature on egg montality has not
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.-been considered in- the expenments but the results from the: faeld studies indicate that temperature is a
limiting: factor ofily-in ektreme years. - ' ‘
-The vertical migration and -behaviour of young cod larvae is closely related to the developmental progress
during the'yolk-sac stage. Newly hatched larvas were nearly buoyant when hatching at 15 psu. They showed
' only limited vertical movements. With ongoing development, they lose buoyancy and became more and more
active to compensate sinking. This necessily is reflected by an increase in ventical activity four days after
“hatching. Maximum activity was recorded between six and ten days after hatch. Progress in eye pigmentation
and fin development-as well-as functional mouth opening takes ptace right in time to enable larvae io migrate
and start feeding in upper water layers. Larval vertical behaviour is a combination of hop and sink. Positioning
is thus mainly determined by larval activity as well as buoyancy and only to a minor extent by cruising speed.
Reduction of oxygen has negative influence on survival during early larval stages and also on their activity.
- However ‘older larvae were able to cope with unfavourable oxygen conditions in-the experiments down {o 2
ml/l-oxygen concentration. - - _ _
Results on the salinity requirements for ferfilization success and buoyancy of eggs obtained for the westem
and eastern' cod ‘stock in -comparison imply-that the western stock could- also successfully spawn in the
Bornholm Basin, at'least in years after an inflow, and further that both stocks can in principie spawn in the
‘Arkona Basin. However, in stagnation periods the hydrographic. conditions in the Bornholm Basin form an
ecological barrier separating the Belt Sea from the ceniral Baltic cod stock. '
Measurements of egg diameter revealed no significant correlation between female condition and egg size,
but between female size and egg size within the first spawned batch. Furthermore, a correlation was found
between egg size and corresponding salinity required for reaching neutral buoyancy. Compiling these
‘relationships with additional data on batch fecundity (from the literature), average specific egg buoyancy
* values were determined for several age groups. The results showed older females to produce more baiches
and eggs with a lower gravity than recruit-spawners did, i.e. these eggs will develop at shallower depths with
more favourable oxygen conditions and thus have a better chance:to survive. The impact of the age:structure
of the spawning stock will therefore be higher.in years with low oxygen saturation. in the Gdansk Deep and in
the Gotland ‘Basin where salinity in the bottom layers seldom exceeds 12 psu and oxygen conditions are
‘often unfavourable, it is likely that. only well established repeat-spawners have a chance to contribute to
‘recruitment.

Small-scale distribution of larvae and their prey in relation fo small-scale hydrographic processes

During sampling with an Optical Plankton Counter and an Ichthyoplankton Video Recorder only extremely low
numbers of larvae were recorded. As it was not feasible to study farval distribution and their prey in relation to
small-scale hydrographic processes utilizing this material, data from sampling during 3 cruises in 1994
obtained by a multiplefopening and closing net (BIOMOC) were used to resolve the vertical distribution of
‘larvae and their prey (resolution-5 m).:
Cod larvae were found in all observed depth intervals with the highest mean abundances during daytime from
30-40 and 60-75: m, :while during night peak abundances were observed between 25-30 and 70-76 m. The
~mean length of larvae above the halocline was significantly larger than below. Larvae < 4.5 mm length were
mainly yolk-sac larvae beiore first-feeding and apparently concentrated below the halocline. Larvae ranging
.~ from-4.5-5.5-mm ({first-feeding larvac) showed: clear peaks in abundance -above and below the halocline in
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two occasions, while in a third they were concentrated in the upper 45 m. The 5.5-7.5 mm group {feeding
larvae) aggregated in the upper 45 m during the night and spread throughout the water column during day.
‘No significant association during daytime between the average density of cod larvae (mean-of 3 profiles)-and
-any of the prey groups was found. Replacing the food density with food availability, which was the combined
. effect of .illumination .and food abundance; significantly improved the correlation coefficients, i.e. strong
rélationships were found with copepodite stages as food items.
- The bimodal larval distribution observed is expected to be the result of the egg dlstnbutlon and the vemcal
* migration of larvae for optimum feeding conditions. The timing of the vertical migration of cod- larvae -into
" upper water layers coincides with the time of highest swimming activity (see above) and is undertaken-long
‘before the onset of diel migration of codilarvae. _ 3
~In conclusion; this study on the vertical distribution of cod larvae in the Bomholm Basin has. shown that the
above/below halocline distribution in the water column is determined by larval age, as reflected in- the
distribution of larval sizes and stages. The upward migration of first-feeding larvae suggests that. the
distribution- In the deep water is sub-optimal with respect to feeding. Small scale distribution (~ 5 m) of.the
larger feeding larvae seems to be 'governed by food abundance and light regime through their- combined
effect-on food availability. The larvae aggregated on all cruises in the depth of optimum light conditions during
sunrise and sunset, which are considered to be their principal feeding time. Furthermore, this aggregation
was consistent in spite of large differences in temperature, thermocline depth, and subsequent water density
between cruises. '
Physical factors affecting the oceanographic envirohmeﬁt
Numerical simulations ‘required for the examination of hydrographic factors conducive for successful
development and survival of Baltic cod eggs were conducted. The actual. salinity regime has. been. clearly
recognized -as the primary factor determining the distribution of Baltic cod eggs and via the oxygen
enrichment the survival of eggs. The modeliing exercises have identified the importance of inflows of saline,
oxygen enriched watef masses of the Kattegat/Skagerrak region and the North Sea into the Baltic Sea.on the
recruitmient success of Baltic cod. These inflows increase the volume of water with suitable oxygen and
salinity condition for successful -deVeIopment and survival of cod eggs. Ancther candidate process to
potentially increase the spawning volume is the surface wind stress resulting in enhanced mixing at and
below the haloclme In contrast the effects of winter convectlon on oxygen levels in the halocline seem to be
limited. T '

3.4 . Meso-scale distribution of pelagic early life stages and densities of 0- and 17group'i":6d "

. Horizontal distribution.of eggs and larvae

The horizontal distribution of the youngest egg stage at main spawning time in 1986-96 was investigated for
ilentification of areas' with most intensive spawning in the Bomholm Basin. In all years, areas of high egg
" abundance were found mainly in the central part of the basin in water depth exceeding 75 m. The extension
of the area(s) of high egg abundance increased with egg development due to dispersion, however, the older
eqgg stages appeared to be retained within the area enclosed by the 60 m isobath due to the salinity levels
 they require for attaining neutral buoyancy. The horizontal distribution of cod eggs by developmental stage at
main spawning time in 1995/96 differed from those observed in preceding years, and in general also from
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distributions-described for previous time periods when the eggs were by far most abundant in the central part
of the Bornholm Basin. ‘This,  however, can be explained by two:factors:. 1) the inflow event in early 1993
raising the halocline: and ‘thereby influencing the vertical: distribution of cod. eggs allowing also the deeper
-distributed cider egg stages to float in a wider region, 2) a shift of the spawning centre towards the basin’s
edges occurred. - -
~ The distribution of yolk sac larvae was closely associated with that of the oldest egg stage, whereby spatial
~ differences in the developmental success were detected. Later larval stages are exposed to layers below the
direct wind-driven surface currents, and hence their distribution patterns were strongly influenced by a return
flow compensating the direct wind driven circulation. As shown for August 1991 prevailing, stronger westerly
winds resulted in a rapid transport of the larvae away from the hatching sites towards shallow coastal regions
in the north. Whereas in periods of low, variable wind forcing (May 1988) larvae were retained in the central
-part of the basin.
-A comparison of cod egg and larval abundance. in the different spawning grounds of the entire central Baltic
clearly demonstrated the important role of the Bornholm Basin for recruitment of Baltic cod. It seems that the
“inflow event in early 1993 did not significantly change the situation in the mare eastern spawning: grounds.
Thus, in 1993-1996 limited numbers of cod eggs were found in the southern Gotland Basin and the Gdansk
Deep, with highest abundances encountered in the latter area in 1994, With one exception larvae were
“encountered- only in the area of the Bomholm Basin, indicating a limited developmental success of eggs in
the more eastern spawning-areas.

Horizontal distribution and diurnal migration of 0-group cod |

- Distribition, density ' patterns and diurnal migration of metamorphosed 0- and 1-group Baltic cod were
- analysed' in relation to environmental conditions on basis of ‘intensive hydroacoustic, hydrographical, and
trawl survey activity conducted within the  project. Results contributed new knowiedge on the spatial
~ distribution, localization of nursery areas, habitat selection, and recruitment biology-of pelagic and demersal
stages of metamorphosed 0- and early 1-group cod.

Methodology development has included hydroacoustic measuremenis and integration {high frequency 120
kHz split beam echosounder) and concurrent sampling with large, fine meshed trawis. This method has been
employed for the first time in the Central Baliic for detecting and localizing juvenile 0-group and early 1-group
cod. In order to do so, results from supplementary experiments to. measure ex silu Target Strengths of free
* swimming juvenile cod in laboratory have been made. Difficulties in applying this combined hydroacoustic
and trawl sampling method have been identified, due to: '

| " - the scattered and bottom near distribution of the juvenile cod,
- the highly stratified waters of the Baltic Sea,
- the co-occurrence of young cod with sprat and small herring (showing overlapping Target Strength
values). - ,

Hence, hydroacoustic abundance estimates of juvenile cod are more complicated to obtain compared to a
situation where the juvenile cod is disfributed in isolated, large patches in pelagic water layers -above the
pycnocling, as originally expected.

Nursery areas have been located for juvenile cod (size group 2-11 cm) in the Ceniral Baltic, however,
obtaining information on the full distribution of all potential nursery areas was not possible. The juvenile cod
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“occurred in all‘areas of the Central Baltic with varying densities, but mainly at localities. with 20-80 m bottom
depth, -and in: waters with relative high oxygen content. They seem never to aggregate in schools, .which
indicates different distribution pattern and behaviour of these life stages compared to the North Sea.
Stomach content analyses of juvenile cod revealed size selective feeding by identification of -habitat: specific
pelagic or demersal prey groups, and indicated size dependent vertical distribution and migration. Trawl
samples and collected hydroacoustic Target Strength data showed that pelagic juvenile are associated with
the pycnocline at night or concentrate in near bottom water layers in areas with a stratified water column. in
mixed water columns,:i.e. in more. shallow areas, juveniles were found tc be more scattered in the water
column. . : ' ‘ , -
Extended investigations on the diurnal vertical migration of 0-group cod have been periormed: by repeated
depth stratified fisheries during night and day. For 0-group cod with a total length of 2-6 cm catch rates in the
surface layer were higher than close to the bottom. At localities with intermediate water depth (from 31-60 m),
catch rates of 4-9 cm' long juveniles decreased in- the ‘surface layer and increased near to the bottom
significantly: from- day to night. In shallower regions, with 21-30 m- depth, -such differences could not be
observed in:near bottom hauls. In deeper water {> 60 m). no 0-group cod was caught near tc the bottom
during night. ‘ ‘ o
The methods used, including: diet” composition analyses- and aiso checks of ofolith microstructure -have
provided key information on processes influencing feeding and setiling biclogy and vertical distribution (and
migration) patterns of juvenile Baltic cod as well as identifying the potential for density dependent processes
to limit recruitment success. The established GLM model of distribution and density of juvenile cod obtained
by trawl surveys conducted within the project appears to be sensible with respect to the ‘parameters
considered and the variance structure in the data. Additionally, the results from the present study can'_b_e used
in the planning process of future cod:recruitment surveys in the Baltic Sea directed towards 0- and 1-group

"cod, asthese stages now have been locaied and adequate gear types have been implemented. The re_eults
‘identified that the catchability of juvenile.cod-is highest during night-time indicating that estimates of juvenile
abundance should be based on surveys performed at night.

Honzontaf d:stnbuﬂon of 1 -group cod

~The Baltic Intematlonal Trawl Survey. data base was updated to include 1997 survey data and corrected for
" errors in trawl- positions and- trawling time detected. Differences in- fishing power of the various research
‘vessels participating were considered. in the applied GLM ‘analyses. The: obtained abundance -indices: of 1-
group cod (numbers/ trawling hour) indicate the importance of the southem part of Subdivision 26 as a
nursery area for young cod. This pattern has been observed throughout the time series, except at the
beginning of the 1980's when young cod was distributed more widely. Although this“ __enalysis isa etep forward
to describe the distribution pattern of demersal 1-group cod throughout the available time series, there are
still improvements of the analysis to be done. The data base should be revised according to new, corrected
age-length 'keys. With respect to exarﬁine inter-annual differences in more detail, future analyses shouid
- consider spatial distribution patterns based on kriging estimation, and Latvian data from the Gotland Basin
collected in 1975-95 should be included in the data base for analysis.
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3.5 Predation on early life stages. -

_ During the last decade predation has been discussed as a maJor factor controlling recruitment of marine fish
specles 'However, fleld studies that have been designed adequately for estimating predation mortalities of
early Irfe stages are scarce Followmg methodological problems are suggested to be responsible for the
-limlted suocess in thrs area:

1) identifying eggs and larvae in predator guts,

2) quantifying prey consumed by each predator,

3) .determining abundances of predators |

4) .estimating the number of eggs and larvae available as prey.

The importance -of predation on early life stages of cod in the Central Baltic has been investigated as a
‘process potentiaily affecting the reproductive success of cod by covering above major work tasks by:

1} an extended literature 'review and re-analysis of available data bases to identify potential predators
fallowed by an extensive field'camp'aign to sample stomach contents,
2) performing ship board evacuation and digestion experiments
3) estimating predator populations by trawl and hydroacoustic survey activity and age-structured
models based on catch statistics,
4) dete_rrmmng prey abunda_nce and production based on ichthyoplankton surveys,

Identification of potential predators

From the wude specirum of organ:sms io be considered as predators of cod early life stages, a literature
_ revrew and the evaluatlon of available databases revealed predation by the clupeids herring and sprat to be
the most :mportant process. The analysis of this process concentrated mainly on the Bornholm Basin as the
- presently most 1mporiant cod spawnmg area, but was extended dunng the project to the more eastern
"'spawmng grounds, i.e. the Gdansk Deep and the Gotland Basin, for comparison. As other potentially
important predators the scyphomedusae of Cyanea capr!!ata and Aurelia aurita as well as stickiebacks
(Gasterosteus aculeatus), concentrating in considerable densities in the central Baltic in summer and
autumn, were identified. Cannibalism by juvenile cod on their smaller conspecifics as well as adult cod
feeding on their juveniles are common processes in cod stocks and were therefore investigated during the
project also. Finalljr garfish {Belone belone) were identified as potential predators on pelagic juvenile cod.
However, since garfrsh is not caught by any standard fishing gears, a special sampling programme would be
' needed fcr a test of this hypothesis, a necessary effort beyond the scope of this project.

: Predation by herring and sprat

_The determined daily cod egg consumption rates by herrmg and sprat populations in the Bornholm Basin in
companson to correspcnding edg production rates revealed a substantial predation pressure during the first
_ '_ ‘month of the spawning season caused by sprat. At this time of the year spring spawning herring concentrate

_in their coastal spawning areas. Hence they do not srgnificantly contribute to the predation-induced egg
mortality at this time of the year. Sprat spawn in the Bornholm Basin from April to July, thus concentrating in
_cod spawning areas in times of high cod egg abundance. After ceased spawning activity a part of the sprat
popolation leaves the area and remaining individuals switch from copepods and fish e'ggs to cladocerans as
main prey organisms. With the return of the herring from the coastal areas to their leeding grounds in the

15



Bornhoim Basin, the predation on cod eggs by herring increases to considerable levels, especially after the
_:'peak spawning time of cod shifted to summer month.

A decline in sprat predation on cod eggs was observed in early summer during most recent years desplte of
. relatively high cod egg abundances. Problems were encountered in explaining this trend. An mvestrgatlon ofa
‘possible vertical mismatch of cod eggs and the predato'r due to the changed physical 'environ'rm_ant'.afteir the
major inflow in 1993, resulting in a shallower distribution of the cod eggs due to increased salinity as well as a
deeper distribution of the clupeids due to enhanced oxygen concentrations in the bottom layers, exhibited no
final explanation. Other fish eggs occurring at times in much higher abundances than cod eggs may actas a
trigger factor for fish egg consumption. Considering eggs from other fish species revealed reduced fish egg
abundances for the period atter the inflow, at least for early summer dates, accompanied with a.change in
vertical - distribution’ of -the eggs. . In- combination, this resulted in- a substantially lower abundance of

ichthyoplankton in the feeding depth of :sprat, nearly explaining the observed change in feeding behaviour. = |

Considerable changes in zooplankton abundanoe and biomass before and after the inflow in 1983,
hypothized to lead sprat to a change their food selection, could not be confirmed

The estimated consumpfion rates by both planktlvorous predators are based on a new model of gastric
evacuation. incorporating actual ambient temperatures as well as newly compied area dis-aggregated
international catch-at-age utilized in Virtual Population Analysis (VPA) and its multispecies extension
(MSVPA) to estimate predator stock sizes in specific areas of the Baltic. VDo'wnscaIing from subdivision-level
to single spawning grounds was obtained by historic horizontal distributions from hydroacoustic surveys
conducted at different times of the year. The estimated consumption rates of cod eggs by herring and sprat
populations in the Bornholm Basin exceeded correspondmg egg production rates in all spring and early
_summer dates 1990-92, but reduced to values well below the daily production in most recent years Also the
_ increase in predation by herring in summer month did not compensate this lower predation pressure
Hydroacoustic  surveys conducted wrthm the prolect indicate a slight (herring) to moderate {sprat)
_overestlmation of the predator stock sizes by the (MS)VPA explaining the mconmstency between estlmated
- consumption and production rates. However thIIS overestimation does not change the conclusmn that
predation by clupeids is a major source of cod egg mortalrty in the Bornholm Basnn and has consequently to
be considered in cod recruitment modelling approaches

in the Gdansk Deep and the Gotland Basm in general a low predatlon pressure on fish eggs through both
herrrng and sprat popuiations was determrned The most likely explanation for this, is a difference i in teedlng
depths of clupeids, which is on average consrderably deeper in the Gdansk Deep and especially in the
-Gotland Basin compared to the Bornholm Basm In fact, light intensities in average feeding depths in the
eastern areas are on a level, where active food selectaon is already severely hampered resulting probably in
an none selective uptake of fish eggs. In contrast, in the Bornholm Basin especially sprat in spring and early
summer actively selected fish eggs from the food supply. Significant differences in zoopiankton abundance in
feedmg depths between the three cod spawnlng areas, hypothized to explam the difference in food selection,
_were m general not encountered Both clupelds showed an apparent selection of older egg developmental
~ stages, which is at least partly explamable simply by a better visibility of the older eggs due to the
development of the embryo and mcreasmg pigmentatlcn On the contrary, dlfferences in egg srze obviously
did not affect the selection process. . '

ln contrast. to the egg stage cod Iarvae appear not to be substantialiy aifected by predation, mainly due to a
Ilmlted vertlcal overlap between prey and predator with the exceptron ol‘ early larvae hatchlng within and below
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the halocline. However, oocasionally a significant predation on these early cod larvae by sprat occurred in the
- Bomholm Basin, especially when high abundances of other fish larvae were encountered in the plankton,
obviously tnggerlng sprat to ewuteh to fish larvae as prey. Hernng dld not feed on these larvae at the same time,
due to their small size.
_Feedmg on juvemle or small fish by larger hemng was frequentlyr encountered however, on a relatwely low
level and mostly restricted to juvenile sprat and gobiids, independently of the mvestlgatlon area._ Thus, a
~major impact on pelagic juve_nile OQgroup cod is not to be expected.

' Predahon by scyphomedusae

The predatory |mpact of Cyanea capillata appears to be of some importance for the survival of ced eggs
However, the intensity of the predation depends on the spatial and temporal overlap between predator and
prey as well as the inter-annual variation in abundance of medusae. Main factors steering the intensity of
predation in the Bornholm Basin are the decrease in cod egg abundance after peak spawning season and a
- concurrent increase in medusa abundance as well as size. Thus, the shift in peak spawning time to summer
: month has increased the potential impact of predation by this scyphomedusae and for late egg cohorts also
by Aurelia aurita. The latter scyphomedusae preys euecessful on cod eggs only above a size of 10 cm, which
- in the central Baltic is in general not reached before August. Predation by scyphomedusae on fish larvae has
not been observed, however, the sampling sirategy was aiso not directed to this process in particular. '

| Predation by sﬂck!ebaeks |

Predation. on early life stages of cod by stickiebacks, occurring at certain times of the year in large quantities

-in the Central Baltic, has not been detected. This is due to a rather limited temporal and spatial oyerlap
between predator and prey, i.e. the late appearance of sticklebacks in open sea areas from August onwards,
after their spawning season has ceased, and their to shallow water layers restricted abundance.

_ Canmbahsm

: Predatlon .on cod eggs and larvae by 0- and 1-group. cod was rarely encountered independent from the area

- of investigation and thus appear to be of no importance as a source of cod egg and larval _mertallty. Also
- cannibalism on juvenile cod by earlier cohorts of the same year-class was never observed, aithough the
extended spawning.season results in pronounced differences in sizes between early and late haiching
cohorts. Both appears to be caused by a rather limited spatial overiap between potential prédator and prey,
as late larvae and early juveniles are normally drifted out of the spawning areas and dependent onjthe
variable wind forcing are settling in different more shallow locations. in contrast, adult cod regularly preys
.upon 0--and 1-group.cod, especially at high juvenile abundances (see section 3.8). |

| '_j 36 Influenee 61 prey availebility on growth, condition and survival of early life stages

Most hypotheses aiming at explaining variations in survival and recruitment of marine fish early life stages
- imply a direct link between feeding, nutritional condition, growth and mortality. As a consequence the effort in
- this section has been directed -at measuring one or more of these parameters and to identify the key
. processes resuiting in enhanced growth and condition of the early life stages of Baliic cod.
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Hydrographic features resulting in enhanced feeding potential -

"The coupling of physical processes, primary and secondary production has been examined on the basis of
cruise data obtained from 1993 to 1996, and hydrographic features which can enhance cod larval and
Juvenale feeding have been identified. Coastal upwelling appears to act in two modes on ptankton prccesses
-In the f|rst case, dommg influences the distribution of planktomc orgamsms offshore from the domlng Here,
aggregatlon of organisms due to the interaction of clrculatlon patterns and behaviour appears to be the
mechanism as an increase in production rates is not evident for either phytoplankton or zooplankton, n this
situation, the effects of nutrient injection on population size may be delayed due to; a) light limitation of the
phytoplankton cells or; b) lack of chelation of metals by orgamcs thus delaying the uptake of nutrlents and
increase in phytoplankion biomass. Regardless, the aggregatlon of planktonic organisms in these regions
" identifies the potentlal rmportance of this circulation pattern for creatung high abundance of prey for larval and
" juvenile fish. ' :
'These features have also been identified to have a major effect on both phytoplankton and zooplankton
productron in regions where the thermocline and halocllne interact with bottom topography.’ The  high
"zooplankton produchon observed in these reguons suggests an efficient coupling of primary and secondary
' productlon in the shallow waters (< 30 m around the Basin in the regron between where the thermacline and
halocline reach the bottom). This srtuatron potentially creates a region of high food abundance for iarval and
juvenile fish in the Baltic. ‘ O
The results of this study identify the need for further examination of the influence of specific oceanographic
regions and intermediate scale oceanographic features in the Baltic sea on the growth, condition and sirrvival
of key fisheries stocks such as the Baltic cod. n particular these areas may become important habitats for
larvai and juvenile fish dunng penods of low food abundanoe in particular in early spring and late fall when
food levels may be Ilmltlng to growth : :

Distribution of larval and juvenile cod and their prey items

We have described the distribution of the early life stages of cod in relation to their prey items by'cemlbi'iﬁing
information from studies on horizontal and vertical - distribution of larval and O-group -cod,” and
micrez"aoplaﬁktoh.' During the late yolk-sac and first-feeding phase most of the larvae migrate from hatching
de'pth' towards thie more shallow w:ater'layers, where generally also the highest abundances of ‘prey ‘items

* {nauplii, 'copépodites) are observed. The abundance of larvae and prey was not found to be significantly

- correlated in the vertical resolved resolution, but the abundance of larvae was correlated with prey avarlabrhty
as defmed by prey abundance and Irght dependent capture success.

: Hrgh prey abundances during some cruises have been found associated with a characteristic doming of the
pycnocline and potential upwelllng of nutrients. The doming pycnocline and ncreased prey biomass is
predominately found in the near coastal zones. Hence larvae transported out of the Bornholm Basrn may
encounter hrgher prey abundances than larvae crrculatlng in the deep basm a hypothesus that could not be
tested thoroughly due to the low numbers of larvae caught in contrasting areas. e
- The juvenile fife stage of cod can be drvaded into a pelagic, a transition ‘and a benthic phase -with -obvious

- ghanges in food environment. Juvenilé cod less than 40 mm were observed to feed exclusively 'on pelagic

prey, but at 40-50 mm the juvenile cod began to ingest benthic prey items, indicating that the settiing process

had begun. In the size range from 70-160 mm juvenile Baltic cod utilised exclusively benthic prey with an
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‘increase in prey diversity observed for these larger individuals {for further information on diet composition see
‘below). - ‘ ' '

Observation of feeding and swimming behaviour of larval and 0?group cod .

Turbulence in the sea influences both the food environment for larval fishes and their ability to feed
successfully. In the Baltic turbulence is generated by the 'wi'nd.'upwélling', and current shear and will impact
feeding and. growth rates of larvae or juvenile fish. In this section experimentai and theoreiical studies have
-been conducted to analyse swimming and feeding behaviour in refation to turbulence. These are the first
series of experiments to report direct observations of feeding behaviour of larval and pelagic 0-group fish in
turbulent water. Turbulence increases encounter rates between fish iarvae and their prey. However, the
results indicate that high levels of turbulence can be detrimental to the feeding success of larval cod, because
turbulence can reduce the probability that larvae can successfully pursue the encountered prey. In the Baltic
such episodes: might occur in situations of high winds, intense upwelling, and current shear at pycnoclines. In
‘comparison to pursuit success, attack success was very high for all levels of turbulence. This is probably
-because the larva-approaches the prey to within a small distance, and at these scales the relative motion is
‘negligible. - o

- Cod larvae and 0-group diets

Diet composition of larval cod was described based on:gut content analysis from larvae caught in depth
“stratified -hauls. Diurnal and vertical feeding patterns have. been identified. First-eeding was observed at a
‘length of approximately 4.0 to 4.5 mm, but high (>80%) feeding incidence was restricted to larvae larger than
5.5 mm. The prey was dominated by copepod nauplii (88%), primarily of the species Pseudocalanus minutus
and Temora longicornis. Older larvae included copepodites and adult copepods in their prey, but nauplii
‘remained the most numerous prey in all size groups. A substantial amount of phytoplankton-was only found in
the diet of one larva. ' ' _
‘The diurnal feeding patterns showed the lowest feeding incidence and numbers of prey per gut at sunrise,
after which both parameters increased io maximum in the afternoon and evening. Night-time feeding was
~ observed during a period with calm weather conditions and very high prey abundance in the surface water.
The feeding patterns were determined for larvae > 4.5 mm in 4 different depth strata, corresponding to the
" upper mixed layer, the intermediate layer, the upper halocline and the deep water. Food intake was highest in
the upper mixed layer:during both day and night. During day the food intake declined slightly with increasing
~depth, whereas at night an abrupt drop in feeding incidence and numbers of prey per larva was observed. A
pronounced increase in food intake with length of larvae was observed, therefore the decline in food intake
-with depth may be influenced by the fact that mean larval size decreased with depth.
" The diet of 0-group juveniles was investigated with respect to the setiling process and the switch from pelagic
" to benthic prey. Juvenile cod < 40 mm consumed exclusively pelagic prey items such as copepods and
cladocerans. At a length of 40-50 mm the juvenile cod began to consume benthic prey items such as mysids
- and amphipods, however, copepods were still the dominant food organisms. Within 50-70 mm the dominant
prey items were mysids and amphipods, with copepods comprising a minor component of the diet. In the size
range from 70-160 mm juvenile Baltic cod utilised a diet composed exclusively of benthic prey. Juveniie cod
were observed to utilise an increasing spectrum of prey with increasing fish size. However, prey organisms
consumed by demersal juvenile Baltic cod > 90 mm were much smaller in comparison with prey sizes
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reportéd to for other sea areas, and correspondingly prey numbers consumed were much higher. This
apparent overlap in food resource utilisation among the different size groups of demersal juveniles observed
in this study suggests that in areas and years with low prey abundance and high concentration of pelégic
juveniles, an intra-specific competition for food resources may affect the recruitment success of Baltic cod. -

Anaiysis of oto!ifh structure of !an)a_g and O-group cod

Based on laboratory experiments the accuracy of age determinations using the number of increments.and
comparing these to'the known age was determined: The use of the otolith increment width as a measure of
nutritional condition was tested in laboratory settings and related. to a biochemical indicator, the RNA/DNA
ratio, ‘revealing that the biochemical and ofolith reaction pattern was coupled. Measuring the level -of
fluctuating- asymmetry(FA) in otoliths from the field caught larvae - to assess larval nutritional condition
coupled with RNA and DNA content analysis -(see below) was .performed. Fluctuating asymmetry .is the
random -deviations from perfect bilateral symmetry, and is believed to be an indicator of developmental
stability.i‘DeVelopmental stability can be lowered by environmental stress such as low food availability.-The
field caught larvae were assigned to groups in good, intermediate, and poor nutritional condition on the basis
of Iaboratory calibration experiments. The area and the major axis length of the lapilii exhibited ideal FA, The
level of FA was similar in the “intermediate” and the "good” group indicating that FA can not distinguish
between well fed larvae and larvae experiencing sub-optimal feeding conditions. However, the level of FA'in
the "poor” group was significantly higher than in the iwo other groups, indicating that prolonged starvation can
increase the level of FA. Hence, otolith FA is a relatively simple way to identify severely starving larvae. The
effect of environmental stress factors-is-cumulative, and other factors may have influenced the level of FA
“found. - . _ -
‘Sagittal otoliths were analysed from: individual juvenile: cod at different stages during. transition. from. the
pelagic to the benthic environment.‘High variability in otolith microstructure was evidenced among and within
individuals. Newly formed secondary primordia were more abundant in non-settled pelagic individuals. with
~variable’ formation. {width and appeai'ance). in settiing or in newly settled demersal individuals. Otofith .ring
- structure indicated that diel vertical migration patierns were interrupted by settling excursions suggesting.that
-individuals explored the benthic habitat prior to settling. Large settied juveniles (>8-9 cm) had transparent
zone formations deposited about one month before catch indicating transition to the demersal environment
- The distribution of birth-dates of 0-group-cod caught in the years 1993-96 has been determined on the basis
of otolith readings. The total sequence of increments from the hatch check to the edge was only readable in
18% of the investigated otoliths, but:80% of the . otohths could be read from the accessory growth oentres
(AGC) to the edge. In Subdivision 24 the 0-groups could be tracked back to two spawning periods, one from
the end of March to the end of May and one from July to-August. The 0-group cod caught in Subdivision 25
‘had similar spawning periods-plus :an‘additional period from January to March. The distribution of: spawning
- dates agree well with the ebsewed-‘spéwning in the Kattegat, western Baltic, and Sub-decisions 24 and.25. It
is suggested that the largest juveniles could originate from the southern Kattgat.
The daily growth: of the O-group cod was similar during the pelagic and benthic stage, but was retarded dn the
transition stage. The growth rates estimated for the period September to Octaber correspond well with growth
* ‘rates found in juveniles from Nova Scotia. '



Biochemical analyses of cod larvae.

The nutritional condition and growth paﬂerns of Battic c_od larvae are not well described considering the
potential influence of the long spawning season. The quality 6f a prey species may influence growth and
reproduction of higher tropic levels; in this case the larval cod. One important factor for this variation in quality
is caused by the dietary composition of the prey. In particular, inadequate levels of the essential fatty acids
(EFA) eicosapeniaenoic acid (EPA; 20:5 n3) and docosahexaenoic acid (DHA; 22:6 n3) have been observed
10 reduce growth. rates and reproductive success in marine fish species. In order to estimate variations in
-growth..and condition: of cod larvae relative to feeding regime the RNA/DNA technigue was employed. RNA
- and.DNA based indices have been calibrated through a series of laboratory rearing experiments. with cod
larvae. The cod larvae were starved or fed copepod nauplii. reared on different algal diets with distinct
-essential fatty acid composition. During the laboratory experiments in Charlottenlund Acartia adults were fed
-on different aigae showing variations in the essentia! fatty acid composition. and resulting nauplii from these
- adults were fed to cod larvae to investigate the effect on growth and condition. in these studies the diatom
-Skeletonema had the lowest DHA/EPA ratio and the lowest amount of DHA as percentage of total iipid
content of the four different algae analysed. Cod larvae fed on these nauplii showed the lowest growth rates
..and poorest nutritional condition compared to larvae from the other food sources. The highest larval growth
rates and.best nutritional condition was observed for larvae fed Acartia nauplii from the Heferocapsa based
-food chain which also showed the highest DHA/EPA ratio and % DHA of total lipid content. It has been shown
that the growth rates of the cod larvae are correlated with the fatty acid composition of the larvae. These
~results clearly indicate that not only prey abundance but also prey quality influence the growth of iarval cod.
~The results from the above experiments were then used to assess the nutritional condition and growth of field
caught cod larvae with respect to vertical distribution in the Bornholm Basin. The results obtained show that
‘the difference in growth:-and nutritional condition could be reflected. in the indicators tested evan at a very
“young age (~7 days). Dry weight did not increase in starving larvae and RMA content and RNA/DNA ratio
-decreased supporting results from other studies on cod larvae. - ‘
Estimates of growth rates and nutritional .condition observed in laboratory experiment carried out in Lysekil
were very low in the feeding groups indicating problems in the onset of feeding. The growth rates in the
laboratory experiments conducted in Charlotteniund were comparable to previous observations based on the
-.content of larval RNA and DNA. _ _ |
The RNA/DNA-ratios of field caught larvae aged 2 to 25 days (median 10 days) ranged from 0.4 t0 6.2,
corresponding to levels exhibited Dy starving and fast growing larvae in laboratory calibration studies
respectively. 70% of the fieid caught larvae showed RNA/DNA-ratios between the mean values found for
starving and fed laboratory larvae. Larvae aged to be 8-11 days old had higher mean RNA/DNA-ratios above
45 metre than below (t-test, p<0.05). The instantaneous protein growth rates were significantly higher for afl
larval age groups in the surface layers (t-test, p<0.05). Starving l'arvae-were found in all depths sampled (10-
85 m), whereas growing larvae (positive Gpi = protein growth rate in % per day) were restricted to samples
- taken shallower than 45 metres. These superior growth rates above 45 metres imply that migration to the
- shallow water layers is a prerequisite for good nutritional cohdition, growth, and survival of Baltic cod larvae.
. The frequent occurrence of cod larvae older than 8 days in deep water in poor condition suggests that a
- considerable proportion of the larvae will die from starvation in the deep layers of the Baltic Sea.
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3.7 Modelling cod recruitment

Incorporating stock structure, spatial distribution and fernale influences into estimates of annual population '_
egg production

*Annual egg production in fish populations is generally assumed to be related in & simple manner-to the
biomass of spawning adults. However, this ‘assumption can sometimes be violated if ‘population and
reproductive‘chara'cteristics (e.g. maturity ogives, fecundity-size relations) vary significantly over time and
space. Studies' conducted within the process analysis sections have shown that such variability :can:be
significant for Baltic cod. The sensitivity of population egg production to this variability has been investigated
using a simple egg production ‘model and project-derived results based on new investigations and
compilations of historical material. Egg production rates seem more sensitive to observed variations rin'
individual fecundity (nearly 2-fo|d-'range)'-than ‘to variations in either sex ratios or female maturity ogives.
Estimates of spawning stock biomass may yield biaséd estmaies of population egg production in :some
years. The scope for decoupling between:spawring- stock biomass and potential egg production. is however
) probably underestimated by our analyses. in nature, atresia and the failure of mature fish to spawn will:result
in-additional decoupling but the incidence of these processes is not quantified for Baltic cod and has not been
included in the analyses. Moreover, our analyses assume that all females produce eggs and larvae of equal
quality even though process study results demonstrate that egg and larval characteristics differ within.and
between females. New methodologies for accommeodating correlated aspects of adult reproductive biclogy
(e-.g.'relations between fecundity, ' maturation and growth) and within/between female effects on egg and
larval characteristics could potentially'Be useful in improving stock-recruitment relationships. The:possibility
for improvement is enhanced even further when the spatial and seasonal distribution of egg production is
- also accommodated. This issue is particularly relevant to Baltic cod, where in the recent past, our calculations
“show that up to' 75% of the estimated egg production occurred in areas where oxygen: conditions prevented
development. In general, these findings indicate that modelling efforts might benefit from using information. at
higher scales of resolution and dis-aggregation than those used previously.

Mortality rates of eggs and larvae caused by predators

Consumption rates of cod eggs and larvae by herring and sprat populations in the Bornholm Basirni-were
‘ estrmated for several sampllng dates within the period 1988-96 based on: '

- _numbers of cod eggs and Iarvae in mdwrdual predator stomachs and correspondmg total stomach contents
_ from samptlng in the main spawnlng area durlng spawnlng,

- dally rations ot total tood as well as cod eggs and larvae by individual predators derrved from pertormed
. _stomach evacuatlon expenments and gastnc evacuatlon rnodelhng, '

- abundance and structure of predator populatuons within the spawning area for each samphng date.

A companson of daily cod egg consumption rates by the predator populations with corresponding- productlon
values obtained from rchthyoplankton surveys, enabled the determination of cod egg predation mortality rates
for specuflc sampllng dates covered {see section 3.5). Apart from this extended parametrization approach, an
attempt was conducted to estimate the impact of predation by clupeids without regular extensive-stomach
content analysis, allowing to establish a time series (1976-96) of cod egg consumption rates. The basic
problem encountered was to establish functional reiationships of available food supply (the amount of cod
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eggs but also otherfish eggs and zooplankton) with -diet-composition-data. This was solved by a method
-similar to the suitability concept used-in the:MSVPA, in which basically the proportion of a.speacific prey item
- to the total stomach content of a predator species is. related to'the standing stock of the prey available in the
‘area. However, due to the fact, that changes-in hydrographic condition effect the spatial overlap between prey
and predator substantially, establishment of a relationship between suitability .coefficients and the vertical
overlap appeared to be necessary. The determined suitability coefficients were used o estimate consumption
-~ rates and indices of predation mortality at main spawning time on basis of actual predator and prey
population sizes as well as estimated individual consumption rates. Contrary to the MSVPA approach, prey
stocks are not-estimated within the model, but simply observed by plankion surveys. The population size of
-predators:were determined by conventional stock assessment models, downscaled to the spawning areas of
cod by distributions obtained during hydroacoustic: surveys. A further sub-modei was introduced to: estimate
the individual food rations by predators species in dependence of aciual environmental conditions, e.g. food
availability. In summary, the model set-up was based on following relationships:

- the relatwe stomach content of fish eggs and their ccrrespcndmg relative abundance in the plankton

~ (compared to all su;table prey particles available} in dependence of the veriical overiap of predator and

~ fish eggs as prey (see below),

- .the relative abundance of cod eggs in the diet (related to the total number of fish eggs ingested) and their
comresponding relative abundance in the plankion in dependence of the total abundance of fish eggs in the
plankton,

— the hourly ration during the daily feeding period and the total suitable fccd abundance in the plankton

' These relationships underlie-a variety of assumptions and although most: of them have been proven to be
biologically reasonable and the established relationships are statistically significant, the prediction limits are in
‘general ‘rather wide and thus the predictive power of this procedure coupling three relationships: is rather
limited. Integration of identified relationships in one statistical model was impossible, as different data sets
were utilized to-predict different processes. Furthermore, the availability of suitable meso-zooplankton data
lirmited the applicability of the procedure backward uniil 1987. Thus as an alternative, a second more simple
-apprcach'was basedcn-the assumption that: '

o the rat{c cf cod eggs in the stcmach and in the focd supply (p!ankton] is linearly dependent on the veriical
overiap of predator and cod eggs as prey.

"The vertical overlap ‘between predator and prey depends to a large extend on the ‘ambient hydrographic

‘conditions: - : - ' _

— the oxygen concentration in the bottom water limiting the depths in which herring and sprat are able to
dwell during their daily feeding period, but also the depths in which egg development is possible, _

- the density regime encountered, determining where cod eggs are floating in the water column, which
appears to be mainly dependent on the salinity regime at which the oocyte development took place.

" To establish a predator/prey overlap index for the entire time series, the average depth in which highest
* concentrations of cod eggs occurred and the corresponding depths in which herring and sprat during day-
time concentrate had to be predicted. Based on a time series {1986-96) of vertical distributions of cod eggs in
) the Bornholin Basin, average levels of neutral buoyancy of the peak abundance were estimated by
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- calculation: of ‘corresponding weighted' mean densities for stagnation and inflow periods. Both hydrographic
scenarios ‘had to:be handled separately, as during stagnation, on average peak cod egg abundance was
. :@ncountered. at lower density levels than after inflow evenis. Based on information derived from. conducted
trawl and hydroacoustic surveys, the depths in which herring and sprat dwell during their daily feeding period,
was set to the water depths at which the 2ml/l oxygen concentration was reached.

Besides the predator/prey overlap, the large fluctuations of the sprat stock in the central Baltic showing a
-drastic increase in the last 10 years, had a sever impact on the estimated consumption: indices. A third
- important change within the time series was the shift in peak spawning time to summer manths, inoorporated

into the estimation procedure of all parameters. This process resulted in-a considerable predation pressure
by herring on cod eggs in 1994-96, a:period in. which: cod eggs were abundant in the- plankton.: On. the
- contrary, the impact by sprat was reduced compared to preceding years. e

The predation.pressure for the Bornholm Basin was estimated in terms of absotute and relative indices: The
first approach was based on the abundance of cod eggs as obtained by ichthyoplankton surveys and the

second expresses the predation as consumption per standmg stock of eggs. Despite the encountered

uncertalntres in the |rn|plemented procedure. especrally wrth regpect to the egtimation of SUItablhtIeS, the
observed changes in influential input information, i.e. inflow vs. stagnation penods, early vs. late spawmng of
cod, frends in sprat populatron size were drastic. Thus, the establrshed time senes of consumptnon rates are

_expected to capture the trends in predatlon pressure.

Describing feedmg success of larval and 0-group cod in relatron to small- and meso-scale hydrographic -
processes and related prey densities : ' ' ‘ .

Fieldwork oonducted in this project:revealed that.grovdh rates -of cod larvae in the Bornholm Basin. were
negative both in 1994 and in 1995. For-example, during May-July 1994, larvae older than 11 days in the
upper 45 m of the water column were losing weight at an average rate of 3.6% per day. An individual-based
- modelling exercise was conducted -to .evaluate whether these growth rates were due to insufficient food
abundance. The model employs-a pause-travel encounter rate sub-model developed within the project, and
-agsumes that larvae are:feeding in a calm environment. Qutput from this model is combined with project-
derived estimates of prey concentration (see section 3.3) and capture success, and assumes that 30% of
mgested matter is converted to Iarval body mass. Daily ingestion and growth rates of 1000 mdwrdual Iarvae
were calculated assuming pro;ect—denved estimates of random variation |n model inputs.
The model outputs showed that on average a cod larvae in the Bornholm Basin during May-July 1994 should
have been able to grow at a rate of 2-3% body weight per day. This result suggests that prey concentrations
were sufﬁcient to support positive larval growth, and that the reason for the observed negative growth must
“be due to other factors A geographlo comparison of the food-dependence of wild larval cod growth rates
revealed that growth in all other sea areas consfdered was posmve, and that negative growth rates have only
been observed in the Baltrc

Hydrodynamic niodeﬂing of retention and transport of larvae and 0-group

‘Combined 3-D physical oceanographic model and field sampling programmes were performed to investigate
the potential.drift of larval Baltic cod from the centre of spawning activity in the Bornholm Basin. The suitability
of the 3-D eddy resolving baroclinic model of the Baltic for examination of the circulation and transport. of
larval cod has been verified by coupled field and modelling exercises during the. initial components of this

24



programme. The implementation of a Lagrangian particle tracking. technique into the model' configuration
. allowed both pro;ectlons of future distributions as well as- estlmates of drrft trajectories thereby offering the
. ability to trace larvae back to thelr hatching srtes :
_The numencal snmulatlons of larval transport were based on pro;ect deve[oped realistic age dependent
models of the vertical larval distribution. The goal of these exercises was to predict the drift trajectories of cod
Jlarvae in the Bornholm Basin, thereby audmg in the development of future sampling programmes as well as
the - identification of processes influencing larval retention and dispersal. Upon further refinement of the
biological and physwal inputs, additional modei simulations have examined the variation of larval drift patterns
between years of high and low recruitment success of Baltic cod. These simulations allowed an evaluatlon of
_the impact of larval drift and _retentfon on recruitment variability and transport to areas of different benthic
, habitat;euality. From the results of the numerical experiments it appears that variations in larval transport and
hence horizontal distributions of pelagic and demersal stages of juveniie cod is caused by annual and
interannual varlatlons in meteorological forcing conditions. In years with a hlgh number of low air pressure
systems passing over the Baltic, most of the larvae initially spawned in the centre of the Bornholm Basin, are
transported towards the northern coastal environment. Conversely, high air pressure over Scandinavia and
the eastern Baltnc.S_ea during the main spawning season reduces the infiuence of westerly wind energy, thus,
early lite stages of Baltic cod potentiaity retain within the deep water region of the Bornholm Basin. Although,
rarely. observed, relatlvety long periods of easterly winds can be identified as a prerequnsﬂe for enhanced
larvai transport towards the southern coastal environment. Recent research has identified the importance of
transport of larvae from the spawning grounds to the shallow coastal regions tor recruitment success of Baltic
" cod. Coastal environments identified as potential nursery areas for Baltic cod may be beneficial for larval
growth and survival because they exhibit higher levels of primary and secondary production and hence food
abundance than the central basin regions.
The analysrs of crrculatlon patterns in the Baltic in response to variations in physlcal forcing conditions has
mainly focused on the identification of meteorological mechanisms mﬂuenclng the retentlonldlspersal of cod
early life stages in and around the Bornholm Basin. This spawning site being has been the most important
spawning area of Baltic cod since the beginning of the pronounced stagnation period during the -1980'es.
Based on the results from numerical simulations with the Baltic' Sea model and a long term wind -data time
~ series, critical levels of wind energy were derived to distinguish between years of dlspersal and retentlon as
P_we!l as to develop a transport mdex This index was then utilized to identify hlstonc vanatlons in transport
.. patterns for. eompanson with variations in cod recruitment success. Furthermore, the zndex was applied to
' identify the occurrence of within year transport regimes which when combined with mtormatlon on hatch
dates and growth _r_ates of surviving 0-group cod, identify the transport regime and temporal window leading to
enhanced survival success. | : '
~The physical quel_ling_activities performed in this section supplied necessary information for establishing
‘steck-recruitmenit re!ationship and stock assessment models being presently under development ‘and will
. enhance the understanding of key processes affecting the survnral success of the different early and }uvemle
| life stages of Baltic cod
~ From this oemponent the principle physical factors identified to be influencing the recruitment of Baltic cod at
_present are the reproduction volume and the wind energy. It is recommended that the seasonal and inter-
annual variability of physical factors are considered as substantial input paramet'er's to improve short- and
" medium term recruitment predictions of the Baltic cod stock. | ' |
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- The hydrodyhamic-ecological model FinEst

The latest versi'on of the FinEst mode! was used to calculate the larval drift in the Bornhclm Basin in August
1991. The larval transport studied was divided into two different parts. First, a 'Lagrangian approach was
'~ used, where the numbers of drifter were released in the Bornholm Basin, and their trajecidries were
-mvestlgated The expenment showed the highly non-linear nature of the current system in the Baltic resulting
_m considerable differences in the frnal destinations of drifters launched within a relatively small area. On the
_other hand, there were pronounced drfferences between tragectones in the srmulatrons representmg dlfferent
| 'mrtral release depths of the drifters. _ ' ' ' '
The second experlment was done in an Eulenan co—ordlnate system where larvae patches were released in
'the Bornholm Basrn at different depths Both spnng bloom in April-May as well as larvae drift in July—August
' 1994 were srmulated by the 3-D coupled hydrodynamrc—eccsystem model FinEst. The main simulations were
concentrated on the study of Iarvae drift in July—August 1994. The simulations of spring bloom gave
background mformatron and showed the model's ablllty to produce such features, when a srze-dependent
plankton food-web system and realistic loading were used. The sprlng bloom occurs first in'the area of
interest i in late April and proceeds towards the northern Baltic, which is in accordance with measurements.
The Iarvae dirift simulations were compared with the results of the Kiel model. Although, there are speclflc
_dllferences in the vertrcal model structure and in the initialization rechnlque of both models, the present
' ccmpanscn of the srmulated Iarvae frelds in July 1994 revealed high correlation between the results ‘of the
drfferent rncdel appllcatlons This coherence suggests that bcth models are surtable for future exammatrcns
| of clrculatlon patterns in the Bal'llc ' ‘

A conceprual model of processes acting on the early life history stages

The goal of this sectaon is to synthesize the key results of research perlormed in the process analysls
_ components cf the program and, where relatrcnshrps have not been established incorporate observatrons for
other stocks in order to |dentrf}r . '

- a) key processes producing varrable grcwth and survrval success of young of the year Baltic cod
b): the attributes of individuals exhibiting enhanced survival probability.

The charactenstlcs of surv:vors approach applred here has identified three processes actlng to influence the
survwal of larval and juvemle Baltic cod. Frrst it is mdlcated from the charactenstrcs of the hatch check
dlstrlbutlcns of survwmg larvae that the majonty of survivors in marginal cxygen conditions are the result of
the reproduchve efforts of repeat spawners re Iarge females Oxygen conditions in the deep layer act to
modify the population of survivors by exerting selective pressure on both eggs and larvae ;
The seccnd process limiting surwval success is the necessﬂy for larvae to perform a vertical migi"at'ion‘from
the depth of hatchmg Again, we utlllzed the otoilth hatch check as a proxy for egg size and parental
) contnbutlon Itis clear from the results presented that larvae able to suocessfully perform a vertical mlgratlon
'to the surlace layer are a subset of the potential survivors and are composed of those larvas with a larger
hatch check, presumably coming from females producrng larger eggs with a higher energetic content.
Flesolvmg the |mportance of co- occurrence of larvae and the peak abundance of their prey requrres the
_ analysls of growth characterrshcs of Iarvae and juvenlles over the range of potentlal prey abundances
available to them during the season and relation to survival success. In 1995, the majorlty of survlvmg
juveniles came from the period of peak prey abundance, however, survival of this groirp could have been the.
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- result of rapid fransport of these: larvae to:the shallow coastal regions by the wind event coincident with their
arrival in the surface layer. As larvae hatching after this pe'ribd'ihtb‘ the peak abundance of prey did obviously
.. 'not survive, it appears: that survival success in 1995 was: dependent upon transport to the shallow coastal
regionsiratherthan on high abundances of prey.

' Stock-recruitment relationships incorporaling environmental variability

Recruitment of central/eastern Baltic cod critically depends on favourable oceanographic conditions in the
deeper basins of the Ballic. Sea creating a suitable habitat for the development of early life stages. The
principal factors influencing the recruitment of this cod stock recognized at present are (i) the size of the
reproductive volume {i.e. the volume of water with temperature, oxygen and salinity conditions which meet
the minimum requirements for successful egg development), (if) the age-structure of the spawning stock, (i)
- the timing of spawning, and {iv} predation by sprat (Sprattus sprattus) and herring (Clupea harengus) on cod
eggs, as well as cod cannibalism.
In this section, recrultment at age 2 is refated to parental stock size using a time series of these variables,
comprising the period 1966-94. Cod spawning stock biomass and related egg production as well as sprat and
" herring biomass were obtained from single species (covering the period since 1970) as well as from
‘multispecies assessment (from 1977 onwards). In addition, the influence of reproductive volume and wind
- @nergy, both adjusted for changes in the timing of spawning, as well as zooplankion abundance on cod
recruitment were studied. The ACE {"Alternating Conditional Expectation”) algorithm was applied in order to
~ obtain optimal variable transformation prior to muitiple regression analysis. This algorithm converges to an
~optimal solution. it does not produce a specific prediction equation, but rather. an empirical transformation
- function for each of the variables. As the transformation is free of .a priory assumptions on relationships
between response ‘and predictor variable, it can be used to confirm ideas on such relationships, or give new
insights into these. As an alternative approach, with the potential to be used as an predictive model, a
modified Ricker function was outlined explicitly accounting for environmentally-induced oscillations. around
multiple levels of cod stock size. - _ o
For the period 1970-94, ACE transformation revealed a sfightly nonlinear relationship between recruitment
- per unit of total egg production as dependent variable, and total egg production and reproductive volume as
- independent variables, respectively. A strong nonlinear relationship was suggested for the cumulative wind
- energy, with a minimum at low south-westerly winds and two maxima, coerresponding to strong easterly and
moderate south-westerly: winds. These three independent variables were highly significant (P<0.001) in a
fmUiﬁpIe regression-mode! using the transformed variables, whereas sprat biomass was not. The model
explained 819% of the variance encounterad in cod recruitment at age 2. The amount of explained variance
increased to 85% when egg production by females of age 5+ was used instead of the total egg production.
Analysis of the time series 1982-94, corresponding to the lower regime of reproductive volume, showed:that
- the same'variables explained the variance in recruitment (98%)}, with all variables being significant at P<0.001
:-using egg production by females of age 5+. Neither zooplankion abundance nor sprat and herring biomass
derived from. the MSVPA, nor total clupeid biomass, were significant in the regression, and their
transformations were inconclusive, depending on what other. variables: were used. The latter might be
" explained by opposite effects hidden in.the data series, i.e. sprat and herring as prey for adult cod on one
hand-and predation by sprat and herring on cod eggs on the other, which:could not be separated so far. On
the contrary, the biological -significance of the reproduction volume (as defining the habitat for successful
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reproduction) and the wind energy (as relevant for- Iarval transport to appropriate nursery areas) was clearly
confirmed. . ‘ g
- “Stack-recruitment curves (Ricker type) were splitted into two parts, corresponding to the penods 1966-80 and
1982-94, respectively. This corresponds well to the observed shift in reproductive volume level,: when in two
subsequent years {1'981182) only the Bornholm Basin provided sufficient condition for successiul
reproduction. The smooth it of the Ricker curves to the two regimes of high and low cod stock-recruitment,
respectively, do not give any reason to reject this type of stock-recruitment relationships for central Battic-cod.
- A break-into two regimes is: made plausibie by the strong change in the level of the reproductive volume after
1981, representing the carrying capacity of the environment for cod reproduction. When the environmental
+ conditions were favourable for cod spawning, optimal:recruitment was estimated at 800-900 * 10° t of S$S8B.
During: the past decade up to present, the reproductive volume was limited, and the Ricker curve suggests
- optimal recruitment at a SSB of approximately 400-550 * 10% t. The.Ricker curves further suggest that the
probability of low recruitment increases strongly at biomass levels below 250-300 * 10°%1.
Staclg-rec:ﬁitment relationships in different stock compor;ents
In contrast to the preceding section, stock-recruitment relationships were constructed for different Subdivision
- of the central Baltic containing spawning areas with distinct hydrographic regimes, recruitment.success.-'-and
stock development trends (Subdivisions: 25, 26:-and 28). The variability in stock-recruitment. relationships
“established ‘on basis of spatially - dis-aggregated Multispecies Virtual Population Analysis: (MSVPA, see
'sebtion 3.8) and the International Bottom Trawl Survey data base (BITS, see section 3.4) were: investigated
with respect to the effect of environmental processes and species interactions. Based on.an -extensive
eXpIOrafor‘y statistical analysis, variables having -significant influence on the reproductive success were
incorporated into modified stock-recruitment modeis for single Subdivisions and utilized to establish a
combined model for the entire central Baltic. . . :
“Traditional stock-recruitment relationships covering the period 1976-96 dispiayed significant differences in
recruitment success from similar spawning stock sizes in all investigated areas in the 1970%ies when
compared to the 1980°%ies (see also above). The fime: trend in spawning population size and: recruitment
success appears to be rather similar in all three areas 'of the central Baltic until 1989. In Subdivision 25 and to
- a certain-degree also in 26, both the spawning population and recruitment have stabilised after 1989, while
the stock component in Subdivision 28 appears to be close to extinction. The major inflow event in 1983 had
a positive impact on recruitment in the Bornholm Basin -and Gdansk Deep, but not in the Gotland Basin,
~'where the egg production was too low to take advantage of the highest reproductive volume within the. 21
years time series occurring in 1994, S L
The exploratory analysis conducted on the basis of a sub-set of the time series available for Subdmsnon 25
(1986-96 with the most complete -data set and the best area coverage by ichthyoplankton :surveys, see
section 3.1) revealed a significant impact of the oxygen related egg-survival index as well as the predation
index onthe egg survival. However, the exploratory analysis was unable to explain a considerable part:of the
variability encountered between egg production measures and. larval abundance in the same area.-This
indicates' either-an inappropriate tarval.sampling strategy in times of low larval abundance especially:after
peak spawning time shifted to summer month (i.e. a mis-match in the timing of the survey-and larval
abundance) or other factors than oxygen related mortality and egg predation are substantially influencing the
hatching and larval survival gsuccess. :In contrast, variabiiity in larval abundance was closely related to the
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-hydrographic conditions in:the Gdansk. Deep and Gotland ‘Basin. As environmental conditions are less
tavourable for successful egg survival in these areas compared 16 the Bornholm Basin, other processes are
-obviously of minorimportance for hatching and larval development success..
The viability array-applied for the egg production by the spawning .stock in- Subdivision 25, accounlmg for
differences .in. larval viability due fo egg size (see section' 3.2)- did. not .explain significant changes in the
-abundancé of larvae nor deviations in survival rates, i.e. changes in the stock structure are not afiecting the
viability of the larval production in a statistically significant way. However, as the buoyancy of eggs is related
1o egg size, it is.nevertheless expected that changes in the stock structure have a significant impact on
- survival rates of the egg production. In section 3.3, a first attempt has been conducted to couple the age
* structure ‘in- the-spawning. stock and egg buoyancy via female agefegg size and egg size/egg buoyancy
reiationships obtained from laboratory experiments. Due to a present lack of knowledge on the relationships
between -egg: size  and-female atiributes such as size, condition and batch number, the inclusion of this
" approach: into stock recruitment models appears fo be premature. _ .
- “A multiple regression of recruitment at age 0 on larval abundance, including the sum of oxygen in the
- reproductive =yolume-_and the larval transport index obtained from drift modelling revealed a highly significant
i fit- explaining. 70% ofithe variance in-recruitment. However, larval abundance explained 65% of the variance
- alone leading to-the utilization of .the: simple linear model as a first approach for predicting recruitment
success. In Subdivision 26 a similar relationship was obtained, however, the fit of the mode! was not
satisfactory and for Subdivigsion 28 no significant relationship could be established at all. This can. be
~explained by the fact that recruitment success occurred desplte the lack of larvae in the 1chthyoplankton
. surveys. This indlcates elther a problem in sampiing efflciency of the gear in use at low larval abundance
) (nottced already above), or a transport of pelagic 0-group mto the eastern basins. The latter process is
.. confirmed by the comparison of traw! survey results and MSVPA output and is also indicated by the fact that
.the larval transport lndex is negatwely related o recruatmerrt in Subdmsmn 25 {see below) This limits a
possible utihzatlon of a Iarval abundance index (corrected for drift out of the survey area and correctly timed)
for prediction of recrwtment to Subdwnsuon 25. _
For estimation .of canniballsm rates of O-group cod, sugnrﬁcant linear regressnons of predatlon mortalities
obtamed by MSVPA on spawmng stock biomass were estabhshed
. The final stat:stlcal model for predlcilon of recruitment at age D based on the potential egg productlon by the
' spawning stock in Subdwlsmn 25 explained 74% of the vananee Besndes the egg production (eorrected for
~egg predation by. clupelds) the sum of oxygen in the reproductwe volume was introduced as a significant
rvarlabie and the larval transport index as a variable being nearly significant. The regression coefficient of the
latter vanabte was negatwe, i.e. recruitment success appears to be negatuvely related to high wind stress,
suggesting that retention in the basin and low turbulent mixing leads to increased recruitment success. The
wind energy index is also 2 measure of the percentage of larvae drifted from the epawnihg to ihe nursery
areas. Thus, this result is biologically sensible, when interpreting it as. a transport into neighbouring
Subdivisions, for which evidence exists {see section 3.8).
The statistlcal models established for the eastern spawning areas were simpler than the one obtained for the
Bornholm Basin. However as onlyr in the latter area permanently a certam water volume suitable for cod egg
- reproduction was avallable (of course in varylng quantmes) other factors like egg predation and larval drift
have a regular and also more pronounced influence on the reproductwe success of cod. On the: contrary, in
the Gdansk Deep and especially the Gotland Basin the hydrographic regime did (in general) not aliow
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successful-egg development in the period 1981-82. Thus, only relatively simple models were required for
these areas to achieve a reasonable:explanation of recruitment variability (60-70% explained variance). .. .
Although recruitment was log-normal rather than normally distributed and muitiplicative instead of additive
" processes may be more appropriate to describe some of the acting processes, the log-transformed models
' did not: predict recruitment better, but consistently underestimated high recruitment in the beginning . of the
time series. ‘Additionally 1* order autocorrelations of recruitment were encountered regularly. in all: log-
transformed models, whereas it was not in the un-transformed-models. S
To- obtain an’ indication about the’ sensitivity of the parameter estimates and the predictive .power: of the
established statisticat models, re-fitting of the: models ov.er different shorter time periods utilizing a sub-set of
- the data serigs was conducted. The exercise clearly demonstrated that the models derived for-the different
‘Subdivisions are able to capture the trend of decreasing recruitment success during the 1980°ies and an
‘increase in the early 1990°ies, though they overestimated recruitment in the most recent years and regularly
underestimated recruitment in early years of the time-period to a certain extent. However, if a subset of the
years with - maximum- observed ‘recruitment. were included in the model fitting, the deviations between
observed ‘and predicted recruitment were found to be acceptable. In particular exclusion of the:recruitment
estimate for 1979 increased the model performance. This was not interpreted as-a mis-specification of the
model, as the observed recruitment in 1979 appeared to be overestimated by the MSVPA. Given the
relatively low sensitivity in the parameter estimation and a reasonable predictive power, the statistical models
developed in this section will:

_ a) enhance presently used short-term stock predrcttons. by estrmatrng recrurtment at age 2 two vears in
advance These estimates’ are based on the most recent’ spawning stock size and structure (in
_' particular |ts egg productron) hydrographrc condrtrons and predator abundances. Validation of egg
' ‘productson can be pertom'led from egg survey results and utilized for valrdatlon of the spawnrng stock
srze with farval survey results as an mdependent data source for predrchng recruztment success, e
b) |mprove medium-term projectaons (ICES 1997a/Assess:12) to predrct cod recruitment at any gwen age
for srmulatron of various fishing actrvrtres and frsherles management strategies in drflerent Subdrvrsrons
under assumed environmental scenarlos ie. oxygen ' conceniration in and extensron of the
reproductrve volume wind forcing regulatrng larval and pelagic 0-group retention and transport but also
.causrng inflow events (thrs mterdependence is not !ncorporated so far) consrderlng also predaton’prey
_ interactions affectrng egg and juvenrle mortalrty rates, -
| -'_"c),'allow the - determrnatron of robust brolcgrcal reference pornts (lCES 1998/J:1)’ oonsrdenng ‘their
'sensmvrty to enwronmental perturbatlons and specres mteractrons taking into account area specmc
o trends in stock and recrurtment development as well as basin specmc env:ronmental regrmes
: . '_predatorlprey rnteractrons and frshmg activities. ' I S

“38 ' Improvement of multispecies stock assessment models

The Multrspecres Virtual Populatron Analysrs (MSVPA) is presently the most |mpcrtant tool to determrne the
abundance ot 0--and 1-group cod in the central Baltrc he. to quantrfy the amount of survivors and thus
, determrne the reproductrve success of cod. Furthermcre cannibalism has recently been discovered’ as a
rather strong self—regulatory mechamsm ‘of the Baltic cod stock and is oonsequently of major |mportance for
: any predrctwe model of cod stock development Followrng tasks were covered during the present prolect
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1) Assess the reliability of predation” mortalities of 0- and 1-group cod estimated by the . MSVPA, which
includes: ' '
" ‘a) an evaluation of the stomachi content analysis and data compilation procedure,
. b) consrdeﬂng intra-cohort cannibalism, trawl feedrng and feeding on ‘discards as possible processes
rntroducrng bras -
a) assess the time and area effect of sampling on the diet composition,
'b] check MSVPA output by independent data, especially in view of a possrb|e prey switching due to
changes in predator/prey overiap and density dependent processes.
2) Updating relevant input databases:
‘a) stomach content database up-date to cover underrepresented areas, years and quarters,
b} include cod cannibalism in the western Baltic MSVPA,
| 0 ccrrjplet_e revi_stcn of the quarterly catch and weight at age per Subdivision,
d) revise consumption rates based on up-dated stomach content database, new gastric evacuation
models cohsidering ambient temperature in relation to yearly distribution patiems of predators. '
3) Conductrng MSVPA runs rnccrporatrng results obtained above and improving the methodology with
respect tor
aj an mplementatron of a reliable and practrcable tuning procedure,
b) an exploratron of the effects of different alternative suitability sub-models on predatron mortalities
and subsequent recruitment estimaies,
¢) conducting spatially dis-aggregated MSVPAs to determine recruitment and spawning stock sizes in
drfferent areas of the central Baltic characterized by specific spawning habrtats and nursery areas.
mcludlng a valldatron of spatially dis-aggregated MSVPA resutts.

" As progress in the above activities appeared to be essential for some of the research tasks covered in the
present project, but the available resources did not allow to allocate adequate research effort in-all areas
mentioned above, a project within the EU 4" framework TMR programme "Spatial structures in multi-species
fisheries models for the Baltic Sea” was set up {FAIR GT 95 5933) and an ICES Study Group: "Muttispecies
Model Implementation in the Baitic” was established, serving as the platform for coordination of effort outside
the project (ICES 1997/J):2).

' Reliability of predation mortalities of 0- and 1-group cod estimated by the MSVPA

Based on a recompilation of cod stomach content data considerable cannibalism rates of juveni'lle cod in the
Central Baltic were computed by the Working Group on. Multispecies Assessment of Baltic Fish during its
meeting in 1993 (ICES 19%4/Assess:1). Before, cannibalism was regarded to be of minor importance, as ¢od
as prey was detected rather seldom in the diets. Due to this judgement, the analysis and reporting procedure
on cod as prey was not standardized to the same extent as for herring and sprat, especially before guidelines
were set-up by the Study Group on Cod Stomach Data for the Baltic (ICES 1989/):2). ‘

A crrtrcal point in the oonducted stomach sampling scheme identified is, that in some areas most or a
consrderable part of the stomachs have been collected on trawl surveys directed to the estimation of cod
year-class strength, thus mainly covering areas were juvenile cod are expected to be more abundant: From
ccm pariscns of stomach content data obtained in different areas of the Western Baltic, a time and area effect
on the amount of cod found in cod stomachs is indicated. For the Central Baltic a comprehensive analysis of
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_juvenile‘cod distributions in relation fo the area and depths dependence of the diet composition has been
conducted (see below).

The stomach content analysis procedure established by the various laboratories for the two drfterent
multispecies assessment areas was rather consistent, but differed slightly between the areas, due to a
difference in prey composition. Thus an introduction of a major bias by different methodology applied in
different laboratories can be excluded. _ , | _ B

The stomach content compilation procedure for cod as prey has been reviewed, while compiling
corresponding data for the Western Baltic. No major problems were encountered The Latvian data on cod as
-prey are available on a more detailed level and should be integrated into the database, avordrng assumptrons
made in the compilation of missing information. it would be preferable if the Polish data could be submltted in
the same way.

Trawl feeding is a problem that wili bias. the predatlon mortalltres conslderably when not handled approprrately
while samplrng and analysing stomach contents However the impact on cod as prey is probably not higher
-than for other prey species and thus accordrng to Swedlsh data collected in 1992-94 well below 10% with
respect to the stomach content in werght

A rather limited overlap of size frequencues ot consumed and discarded cod has been demonstrated for the
Western Baltic, an area where consrderable portions of the catches are discarded in some years As the
length frequency of cod eaten by cod |n the Central Baltic is rather similar to the Western Baltrc it can be
~concluded, that preying on discards may occur, but has definitely no major influence on the estimated
predation mortaiities of cod. - '

In conclusron, it appears to be llkely that the amount of cod found in ‘cod stomachs s to a certaln degree

blased however, the order of magnltude is not expected to result in a substantlal overestimation of the
predation mortalities determined for the Central Baltic. independent of the basrc stomach content data,
problems in estimating predation mortalities were encountered with respect to the suitability sub-model
: implemented in the MSVPA {ses below). - | '

Database updatmg
The revision of the basic input data for both assessment areas included:

- update and correction of the quarterly catch at age and weight at age for stock units used so far, -

- complete revision of the quarterly catch at age ancl weight at age data per Subdwrsron (25-32) for the
period 1977-96,

= Update of stomach content data in both'multispecies areas until 1994, -

— inclusion of cod as prey in the Western Baltic. |

The complete revision of the quarterly catch at age and weight at age accordmg to Subdrvrsrons enabled
changes in stock units as appropriate, e.g. applying the same as in the singlespecies assessment but also
separate runs for different. Subdwrsmns {see below). The revision was based on natlonal reports subrnltted to
the Assessment Working Groups Gaps |n the data were identified and a detailed substltutlon scheme was
-developed, discussed within the Baltic Frsherres Assessment Working Group (ICES 1997/Assess: 12] and
distributed for comments to the varrous national Iaboratorres Based on received feed back, errors |n the data
base were eliminated. These data are expected to form the basrs ot multr- as well as smglespecres
assessments in the future.
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~ A considerable amount of new data has been infegrated into the cod stomach content database, which now
includes data up to 1994. Additionally cod as prey has been included into the Western Baltic database. In
*~ connection to the database updating, the procedure of eompiling:stomach contents was modified as:folfows:

. mtroductlen of a welghtlng procedure for averaglng over Subdlwsmns whlch accounts for yearly
vanablllty in the distribution of the predator,
- — inclusion of intra-cohort cannibalism of cod age—greijp 1+ by shifting prey ages one year back (so far
" cases in which cod ingested cod of a similar age had to be excluded from the MSVPA).

.~ Consumption rates

After updating the stomach content database by including new data and revising the weighting procedure for

the calculation of relative diet compositions and total stomach contents, the individual quarterly consumption

rates had to be re-calculated aeeordingly Several improvements of the food consumption estimation
procedure were possmle ' '

T apphcatlon of new evacuation modeis (developed within the EU-project FAIR 95 604; CORMA),

. _considering the environmental temperaiure and the predator weight as variables using different fish
species as prey,

- inclusion of mter- and intra-annual variability in the eonsumpnon by incorporation of yearly and not only
quarterly variable stomach contents, corresponding ambient temperatures considering also shifis in the
distribution of cod, and predator weight at age reflecting changes in growth rates over time in the

| “evacuation model. | ' |

The improved consumption rates are on average higher than the old estimates, which corresponds to resuits
- obtained when updating consumption rates of North Sea cod utilizing a similar model.

Tuning of MSVPA

- Adequate tuning of a MSVPA is a prerequisite for a reliable output of the analysis. Up to now, the tuning
procedure conducted by the ICES Multispecies Working -Groups was in general rather rough. The
~-ginglespecies terminal-F :values. were applied after splitting them into quarterly values based on, quarterly
distribution of the catches and estimated population sizes in.the beginning of the years, according.to ICES
1996/Assess:2. To assess the impact of the choice of terminal F values on the estimated stock sizes of
predator and prey a sensitivity analysis was performed, which resulted in the following conclusion:

~ the MSVPA estimates of hemring and sprat abundance are rather robust towards errors in the
estlmatlon of the cod terminal F in the final year,
- the MSVPA appears to be considerably more stable than smglespecles VPAs for prey species
suffering from hlgh predation mortalities, e.q. sprat,
— nevertheless, the impact of erronecus termmal—F values is consudered to be a major problem requiring
~an adequate tunlng of the MSVPA. ' '

- The Multuspecnes Working Group (ICES 1992/Assess:16) suggested to couple the XSA with Ithe MSVPA,

which appears to be a constructive idea. It was, however, expected to be rather impracticable to re-run tﬁning
. programmes and MSVPAs several times while inspecting output statistics (ICES 1997/J:2). To check the
. practicability, test runs were performed to investigate the convergence Abehaviour of succe_ssive _XS'A_' and
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‘MSVPAs runs for the different stocks: included in the Central Baltic. In general, the iterative running of XSAs
‘and MSVPAs 'was rather unproblematic, as changes in predation mortalities had only limited impact on the
determination of -terminal-F sets, even for age-groups regularly preyed upon by cod. Sprat with lower
numbers of age-groups in the calculation and higher predation mortalities in oldest age-groups showed the
_highest sensitivity and ood the lowest. Especially the latter 'fact is stabilizing the MSVPA as changes in
_ termmal-F values for cod have an |mpact on the predation mortality of the prey species. -

As a conciusion from this section, it appears that the |mpiemented procedure of iterative slnglespecres tunmg
and running of MSVPAS is a suitable procedure to improve the reliability of the MSVPA output. In this context,
it has to be considered that excluding not fully recruited age-groups from the tuning changes the. tuning
output even when keeping all input data constant. |

' 'Cannrbahsm rates derived from MSVPA runs with alternatrve and without suitability sub-models -

MSVPA runs conducted with cod as prey have changed the perceptlon of cannrballsm to that of a strong self-
regulatory mechanism in the Central Baltic cod stock, which lead to the suggestion to utlllze MSVPA mstead
of VPA estimates for establishing stock recruitment relationships. However, are the high cannibalism rates
astimated for 0- and '1-group cod an' artefact introduced by the suitability sub-model in use ? This question
. has been addressed in the present section, which mainly consists of two components:

a) a summary of canmbahsm—related output denved from revrsed MSVPA runs for the Centrai and
) Westem Baltic assessment areas, '
b) attempts to estimate cannibalism rates for the Central Baltic cod with an altemative and without any
suitability sub—model rmplemented in the MSVPA as well as utilizing independent estimates of predator
| stock sizes. : -
The resulis obtained, were compared with respect to timeé trends in the occurrence and ‘intensity of
cannibalism, giving an indication about the reliability of the predation morialities estimated for Baltic cod by
the MSVPA. '
" For both stocks a pronounced cannibalism on 0-group:and to -a lesser extént on 1-group cod has been
" estimated by the standard MSVPA. On average 37% and 17% of these age-groups are removed by predation
* from the Central Baltic stock. Thus, a year-class looses on average 47% of its individuals from age 0 to 2 due
to cannibalism. The predation mortality of cod is lower in the Western Baltic. On average 19% of the O-group
and 9% of the 1-group are consumed per year. Predation was estimated to be most intense in 1978-84, a
period with high adult and juvenile cod ‘stock sizes -tn:both areas, followed by a steady decline in stock,
‘recruitment and cannibalism until the early 1990’ies and an inverse trend afterwards.
The original suitability sub-model of the MSVPA was created for the application in the North Sea model,
because only stomach content data for 1981/82 were avarlable Based on a high amount of stomachs
sampled in a short period of time quarterly suitability coefficients were determined and applred as constants
to other years. This suitability sub-model has also _béen used in the Batiic .MSVP'A up to 1992, when a
modification was introduced, The limitations and advantages of both models have been intensively:disoussed
(ICES 1994/Assess:1), but no consensus about the method to be .preferred‘ was reached. In oontrast to the
North Sea, the database on cod stomach contents for the Baltic Sea contains stomach data for nearly all
' years, :quarters" and Subdiv'is'ions" inhabited by cod. This allowed a check of the periormance: of ‘both
' surtabrllty sub-models by oomparmg simulated ‘and -observed relative contents of cod in cod ‘stomachs. -
Alternative approaches clrcumventing any surtabrlrty sub-model by using only available stomach content data
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coupled to either predator stock sizes obtained by the MSVPA. or_abundance indices from trawl surveys were
additionally computed; as: .- - s

a) it appears to be inconsistent that weight at age varies between years, and even worse shows a time
trend and suitability coefficients remain constant, although weight at age are used to determine them,

b) considerable changes in the relative distribution of adult cod and their potential prey, juvenile cod,
occurred in relation 1o the decline of the Ceniral Batic stock, which may violate the asSufnption that an
average suitability coefficient calculated for the entire period reflects the mean relative spatial
distribution of predator and pregir as well as the probabliny that the predator will catch the prey once
encountered. ' - '

_Using the original s_to_rnac_h data together with MSVPA generated predator stock sizes revealed a peak in
cannibalism on age-group 1 in 1977/78. This is a direct consequence of the stomach data showing highest
reiative contributions of cod in the diet in these yeers and relatively high predator abundance. In contrast, the
application of the suntablllty sub-model in the presently used standard MSVPA set-up resulted in highest
cannibalism rates in 1980/81. This maximum in cannlbahsm is driven by a high abundance of 4-5 year old
. cod (year-classes 1976/77), for which age-group 1 as prey has a high suitability coefficient. The same trend
_in predator stock size and structure is, of course, also valid for the calcutation without suitabilities, but here
the predator st_oek_ driven increase in predation is overwritten by the impact of the original stomach contents.
In sun1mary, the application of a suitability sub-model {refers to both models) instead of using the original
stomach data, creates a temporal dynamic of cannibalism mostly dependent on the predator abundance and
the age structure. By averaging the suitability coefficients, extreme values in the observed stomach contents
are homogeneously dastrlbuted over the whole time serles. Ieadlng to a generally higher level of cannibalism
in most years, but omrttlng the maxima in 1977/78. The tendency of the suitability sub-model to smooth
_outstandmg stomach content data and to distribute them over the whole time series ieads to a better
correlat|on w:th the survey derived index of the predation mortality than usmg the stomach data directly The
. ‘comparlson of determined M2 mdices with estimated M2 values generated by the standard MSVPA is though
. no test on the rellablllty of the magmtude of predation mortalities, because the used survey data are no
| absol_ute a_bundanoe estimates. Nevertheless, the better correlation of the MSVPA with the survey based
estimates may indicate that application of a suitability sub-model is the preterabte"prooedure, rather than
. omitting i, even in the case when stdmach sampling coverage is rather good. Based on the better fit of
predicted vs. observed fractions of cod in cod stomachs, it appears that the new suitability sub-model
_present‘ly chosen for the standard set-up of the MSVPA in the Baltic performs better than the original version
sill implemented in the North Sea MSVPA. ' o
_ Independently whether cannlballsrn and recruntment is estlmated vna a normal MSVPA or on basis of original
stomach content data using predator stock S|zes obtained by MSVPA, the stock recruitment relationships
~ showed two dlfferent levels in recruitment, i.e. a phase of high recruitment from 1977-80 and of relatively low
recruitment after 1982. The fact that on the lower tray low recruitment occurred at same SSB levels as high
__recruitment in the beginning of the time seties, indicates substantial environmental influence on recruitment.
~ However, if the environmental conditions are suitable for reproduction, cennibalism driven by the size and
| structure of the predator stock, the spatlal overlap between predator and prey and probably also the
avallablhty of other suitable prey has a considerable impact on the survwal of juvenile cod. The smglespecles
set-up showed the same discrepancy between the periods favourable and unfavourable for recruitment, but it
underestimated the difference between high and low recruitment levels, This is due to the fact, that
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cannibalism especially at high juvenile cod (prey) and adult cod (predator) stock sizes ‘accounts for a
considerable part of the mortality of juveniles before reaching age 2 (the recruiting age in singlespecies
assessment).

inter-annuai vanabr!rty of cannrbairsm and rmpact of prey abundance and drstnbutran as obtlained from
_MS VPA rndependent mformatron '

The inter-annual vanabriity of canmbalrsm as weil as densnty and distribution dependent effects on
cannibalism were investigated utilizing information. obtained during traw! surveys conducted in the eastern
Central Baltic. During the period 1963-90 cod contributed on average 2.8% (weight) and 1.1% (oocu'rrence) of
~ the total stomach content of cod. Cannibalism was mainly recorded for cod > 35¢cm. The size of consumed
cod was in general between 5-15 cm. Cannibalism occurred in restricted areas and exhibited strong inter-
annual vanabrhty, with a srgnrf:cantly difierant mtensrty between the periods 1969-75, 1976-79 and 1980-80.
Until 1980 the cod popuiatron in the Central Baltrc inhabited mainly near bottom layers of the central basms A
hrgh abundanoe of recruits was encountered in 1976-79. During the 1980°s, stagnation resulted’in the
reductrcn of recruitment and the adult cod popuiatron changed its distribution from demersal to pelagic mode
of life dunng the first haIf of the year Thus low abundance of young cod and the changed distribution of older
fish resuited in low canmbalism rates dun_ng 1980-90, a feature which the present MSVPA is not able to
rnodel;'due to the implemented suitability s_ub-m'c_d:ei assuming constant suitabilities the covered time period.

“ MSVPA runs for different areas of the Central Baltic

 As the abundance and biological characteristics of the three species incorporated into the MSVPA for the
_;Gentral Baltic are rather different between geographrcal areas within the presently assessed stock units and
are also rather vanable in tlme. spatially drs-aggregated MSVPA runs have been performed This allowed to
establish actual spawning population sizes and structures contributing to recruitment of cod in the different
spawmng regrons characterized by distrnct hydrographrc conditions, thus defining regional or basin speclfic
_ _popuiatron recrurtment After the revision of the catch and weight at age data accordmg to quarter and
Subdivision, a suite of. mdependent MSVPA runs was conducted for Subdivisions 25, 26 and 28, i.e. areas in
'whrch major cod spawning areas are located: the Bornhoim Gdansk and Gotiand Basin. This procedure
i does, however, not include mrgratlon berng accounted for by fiuctuatrons in the catch at age data only '

A rather synchronized devetopment of cod recruitment and population sizes was revealed for Subdivision 25
and 26, with also the absolute es_trmates_ being rather similar. Highest recruitment was computed for the
period 1976-80, with a steady decline until the beginning of the 1990°s anid a moderate increase in most
recent years. The spawning stock biomass reached highest values of 140000180000 t in each area in 1979-
83, with a time lag of two years |n the mcrease in Subdivision 25. Lowest levels of spawnrng stock
| components were reached in 1991/92 wrth a subsequent increase to a level correspondlng o the begrnmng
. of the trme senes (1 20000 t in each area) The driierences between both areas, i.e. 2 more pronounced
' decrease and a time Iag in the subsequent increase of SSB in Subdivision 26, can be expiarned by a more
hmlted recruitment success in the Gdansk Deep due to the in general unfavourable hydrographrc condrtions
Recrurtment and spawnrng popuiatron srze in Subdrvrsron 28 showed a similar trend within the ttrst half of the
_ period. covered. However maxrmum vaiues of recrurtment and SSB were only about 50% of those
encountered in the other areas and the declrne ccntrnued nearly to extinction cf ‘the stock component
| showsng aiso no reverse trend after the 1993 inflow.
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Substantial difference -fin?:thezcannibalism level between the different areas was computed, with Jowest

. predation mortalities in -Subdivision .25 from 1978-85. In’ iéte‘r-: years the values were rather similar in

~ Subdivision 25 and26; with a tendency of higher predation.pressure in the eastern area in most recent years.
This deviation in predation mortality is coupled to a considerably lower suitability of juvenile cod as-prey of

- adult ‘cod. in Subdivision 25.. In Subdivision 28, the predation mortality -declined from high levels in 1983 to
virtually-being absence in 1990. '

" The determined F at age for cod did not indicate any substantial problems induced by migration between
Subdivisions, however, as corresponding signals are rather indirect, this is no validation of MSVPA results.
Also a gradual shift of the cod population out of areas with unfavourable conditions into the Bornholm Basin

 might have happened not detected by the VPA procedure. However, the isynchronized development of cod
recruitment and popuiation sizes in Subdivision 25 and 26, based on completely independent information,
indicate that the obtained trends are reliable. Independent of remaining uncertainties (see below), the output
of the spatially dis-aggregated MSVPA runs have been utilized in the establishment of area specific stock
recruitment relationships.

A special validation: of the spatially dis-aggregated MSVPA results was performed utilizing independent
information on:abundance and biomass obtained from survey activity within the project as welt as compitation

- of available historical data. In connection to the validation attempt, it is discussed whether abundance indices
from irawl,  hydroacoustic and ichthyoplankton surveys can be used for tuning VPA’s, as the utilization of

-more-than cne reliable abundance index (the international bottom trawi survey) would improve the tuning
output and thus, the accuracy of most recent stock size estimations to be utilized in short-term projections.
The comparison of various cod stock biomass and abundance indices obtained. by hydroacousiic. and trawl
surveys indicate.a declining trend of the stock-camponent in Subdivision 25 in most recent years, which is not
obvious from the MSVPA. Comparing egg production values estimated via MSVPA based female spawning
population size with corresponding production rates from ichthyoplankton surveys showed a quite reasonable

- fit for the- period since 1986, but confirmed an overestimation by the MSVPA in. 1996, probably caused by

tuning problems. lLatvian frawl survey data directed to the spawning population in the Gotland Basin

- confirmed the trend derived by the MSVPA for Subdivision 28 and indicated further for most recent years,

- that the popuiation size determined for Subdivision 26 by the MSVPA is restricted more or less entirely to the

Gdansk Deep and not the southern part of the Golland Basin.

The distribution of the cod stock among the Subdivisions of the Ceniral Baltic as obtained from the MSVPA

shows substantial deviations from the relative distribution pattern derived from the international frawl survey,

utilized for tuning the MSVPA. In the trawl survey the distribution is changing with age, especially in the
juvenile stage, which might have three reasons: '

1) area specific mortality rates: varying cannibalism rates were determined by the MSVPA for- the different
areas, however, as they were incorporated into the stock estimation, they do not explain the differences
endountered, ‘neither do the fishing mortalities, as they are probably negligible for age-group 1,

"2) a shift in distribution, especially within the 2™ year of live, either by passive drift or by active migration of
larger juveniles, :

" 3) area specific differences in catchability of the bottom trawls in use. -

“In principal neither of the processes will distort the MSVPA results substantially, as long as neither the relative
~10ss nor-gain of juveniles to and from ancther area nor the. unaccounted natural mortalities are changing over
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time. Processes acting constantly will influence the absolute production of juveniles per adult, but should not
change the recruitment pattern. However, not only the distribution of the juveniles changes, adult cod are
" known:to undertake spawning migrations, especially from northern and eastern areas into the Gdansk Deep
- and the Bornholm Basin. The intensity and extension of this migration depends probably on the hydrographic
_conditions, with' a shift to more southern and western spawning areas, when environmental conditions. are
unfavourable in the Gotland Basin. Relative CPUE-values obtained from conducted trawl surveys in-the
Bomnholm Basin and the Gdansk Deep within the spawning ‘season 1996 in fact indicate a:spawning
~migration’of cod from Subdivision 26 into 25. In relation:to time trends of increasing proportions of the stock
component concentrating in Subdivision 25, it ‘should be pointed-out, that there was nearly no deviation
between the trawl survey and MSVPA proportions in 1992-94, but again afterwards, which may be related to
a tuning problem, rather than migration. o

Incorporation of predation on early !ife_ stages of cod in multispecies assessment fools |

The performed literature review, the evaluation of available stomach content databases and the subsequent
~ sampling of diet compositions of ‘potential predators:-on early and juvenile life stages of cod in:the Baltic
identified predation on cod eggs by herring and sprat as well as to a lesser extend by scyphomedusae as the
‘only rélevant predation processes effecting the reproductive success (apart from cannibalism on juveniles
- already integrated into the MSVPA). Modelling cod egg predation by clupeids within the present MSVPA and
'MSFORE models is in principal possible, but would require to incorporate consumption and suitability sub-
models on number and developmental stage (instead of biomass units and age) and to introduce an
" appropriate smaller-time scale {reduce the time intervalsifrom quarters to months). SR

Reformulation of the' MSVPA algorithms to calculaté predation mortalities based on prey numbers; is in
principal possible. To adiust the MSVPA algorithm to prey stages instead of age-groups also ‘appears to be
" possible without major difficutties.’ Major difficulties, however, are expected to arise from the necessity to
- introduice -smaller timeé scales for which basic input data {e.g. catch at age and weight at age) are not
available and are hardly possible to ‘obtain. All together the necessary changes. in the algorithms, the
programme ‘structure and the data handling are expected to be a major task, beyond the scope of this
project. Thus; modelling predation on cod eggs right from the beginning independently from the"MSVPA, but
using MSVPA output as input (e.g. predator stock sizes) appeared to be more feasible. An aftempt to model

cod egg predation by clupeids accordingly has been conducted and the results. were incorporated in the

establishéd area specific stock-recruitment relationships.

3.9 Evaluation of stock enhancement programmes

Stock enhancement through release of cultured juveniles is a common practice in freshwater systerhs. It has
also-been.shown to be an effective method in ranching of anadromous fish species (e.g. salmonids). In
coastal and marine systems, stock enhancemert has received increasing. attention world-wide. ‘The most
advanced experience has been reported from Japan where early trials with .kuruma prawns-and red sea
bream have - over the years - yiélded promising results, mainly to enhance local fisheries. The pertinent
literature on ranching and enhancement of local cod stocks: has been reviewed. Major efforts were nﬁade in
Norway and some Baltic States to test the feasibility of juvenile production in various systerris while also
testing growth, migration, and recapture rate of released fish. The results of historic and recent trials ‘are
summarized. Parficular attention was paid to the evaluation of various tagging methods (e.g. external tags,

38




intemal tags, chemical tags, implanted: electronic.ships). Comparative studies on the possible: interactions
-between: wild and cultured released: juvenile cod were also reporied, :placing major emphasis on-possible
- genetic interactions-?bemeen'wud and cultured stocks, growth differences, and specific differences in feeding
" habits and: migrational- behaviour. Finally the issue on density dependent mortality is discussed in relation to
the scale of release necessary to achieve a2 measurable impact. A comparative evaluation was conducted of
the profitability of Japanese and European approaches to marine fish larvicuiture production for searanching
programmes. '
From this study it is' concluded that the potential-effect of stocking on enhancement success requires criteria
-~ that. determine the optimum choice from a palette of operational scenarios suitable for the given area (e.g.
-geographical area-of release, target species, choice of habitat characteristics for release, choice of
" conditioning method to improve fitness for.survival, rearing techniques close to natural conditions to prevent
‘early domestication effects, choice of stocking level and duration of the programme (matching with predicted
natural recruitmenty, and finally choice of ownership and management units including  harvesting practices).
The performed review identified several positive aspects with regard to the development of cod ranching
programmes; '

- reareiil juvénile cod show a high growth rate, a good condition factor, and favourable liver indices.

 On release they are often notably larger than their wild counterparts. In some cases the 0-group

" may be nearly as big as the wild 1-group fish. Good condition factors allow them to withstand a

period of poor feeding after release, but this effect is uncertain and only verified in studies with
Norwegian coastal cod, '

- - after release, the reared cod revert towards the wild fish habits in terms of dief, feeding efficiency
and anti-predator behaviour, and this is achieved in just a few weeks, thus indicating the option for
effective short-term adaptation, '

- S 'reared and wild cod have similar growth rates in the sea and tend to remain in the same area,
' although some cod release studies show {Danish Limfjord) that fish moved considerable distances.
Norweglan cnd from local stocks released near the open coast also tended in some areas to move

" greatér dlstances latera!ly

- Some critical conclusions must also be drawn from. the literature review:.

- despnte good growth and adaptatlon to habltat released cod may not be as fit for survival as wild
ones. Nettlng may initially easily capture them and they aiso may not be as fast in response to
escape from predators as wild conspecifics. Japanese studies with red sea bream (Pagrus major)

" indicate that early condmomng and step by step adaptation from close oonfmement to semi-
enclosed and open water areas may greatly help to mitigate these effects,

- there is so far no evidence that released cod have enhanced the local (Norwegian) stocks at stages

' ‘when they were supposed to recruit to fishery, despite the fact that they have augmented the local
stocks tlurihg the first few months after release. This indicates that under specific 'circumstances.

| year class strength may remam unstable even after the 0-group phase, partlcularly in coastal fjord
cod populations,

- there exists some evidence of density-dependence and low pre-recruit - survival when the

| abundance of 0-group cod is high and this may be counter productive to stocking.
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The lack of suitable tagging and monitoring techniques for released fish and the lack of quantitative methods
-to-foliow released stocks in sufficient numbers so that stocking effects on conventional fishery yield can be
_reliably judged is still a bottleneck. The possibility of tagging the released fish with genetic markers may.be a

promising method that can provide the data required. The presently developing modern internal tags that

record the movement of fish-in relation to environmental cues (temperature, light, pressure) are-certainly

promising to gain more insight in what triggers outmigration of on-growing fish. T L

The first step of the Japanese sea ranching programmes focused on basic research for mass. production of
- fingerlings. One can cerainly learn from the experience gained there. Relevant publications and research
‘. work, especially on Baltic cod, is slowly becoming available. Judging from the Japanese experience,a 10

years lead time will be necessary to work out a certain technology for a reasonable and cost-effective mass
- incubation and rearing technique. Similar scenarios and large-scale logistical approaches will have still fo be
~worked out for cod-in the Baltic Sea where specific hydrographic and ecological conditions occur which differ
greatly from other areas. Presently, the results of the' mass-incubation and rearing trials with Baltic cod are
still not satisfactory. The quality of the spawning stock and the resuliing egg quality may partly affect survival
potential. it needs further to be emphasized that little is known about O-Group behaviour and performance in
-Baltic coastal waters while nothing is known about the optimal strategy for points and frequency of release. It
is recommended that tagging studies are undertaken to ‘p_rovide some insight on the subse_quent influence of
growth, mortality and out-migration of 0-group cod before any large-scale release tests for cultured

specimens are undertaken. | o

4. Description of potential practical applications

41 Application of project results in stock assessment

The present project has identifi:ed key_proces_ses affec_ting the egg production by the spawning stock, the
viabliity of the offspring and the subsequent developmental success and survivall of e.=.trllg.r end jdﬁenile cod life
stages, described their variability in space and time, compiled related long-term data series, ,i_'rnplement'ed a
series of coupled biological/physical sub-models and’ established -statist.ical models relating recruitment
success and environmental as well as predator/prey interaction processes. In terms of the potential utility of
the achievements in stock assessment; the results can be grouped into two broad categorles on the basis of
the length of time before they could be expected to be |mpiemented in stock assessments.

The flrst group of results includes those, which have d:rect impact on some of the key mputs to stock
assessment models or their modification, and which have been documented to be statustlcally s:gmhcant over
. several years of study. This group of results could potentially be mcorporated in the near future (1-4 years)
into existing stock assessrnent procedures with relatwely little, minor changes in methodolcgy

The second group ingludes those which either have improved our understanding of proce_sses affecting the
interactions . between. stock s.truc_tu're_, | recruitment end the environment, or which require further
documentation of effects to ensure rcbustness of the obse_wed relationships (e.g. over Ionger time periods, in
.contrasting environmental situations). The impact of these results on inputs to current stock assessment
mode!s is therefore less direct, because- they have addressed scientific issues, which lie cdtside the scope of
traditional stock assessment procedures If these findings should be used, these procedures will have to
undergo modest to major changes. Since such developments require time and dedicated effort, this group of
results may need a longer period {e.g. 5-10 years) before belng used quantitatively in stock assessments.
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However they have a-more immediate impact on the nature and direction of research-that could be: followed
in the future (e.g. fully document observed relations that are based on limited temporal/spatial coverage,
. develop - the modifications  to. existing stock assessment: procedures to include new types. of scientific
- informaticn).

‘Identified processes with the potential to be considered in future stock assessment of Baltic cod:

| a) Matunty ogwes and sex ratios showed inter-annual vanabilrty and a general trend of increasing

proportions of females wuth age. In addltlon there was a 51gn|f|cant trend to later matunty from west to east

. inthe Battic.

b} Relatwe fecundity varied mgmfncantly between years {up to 33% dewatlon) but not with female size or

.age, within a spewmng season, or behnreen spawning areas within a given year.

c) Spatially dis-aggregated egg production estimates based on reéearch vessel survey indices of aduilt
distributions or output of area dis-aggregated MSVPA models show large spatlal variability between years,
which can lead to hrgh ievels of productlon of eggs in areas which cannot support egg development.

. d) Larger females generally produce larger and more buoyant eggs. These eggs also produce larvae, which

- have e highef survivei prbbability after hatch than iarvae, which hatch from smaller eggs. However,

between-batch and between-female differences in egg size make generalizations difficult.

| e) Ssgnlﬂcant differences in contamination level were found between Suhdivision 25 and 28, with the latter

showmg higher contamination, lower hatchlng success and lower survival after hatch. Furthermore,
. significant relationships exist between maternal age and most investigated xencbiotics; however hatching
_success or sﬁrviva[ after hatch was only related in some cases significantly to body burdens of specific
individua! xencbiotics. ' '

). Estimates of daily egg production derived via determined SSB values are on average 2.3 times higher

| than-the oorresponding production of the youngest egg stage A abtained by ichthyoplankton surveys. The

~ difference is probablyr due to atresia and limited fertilization success, '
g) The timing of spawmng has varied substantlally over the last 2 decades, related to both, stock

- characteristics (e.g. age structure and abundance) and to water temperature. The present main spawning

period is June to August and as a consequence the egg production is exposed to relatively low oxygen

concentratlon even aiter inflow situations due to oxygen consumption in the bottom water.

' h) Production of egg development stage Ill as estimated from ichthyoplankton surveys per unit of potential
egg production by SSB (and alternatively _also egg production of stage IA from ichthyoplankton surveys) is
S|gn|i|cantly related: ' ' '

— positively to oxygen content in the reproductwe volume at peak spawmng time and a corresponding
~ oxygen related survival index (Subdlwsnon 25) or the reproductive volume adjusted to peak spawning
time (Subdivision 26 and 28), | ’
| .4 negatwely to predatlon by clupelds, the impact of predatlon was conmdered oniy in Subdivision 25 as in
other areas consumptlon rates were of minor importance.

i) Larval abundance is positively correlated with egg production by SSB, and larval abundance per unit of
g9 productlon by SSB is posmvely correlated to the sum of oxygen in the reproductive volume
(Subdwnsmn 25) and the reproductive volume (Subdrwsmn 26 and 28)

j] Recruitment at age 0 (as obtained from area dis-aggregated MSVPA runs) is posmvely correlated with:

— the egg produ;:tlon by SSB corrected for predation {correction only in Subdivision 25},
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= =" the sum of oxygen In the reproduciive volume (Subdivision 25) or the reproductive volume (Subdivision

26'and 28),

negatively correlated with a cumulative wind energy index, expressing wind stress and direction as a

measure of transport to nursery areas or retention on spawning grounds (applied in Subdivision 25
only). A possible explanation may be a transport of larval and pelagic juvenile out of Subdivision 25 at
strong westerly' winds, which is confirmed by the distribution of age-group 1 cod derived from trawl

* surveys showing high abundance of recruits in the southern part of Subdivision 26, also in years with
"rather unfavourable hydrographic conditions in the Gdansk Deep. However, a positive signal of a high

transport index resulting in enhanced recruitment is also here not obvious, which is not un—expected as
the transport index covers temporatly only the larval phase. Apart from this, correlation analyses for the
antire Central Baltic conducted have clearly demonstrated that recrmtment at age 2 |s posrtwely

: correlated wrth strong south-westerty and easterly wrnds,
| not correlated with changes in vrabrlrty of the Iarval production as estimated trom interrelations between

spawnrng stock ‘age/fsize structure egg size and larval survival relationships.

' k) Recrurtment at age Oi is posﬂwely correlated to iarval abundance in Subdivision 25 and 26. In Subdivision

28, recruits (age 0) were expected from the modet runs and also observed as age-group 1 in trawl
surveys, but were ina number ct years not found in larval surveys Thls indicates either problems w:th the
catchabrllty of the |chthyoplanldon gear at very low larval abundance or drrft/mlgratlon of juvenlles into the

area.

_ Recruntment at age 1 and 2 is affected by canmbalasm through adult cod (mean annual removal: 5-43% at
age 0 and 30 47% at age 1). Conslderable varlab|l|ty in cannibalism (smoothed out by MSVPA) appears to
be related to prey densities and spatlal prey/predator overlap.

m) The present situation of the cod stock in the Central Baltrc can bneﬂy be summanzed as follows (based on

the area disaggregated MSVPA runs): _ | _
- The stock component in Subdivision 28 is close to extinction, with a presently very low egg production

by the spawning stock, i.e. not able to take advantage of the 1993 major Baltic inflow resuliing in 1994

'-in the highest reproductive 'volume in the Gotland Basin since 1977. However, the inflow replaced

especially deeper parts of the bottom water resultrng in an mtermedrate layer with very low oxygen
concentratron but havrng densrtres suffrc:ent to keep at Ieast a part of the cod £0as floatrng and thus

not sustaining their development Thus, even at a higher egg production it is quite uncertam whether

the single major inflow event woutd have enabled a substantial reproductive success

The component in Subdivision 25 domlnated the stock in the late 1980s and early 19905 with the

Iowest leve! on record i in 1992 and an mcrease afterwards Although the hydrographic conditions were

:'untavourable for successful eqag developm ent in the Gdansk Deep up to 1993, an increase in this stock

compenent is obvious srnce 1991 mdlcatlng recrurtment originating from the Bornholm Basin. in the
most recent assessment year, the spawnmg stock blomass was estimated tG be approximately 120000
ti in each area, which is in the order of the 1976/77 tevels and the highest on record since 1984,

' The stock trend obtamed by the srnglespemes assessment (ICES 1997/Assess:12) and also by the

MSVPA showed a reIatwely stable stock in most recent years. This result is contradrcted by decreases

~in stock estimates from hydrcacoustrc surveys, CPUE from trawl surveys directed to the spawmng
' 'stock and |chthyoplankton-based egg production estimates. The overestimation of the stock in most

recent assessments might be due to time trends in the catchabmty in the trawl survey ‘data used for
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- tuning, caused by changed hydrographlc condltlons Thls hypothems remains-to-be. mvestlgated and
was beyond the scope of this project. - R

From the above summarized information on processes influencing the reproductive success and recruitment
of ‘cod as well considering -the present stock situation, the following maodifications of current assessment
-procedures and methodologies can be recommended:

ref a]

The sngmfacant vanatlons in adutt reproductwe htology (e.g. between years and areas) need to be considered
when estlmatmg the reproductwe potential of the stock. Sensutwlty analyses of egg production estimates
show that failuré to do 50, can lead to considerable over- or underestimates of the true egg production
depending on the direction of the variability relative to the average value. Time series of project-derived
~ ‘miaturity-ogives have already been implemented in-last year's cod stock assessment (ICES. 1997/Assess:12).
‘However; instead of using the -entire spawning stock estimate it is recommended to ufilize only the. female
spawning stock biomass (as'a measure of egq production, preferably at spawning time, e.g: 1. July), because
‘the sex ratios heavily depend: on -age -(increasing female proportions with age). The data base for
- implementation of this result:{i.e. age-specific sex ratios and female maturity ogives) has been set up within
the programme. In addition, comparison of estimated potential egg production by the spawning stock with
egg production rates derived by ichthyoplankion surveys shows that utilization of annual matunty ogives is
* preferable to- 5-year averages {given a sufficient data quality). '

“ref by - :

- Relative fecundity varied significantly between years but not in dependence of body size/age and-of seasonal
- gffects. Factors determining the relative fecundity (not yet known) appear to influence the entire: stock rather
than a sub-component. These findings allow monitoring of fecundity with relatively restricted effort. Relative
fecundity data should be combined with age/size structure and maturity/sex ratio information to produce
_annual estimates of population egg production. However, |f rellable fecundity data are not avallable, the
‘female spawning.stock biomass is a useful alternative measure of egg production. Investlgatuons on the
. determining factors causing changes in the sexual maturation {probably eo_upied to growth) as well as in the
.individual fecundity  should be encouraged, to enable prediction of _ch_'anges caused by envire_nmental
perturbations and variability in the food suppiy.

ref. ¢)

. Present.assessment practlce (e.g. ICES 1997/Assess:12) assumes no spatlai or seasonal variability in either

.egg .production or environmental conditions that favour survival of early life stages. Methods for producmg
dis-aggregated data series and models that 'incorporate information at these dis-aggregated scales need to
be developed, and comparative analyses using aggregated ahd dis-aggregaied data sets and models need to
be conducted (see j and m). '

“refody _
Established relationships between female size and age vs. average size of produced eggs and egg size vs.
larval survival after hatch, coupled to annual stock structure data revealed a rather limited variability in the

_viable egg production. However, the differences in buoyancy related to the egg size appear to be more
important as a feature steering the survival success of the egy preduction,especially at unfav_ourable oxygen
conditions. At present. this impact of the stock structure on the vertical egg distribution is ignored in the
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modelling approaches: conducted in the programme as it shouid await resulis from siill ongoing research
activities, outlined in the corresponding process analysis section.

ref. @) ; _

Contamination levels in adult: females and sex products differed between the Bomholm Basin .and the
Gdansk Deep. The latter area showed higher contamination levels of ovaries, lower hatching: success; and
lower survival after hatch. A lower recruitment originating from a similar egg production, however. is not
ob\nous from the conducted analysis, but the process may be masked by an introduction of petaglc juvenlle
stages by the current system Due to the complexlty of the problem and different mterpretatlon possubrhtles
the outllned fmdlngs are to date hardly applicable in present stock assessment prooedures

ref. f)

The significant relationship obtained between potential egg- production estimated via the populatron size. of
- 'spawning females in combination with relative fecundities and the actual egg production from ichthyoplankton
surveys demonstrates:the 'potential.to use ichthyoplankton surveys to derive (MS)VPA-independent estimates
" of population sizes. A prerequisite for: application of this. method is sufficient knowledge about the timing: of
the 'spawning activity as well as stock: structure and fecimdity information, which have been made available
for a time series in the present project, but also have to be monitored in future.
‘ref. g) - ' v r o _

Due to -eutrophication, oxygen introduced by an:inflow event is consumed faster today than -in former
decades, with a corresponding increase in egg mortality rates. This does not affect short-term recruitment
predictions, as the most recent hydrographic measurements can be utilized when making these predictions,
- but medium- to Iong—term simulations: should take this process-into account when.assuming environmental
© scenarios. '

ref h)

The srgnlﬂcant positive relatuonsmps between the production of eggs in advanced developmentel stage per
unit of total egg productron and the sum of oxygen in the reproductwe volume or the reproductive volume
itself and the negatnre relattonshrp fo predation by clupetds (at least in the Bornhoim Basin) established
durmg the programme are a prerequisite for an mclusuon of these factors into’ stock—recrultment relatlonsmps

ref. i) .
The correlatlons between farval abundance and egg productlon {from SSB) as well as larval abundance per
'umt of egg productlon and reproductlve volume showed a relatlvely high amount of unexplamed variance.
The hlgh scatter encountered in the relatlonshrps may indicate that Jarval survival is related 10" other factors
not conmdered in the analysm A potentlal candudate process in this respect is the ability to utilize available
food resources, as indicated by in general very low growth rates of larvae encountered in the field. Thus, a
considerable part of the unexplained variance experienced in the established stock recruitment re!atlonshlps
could be introduced at this stage, a fact which should be; considered when planning future recruitment related
'res‘earch initiatives. -
refi) . .
Estabhshed stock recrmtment models uncorporatrng egg productlon from SSB (corrected ‘for. predation:
Subdl\nsmn 25), the sum of oxygen in the reproductlve volume (Subdivision 25) or the reproductive volume
{Subdwnsnon 26 and 28), the’ larval transport index (Subdivision 25) and cannibalism rates can be used in
stock assessment in a number of ways.
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- Short-term stock and catch prorectrons to predict the recrurtment at age 2 two years ahead, instead of
simply assuming an average “recruitment observed over “a certain time period {e.g. ICES
1997/Assess:12). The prediction ‘should be based on following -chservations obtained by regular
monitoring as well as model output:

« . the most recent female spawning stock biomass, -

« last and present years hydographic conditions in difierent spawning areas,

e eqg predation pressure by clupeids,

e the cumulative wind energy index as a measure of transport of larvae and pelagic O-group to
suitable nursery areas or retention on spawning grounds,

e cannibalism on juveniles.

— In mediim-term projections (ICES 1997/Assess:12) to predict cod recruitment at any given age for
simulation of various fishing activities and fisheries management strategies in different Subdivisions
considerihg predatorfprey interaction and environmenta! scenarios including above mentioned

~ " variables. - ‘

"~ In the determination of ‘biological reference points, and considering their sensitivity to environmental
'perturbétions and species interactions. -
ref k) o
The significant posrtrve correlatron between recruitment and larval abundance demanstrates the potential to
use larval surveys to derive a {(MS)VPA-independent recruitment estimate that could be used in short-term
predictions at least for Subdivision 25. However, a prerequisite for the application of this method is
~ knowledge about the timing of spawning (see also g). A difficulty in the implementation might be to identify
‘the reiatrvely narrow time window of high larval abundance in the spawning area when spawning times are
shifting.
- Resolution of the horizontal and vertical distribution of young of the year pelagic and demersal juveniles
accomplished .during this programme enables in principal the development of 0-group surveys to obtain
-recruitment estimates. This, however, needs further methodological improvements for a reguiar application in
stock assessment. - . - -

ref.l)

Besides testing of the MSVPA modelfing approach with respect to the reliability of the estimated cannibalism
rates, a series of methodological improvements related to the present muitispecies assessment was
- accomplished:

"~ complete revision of quarterly catch and weight at age data with Subdivision as smallest area unit
- allowing separate or combined assessments of different area combinations as required,
- updated stomach content database and enhanced area weighting procedures when averaglng
stomach contents over different areas,
- improved consumption rate estimates,
" - implementation of a practicable tuning approach.

~ With respect to the latter achievement, data fr_qm surveys conducted within the project, e.g. CPUE from trawl
. surveys cov_ering =the spawning stocks as well as ichthyoplankton surveys (see f} could be used as alternative
data-sets in tuning procedures. ' |



Apart from these improvements, we have identified two problems in the present multispecies assessment,
which we were not able to solve completely within the present project period:

- The suitability sub-model in use is unable to predict the seldom events of high cannibalism and instead
distributes the predation mortality, mainly in dependence of predator stock sizes and siructures, more
or less evenly over the entire time series, thus overestimating regularly cannibalism rates compared to
independently computed predation rates. Based on a test-of the performance of different suitability
sub-models as well as computation of predation rates without suitabit'rfy sub-model, the best behaving

-alternative was selected. Within the frame of the stilt ongoing EU TMR grant (FAIR GT 95 £933), this
subject will be more closely investigated in future.

— Recruitment at age 0 is estimated in the MSVPA via the predatnon mortality caused by the adult stock
in-the same year (i.e. basically the spawning stock). Consequently the estimated recruitment is to a
certain. degree dependent on the spawning stock biomass either entering directly or indirectly (via the
€gg production by SSB) in the. stock-recruitment models. Of course also other factors (e.g. the catch
history of the cohort, residual mortalities and predation mortalities at higher age-groups) influence the

-recruitment estimate, At high cannibalism rates, however, the impact may be considerable and may
artificially create a linear relationship between recrultment at age 0 and the SSB; Utilizing recruitment
at age 1 in stock-recruitment relationships may circumvent this problem and test trials indicated a
_Ilmsted impact of the described mterdependency in the case of Baltlc ced anly. However correspondlng

] 'sensntlvrcy analyses are strongly recommended -

- ref, m) . _
Substanhal improvements of the MSVPA and their input. data bases achieved wnthln ths prOJect have already

-{ICES 1997/Assess:12). and will also in future enhance the fish stock assessment in the Baltic, e.g. in the
following ways:

" = The newly compiled and completely revised catch and weight at age data baseis expected to form the
' common basis of stock assessment for Baltic cod, herring and sprat in‘the years to come.
'~ The incorporation of cod cannibalist in the western Baltic MSVPA allowed for the first time- the
introduction of predation mortalities in last years assessment for the Western -Baltic stock.
- The estimatidn of predation mortalities of herring and sprat, referring for the first time to standardized
‘management units, enabled the utilization of updated predation mortalities in the assessment of both
clupeid stocks. '

Apart from this, running a suite of independent MSVPAs for different Subdivisions and ‘the'area dis-
aggregated analyses of the BITS data base have changed our perception of the reproductive potential of the
central Baltic cod substantially. For example, a high reproductive volume in the Gotland Basin will have no
- beneficial effect on the cod stock recruitment at present and in future, unless a successful re-colonisation of
the area by a sufficient spawning population occurs. Of course, migration will have an impact on the precision
of the stock estimates obtained by the MSVPA in different areas; however, the validation performed did not
indicate a major impact on the spawning stock estimates. Also problems related to the age determmatlon of
cod (e.g. ICES .1997/J:1), m:s-reportlng of catches and discarding (ICES 1997/Assess:12) effect the rellablllty
| of the assessment of the stocks. Apart from these uncertamtues the importance of the ¢ spawmng populatlon in
the Bornholm Basin for successful reproductlon is* evident from the presented results and should
consequently be considered in the stock assessment as well as in the management of the cod stock.”

46




4.2 Implication of project resuits for fisheries management

Prior to the onset of the present programme, recruitment success of the Central Baltic cod was related mainly
to the degree of oxygen depletion in the near bottom water-'layers of the: spawning areas, affecting the
developmental success of the eggs floating in this depth. Renewal of oxygen supply is mainly depending on
‘the inflow of high saline water from the North Sea through the Skagerrak/Kattegat and the Western into the
Central Baltic. Salinity has been realized as a further limiting environmental factor, influencing the fertilization
sUGGess and also temperature was described to have a certain impact on egg survival. Besides hydrographic
condutlons. two blologlcal processes were demonstrated to have an impact on cod recruitment: the egg
productlon measured in general as the spawmng stock biomass and the cannibalism on juveriile cod.
The present programme has in principal confirmed the dependence of egg survival on the hydrographic
- conditions within and below the halocline: The ‘reproductive volume’ in which egg development may be
successful has been-defined by threshold fevels in salinity (> 11 psu), oxygen concentration (> 2 mifl) and
-temperature (> 1.5°C). However, it has also been demonstrated. that this reproductive volume is neither
‘simply proportional - to- egg survival, nor to subsequent recruitment success. The non linearity in the
- relationship is caused by intra- and inter-annual variability in egg buoyancy, resulting in variable portions of
" the eggs floating inside the reproductive volume. Even in years with 2 large ‘reproductive voiume’ there may
exist extended water layers outside this volume, in which eggs are floating according to their buoyancy but
will not survive due to low oxygen or temperature levels. The vertical distribution of cod eggs is depending on:

- the salinity conditions during the oocyte ripening process and to a lesser extend during fertilization,
i.e. in years subsequent to a major Baltic inflow event, the cod eggs will on average have higher
: specific gravity and will thus float at higher salinities, violating the upper boundary of 11 psu,
- the spawning stock structure. as larger females produce on average larger eggs with a higher
buoyancy,
- the developmental stage of the egg, as older eggs have a tendency to increase their specific
- -gravity, i.e.-have neutral buoyancy at higher salinities.

The hydrographic conditions relevant for the egg development are depending on the specific regional and
temporal distribution of the spawning effort:

'large reproductive volimes in areas of rather low egg production (e.g. the Gotland Basin in 1994) or
- small reproductive volumes in areas of relatively high egg production (e.g. the Bornholm Basin in
1990) will result in unexpected low or high values for total egg survival respectuvely, if these regional
differences are not considered,
- the shift in main spawning time to summer months, as observed since the beginning of the
*1990°ies, results in an’ exposure of the eggs to declining oxygen concentrations even after winter
" inflow events, as oxygen consumption rates are high in the bottom water layers of the Gentral Baltic
“deep basins, '
- &qg survival rates are related to the oxygen conditions also above the developmental threshold of 2
miA, i.e. a large water body with 3-mlfl oxygen concentration will not necessarily result in a higher
egg survival than a smaller water volume with higher oxygen concentration.

Based on these results, the following processes were described and. subsequently modalled within the
programme:
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a) the vertical distribution of cod eggs in relation to the hydrography,
b} the regional and temporal distribution of the egg production,

¢} the buoyancy in relation to the age/size structure of the spawning stock,

d) the: egg mortality rates in. reiatlan to oxygen concentrations above the developmental threshoid_
* level.

Th'e mode_i_s obtained from the a\'rai_labte'data base are |r| sbrn_e cases still rather reétricted in their pre_dictive

power and will require some further investigations for instance in topic ¢). Nevertheless, sr_.irh_é clear

implications for the fisheries management in the Baltic are obvious already at this stage. These are shortly

summarized below:

1)

The Bornholm Basin is the only:-spawning: area in the Central Baltic where cod is regularly reproducing;

“gpawning effort in the Gdansk Deep is io a large extent unsuccessful under normal stagnation

conditions, -and also inflow events do not guarantee high egg survival in this area, if suitablie water
masses are not introduced at:a .certain right time into the Gdansk Deep. In the Gotland Basin the
situation is worse, as the. stock component is ¢iose to extinction since the end of the 1980, and it

‘appears very doubtful that the egg production is still sufficient to utilize even favourable environmental

- - conditions.

2)

Implication 1): - Great care should be taken to preserve the Bornholm spawning component of the
central Baltic cod stock, as this component presently sustains the stock. The fish
mlgrate between areas, soa complete preservation will not be posmbie However, it
appears to be unl:kely that cod encountered in pre-spawning concentrations in the
Bornholm Basin will migrate to the Gdansk Deep and Gotland Basin to spawn,
especially as long as the hyd:rographic'conditions are more uhiavoprable in the latter
areas. '

Hydrodynamic modelling exercises have confirmed the .importance of .inflows of saline, oxygen
enriched water masses from the North Sea into the Baltic as the main process increasing the volume

"of water suitable for successful ‘egg development. Another candidate process to increase the

reproductive volume is the surface wind stress resulting in enhanced mixing at and below the halocline,

:howevér, with considerably less impact. Also the effect of winter convection on oxygen levels in the :

- halocline appears to be rather-limited. Hydrographic situations in the Central Baltic are not predictable

- with sufficient precision 1 or 2 years ahead, however, monitaring in winter (February/March, utilizing the

existing monitoring system) allows predictions about the hydrographic conditions during the

- subsequent spawning time (May fo August). ,
Implication 2): . Maximum .egg production has to be ensured in an area of sustable reproductlve

conditions. As-a standard option during stagnation conditions. this would be the
Bornholm Basin. In case of inflow events, the most suitable area will depend on the
_magnitude. of the inflow, the wind.forcing and the salinity of the inflowing water in

.. relation to the bottom water in the Bornholm Basin. It is possible to pfédict whether
an inflow will reach eastern spawning areas, however, prédiction whether the
inflowing water masses will turn south into the Gdansk Deep or north into the
Gotland Basin is difficult. :




3) Timing of” spawn:ng is important; as-it will affect the potential .of the stock to utilize the environmental
~ conditions conducive. for-egg’ survival: The. shift in spawning: time /s :related to variation in: ambient
temperature'conditions as ‘well -as changes in stock density and stock.structure. However, predictions
~‘on the ‘basis of measurable variables are: presently not possible and can:be derived from trend

(autoregressive models) only. _
 Implication 3): High recruitment success (as occurred. in the 2™ half of the .1970’ies and early
' 1980%ies) is not to be expected as long as the main. spawning time remains in
summer months and following from 1) no rebuilding of the spawning component in
the Gotlangd Basin has happened; the latter depends on recruitment from other

areas.

4) The viabiliiy of offspring' frcm large females is h'igher than that from small females and first time
| 'spawners Larger fish produce on average larger eggs being more buoyant and thus, having a higher
© survival probabmty and addmcnaliy resulting in lfarger more viable larvae being probably the ones
_ successfully_ ccmpletmg the vertical migration into upper water layers. However, egg size is varying
significantly also among batches from one female, being intermiediate in the beginning of the season,

largest during an early intermediate period, and smallest from late batches.
Implication4): - Care should be taken to maintain- a- sufficient number of well .established repeat
' “ - spawners in the stock and to.ensure maximum egg production in early and
* intermediate- periods .of the spawning seasons (large females start spawning also

“earlier-and hydrographlc conditions are normally better)..

Apart from the dlrsct |mpact of. hydrcgraphlc ccndlttcns on the fertlllzatlon success and survwal of ccd eggs, a
-series of other abiotic and biotic processes were identified to effect the Baltic cod recruitment success.

5) The relative potential egg production by individual female cod varies significantly between years, for
which the reasons are largely unknown. The sex ratio in the stock changes significantly with age, i.e. a
spawning stock consisting of a large number of young individuals will produce substantially less eggs
than the same biomass consisting of old fish {a fact which has been realized before). Consequently the
egg production determined by ichthyoplankion surveys is significantly better correlated to the female

.- spawning -stock biomass than to the entire spawning stock. This correlation can be improved, if the
inter-annual variations in the maturity ogives and sex ratios are considered, based on yearly monitored

data. - _

Implication 5): The spawning stock biomass is an uncertain measure of egg production, especially if
-maturity ogives are not monitored regularly. Spawning stock blcmass related
reference points refer to and should in principal be based on the polential egg
production of the stock. This cannot be predicted yet with sufficient precision, but
using the female spawning stock biomass would 'provide already a better measure
. than the fotal adult stock bicmass. This does, however, not mean that the size of the
. male spawning stock is irrelevant for the reproductive SUCCesS, especially if size

.- associated mating occurs in cod.

6) Due to the low exchange rates of the deep water masses, highly persisient toxic substances
accumulate in the Baltic deep basins. The project results indicate a fink between contamination burden
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{organochlorine pesticides and polychiorinated biphenyls) of cod ovaries and reproductive success of

the offspring. As contamination is related to age/size of the fish, its negative effect may.counterbalance

“to some extend the advantage of the higher buoyancy and general viability of offspring. produced by

)

large females. However, differences in the contamination: load were found to be more pronounced
between different areas of the Central Baltic than between different age/size-groups from.the same
area. Ovaries from the. Gdansk Deep had significantly higher pollutant burdens, and the performance

-of the eggs and larvae from that area were correspondingly significantly worse, than from the Bornholm
* Basin. This indicates that pollution is rather an area related problem than threatening the survival of the
' Baltic cod stock as.a whole. '

Implication 6): None related to fisheries management at present. The area specific differences in
- contamination and subsequent impact on the viability of the spawning products have
to be ascertained. However, |t is dlﬂrcult to establish sngmfucant relationships as a
~ complete analysis of the oocurrence of xenobiotics is extremely resource demandlng
~ and mterachons between dlfferent contaminants dlfflcult to descrlbe Thus,
enzymatic. tests indicating the presence of xenobiotics should be |mplemented in
future s_t_qdles. ‘

Clupseids, especlally. sprat-are: the preferred prey of cod, but they are also important predators on cod

“eggs in the Bornholm Basin, utilizing the same spawning area and having largely overlapping spawning

- times. Oxygen conditions conducive for cod egg survival result in a limited vertical predator prey

8

overlap, i.e. ensuring-high-egg survival. In unfavourable environmental situations, predation increases
and by thns limits egg survrval even more, especnally as clupeids are apparenily selecting older egg
stages i.e. those survwmg 'Due to the shift in' cod spawning time to summer. months, predation

' mtensnty by sprat ‘has decreased but is partly compensated by herring returning in early summer from
their-coastal spawning areas. .
~implication 7): : - As the Bornholm: Basin is the most important spawning area for sustaining the cod

" 'stock, egg predation by clupeids is a fact to be taken into account in the
' management. A fishery on sprat’in'the Bornholm area.should preferably concentrate
'~ on pre-spawning seasons to avoid heavy by-catches of spawning cod, staying in the
- ‘water columin above -the-deep"ﬂlayers of low oxygen concentration while Spay\ining. On
" -the other. hand, cod depends -on sprat as a food resource; thus,.a proper
management of the sprat stock is required, leading to multispecies management

- (see below). : :

_ngh and variable mortalrty rates are not only effective during egg development. Survival of larvas, in
: thls area, requires espemally 8 successful complehon of vertical mlgratuon from hatching depths to

rsurface Iayers Within and below the halogline, prey abundance and light intensities are both combined

not sufficient for a successfiil start of external food intake.’ Through the examination of characteristics

“'of the larval and juvenile population, such as the otolith derived hatch dates and application of 3-D

‘hydrodynamiic modelling approaches, environmental processes and biological attributes have been

identified, which lead to increased survival success during this phase of development. Sequential
sampling of the:population has demonstrated that the highly viable offspring from large females, which |
are-in'addition'tfansponed rapidly to nursery areas, have the highest potential to survive. From the 3-D
hydrodynamic madelling, typical meteorological situations have been identified and related to year
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class sirength; Whlch either force the transport of pelaglc life stages into suitable nursery areas or keep
them on the:spawning sites. L : Co
Implication 8): The tools now available can be used to &) identify important nursery areas in a given
year,. allpwing in principai to _ensure their conservation {e.g. reduce by-catch of
| pelagic juveniles in pelagic fishery on sprat and herrirtg) a_nd to'b) eontributé to short-
term recruitment predictions. | ' |

9) Cannibalism effects the survival of 0- and 1-group cod substantially in specific years/periods. Highest
" predation mortafity rates were encountered in the late 1970’ies and early 1980°ies with significantly
“* higher cannibalism and suitability coefficients in-the ‘eastem spawning areas compared to the
- Bornholm Basin. These regional differences were caused by high abundances of .demersal juvenile
cod in certain areas {e.g. southern Subdivision 26) overlapping with the adult stock especially at
specific hydrographic situations. \ | -

Implication 8):  As cannibalism in the Baltic is enforced by the parental stock; it has to be considered
' in the management of the stocks as a potential self regulatory mechanism. The
direct effects on biological reference points, and on responses of populations to
strategies for stock rebuilding in relation to environmental factors still have to be
assessed quantitatively. Cannibalism levels were low during the last 10 years,
especially as a relatively high proporticns of the adult stock concentrated in
Subdivision 25, while juveniles were growing up o a considerable extent in

Subdivision 26 and 28B. ' '

10) From the revrew of past and present research programmes cn stock enhancement of cod and other
species it is concluded, that enhancement success will depend on the optimum choices of operatronal
scenarios, which are partlcularly suitable for certain areas in the Baltic. Most of the essential criteria
from other areas are not fully applicable and site specific ones are not yet sufiiciently studied.
Imptlcatton 10): Stock enhancement is presently not to be considered as a suitable management

optron to sustain the Baltic cod stocks or successfully enhance theif stock
development with economically acceptable effort. It is recommended to conduct
_speclf:c tagging studies on the time-size-release wrndow and srmultaneously study
'possmrlrtles o improve the cost-eﬁectweness of fry productlon

Management measures enforced In 1998

The Baltic cod is managed by the international Baltic Sea Fisheries Commission (IBSFC) as one unit
covering all Subdivisions 22-32. However, ICES considers the stocks in two units (Subdivisions 22-24 and
Subdivisions 25-32) and advice is provided separately on them. The main tools of cod stock management
' has been Total Allowable Catch (TAC) and also technical measures, i.e. fishing rules The frshery in 1998 is
regulated by followmg rules:

a) A TAC of 145 000 tonnes for 1998, of which 140 000 tonnes is allocated with effect from 1. January

1998. The remaining 5 000 tonnes will be considered at the next session of the IBSFC in

- September 1998 .in the light of available scientific information and advice, no fishery on cod for
- industrial purposes,

b) a minimum landing size 35 cm south of latitude 59°30' N,
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¢} the weight of undersized cod may amount to 5% of the weight of the total catch of cod, the by-caich
of cod in the herring and sprat fishery shall not exceed 10% by weight and no more than 5% of this
-¢ad by-catch shall be undersized,

' d) |t is prohlbtted to use trawls Danish seines or gilinets having a mesh opening (measured when wef)
smalter than that specified for fisheries listed below:

gillnet: 105 mm,

trawls and Danish seines with special selectivity devices such as exit- windows .or-any other
design with at-least a selectivity at a level of 50% retention length of 38 cm (Danish and Swedish
-exit windows}: 105 mm -nermal trawl and Danish seines: 120 mm,

) fishing ban in 1998 from 10. June to 20. August (both days included),

f}y fishing ban in the Bornholm Deep from 15. Mey .to 31. August (both days included, in the' maritime
.. area defined by the lines.connecting the coordinates: 55°30'N and 15°30°F; 55°30'N and 16°10'E;
.-~ 55°15'N and 16°10'E; 55°15'N and 15°30'E).

Evaluation of presently enforced management measures

Total Allowable Catches (TAC) |
According to project results, the TAC for 1898 of 145 000 tonnes is most probably too high to sustain the cod
_ stocks above the MBAL level (at Ieast in the Central Battlc), espemally when taklng into account the indicated
overestlmatton by the last assessment conducted by the Baltic Fisheries Assessment WG (ICES

1997/Assess 12) and accepted by the Adwsory Commrttee on Flsher:es Management

M:mmum landmg size

The present minimum. tandmg size ot 35 cm will allow partlclpatlon of the majonty of males at Ieast once in
their lifetime in the spawning actmty if not caught just prtor to their first spawning period. However, most of -
the females |n the Central Balttc are not sexually . mature at this size, mdependent of the inter-annual
| variability, Iong term trends and area dltterences detected Keepmg in mind implication 4), a minor change in
minimum landing size is not expected to increase the viable egg productuon substantially, implying that either
a substantial increase in minimum landing size and corresponding mesh-size regulations or a. substantial
reduction of the female mortality would be required to improve the viable egg-preduction notably. _

Fishing ban in 1998 from 10. June to 20; August

“The fishing ban will cover probably rnest of the spawning season in the Central Baltic, however ceneittering
implication 3} and 4), it staris teo late to ensure a high egg production originating from large early spawnlng
females and early to intermediate batches. A significant improvement with respect to the reproducttve
“success of cod would be-a start of the ban in mid May, considering especially the Bornholm Basin (see
betovit):; Given the present hydrographic situation, implications 1) and 2) would indicate that the fishing ban in
eastern areas of the Central Baltic-has only limited impact on the recruitment success, ‘as the énvironmental
conditions are expected to be unfavourable for egg -survival in the Gdansk Deep and Gotland Basin.
However, opening the fishery in these areas, while closing it in Subdivisio_n 25 would probably result in a
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heavy reduction of the remaining stock in these areas, with the component.in the Gotland Basin being already
* " close to extinction. - - : ‘

.Fishing ban in.an area of the Bornholm Deep from 15. May to 31. Augus?

* According to project results for the years 1986-96, high egg abundances were found mainly in the central part
- of the Bornholm Basin in which the water depth exceeds 75 m. In the years 1990-1998, the egg production in
the closed area as ohiserved from ichthyoplankion surveys in July (the peak spawning time since 1993) varied
“between 3% and 32% of the total egg production in the Bomholm Basin. For the years 1994-1996 the
“proportion was lower (3-14%) than for the former time period (17-32%), due to a change in: regional
- distribution -patterns 'caused by the major Baitic inflow -in 1993. A more effective measure to ensure
- undisturbed- spawning would be a closure of the whole central Bornholm. Basin from 15. May to the 20.
August. '

General fisherles management considerations

Changes in hy’drcgraphical conditions affecting the reproductive success of cod are irregular or semiregutar
- events, which are very hard to predict and-beyond of fisheries ‘management control. However, a proper
combination of clesed areas and closed seasons may give some possibilities to allow undisturbed spawning
- in the:main spawning grounds having favourable environmental conditions for egg. survival. From implications
:1).to 3) it-is evident, that the spawning area to be protected is first of -all the Bornholm Basin, basically
sustaining the Central Battic stock. Depending on the hydrographic conditions in the preceding winter, other
. spawning-areas may be closed for the fishery before the onset of spawning activity to use favourable
- environmental canditions.- This adaptive sirategy would of course require a flexible enforcement of fisheries
.management regulations, but would probably secure highest possible benefit from the reproductive effort of
the stock. _
-One of the main targets of cod management in the Baltic has been 1o safeguard spawning stock biomass
above MBAL levels (240 000 tonnes for the Central Baltic stock) to reduce the risk and probability of low
-year-class sizes. Following implications 1), 2), 4), 5) and potentially 6), the cod management should aim to
sustain a certain MBAL for the Bornholm Basin, preferably consisting of a high proportion of well established
female repeat spawners. To increase the amount of older females eveniually needs a change in minimum
landing size and corresponding mesh-size regulations, and thus the overall exploitation pattem of cod.
However, this change just postpones peak mortality about 0.5-1.0 year depending on the new minimum
landing size and mesh-size. In fact to ensure a higher share of older females in the spawning stock
.. addresses a constant fishing mortality or a total effort management strategy reducing mortality. rates..
From -implication 3); a strict conservation of remaining cod in Subdivision 28 and the northern part of
Subdivision 26 may be indicated 1o rebuild-a certain spawning stock component being able to use potentiaily
favourable environmental conditions in the Gotiand Basin. However, the interrelationships between this basin
and the bordering areas are at present poorly understood. Recruitment in the Golland Basin is most probably
originated:in the Bornholm Basin and to a.lesser extent in the Gdansk Deep. Reaching sexual maturity, the
fish wil probably either migrate back into the areas of their origin or stay in the Gotland Basin, if suitable
environmental conditions are encountered. An unconditional stay in the area by a majority of the population
appears to be unlikely. This indicates that a proper management of the stock component as a separate
identity is hardly possible.
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~From .implication 7) and 9) it is evident, that recruitment of cod not only depends on the amount as wel-as
temporal and spatia!l distribution of the viable egg production in relation to environmental conditions, but also
on predator/prey interactions. Cannibalism, at present, appears 10 occur on a comparably low level in the
Central Baltic, due to limited spatial overlap and low abundance of prey and predator. In general, the-spétiaf
“and temporal overlap of predator and prey is ;forcedé by a set of abiotic and biotic processes and the
- interactions are - additionally influenced by the occurrence and abundance of aliernative prey species. This
and the feed back mechanisms between cod and sprat (as majorprey of cod and predator of cod eggs at the
-same time) make medium- to long-term predictions of cod and also sprat stock development . extremely
difficult.: Although it has been demonstrated that multispecies interactions have direct effects on, bioiqg_ical
.reference points {e.g. ICES 1998/J:1), at present there -are no firm recommendations. how multispecies
" aspects should be taken into account when setting biological reference points for specific stock complexes
such as cod, herring and sprat in the Baltic.
Apart from the demonstrated biological interactions, the existence of technical interactions and technical
regulatory measures imply the need to define biological reference points in an ecosystem or ‘at least a
multispecies context. In fact, ideally, control rules should be multidimensional. Estimates of Fpa, Ba, Fiim

and By;m for-each stock of concern should be conditional on the status of the other stocks in the assemblage.

If'a recovery plan needs to be developed, then in order to ensure recovery of the stock of concern, that-plan
" should incorporafe actions for all other (relevant) species in the assemblage. Ancther important factor of
" relevance to mixed fisheries is the need to take into account the ability of fleets to switch between stocks and
‘the possibility ‘that fatent capacities may be mobilized in response to fisheries regulations and/or markets.
Reduictions in quotas for one species {cod) may result in increases in fishing pressure on other species:(e.g.
herring and sprat as well as flounder in the Baltic at the present). Quota reductions in combination with
technical interactions ‘may also result in increased discarding and increased cryptic mortaiity, both of which
may be difficutt to measure and incorporate into stock assessments. ' v
Multispecies considerations and technical interactions as well as the pronounced impact of environmental
variability on the reproductive success of cod are the reasons why it may not be feasible ‘or practical to
" construct generic harvesting control rules. Adaptive annual case-by-case decisions based on careful stock
and environmental monitoring appears to be the only feasible approach for a successful management of
‘Baltic cod at the present level of fishing capacity. Economically more reasonable could be the approach to
 substantially reduce the fishing capacity in general, adapting it to an average productivity of the system.
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the programme. This report should bé seen as a joint effort to llustrate the results obtained within the project
and should seérve as ‘a basis for discussions of the outlined potential application-of project restilts in: stock
assessment and the implications for fisheries management. Especially with respect to these latter sections, it
" should clearly be stated, that the suggested applications and implications of results' are not derived by a
group- consensus ‘and thus' single -participants may have different opinions about their -feasibility and
- necessity. : ' ' b Co :
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