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1 INTRODUCTION

Natural variations in the abundance of fish stocks can be the result of several factors
acting on all life stages. In particular, factors acting on the early life-history stages
have been identified to contribute to recruitment variability (e.g. Lasker, 1981; Cury
and Roy, 1989). Among these, biotic factors such as starvation and predation have
been considered to be of great importance. Investigations dealing with the impact of
predation on recruitment success have been intensified only in more recent years
(e.g. Sissenwine, 1984; Koster, 1994; Koster and Schnack, 1994). Food limitation
during the phase of first feeding has already been discussed much earlier as
important factor regulating recruitment success, e.g. by Hjort (1914). He formulated
the ‘critical period concept’. Cushing (1974) expanded the time period under
investigation. In formulating his ‘match-mismatch’ hypothesis he agued the temporal
coupling or decoupling of the production maxima of fish larvae and their prey
organisms to be the mayor source of recruitment variability.

lles and Sinclair (1982), however, propagated the outstanding importance of an
abiotic factor, i.e. ocean circulation. According to the ‘member-vagrant’ hypothesis
(Sinclair and Tremblay, 1984) recruitment success would be largely determined by
the circulation system encountered by the larvae. Survival would be dependant on
the retention of larvae in areas of characteristic environmental conditions. In the
Baltic Sea there are generally high gradients in both abiotic and biotic variables, due
to the strong vertical stratification and the limited exchange with the North Sea.
Especially temperature, salinity, oxygen-content as well as prey and predator
abundance vary in small horizontal and vertical scales, so that varying transport

regimes might have a considerable influence on recruitment success.

In the Baltic Sea, two cod (Gadus morhua L.) stocks exist whose early life stages
(eggs, larvae, juveniles) are subject to transport processes. These stocks are the
western Baltic cod stock, considered to be located west of the island of Bornholm
(Fig. 1.1), and the eastern stock, east of Bornholm (Bagge and Thurow, 1994).

The eastern Baltic cod stock is historically one of the largest in the North Atlantic
region (Dickson and Brander, 1993) with a long-term mean abundance of 400 000 to
500 000 tons of spawning stock biomass. The stock is therefore of considerable

commercial importance.
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The western Baltic cod stock is historically of minor importance with a long-term
mean of about 33 000 tons (ICES, 1994). As obtained from genotypic and phenotypic
analysis (Sick, 1965; Jamieson and Otterlind, 1971; Schmidt, 2000), a distinction
between both stocks occurs on either side of longitude 14°30' N with some area of
overlap between both stocks. To the east, the eastern stock extends northwards to
the Bothnian Sea area, whereas on the western side, the western stock can be

traced back towards the southernmost part of the Kattegat (Bagge et al., 1994).

Bathnian
Sea

Helsinki
St Petersbug

Stockholm

Tallinn

to North Sea

F

Basin

: Bornholm
i Basin

Gdansk

Western stock €4— —» Eastern stock

0 50 100 150 m 200
Figure 1.1: The Baltic Sea

Besides the differences in their genetic characteristics, the different cod stocks
spawn at different times of the year within areas of different environmental conditions.
The spawning grounds of the western stock cover the Danish Straits, Kiel Bay,
Fehmarn Belt and Mecklenburg Bay. The spawning season in the western Baltic
starts in February and by May spawning is completed (Kandler, 1949; Berner, 1960;
Thurow, 1970; Bleil and Oeberst, 1997).
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For the eastern Baltic cod stock there are three main spawning areas: the Bornholm
and Gotland Basins as well as the Gdansk Deep (Fig. 1.1). During recent years,
successful spawning of the stock has been limited to the Bornholm Basin due to
anoxic conditions in the spawning layer at the other spawning sites (e.g. Bagge et al.,
1995; MacKenzie et al., 2000). Consequently, reproductive success within the last 15
years was dependent mainly on the environmental conditions existing in the
Bornholm Basin. The main spawning season (May to September) in the Bornholm
Basin is characterized by a seasonal thermocline at approximately 20 to 30 m depth
and a permanent halocline at between 50 to 75 m depth (Kullenberg and Jacobsen,
1981; Mdler and Hansen, 1994). Oxygen content and salinity in the halocline and
deeper layers have been shown to be the major environmental factors affecting the
fertilization rate and survival of Baltic cod eggs (e.g. Westin and Niesling, 1991,
Wieland et al., 1994). Ephemeral inflows of well oxygenated saline water from the
North Sea replenish oxygen in the deep layers which is lost due to the breakdown of
organic material by bacteria.

Contrary to other cod stocks, where salinities are sufficient to keep eggs floating in
the surface layer, in the central Baltic cod eggs occur exclusively in the intermediate
and bottom water, concentrating in a narrow depth range within or below the
halocline (Kandler, 1944; Wieland and Jarre-Teichmann, 1997). Thus, the Baltic cod
stock, unlike others, is subjected to a clear environmental influence on reproductive
success based on oxygen conditions in the spawning basins (e.g. MacKenzie et al.,
1996). Cod eggs are also subject to predation as high abundances of eggs are found
in a relatively restricted area were they are heavily preyed upon by herring and sprat
(Koster and Mollmann, 1997). The duration of the egg stage is temperature
dependent with larvae typically hatching between 14 and 21 days (Wieland et al.,
1994). A few days after hatch, the larvae begin to migrate vertically through the
halocline into less saline, shallower water layers to feed (Grenkjee and Wieland,
1997). First-feeding of cod larvae takes place around larval stages 5 to 6, at an age
of 4 to 8 days after hatch (Fossum, 1986). Therefore, viable larvae of stages 6 and 7
should have just completed their vertical feeding migration and are mainly found
above the halocline (Grenkjee and Wieland, 1997). Here, they concentrate in the
depth range of approximately 25-40 m, while their abundance in the upper 20 m is

generally low. The vertical migration of larvae has been shown to be a prerequisite
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for survival with larvae in good feeding condition being found only in the upper 40 m
(Grenkjer et al., 1997).

Larvae of sprat co-occur with cod larvae in the area of the deep Baltic basins
(Kandler, 1949). As for cod, the Bornholm Basin has been shown to be an important
spawning ground for sprat (Koster et al., 2001a). The spawning period extends from
March to August, with peak spawning in May/June, depending to a certain extend on
the temperature conditions (Elwertowski, 1960; Grimm and Herra, 1984). In contrast
to cod, vertical distribution patterns of sprat larvae are not well investigated.

Biomass and recruitment levels of cod and sprat showed quite different time trends
(Fig. 1.2). Due to a combination of reproduction failure and high fishing mortalities,
the cod spawning stock biomass (SSB; Sub-division 25-32) decreased from ~700
000 to <100 000 tons from 1980 to 1992, reaching the lowest level on record in 1999
(75 000 tons). On the other hand recruitment of sprat generally increased since the
mid 80s, with highly variable recruitment during the last years (ICES, 2001).
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Figure 1.2: Stock development (Spawning stock biomass and recruitment) of cod (age 2) and sprat
(age 1) in the central Baltic Sea; cod: ICES Sub-divisions 25-32; sprat Sub-division 22-32.
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Accordingly, SSB values (Sub-division 22-32) showed a strong increase from ~350
000 tons in 1987 to ~1 700 000 tons in 1997. Afterwards the spawning stock biomass
decreased slightly to approx. 1 000 000 tons in 2000.

Because of the prolonged spawning period in the Baltic (cod: Wieland and Horbowa,
1996; sprat: Grimm and Herra, 1984; Elwertowski, 1960), and age- and size-
dependent timing of spawning (Tomkiewicz et al.,, 1997; Tomkiewicz and Késter,
1999) the potential exists for eggs and larvae of differing quality (e.g. competitive
ability; Buckley et al., 1991) to be exposed to a temporally and spatially varying
environment because of changes in food conditions (St. John et al., 1995), oxygen
conditions (MacKenzie et al., 1996), predation (e.g. Koster and Schnack, 1994) and
transport potential. The influence of varying transport potential on the survival of cod
and sprat early life history stages in the Baltic is yet unclear.

A number of different models had already been used to investigate egg and larval
transport when this study started. Bartsch et al. (1989) used a baroclinic numerical
model to explain the drift of herring larvae in the North Sea towards their nursery
areas. Investigations on larval transport of the Japanese sardine in the Kuroshio
current were performed by Kasai et al. (1992) as well with simple one-dimensional as
with two-dimensional numerical models. In the area of the Newfoundland shelf as
well Helbig et al. (1992) as DeYoung and Davidson (1994) investigated the degree of
retention of cod eggs and larvae on the shelf by means of current models. Campana
et al. (1989) focused on the influence of varying transport for larval haddock spawned
on Browns Bank (near Georges Bank). For the Baltic Sea Aro et al. (1991)
formulated a two-dimensional two-layer model to estimate the drift of early life stages
of cod. However, this model seemed not to be adequate for the planned
investigations. Instead, a rather new 3-D eddy resolving baroclinic model of the Baltic
Sea (Lehmann, 1995) should be used to model larval drift. First modelling attempts
had already been undertaken for cod larvae by Hinrichsen et al. (1995) and Voss

(1996), confirming the potential of larval drift to be modelled successively.

According to the original idea of Sinclair and Trembley (1984) ‘retention’ is thought to
be beneficial for survival while ‘dispersed’ individuals have higher mortality rates.
However, in the Baltic Sea this might be vice versa: retention of larvae on the

spawning grounds in the central basin can be hypothesized as being detrimental for
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recruitment success while a dispersal to shallow coastal areas could be beneficial:
Production in the central basin appears to be nutrient limited with low prey availability
potentially resulting in low growth and survival of cod (Kigboe, 1991; St.John et al.,
1995; St.John and Lund, 1996). The shallow coastal regions of the Baltic Sea
however have been identified as regions of high primary and secondary production
due to the availability of nutrients caused by the interaction of the thermocline with
bottom topography (e.g. St.John et al., 1995; Josefson and Conley, 1997) and from
terrestrial and benthic introduction. The significance of observed nutrient
concentrations concerns nitrogen and phosphorus as limiting nutrients for the primary
carbon flux in coastal water ecosystems (e.g. Sdalerstran, 1996) and coastal
upwelling (Haapala, 1994). Hence, the rapid transport of larvae to the shallow coastal
regions may potentially result in increased feeding success, growth and survival
relative to individuals retained in the central basins of the Baltic Sea. Additionally, it
has to be taken into account, that recent investigations of the long-term dynamics of
the main mesozooplankton species in the central Baltic revealed clear time-trends,
with a decrease in biomass of P. elongatus, a species mainly distributed in the deep
basins, since the 1980ies and an increase of the standing stock of the other
abundant copepod species, especially Acartia spp. (Dippner et al., 2000; Mdllmann
et al., 2000).

In order to better understand the effects of physical forcing on the distribution and
mortality of the early life stages of cod and sprat, physical modeling activities have
been conducted. A three-dimensional eddy resolving baroclinic model of the Baltic
Sea (Lehmann, 1995) in combination with a Lagrangian particle tracking technique
(Hinrichsen et al., 1997) has been used to investigate the temporal evolution of larval

distributions in the Bornholm Basin.
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2 OBJECTIVES OF THE STUDY

Field studies directed towards the larval stage of cod and sprat have been conducted
since 1987 during several cruises in each year from the Institute of Marine Sciences
in Kiel (Fig. 2.1). The results obtained in this work are structured into seven chapters,
each of them dealing with different periods out of this time-series:

In the first chapter (4.1) the applicability of the Baltic Sea Model to simulate larval drift
processes, the influence of small scale changes in the vertical distribution on the
resulting modeled drift as well as possible influences of retention or dispersal on cod
recruitment are investigated for May 1988 and August 1991 This part of the study has
been published in Voss et al. (1999).

As the results suggested an influence of transport processes on Baltic cod
recruitment, the larval drift hypothesis was tested for the period 1979-1994 in chapter
4.2. Special emphasis was laid on an inter-annual comparison of the years 1993 and
1994. This part of the study has been published in Hinrichsen et al., (2001a).

The existence of two neighboring cod stocks in the Baltic lead to a further
investigation (chapter 4.3), dealing with the potential for advective exchange of early
life stages between these stocks. Due to a very different wind forcing situation, the
years 1988 and 1993 were chosen for a corresponding modeling exercise This part
of the study has been published in Hinrichsen et al., (2001b).

The Baltic Sea Model could also successfully be used to correct abundance
estimates of larvae in the region of the Bornholm Basin for transport processes
between two consecutive surveys. As a result, a model-supported estimation of
mortality rates during different larval periods (‘critical’ periods) became possible
(chapter 4.4; published in: Voss et al., (2001).
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Figure 2.1: Time series of cod larval abundance in the Bornholm Basin 1987-2000.
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As a next step it was planned to couple trophodynamic relationships to the
hydrodynamic model, yielding an individual based model (IBM) of drift and feeding
designed to examine growth and survival of Baltic fish larvae.

As a pre-requisite, in chapter 4.5 the feeding habits of cod and sprat larvae are
investigated.

Information on the vertical distribution of sprat larvae, especially on potential diurnal
migration patterns, is very scarce in the literature, but urgently needed for the
implementation of an IBM, this topic is addressed in chapter 4.6.

The final results-chapter (4.7) describes the first setup of an IBM constructed for

Baltic cod, investigating the larval growth and survival in a changing environment.

This study was conducted within the frame of two EU-projects (AIR2-CT94-
1226:CORE; FAIR-CT98-3959:STORE). The author was responsible for all project
activities related t fish larval abundance, distribution, feeding, drift and mortality in
relation to biotic and abiotic processes. However, much of this work was only
possible to be carried out in close cooperation and with the help of many colleagues:
Hans-Harald Hinrichsen (IfM, Kiel) carried out all hydrodynamic model runs,
implemented model updates and run the IBM model for cod larvae.

The work presented in the chapters 4.1.and 4.2 benefited from valuable input to all
tasks from Prof Dr. M. St. John (IHF, Hamburg). Chapter 4.2 comprises additionally
work of Drs. E. Aro (FGFRI, Helsinki, Finland) and P. Grenkjee (IBS, Aarhus,
Denmark) mainly related to the young fish distribution and larval behavior,
respectively. Field work and otolith readings on Ogroup cod as well as valuable
discussions on the results in chapter 4.3 are due to U. Bottcher and R. Oeberst (BFA,
Rostock). Mortality rates during hatch to first-feeding, as described in chapter 4.4, are
partly based on egg stage IV abundance and distribution provided by Dr. K. Wieland
(GINR, Nuuk, Greenland). Dr. F.W. Kdoster (IfM, Kiel) organized the field activities
(especially with respect to chapters 4. 5 and 4.7) prior to the start of the PhD project.
Finally, Dr. C. Mdllmann (IfM, Kiel) and G. Kornilovs (LATFRI, Riga, Latvia) helped in

developing the IBM for cod larvae, especially by supplying zooplankton data.
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3 MATERIAL AND METHODS

3.1 Basic biological data

3.1.1 Abundance and horizontal distribution of ichthyoplankton

Data were obtained from research programs carried out between March 1987 and
August 1999. The horizontal distribution and abundance of cod and sprat eggs and
larvae was obtained by double oblique Bongo sampling. The Bongo (60 cm diameter)
was equipped with flowmeters in each of the nets. During the investigations used in
this work the Bongo nets had mesh sizes of 0.3 and 0.5 mm. The samples were
preserved on board in 4% formaldehyde/seawater solution and were later transferred
to formaldehyde-free conservation fluid (Steedman, 1976). Fish eggs and larvae
were sorted from the samples and staged and measured to the nearest 0.1 mm. At
least a sub-sample of 100 specimen was processed for staging and measuring. The
counts were finally standardized to 1m? by the volume of water filtered and the
maximum depth of the tow (~2 m above the ground). Egg staging was performed
according to a 5 stage system based on morphological criteria (Westernhagen, 1970;
Thompson and Riley, 1981), which was adopted for the Baltic (Wieland, 1988;
Wieland and Koster, 1996). Cod larvae were staged following a 10 stage system for
Norwegian cod (Fossum, 1986). To check the applicability of this staging system, cod
larvae from laboratory studies with known hatching date were sub-sampled daily for a
period of two weeks to be able to compare the stage/age relationship. No significant
deviations in development times were detected.The station grid in use comprised 30
stations in 1987-90, 36 stations in 1991-93 and finally 45 standard stations from 1994
on (Figure 3.1). The station grid was always sampled around the clock, i.e. catches

were obtained both during day and night.

3.1.2 Vertical distribution

Cod and sprat early life history stages

Sampling was carried out on 35 surveys in the central part of the Bornholm Basin
during the time span 1987-2001. The earliest samples used in this work were
collected in 1989 with a MOCNESS (Wiebe et al., 1976), while from 1990 on a
BIOMOC was used instead. Both gears are multiple opening/closing nets operating
with 9 nets and a mouth opening of 1 m2. The BIOMOC is a MOCNESS system
modified similarly to the BIONESS (Sameoto et al., 1980). The nets had in both

cases a mesh size of 335um and were equipped with flowmeters (for a detailed
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description see Wieland, 1995). The samplers were towed at a definite depth for ~3
minutes at a speed of 3 knots. Two combined hauls of the gear in use (up to 17 nets)
allowed to investigate the vertical distribution in the water column with a resolution of
5 m depth intervals. As far as possible at least 3 parallels were performed. Fixation

and further processing were done as described under section 3.1.1.
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Figure 3.1: Bongo station grid in the Bornholm Basin. 1987-1990: 30 Stations (3 circles); 1991-1993:
36 stations (2 circles); 1994-2001: 45 stations (1 circle).

During 5 sampling occasions a 24-hours sampling was performed yielding sufficient
numbers of sprat larvae to investigate potential diel vertical migration patterns. These
were May 1989, June 1989, June 1990, May 1999 and April 2000. For different size
groups (< 6mm; 6-10mm; >10mm), which were chosen according to morphological

10
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criteria (Bartsch and Knust, 1994), weighted mean depth was calculated for each

daytime and nighttime series of samples as:
WMD = (Q noaDddi)/ § noaDd L

where ngq is abundance (N *m™) in sampling depth interval 0d whose midpoint is d.
To describe length-dependant vertical migration patterns, the vertical migration
strength V (Bollens and Frost, 1989) was calculated for 1 mm larval length groups by
calculating the difference between the fraction of the population above a given depth
at night and the fraction of the population above that same depth during day. The
reference depth was set for all sampling occasions to 17.5m, representing the lower
part of the thermocline. Diel vertical migrations in the direction ‘up at night’ and ‘down
during the day’ will result in positive values, while negative values indicate a vice
versa migration pattern. Values of + 100 indicate a diel vertical migration of the whole

population, zero values show the complete absence of such migration patterns.

Zooplankton
To be able to describe the feeding environment for cod and sprat larvae, vertically
resolving samples were analyzed for zooplankton during 2 sampling occasions: May
1989 and May 1999. Samples were obtained using 50um liners, deployed in the
middle of the 335um MOCNESS (1989) and BIOMOC (1999) nets, respectively. For
zooplankton a vertical resolution of 10m depth intervals was chosen. At least 1/100 of
the total sample (~400 specimen) was counted and identified to species and stage of
development, e.g. copepods were classified as:

(a) nauplii, (b) copepodite stages FlII [C HII], (c) copepodite stages IV-V [C IV-V],

(d) adult males [C VIEm] or adult females [C V]

The separation to copepod species was only done from the C kIl stage on.

1
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3.1.3 Determination of the birthdates and the age/length characteristics from
otolith analysis of 0O-group cod

These investigations were carried out by Oeberst and Bottcher (Institute for Baltic
Sea Research, Warnemiinde; 10W), determining the birthdates of O-group cod
caught in the different nursery areas of the Baltic Sea from sagittal otolith
microstructure analysis. This made it possible to assign the juveniles to their different
spawning areas since timing of spawning, and hence the age of the O-group cod, is
different in the western and central Baltic stock.

The main aims of these investigations were to determine the origin of juvenile cod
caught within the Arkona- and Bornholm Basin based on birthdate distributions and
to carry out modeling exercises to examine the potential impact of different wind
driven circulation patterns on the transport of cod early life stages between the
western and eastern Baltic (see section 3.3).

The juveniles were sampled during 6 trawl surveys in the Arkona- and Bornholm
Basin carried out in September and October 1993 to 1996 by the IOW, using pelagic,
bottom or near bottom hauls. In the laboratory, the meristic parameters of the fish
were determined and the otoliths were removed. Microstructure analyses were
carried out on a sub-sample of sagittal otoliths from juveniles from 2 to 18 cm in total
length. A total of 81 pelagic and 243 demersal individuals were analyzed.

The formation of the accessory growth center (AGC) was found from 42 to 56
increments (mean=49.3) after the hatchcheck taken from a subsample of well-
prepared otoliths (n=18). Similar investigations from 18 juvenile reared cod with a
well known age (48 days) showed that the development of the AGC started 41 to 43
days after hatch. Using these data, together with the results of the former analyses,
gave an assumed mean value of 45 days from the hatchcheck to the beginning of the
secondary increments.

A detailed description of the otolith microstructure analyses can be found in Oeberst
and Bottcher (1998).

For estimation of the birthdates the following equation was used:

Birthdate = Catchdate - C1 - C2 — NDI (2)
where

C1 is the mean number of days for the development of the egg stages

12
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C2 is the mean number of days between the hatchcheck and the beginning of the
secondary increments

and NDI is the number of secondary increments.

For C1 a constant value of 20 days was taken. This value was derived from the
observed temperature regime in the Baltic Sea applying egg-stage
development/temperature relationships (Thompson and Riley, 1981) which agree

well with results of Wieland et al. (1994).

3.1.4 Cod and sprat larval stomach content analysis

Sprat and cod larval stomach contents were analysed from 12 cruises in 1987 and
1988 covering the months March to October. Larvae were obtained from the regular
Bongo station grid (see Fig. 3.1) and the gut content was analysed using a stereo-
microscope. Copepod prey items were classified comparable to the vertically
resolving zooplankton sampling. The separation to copepod species was only
possible from the C I-1ll stage on for sprat larvae. Table 3.1 provides an overview
about the cruises conducted, the numbers of larvae suitable for analysis as well as
the numbers with empty stomachs. Not all larvae were included in the analysis, as
some of them were destroyed during the sampling procedure.

The calculation of food selection indices is based on a vertically resolving sampling in
May 1989. Sampling took place in the centre of the Bornholm Basin during daylight
hours. The water column was sampled in 5m intervals down to 45m, covering the
main vertical distribution range of feeding cod and sprat larvae (Wieland and
Zuzarte,1991; Groenkjaer and Wieland, 1997; Makarchouk and Hinrichsen, 1998). A
total of 2 complete profiles was analysed. Vertical profiles of temperature, salinity and
dissolved oxygen were recorded with a ME 1500 OTS probe concurrently to the net
samplings.

According to the hydrography, the results were grouped in 10m depth-intervals (5-
15m: warm surface layer, 20-30m: region of the thermocline; 35-45m: intermediate
water with approx. constant temperature and density). The total of 564 sprat larvae
with ingested food items were additionally grouped to 3 length classes (<8mm, &
10mm, >10mm). Due to lower numbers caught (n=57 in analysis) and a restricted
length distribution (4.5-8.4mm larval length), results for cod larvae were only splitted
to depth strata.

13
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Table 3.1: Overview about sampling times, numbers of sprat and cod larvae in stomach content

analysis as well as numbers with empty stomachs

Date sprat larvae cod larvae

in analysis (empty) in analysis (empty)

23-30 Apr 87 9(9) 50 (37)
31 May - 1 Jun 87 13 (10) 33 (6)
3-9 Jul 87 513 (278) 78 (37)
17-18 Aug 87 457 (254) 5()
8-9 Sep 87 243 (201) 20 (2)
6-7 Apr 88 39 (24) 45 (7)
18-19 May 88 1514 (1122) 1033 (228)
28-30 Jun 88 615 (463) 42 (4)
30 Jul -2 Aug 88 192 (120) 16 (1)
21-23 Sep 88 7 (5) 0
11-13 Oct 88 45 (29) 2(0)

To describe the feeding selectivity (SEL) the logarithmic Shorigin index (Berg, 1979)

was calculated:

SEL =logio (%N; in the ingested food / %N;in the potentially available food) (3)

where %N; is the numerical percentage of an item

In this index random feeding receives the value 0. Preference results in positive
values calculated, while avoidance in analogy receives negative values (complete
avoidance is assigned the value -¥).

3.2 Baltic Sea Model

Numerical simulations of the Baltic Sea circulation were performed by application of a
three-dimensional (3-D) eddy resolving baroclinic model of the Baltic Sea (Lehmann,
1995). The model is based on the free surface Bryan-Cox-Semtner model (Killworth
et al.,, 1991) which is a special version of the Cox numerical ocean general circulation
model (Bryan, 1969; Semtner, 1974; Cox, 1984). The Baltic Sea model comprises

the whole Baltic including the Gulf of Bothnia and Gulf of Riga as well as the Belt
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Sea, Kattegat and Skagerrak. At the western boundary an idealized North Sea basin
is attached to the model domain which is used to take up sea-surface elevations in
the area of the Skagerrak and to provide the water masses necessary for the water
mass exchange which have the typical characteristics of the North Sea. The model is
driven by atmospheric data provided by the SMHI (Swedish Meteorological and
Hydrological Institute) and river runoff taken from a monthly mean runoff database
(Bergstrom and Carlsson, 1994). The meteorological database covers the entire
Baltic Sea drainage basin with its parameters stored at a temporal increment of 6
hours. The horizontal resolution is 5 km. The experiments described under 3.3.1 and
3.3.2 were run with 28 vertical levels. Later on the model was enlarged to encompass
41 vertical levels. The thickness of the different levels was in each case chosen to
best account for the different sill depths in the Baltic. For the region of the Bornholm
Basin this results in a vertical resolution of 6 (3) m layers. A horizontal resolution in
the order of the half Rossby Radius of deformation is required to resolve the whole
spectrum of meso-scale motions. In the Baltic the internal Rossby Radius was
determined to be in the range of 2 to 10 km (Fennel, 1991). Thus, the model is not
fully eddy resolving for some regions of the Baltic, but in order to find a compromise
between available computer capabilities and resolution of the model in space and
time, a grid size of 5 km and a time-step of 5 minutes was chosen. Simulations were
performed employing ground truth data of physical and biological parameters
obtained on research cruises prior to the period of examination or utilizing the
characteristic hydrography for the period of examination. For each depth level of the
model, observational data were interpolated onto the model grid by objective analysis
(Hiller and Kaese, 1983). Calculation of larval drift routes was performed by using a
Lagrangian particle tracking technique (Hinrichsen et al., 1997). Simulated three-
dimensional velocity fields were extracted at 3-hourly intervals in order to develop a
database for this Lagrangian particle tracking exercise on larval cod. The data set
then offers the possibility to derive drift trajectories by calculating the advection of
"marked" water particles. Vertical velocities were calculated from the divergence of
the horizontal velocity fields. The drifters were allowed to leave the layers where they
were initially released. The positions of the drifters varied over time as a result of the
three-dimensional velocities that they experienced. Furthermore, the data contain
information on the temporal evolution of the hydrographic property fields

(temperature, salinity, oxygen, current velocity, etc.) along the trajectories. In order to
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establish a Lagrangian view of the simulated circulation, drifters can be placed in the
modeled flow fields at every location within the model domain. Moreover, the initial
launch positions can be chosen independently from the vertical resolution of the

model’s grid.

3.3 Applications of the Baltic Sea Model

3.3.1 Variations in the drift of larval cod: Combining field observations and
modeling exercises

Simulations were used to predict the potential transport of cod larvae observed on
consecutive surveys carried out during the research programs in May 1988 and
August 1991.

Comparison of model output with the ichthyoplankton surveys

The horizontal distribution of cod larvae from the first survey in each year was
incorporated as an additional tracer in the model. Modeled distributions were then
compared with observed distributions obtained during the second survey of each
cruise program. Hence the transport of larvae for a period of 5 days was examined in
May 1988 and for 6 days in August 1991. In order to account for the vertical migration
behavior of first-feeding larvae, only the abundance of larval stages 6 and 7 (age 6-
10 days) was used as input for the model run. These stages were chosen because
viable larvae of these stages have been observed to occur above the halocline
(Grenkj ez et al., 1997) with maximum abundance found at approximately 30 to 40 m
depth (Grankjae and Wieland, 1997). The initial vertical position of cod larvae in the
water column can influence their horizontal distribution and advection, due to
variations in current velocities at different depths. Therefore, the drift of cod larvae,
which were initially inserted into the model fields at the 33 m level, was modeled
using the mean current velocities for the depth range from 24 to 42 m, thereby
making some allowance for their unknown ‘real’ vertical distribution patterns. This
depth range represents the larval drift behavior within the upper part of the
intermediate layer and the lower part of the surface mixed layer including the
thermocline. The model output was then compared to the horizontal distribution of
larvae observed during the second survey. As by the time of the second survey the
larvae of stages 6 and 7 had now reached development-stage 8, only these older

larvae were incorporated in the presentation of the survey results.
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Influence of different vertical distributions on the drift

In order to determine the potential influence on transport of smaller scale variations in
the vertical distribution of older larvae, i.e. variations in the depth of the maximum
abundance of larvae (between 25 to 40 m depth), simulations were performed with
particles released simultaneously at different vertical levels (27 m, 33 m, and 39 m) at
the same locations. The simulations were run for a period of 21 days and the
transport in each level was compared relative to the transport of larvae released at a
depth of 33 m and experiencing the mean current velocities of the 24-42 m layer. The
resulting drift trajectories were then analyzed in relation to the daily averaged wind
stress data for May 1988 and August 1991.

Retention or dispersal of larvae

To check the development of the horizontal distribution patterns for the investigated
time periods, other additional simulations were carried out: in regions of observed
high abundance of the larval stages 6 to 7 during the first survey of each cruise
program, simulated drifters were deployed on a regularly spaced grid and tracked for
a period of 21 days (41 and 107 simulated drifters for May 1988 and August 1991,
respectively). After 21 days these larvae would have reached the end of their larval

phase and entered the young fish stage.

3.3.2 Testing the larval drift hypothesis: retention versus dispersion

The goal of this study has been to assess the potential for variable larval transport in
the Bornholm Basin and to develop a technique for quantifying the inter- and intra-
annual variation in larval transport and thereby identify the existence of particular
transport regimes.

Two models of the age-dependent vertical distribution of Baltic cod larvae were
developed on the basis of vertical profiles of larval abundance in 1993 and 1994
(Grenkjee and Wieland, 1997). The distribution of newly hatched larvae is assumed
to be identical to the distribution of the late stage eggs. In accordance with the egg
distribution (Wieland, 1995; Wilodarczyk and Horbowa, 1997) yolk-sac larvae (< 5
days) were restricted to depths exceeding 50 m. First-feeding (6 to 10 days) and

older larvae (10 to 25 days) were most abundant at intermediate depths, but a
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substantial fraction (ca. 30%) was caught above 30 m. During this phase there were
indications of diurnal migration: larvae concentrated above 30 m at night but
dispersed during daytime.

The vertical resolution of the circulation model was adapted to reflect these
distributions (model 1): larvae remain within and below the halocline (48-84 m) for the
first 5 days, below the surface wind-mixed layer (12-48 m) during the next 20 days,
and between 12 and 30 m for the remaining 35 days.

To account for differences in the timing of upward migration seen for the oldest larvae
a second model was investigated, in which the upward migration was delayed and
the larger larvae allowed to migrate over a larger depth range (model 2): larvae
remain within and below the halocline (48-84 m) for the first 10 days, within the
halocline (48-66 m) for the next 5 days, then below the surface wind-mixed layer (12-
48 m) for another 10 days, whereas larvae older than 25 days were assumed to be
above the thermocline (12-30 m) for 12 hours per day and between 30 and 66 m for
the other 12 hours.

To determine the wind energy required to transport cod larvae from the spawning site
within the deepwater region of the Bornholm Basin to different potential nursery
areas, idealized constant wind forcing (velocity 12 m/s) in space and time was
applied.

Within- and between-year variation in the drift patterns of cod larvae were simulated
for May-September 1993 and 1994. For both years, the initial conditions are realistic
three-dimensional distributions of temperature and salinity, based on observations
taken during quasi-synoptic hydrographic surveys in May at the beginning of the
spawning season. The model was forced with realistic wind data based on
observations obtained at the weather station at Christiansa In the simulations, new
batches of larvae were released into the modeled Eulerian flow fields at 5 days
intervals and tracked for a period of 60 days. This time span approximately covers
the entire duration of the larval phase of cod (Fossum, 1986). Release dates
commenced on May 1 (Julian day 121) and ended July 30 (Julian day 211). A total of
1056 larval drifters were released at the appropriate depth on a regular spaced grid
enclosed by the 80 m isobath encompassing the historical peak egg and larval
abundance in the Bornholm Basin (Wieland, 1995).

The larvae were allowed to drift for a period of 60 days or until they reached the 30 m

depth contour where their position remained fixed assuming settling. Each larval
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drifter representing the four release centers was given an identifying code stipulating
time of release, thereby allowing information on the source, time of hatch, and period
of drift of each individual at each destination.

Because the same number of drifters was released at each five days interval, we
compare simulated distributions between and within years and not the actual

numbers of larvae.

Transport index

To identify historic variations of larval retention/dispersal owing to variations in wind
forcing between and within years, a simple transport index was developed based on
cumulative wind energy. Critical energetic levels were derived from the results of the
numerical simulations with constant wind forcing in the model. The cumulative sum of
the wind energy utilized is based on three hourly observations at the weather station
at Christiansg An earlier study (Hinrichsen et al., 1995) suggests that larval drift
towards the west and north is correlated to westerly and southerly winds, whereas
easterly and northerly winds result in transport to the south and east. Thus, as a first
step, the difference in cumulative wind energy between winds coming from southern
to western (positive) and northern to eastern (negative) directions was calculated for
each 60 days period (representing the period of larval drift) commencing at 5 days
intervals during the main spawning season (May-September). For example, to get a
total amount of wind energy of + 100000 Wm™ , approximately 11 days with wind
velocities of 12 ms™ from southerly and westerly directions are required. Periods of
dispersal were considered to be those in which cumulative wind energy is sufficient to
transport more than 50 % of initially spawned larvae to coastal areas, while periods

with less wind energy are defined as periods of retention.

3.3.3 The potential for advective exchange of early life stages between the
western and eastern Baltic basins

Under strong westerly wind conditions, the general stratification of the Baltic is

broken down by mixing and a considerable amount of highly saline water can

penetrate into the eastern Baltic. These mass transports can be accompanied by

advective propagation of passively drifting particles such as eggs and larvae of

different fish species and, thus, within the same area (central Baltic) possibly lead to

mixing of the juvenile populations of both cod stocks. On the other hand, cod larvae

19



Recruitment processes in the larval phase Material and Methods

of the eastern stock, which are located in the central Baltic relatively close to surface
waters (Grenkjee and Wieland, 1997), might have the potential to drift to the west in
the upper layers of the two-layer current system of the Baltic (Lehmann and
Hinrichsen, 2000).

The main aims of this exercise were:
to determine the origin of juvenile cod caught within the Arkona- and Bornholm
Basin based on birthdate distributions derived from otolith microstructure
analysis
and to carry out modeling exercises to examine the potential impact of
different wind driven circulation patterns on the transport of cod early life

stages between the western and eastern Baltic.

The horizontal 0-group cod distribution within the potential nursery areas were not
surveyed systematically on a standard station grid during the autumn cruises.
Furthermore, the initial cod egg abundance data, as well their three-dimensional
distribution patterns in the Danish Straits, in Kiel Bay and in Mecklenburg Bay are not
available. Thus, it could not be the goal to simulate the drift patterns of the larvae for
each of the years explicitly, but only to identify the principal factors influencing the
transport of early life stages of cod between the western and eastern Baltic.
Therefore, two scenarios with considerably different wind conditions (western Baltic
cod spawning seasons of 1988 and 1993) were selected.

Because it has been assumed that eggs and young (non-feeding) larvae have no
swimming behavior, their advection was simulated by incorporating a passive tracer
into the model with the same diffusivities specified as for temperature and salinity.
The particle drift was derived from the temporal evolution of the tracer field. With
respect to the average duration of the egg and nonfeeding larval stages, these
simulations were performed for periods of 25 days. Within the spawning grounds of
the western cod stock, eggs and young larvae are found below the pycnocline which,
on average, is at 20 m depth (Bagge et al., 1994). Thus, passive drifting tracers were
incorporated at model grid points where this depth was exceeded. The initial
abundance at every model grid point and within every depth cell of the model deeper
than 20 m was set to a constant value (1 n/m3). Generally, the major spawning
ground of the western Baltic cod stock can be subdivided into four subareas (Fig.
3.2):
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Figure 3.2: Spawning areas of Baltic cod (after Bagge and Thurow, 1994). Spawning areas of the

western Baltic or transition area cod stock are marked by | (Great Belt), Il (Little Belt, Kiel

Bay, Langeland Belt and Fehmarn Belt), 11l (Mecklenburg Bay) and IV (dresund).

Older cod larvae are usually found in the same geographical area as eggs and young

larvae but mainly above the pycnocline ( <20 m).

In order to estimate the potentially different drift patterns of cod early life stages

spawned in the western Baltic and in the Kattegat area, the circulation patterns were

analyzed during the major spawning season (January to April) for two years with
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considerably different wind forcing conditions (1988 and 1993). The spawning period
of 1988 (Fig. 3.3) was regarded as a mild winter with relatively low and variable wind
forcing during the winter as well as in early spring. In contrast, in January 1993 the
recent major Baltic inflow to the Baltic Sea occurred (e.g. Matthaus and Lass, 1995).
During this time there was a relatively long period of strong wind forcing, mainly from
the west. The years 1988 and 1993 are specified as scenarios 1 and 2, respectively.

During the simulations, older larvae and/or juveniles of cod were prescribed as
Lagrangian drifters which were released into the modeled Eulerian flow fields within
the spawning grounds of the western Baltic (Fig. 3.2) at depths above the pycnocline.
Regardless their age, older larvae and juveniles are considered © be horizontally
passive or to have only a random swimming behavior which is not taken into account
utilizing our Lagrangian particle tracking technique. The release of drifters was
repeated at 5 day intervals, i.e. every 5 days a new batch of drifters was inserted and
tracked over a period of 45 days. The release dates commenced on Julian day 6 and
ended on Julian day 80, whereas the analysis of the temporal evolution of the tracer
fields (eggs and/or young larval abundance) also started on Julian day 6 but ended

on Julian day 31 for both scenarios.
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Figure 3.3: Daily mean wind direction and wind speed from January to April 1988 and 1993 taken from

Christiansgweather station (line - wind direction; histogram bars — wind speed).

3.3.4 Model-supported estimation of mortality rates in cod larvae: the varying
iImpact of ‘critical periods’

While stage specific mortality rates for cod eggs are available from both, laboratory
and field studies (Wieland, 1995; Wieland et al., 2000a), corresponding information
for the larval stage is missing. Especially the estimation of field based mortality rates
was hampered by generally too low numbers of larvae caught and advective losses
from the survey area (Voss et al., 1999). ‘Patch’ studies, i.e. to flag an aggregation of
eggs or larvae with a free-drifting drogue and to monitor the developmental success
of distinct cohorts (Fortier and Leggett, 1985; Heath and MacLachlan, 1987), are
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additionally hampered by the fact that wind stress and current shear in the Baltic
influe nce the trajectory of the drifter significantly (Wieland et al., 2000a).
Due to the missing data on larval mortality in the field, it was not possible to
investigate the influence of different processes on larval survival rates. In this
approach we use basin-wide abundance estimates from two consecutive surveys to
calculate mortality rates. Abundance estimates are corrected for transport processes
using the initial horizontal distribution of larvae and applying the Baltic Sea Model.
Mortality rates within two ‘critical periods’, from hatch (egg stage 1V) to first feeding
(larval stage 5-7) and from onset of feeding to the state of an established feeder
(larval stage 8) were calculated.
Sampling related to the horizontal distribution and abundance of cod eggs and larvae
was performed on 2 consecutive surveys, approximately 6 days apart, in May 1988
and August 1991. These programs constituted the only available surveys within the
time series of ichthyoplankton surveys with sampling intervals and larval abundances
having the potential for the determination of stage-specific larval mortality rates
(MacKenzie et al., 1996).
During cruises in May 1988 and August 1991 no vertical resolving sampling was
performed. Therefore we used data from other cruises in the Bornholm Basin to
determine the vertical distribution of the eggs and larvae to be incorporated as
passive particles into the Baltic Sea Model, i.e. vertical resolving sampling was
performed in July 1988 and 1991. In both cases cod eggs concentrated in a narrow
depth layer below the halocline, with maximum abundance in 70 m depth (Wieland
and Zuzarte, 1991; Wieland and Jarre-Teichmann, 1997). Feeding cod larvae (>
stage 5) were generally found above the halocline with maximum abundance around
30 m depth (Grenkjeg and Wieland, 1997; Grenkjag et al., 1997). This was observed
for July 1991 also, while for July 1988, due to very low numbers of larvae caught, no
conclusive result could be obtained. Based on these observations the following
relative vertical distribution was utilized to implement cod eggs and larvae as
additional tracer into the flow fields:
- 25% in 27-30 m, 50% in 30-33 m and 25% in 33-36m for feeding cod larvae
(stages > 5)
- 25% in 66-69 m, 50% in 69-72 m and 25% in 72-75 m for cod eggs and non

feeding larvae

24



Recruitment processes in the larval phase Material and Methods

Estimation of mortality rates

Mortality rates were estimated by comparing the daily production of a given
developmental stage at the first sampling date with that of a corresponding stage at
the second sampling date (cohort method). Temperature-dependent incubation time
of eggs were calculated (Wieland et al., 1994) with an estimated ambient mean
temperature (Wieland and Jarre-Teichmann, 1997). As the consecutive surveys were
approximately 6 days apart, the developmental stages had to be chosen accordingly.
For the young (hatching) larvae mortality rates were calculated from egg stage IV
(oldest egg stage) to larval stage L5-7 (first feeding). For the older larvae larval
stages 5-7 were compared with larval stage 8 (established feeding; Table 3.2).

As the time interval between the sampling dates did not match exactly the difference
in age between developmental stages, the daily production observed at the second

sampling date was adjusted according to Wieland et al. (2000a).

Table 3.2: Observed (os) and adjusted (;qj) abundance (n/m2) and daily production (n/m2/d) of different
developmental stages inside the 80m depth contour line.

May 1988 August 1991
Time inter\éaégzt;vy?n SUVeys. Time interval between surveys:
' ' 5.92 days;

survey 1 2 1 2 1 2 1 2
stage Egg IV L5 L 5-7 L8 Egg IV L5 L 5-7 L8
age [days] * 14.09 | 19.35 | 22.35 | 28.35 | 13.51 19.72 | 21.72 | 27.72
dt age 5.26 6.00 6.21 6.00
n/m2 ops 0.98 0.21 2.43 1.50 | 0.66 0.52 1.97 0.33
N/m2/d ops 0.39 0.10 041 | 0.25 | 0.27 0.26 0.33 0.06
N/m2/d ag; 0.11 0.25 0.26 0.06

*: at mean ambient egg incubation temperatures of 5.75 °C in May 1998 and 5.87 °C in August 1991

While the station grids covered the area > 60 m depth, all calculations were based on
the mean abundance (n/m2) of the dewelopmental stages inside the 80 m depth
contour line. This was done, as abundance values outside the observation area were
unknown and therefore no reliable exchange rates due to transport could be
calculated. By restricting the calculations to the area > 80 m depth, reliable exchange
rates between the areas 60-80 m depth and > 80 m depth could be derived from a

hydrodynamic model.
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While the initial stage specific abundance is known from the survey results for the
areas >60m depth, the abundance for the area <60m depth was set to be 0. The
initial horizontal distributions as obtained by the first surveys were entered into the
model as a tracer and the exchange rates between the areas were calculated over
time. By this, the abundance found during the second survey in the area > 80m depth
could be corrected for transport gains or losses.
The two periods (19-28 May 1988 and 11-20 Aug 1991) exhibit contrasting wind
forcing scenarios: In May 1988 wind forcing was relatively low in magnitude and
variable in direction. In contrast, the simulation for August 1991 was affected by
relatively strong wind forcing of mainly western directions.
To visualize the persistent circulation patterns averaged model results for different
depth layers in the Bornholm Basin are presented. However, averaged currents give
no information about their variability. Thus, the stability, defined as the ratio of the
averaged vectorial velocity and the averaged arithmetic velocity, was calculated as:

2 2

(u+v)

l o N 2 2%
Naizl(ui +Vi)

1
2

B=

(4)

- 1o - 1o
with U:Na u and V:ﬁa v as the averaged components of the flow, and N as

the number of current observations at the location under consideration. The vectorial
mean is obtained from individually observed current vectors, and the arithmetic mean
velocity is calculated by averaging the speeds without regard to the current direction

(Neumann and Pierson, 1967).

3.4 Bio-physical modeling of larval cod growth and survival

The coupling of a circulation model with trophodynamic relationships of larval fish can
be utilized to examine starvation mortality and growth rates at the level of individual
larvae (e.g. Werner et al., 1993; Letcher et al., 1996). A coupled hydrodynamic/
trophodynamic individual based model (IBM) of drift and feeding designed to examine
growth and survival of Baltic larval cod was constructed. This coupled model allows
to examine feeding, growth and starvation mortality of larval cod in the Bornholm
Basin in the context of their transports by utilizing trophodynamic relationships along
their potential drift routes. Implementation of the coupled model required zooplankton

abundance as well as turbulence and temperature fields as inputs to the larval
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feeding, metabolic and growth components (Hinrichsen et al., submitted). Utilization
of this model allowed to examine how habitat and environment affect survival and

growth variability.

The spatio-temporal variability of growth and survival is studied by modeling the fate
of larvae for various scenarios in prey fields. The effect of a declining standing stock
of Pseudocalanus elongatus (e.g. Mollmann et al., 2000) was simulated by using

prey fields with and without this copepod species.

The IBM tracks individuals through the larval stage thereby distinguishing four

stages, i.e. yolk-sac larvae (< 4.5mm), first feeding larvae (4.5 to 6mm), larvae of 6 to
9mm and larvae > 9 mm. Within the model the encounter of food, foraging, growth
and survival of individual cod larvae is simulated by specific submodels in 6 hour time
steps. All larvae were initially defined to have equal length and weight at hatch. Along
the drift trajectories within the coupled model the larvae's environment consists of the
prey field and the ambient temperature determining both their growth and survival.
Yolk-sac larvae before reaching their length at first-feeding (< 4.5 mm) were
considered as passive drift particles, with growth exclusively determined by ambient
temperature. In order to analyse the survival and growth of larval Baltic cod, the
following simulation output parameters have been obtained by using the coupled

model:

survival dependent on minimum weight growth rates
number of starvation periods
condition of larvae in terms of weight at 6mm length

growth in terms of mean length after 70 days of drift and feeding

3.4.1 Trophodynamic IBM

Encounter and turbulence submodels

Encounter rates of larval fish with their prey are functions of both larval fish size (I),
prey size and density (Blaxter, 1986). An estimate of the number of the ith preyitem
N(l,i) (i=1,2,..,n) encountered on a 24 hours basis depends on the search volume

(SV) in which larvae perceive prey, and its concentration p(i) (ith prey/liter). Baltic cod
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larvae are visual predators (Last, 1978) and therefore the main daily feeding period

can be expected only during the fraction of daylight hours H (Morse, 1989),

N(,i)=Sv(,i)" p@i)" H (5)

The search volume was defined as the product of the fish swimming speed SS(l) and

the area a fish of length | can scan for food (RA).

Sv(l,i)=S3(1)" RA(l1) (6)

For swimming speeds of larvae we used the summary relationship of Miller et al.
(1988). This equation yields swimming speeds of approximately one body length per
second. The reactive area (RA,mm?) was assumed to be half a circle with a radius

equal to the reactive distance (RD) and was defined for each prey type i as

RA(,i) =05 p” RD(, j)? (7)

The search volumes increase rapidly with increasing larval size and prey size. Prey
sizes have been taken from Hernroth (1985). RD (mm) was defined as a function of
both prey body length and larval length using the relationship of Breck and Gitter
(1983).

Including turbulence in the calculation for prey encounter rates (Rothschild and

Osborn 1988) results in the number of (ith) prey encountered estimated as

N(,i)=H " A(,i)" D(,i) (8)

instead of Eq. 5. The effect of turbulent velocities enters in the determination of A(l,i),
the velocity of larval fish relative to its prey and to turbulent motions. D(l,i) is the
product of the cross-sectional area of perception of the larvae RA and the prey
concentration p(i). Turbulent velocities required for the determination of A(l,i) can be
obtained by different methods. The simplified relationship utilized enables the
calculation of turbulent velocities (MacKenzie et al., 1994) directly dependent on the

cube of wind speed and larval depth. Wind speed and direction were obtained from
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the weather station Christiansg(up to 1994) as well as from atmospheric data
provided by the Swedish Meteorological and Hydrological Institute (SMHI Norrkdping,

Sweden; from 1995 onwards).

Foraging submodel

Larval fish typically are not able to attack all prey encountered, thus time required for
feeding reduces search time. In order to simulate this process, we utilized a
submodel characterizing optimal foraging in dependency on the swallowing
probability (SP) determined empirically for cod and haddock larvae by Laurence
(1985). This rather simple approach is dependent on both the initial dry weight at
hatch (Wmin) as well as on weight at age/length (w)

P =09 [1- 0.667" gl v | o

Growth submodel

Temperature influences metabolic processes and is besides prey availability the most
important factor that determines growth (Brett, 1979). As obtained from rearing
experiments with Norwegian coastal cod (Otterlei et al., 1999) somatic growth in
length and weight increased with increasing temperature. Specific length growth

rates as well as larval stage durations have been determined by these relationships
adjusted to observed length growth rates of Baltic cod.

Larval growth is simulated by the standard bioenergetic supply-demand function,
represented as the difference between the amount of food ingested by a larvae and

the metabolic costs of its activities. The daily growth increment

G=AE"  g-m (10)

is the difference between the weight gained through feeding (g) and the loss due to
the weight dependent metabolic costs (m) (Werner et al., 1996). The total food intake
(g) of individual larvae is related to consumption from the foraging model times the

assimilation efficiency

AE =08 (1- 0.25" gl00Z (w10)) (11)
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which is the proportion of ingested food not egested by the larvae (Buckley and
Dillmann, 1982). The assimilation efficiency strongly depends on the larval mass w
ranging from 0.6 to 0.8 increasing rapidly with larval size. The ingested food provides
energy exclusively used for growth after the energy for metabolic costs is totally

covered.

Starvation submodel

A minimum weight (Wmin) at the end of the different larval stages is prescribed for
each larvae. Maximum weight (Wmax) was taken from a length-weight relationship for
Norwegian coastal cod (Otterlei et al., 1999). Larvae were defined to die from
starvation if the final weight in a specific stage was below a threshold value (a) times
the maximum weight

Wmin = a, Wmax (12)
The threshold was set to 0.75 (Letcher et al., 1996). Starvation obviously occurred if
the metabolic costs are higher than the gained weight due to feeding. This submodel

on starvation was able to firstly determine the mass of a larvae at death from

starvation and secondly enables counting of the starvation periods.

Prey fields

Stomach content analyses (see 3.1.4) of larval cod from the Bornholm Basin

revealed copepod nauplii and early copepodite stages to be the preferred prey
organisms similar to what has been observed for other stocks (Goodchild, 1925;
Wiborg, 1948; Last, 1978; van der Meeren and Naess, 1993; Fossum and Ellertsen,
1994). Additionally, cladoceran species, although playing a minor role, were identified
as food for larval Baltic cod. The food composition of cod larvae is size-specific.
Thus, for the present modelling approach we specified potential food organisms/

stages for feeding larvae of a specific size:

first feeding larvae (4.5 to 6 mm): nauplii of calanoid copepods
larvae of 6 to 9 mm: nauplii and copepodite stages of calanoid

copepods
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larvae > 9 mm: all life-stages of calanoid copepods as wel

as cladocerans.

Zooplankton abundance data were derived from an extensive database compiled by
the Latvian Fisheries Research Institute in Riga within the EU-funded project "Baltic
Sea System Study, BASYS" (http://www.io-warnemuende.de/Projects/Basys.htm).
For detailed descriptions of the database as well as sampling and analysis
procedures, see Dippner et al. (2000) and Mdllmann et al. (2000). We included in the
prey fields the dominant calanoid copepod (P. elongatus, Acartia spp., T. longicornis,
C. hamatus) and cladoceran species (B. longispina maritima, E. nordmanni, Podon
spp.). Densities of copepod nauplii, copepodites and adults as well as cladocerans
were combined and assigned to water depth and seasonal occurrence.

In order to obtain a spatio-temporal resolution of prey, zooplankton abundances were

fitted by a second order polynominal function:
N N i .
F(d,t) - é izlé L Aj * g 0-D % (-0 (13)

which is determined by a multiple regression analysis using the least square criteria.
Ajis the abundance of the above described size specific food organisms. d
represents the bottom depth at any location whereas t is given in Julian days. Due to
the variable vertical resolution in sampling the zooplankton data, average seasonal

prey abundances have been determined for two depth layers: 0-25 and 25-50m.

3.4.2 Model simulations

First, coupled hydrodynamic/trophodynamic IBM runs were performed for the
spawning periods of 1986 to 1999 in order to obtain the average intra-annual
variability in survival and growth. Therefore, a total of 720 Lagrangian drifters were
released at depth between 25 and 35m on a three-dimensional regular spaced grid
enclosed by the 60 m isobath. The drifters were released into the modeled flow fields
at 10 days intervals and were tracked for a period of 70 days, as this time period
approximately covers the entire duration of the larval phase of cod (Fossum 1986).
The first release date was April 1 and the last September 20, thereby encompassing
the main spawning period of Central Baltic cod (MacKenzie et al., 1996; Wieland et

al., 2000b). To investigate the effect of the strong decay in P. elongatus abundance,
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simulations were performed with mean prey fields excluding and including this
species. No effect of turbulence on the feeding of cod larvae was implemented in
these simulations.

The inter-annual variability in survival and growth of larvae originating from peak
spawning times was simulated for the years 1986-1999. Dates of peak spawning
were estimated by Wieland et al. (2000b) using egg abundance data. Model
simulations were initialized by ignoring turbulence and using prey fields without P.
elongatus. In the following we successively modified the simulations by taking into
account (i) the vertical distribution of the zooplankton prey, (ii) the effect of turbulence
on contact rates between predator and prey, and (iii) the inter-annual trend in prey
availability. As obtained from field investigations (Grankjag and Wieland, 1997), the
vertical distribution of the small sized zooplankton particles has been given a marked
peak (50% higher) in the upper part of the intermediate layer where Baltic cod larvae
preferably dwell.
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4 RESULTS
4.1 Variations in the drift of larval cod: Combining field observations and
modeling exercises
4.1.1 Field results
Selected horizontal distributions of cod larvae obtained during the field campaign are
shown in Fig. 4.1 (May 1988) and Fig. 4.2 (August 1991). For the first survey in each
year the distribution of larval stages 1-5 (non-feeding) and 67 (first-feeding) are
presented and during the second survey the distribution of stage 8 larvae
(established feeders). The non-feeding larvae and can be expected to be distributed
mainly below the halocline (Grankjee and Wieland, 1997). Viable larvae of the stages
6 and 7 should have completed their vertical feeding migration and are mainly found
above the halocline (Grankjee and Wieland, 1997). These feeding larvae start to drift
within the upper water masses and may be transported out of the deep basin. Larvae
of stages 67 recorded during the first survey will have reached stage 8 by the
second consecutive survey (5 and 6 day intervals between consecutive surveys for
May 1988 and August 1991, respectively). The changes in horizontal distribution
therefore give an indication of the drift of the larvae. Because older larval stages (9-
10) would have been influenced by currents in the upper water layers for some time,
their distributions are not presented.
The horizontal distribution of the stage 1-5 larvae sampled during the first survey in
May 1988 (Fig. 4.1a) was restricted to the deeper part of the Bornholm basin with
highest abundance in the southern central area. Stages 6 and 7 (Fig. 4.1b) were
more abundant, but only a small proportion of the larvae were found outside the 80 m
depth contour. Highest abundance of older larvae (stage 8) during the second survey
(Fig. 4.1c) were also recorded in the central basin, indicating low transport during the
5 day interval. For May 1988, the low transport of larvae observed during the field
experiment and the simulated transport are in good agreement (Fig. 4.1 cf. Fig. 4.4a).
As a result, the modeled distribution (not shown) and the distribution found in the field
(Fig. 4.1c) showed a high similarity, both indicating a concentration of larvae in the
central basin.
In August 1991 the young larval stages were more abundant in the northern part of
the sampled area (Fig. 4.2a). Stage 1-5 larvae were concentrated at two stations:

one in the center of the deep basin, the other on the northern edge, slightly outside
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Figure 4.1: May 1988, horizontal distribution of cod larvae: a) first survey (19 May 1988), larval stages

1-5; b) first survey (19 May 1988), larval stages 67; c) second survey (24 May 1988) larval
stage 8; contours of abundance are drawn as n/m? with the dots indicating sampling positions.
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6 days

15°00 16°00 17°00 E
Figure 4.2: August 1991, horizontal distribution of cod larvae: a) first survey (11 August 1991), larval

stages 15; b) first survey (11 August 1991), larval stages 67; c) second survey (17 August
1991), larval stage 8; contours of abundance are drawn as n/m2 with the dots indicating

sampling positions.
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the 80 m depth contour. Figure 4.2b shows the horizontal distribution of cod larvae of
stages 67, according to the first ichthyoplankton survey (11 August 1991). Two
areas of high larval abundance were evident: one in the center of the Bornholm
Basin, and the other in the north-eastern area. At stations in the southern and north-
western parts of the basin no stage 6-7 larvae were sampled. For initialization
purposes this larval distribution was introduced as an additional tracer in the
simulation (see also Fig. 4.3a). The horizontal distribution of stage 8 cod larvae
sampled during the second ichthyoplankton survey (17 August 1991) is shown in Fig.
4.2c. The distribution of these stages was used for comparison with the model output
after 6 days of integration. A maximum of observed stage 8 larval abundance was
situated in the north-eastern part of the basin with abundance declining towards the
Stolpe Trench. In the south-eastern part of the sampled area only low numbers of
larvae were caught, one exception being at a station located directly to the east of
Bornholm (> 0.6/m2). The maximum abundance in the central basin observed during

the first survey was not detected on the second cruise.

4.1.2 Simulation results

Comparison of model output and ichthyoplankton survey results

Figure 4.3 summarizes the results of the comparison of model output and the results
from the ichthyoplankton survey for August 1991. The horizontal distribution of stage
6-7 larvae observed during the first survey, as used for the model input is shown in
Fig. 4.3a (see also Fig. 4.2b). The modeled drift trajectories for the time period
between the first and second (6 days apart) ichthyoplankton surveys are presented in
Fig. 4.3b. The simulated drifters launched into the model flow fields experienced the
mean current velocities of the water body between depths of 24 and 42 m. Generally,
the trajectories showed a northwards orientated component. In the north-eastern part
of the basin this northerly drift component was rather weak, with simulated drifters
heading mainly towards the east. In the region from the north-west to the south-east
of the survey area, the drift trajectories showed an additional westerly component
resulting in an area of divergence in the central basin. Figure 4.3c shows the
horizontal distribution of cod larvae generated by the physical model after 6 days of
integration. Abundance values for the positions of the stations sampled during the
field campaign are shown in black, while additional positions used in the simulation,

outside the survey grid, are marked in gray. According to the modeled drift
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Figure 4.3: Comparison of model output and results from the ichthyoplankton surveys: a) observed

horizontal distribution of larval stages 6-7 [n/m?] for the first August 1991 survey (11 August
1991); b) modeled drift trajectories for the period between the first and second surveys (11
August — 17 August 1991), the drift relating to mean current velocities between depths of 24
and 42 m; c) modeled horizontal distribution of larval stage 8 [n/m?] after 6 days of integration
(17 August 1991), black dots indicate the actual station grid, shaded dots indicate additional
positions used in the simulation; d) observed horizontal distribution of larval stage 8 [n/m?] for
the second August 1991 survey (17 August 1991).
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trajectories the overall distribution has shifted northwards, high concentrations of cod
larvae being found in the northern part of the basin. The maximum abundance found
in the central part of the basin during the first survey may be the origin of the high
abundance in the north-west in Fig 4.3c. The other maximum found initially in the
north-east of the area (Fig. 4.3a) was displaced only slightly to the east, now being
distributed over a broader area of four stations (Fig. 4.3c). In the southern part of the
basin only low abundance values were generated by the model. The general features
predicted by the model were confirmed by the second August 1991 ichthyoplankton
survey (Fig. 4.3d). The overall shift in distribution towards the north, the low
abundances in the southern areas and the high concentration in the north-eastern
edge of the basin are in good agreement between the observations and the modeled
results. However, the predicted increase in abundance in the north-west was not
observed (Fig. 4.3c cf. Fig. 4.3d).

Influence of different vertical distributions on the drift

For the time periods examined, the particle trajectories generated by the Lagrangian
drift model showed no significant differences related to the release of particles at
different vertical levels. Deploying simulated larval drifters at different vertical levels
generally gave a corresponding drift in the same direction, although the final
destinations of the drifters varied. Table 4.1 shows the mean deviation of the drift
end-positions after 21 days for the different levels compared with the transport based

on mean current velocities for the 24-42 m depth layer.

Table 4.1: Mean deviation and standard deviation (s.d.) of the larval destinations for May 1988 and
August 1991 after 21 days of drift for tracers released at different depths compared with
transport for the mean current velocities of the 24-42m depth layer. Results are based on 45

start-positions.

1988 1991
Level Mean deviation (km)  s.d. Mean deviation (km) s.d.
27m 9.338 7.834 12.772 9.601
33m 5.245 9.456 5.525 4.564
39m 13.233 14.902 15.423 11.857
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For both time periods, the mean deviations at all depth levels were relatively small.
The lowest deviations occurred at the 33m depth level (~5 km) while for the 39m
depth level, mean deviations of approximately 15 km were calculated. The slightly
higher values for August 1991 can be explained by stronger current transport during
this time period. These results are in good agreement with the observations obtained
from a drift modeling exercise performed for summer 1994 (Hinrichsen et al., 1997).
However, there were large differences between the different years in the actual drift
routes. While in May 1988 the larval drifters tended to remain in the area of the deep
basin during the 21 day simulation (Fig. 4.4a), in August 1991 a significant transport
out of the basin occurred (Fig. 4.4b), mainly towards the east and north-west. The
daily averaged wind data for May 1988 and August 1991 at the weather station at
Christiansg (approximately 15 nautical miles north of Bornholm) are shown in Fig.
4.5. The lower drift velocities obtained from the simulation for May 1988 can be
correlated with wind forcing which in magnitude was relatively low and strongly
variable in direction. In contrast, for the 21 days simulation carried out for August
1991 the observed strong larval drift was affected by relatively strong wind forcing (10

m/s) in a mainly westerly direction.

Retention or dispersal of larvae

Figure 4.6 shows the final destinations of the simulated drifters deployed in regions of
high larval abundance (shaded boxes, cf. Figs. 4.1b and 4.2b) after 21 days drift for
larval stages 67. In accordance with the modeled drift trajectories, the resultant
distributions varied considerably. In May 1988 the simulated drifters tended to remain
in the deep part of the basin with a high proportion remaining within the 80 m depth
contour. Higher concentrations were found in the northern part of the central deep
basin with only some drifters being advected towards the south-west. In contrast, the
final locations of the drifters in August 1991 were mostly outside the 80 m depth
contour; generally, the final destinations of the larval drifters were widely dispersed
within the northern half of the area, indicating a rapid transport out of the basin
towards shallower regions. In August 1991, the area adjacent to the Swedish coast
northwest of Bornholm might be considered an important nursery area for Baltic cod.
A second important area is indicated to be the shallow water region to the north-east

of the Bornholm Basin. Thus, for the two investigated time periods, two different drift
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Figure 4.4: Modeled drift trajectories for a) May 1988 and b) August 1991 for a period of 21 days after

the first survey based on mean current velocities in the 24 to 42 m depth layer.
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Figure 4.5: Time-series of averaged wind speed and direction (12 h means) at Christiansg weather

station for May 1988 (left panels) and August 1991 (right panels).

scenarios were found: a situation of retention of larvae in the deep basin for May
1988 and a dispersal situation with larval transport towards shallow water regions for
August 1991.

4.1.3 Distribution of juvenile cod and potential influence on recruitment

The spatial distribution patterns of - and 1-group cod based on the Baltic Young
Fish Surveys (BYFS) has been investigated regularly in different areas of the central
Baltic. Table 4.2 gives General Linear Model estimates (Sparholt, 1996) of age group
1 abundance for the central cod stock in the Bornholm Basin, divided into a northern
and southern area and by depth strata for the years 1989 and 1992. As indicated by
the physical circulation model for the 1991 year-class, relatively high abundance of 1-

year-old cod was observed in 1992 in the northern shallow coastal area of the basin.
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Figure 4.6: Larval drifter destinations for a) May 1988 and b) August 1991 after a 21 day drift
simulation for stages 67. Drifters were released on a regular spaced grid in regions of high

larval abundance (shaded boxes, cf. Figs. 4.1b and 4.2b).
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In contrast, for the 1988 year-class, the observed distribution of age group 1 was

more widely dispersed over the entire Bornholm basin.

Table 4.2: General Linear Model estimates of age group 1 abundance (numbers/hour trawling) for the
central Baltic cod stock, divided into a northern and southern area and by depth strata for the years

1989 and 1992 (from Sparholt, 1996).

Southern area Northern area
Year 10- 40- 60- 80- 10- 40- 60- 80-
40m 60m 80m 120m 40m 60m 80m 120m
1989 0.0 3.7 7.0 34 - 35 0.2 0.0 a17.8
1992 - 43.1 75 224 - 2055 299 9.8 a318.2

Table 4.3 shows the estimated cod egg production in the Bornholm Basin for the
entire spawning seasons of 1988 and 1991 (Wieland, 1995) as well as the observed
mean larval abundance for the two surveys and the resulting recruitment (age-groups
0, 1 and 2; total Baltic) according to MSVPA (ICES, 1997). The seasonal cod egg
production in 1988 was estimated to be approximately the same as for 1991. For
larval abundance no seasonal production values can be given. However, the
sampled periods (May 1988 and August 1991) covered the peak larval abundance in
each year (Grankjae et al., 1995) and the larval abundance was of a comparable
order of magnitude. The abundance of 0-group cod was calculated to be 1.22 times
higher for the 1991 year-class, compared with 1988. A comparison of the abundance
for the 1 and 2 year age-groups, however, shows a higher survival rate in 1991,
resulting in a 1.68 and 1.78 times higher year-class strength for these age-groups,
respectively. Such a comparison of cod recruitment data for the total Baltic with the
conditions encountered in the Bornholm Basin might be appropriate, as the other
spawning areas had only a minor impact on recruitment, due to anoxic conditions in
the spawning layer (Bagge et al., 1995).

Thus, recruitment success was higher in 1991, dominated by a dispersal situation in

August, compared to 1988 when there was an observed retention situation in May.
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Table 4.3: Estimated seasonal cod egg production for 1988 and 1991 (Wieland, 1995), observed
mean larval abundance for May 1988 and August 1991 and resulting recruitment [age-groups O

(3" quarter), 1 (1*" quarter) and 2 (1*' quarter)] according to MSVPA (ICES, 1997).

1988 year-class 1991 year-class
Egg production (numbers) 3.65*10% 3.70*10%
Larval abundance (n/m?) 3.07 (May) 2.68 (August)
Age-group 0 (numbers) 3.02*10% 3.67*10°8
Age-group 1 (numbers) 1.58*10% (1989) 2.65*108 (1992)
Age-group 2 (numbers) 1.10*10% (1990) 1.95*10° (1993)

4.2 Testing the larval drift hypothesis: retention versus dispersion

4.2.1 Within- and between-year variation

Comparisons of within- and between-year variability of larval drift and retention
showed large differences between 1993 and 1994 caused primarily by variation in
wind forcing. At the beginning of the spawning season (May), wind data time series
(Fig. 4.7) showed low to moderate winds predominately from northern and eastern
directions in both years. Larger differences occurred in the wind fields from June-
August. In 1993, wind speeds varied but were mainly from the west. In contrast, 1994
showed a typical summer situation in July with, on average, low wind speeds (< 5
m/s) mainly from the east, while direction was highly variable during June and
August/September, with wind speeds occasionally reaching 15 m/s.

To illustrate differences in the transport of larvae within and between years,
destinations of the larval drifters are presented in Fig. 4.8 and 4.9.

Simulations for 1993 indicate larval transport to the Swedish coastal area from the
central (Fig. 4.8a) and western spawning site (Fig. 4.8b) and less so from the
southern spawning site (Fig. 4.8c), while drifters initially released in the northeastern
spawning site ended up widely dispersed over deep water (Fig. 4.8d). In general,
larval transport towards the northern coastal region is due to return flows in the
interior of the basin, compensating for the circulation driven by wind forcing from the
south and west (Krauss and Brigge, 1991). Simulations for 1994 (Fig. 4.8a-d)

indicate that much higher numbers were retained in deeper water and less
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Figure 4.7: Time series of daily averaged wind speed and direction for the main spawning season of
Baltic cod (May to September) in 1993 (left panels) and 1994 (right panels).

transport to shallow coastal regions because lower drift velocities predicted by the
physical circulation model on the basis of the prevailing lower wind stress.

Table 4.4 summarizes the total number of drifters either remaining in the deep basins
(retention) or being advected to shallow coastal waters (dispersal) based on the two
vertical distribution models applied in each year. In general the annual variability in
relation to wind forcing can be described as follows:

high numbers of post-larvae end up in the Swedish coastal area during

periods dominated by westerly winds (1993),

a balance between retention and dispersal of larvae during periods with

variable wind conditions (1994),

low numbers of larvae are advected towards adjacent basins (Arkona,
Gotland).
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Figure 4.8: Larval drifter destinations after a 60 days drift simulation from subsequent release dates (1-
19) onwards at 4 historical spawning centers (large dots; ad in 1993 (left panels) and 1994
(right panels).
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Generally, the simulated distributions after 60 days by the two models differed only
slightly (Table 4.4). However, model 2 (including vertical migration) resulted in higher
retention, because mean current velocities in the intermediate layer, in which the
larvae were assumed to descend during day-time, are lower than in the layer below
the wind-induced mixed layer above the thermocline, where in model 1 all larvae
were assumed to stay independent of the time of the day.

Table 4.4: Percentage of larvae observed (+ s.d.) during the main spawning season in different

regions after 60 days drift simulation according to two models applied to 1993 and1994

Experiment Bornholm Gotland Arkona Swedish Polish

basin basin? basin coast coast”

1993 model1 135+183 08+1.2 06+05 817+21.6 34+43
1993 model 2 21.5+23.9 09+18 1.6+1.1 722+269 3.9+38
1994 model 1 48.0+285 1.9+35 1.7+18 46.0+302 23+3.2
1994 model 2 60.9+27.3 2.0+2.3 20+23 31.3+27.7 19+35

%incl. Stolpe Trench.

b .
incl. Bornholm coastal area.

4.2.2 Temporal evolution of larval transport

Figure 4.9 shows the temporal evolution in the percentage of larval retention and
dispersal to coastal areas over the duration of the main spawning season in relation
to cumulative wind energy from different directions during the 60 days larval drift
period in the two years. The xaxis indicates the date of larval batch release (hatch).
Larvae hatching at the beginning and end of the spawning season in 1993
experienced a fair amount of low wind forcing from the eastern and northern
direction. This resulted in a relatively low transport to northern coastal areas. Over
most of the spawning season, the predominant wind forcing came from western and
southern directions, causing the transport of most larvae to northern coastal areas.
The influence of a period of low wind energy can be observed in the 1994 simulation.
A period of quiet weather resulted in a strong decrease in the percentage of larvae

transported to the northern coastal areas and retention of larvae over deep water.

a7



Recruitment in the larval phase

Results

1040

Larvae (%)

-

‘T-v --—-I.—mﬁ'.".‘..Fn..--- -:-.... e —

0 i

T

: S R TR

120 130 140 150 160 170 180 190 200 210 220 120 130 140 150 160 170 180 190 200 210 220

; Julian day Julian day

T «10" %107

: : 3

= (b 4 ib)

o

ot 21

=

g 1 P e 1

S S s 1993 SR e A T
= —— b — e s
2 g l e b e ) | L ! | e | 1 ! ] ! 1
= 120 130

Julian day

140 150 160 170 180 190 200 210 220 120 130 140 150 160 170 180 190 200 210 220

Julian day

Figure 4.9: Relative frequency of simulated larval drifters (top panels) ending up in the deep basin

(broken line), advected to northern coastal waters (full line), and advected to southern coastal

waters (dotted line), and wind energy (bottom panels) from south to west (full line) and north to

east (broken line) directions in relation to time of release during the spawning season, 1993

(left) and 1994 (right).

4.2.3 Developing atransportind

ex

Figure 4.10 shows two examples of the fate of cod larvae under different constant

windstress. For westerly winds, the percentage retained in deep water dropped

rapidly when energy exceeded 100000 Wm™ and a balance (50% retained and 50%

advected) between transport of larvae to the northern coast and retention was

reached at 140000 Wm™. For easterly winds, the percentage of larvae transported to

the southern coast increased rapidly when energy exceeded 50000 Wm™ and the

balance was reached at 115000 Wm™. A similar simulation applying windstress from

the north showed the potential for advection of larvae towards the eastern basins

through the Stolpe Trench. Approximately 10% of the larvae ended up in this region

when energy was 35000 Wm.
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Figure 4.10: Percentage of larvae retained in the deep basin (broken line) and percentage advected to
coastal area (solid line) in relation to wind energy derived from numerical simulations with
constant wind forcing: (a) westerly winds and advection to northern coasts and (b) easterly

winds and advection to southern coasts.
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Based on the results obtained in the simulations under constant wind forcing, the

transport index can be divided into three typical classes:

Dn: transport to the northern coasts when wind energy >140000 Wm™
Ds: transport to the southern coasts when wind energy <-115000 W m™
R: retention in the deepwater areas for intermediate values.

To illustrate differences between and within years, the calculated transport indices
are presented in Fig. 4.11. Positive values, indicating westerly and southerly winds,
predominate in all years, 1979-1994 with highest 60 days values observed in 1985
(283000 Wm™). Negative indices are absent in several years and exceeded he
dispersal limit to southern coasts only in 1993 (133000 Wm™). Estimates of mean
cod egg abundance at different times of the spawning season in the Bornholm Basin
(Wieland et al., 2000b) are also shown for 1985-1994 to allow an evaluation of the
most critical period for larval transport. Unfortunately, no seasonal abundance data
are available for the earlier years. However, historical data on gonadal maturation
(Tomkiewicz and Koster, 1999) and egg abundance (Wieland et al, 2000b) reveal a
clear shift of spawning activity to later months within the last 10 years. This suggests
that the spawning took place relatively early in 1979-1984, which would mark these
years as typical retention years, with the possible exception of 1982. In 1985, there
was a good chance for dispersal for larvae born after the spawning peak, but
subsequently retention years continued until 1989. From 1990 onwards, a series of
dispersal years occurred, during which larvae may have been rapidly transported to
the northern coasts. High easterly wind energy observed during the late spawning
season in 1993 might also have resulted in transport of a relatively large fraction of
larvae to the southern coasts. In view of the extremely high egg abundance during a
period of retention, 1994 must be considered as a retention year, although the
number of eggs in August was still higher than in other years and these should have

been advected towards the northern coastal area.
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Figure 4.11: Variations in wind energy (solid line) (cumulative sums over 60 days at 5 days intervals;

south to west: positive; north to east: negative), 1979-1994 (hatched interval indicates wind

energy values that are expected not to result in advection to northern or southern coasts; see

text). For 1985-1994, estimates of mean cod egg abundance (points) in the Bornholm Basin are

also indicated.
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Figure 4.11: cont.

4.2.4 Spatial distribution of juvenile cod

Information on spatial distribution patterns 1-group cod has been collected regularly
in the Baltic Young Fish Surveys. Assuming that juvenile cod remain fairly stationary
during winter, the estimates of abundance of 1-group by depth zone for the northern
and southern compartments of the Bornholm Basin based on General Linear
Modelling (Tab. 4.5; from Sparholt, 1996) have been qualitatively compared with the
classification in retention and dispersal years. However, this comparison is restricted
by the lack of samples from the shallow coastal zones in most years. Juvenile cod
from the year classes 1991-1993 were most abundant in the northern part of the
Bornholm Basin below 60m, which seems to correspond with dispersal to northern
waters. However, this was also the case for the year classes 1987 and 1989, which
were considered to be retention years. Year classes 1984 and 1994 were most

abundant in the southern part <60m, which cannot be explained by the transport
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indices in those years. All other year classes were more abundant in the southern
part > 60m, which would correspond to retention in the deeper areas. The dispersal

years 1985 and 1990 do not show corresponding shifts in juvenile cod abundance.

Table 4.5: Age lgroup cod estimates (number/hour) for different parts of Sub-division 25 (from
Sparholt, 1996).

South North
10-40m  40-60m 60-80m  80-120m  10-40m  40-60m 60-80m  80-120m
1980 - 1.0 18.0 22.0 - 0.0 0.0 11.8
1981 - - 887.4 - - - 174.9 -
1982 - 1.3 103.7 1.1 - 32.2 0.6 -
1983 - 23.1 79.6 29.0 - 13.7 38.2 39.2
1984 11.8 60.1 34.1 18.5 - 3.9 13.1 0.0
1985 - 4.9 40.6 18.3 - 2.0 8.4 0.0
1986 - 2.8 21.6 0.0 - 18.6 3.7 -
1987 - 0.0 91.3 0.0 - - 1.4 0.0
1988 - 0.9 12.1 2.0 - 30.5 3.4 0.0
1989 0.0 3.7 7.0 3.4 - 3.5 0.2 0.0
1990 - 2.6 2.1 - - 22.5 0.2 -
1991 - 23.4 11.5 2.0 - 3.0 0.2 -
1992 - 43.1 7.5 22.4 - 205.5 29.9 9.8
1993 2.9 13.1 11.8 1.9 - 196.2 37.3 -
1994 0.0 2.8 35.1 7.2 13.0 39.6 15.6 0.0
1995 1.7 120.2 76.2 3.6 23.0 72.1 2.4 -
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4.3 The potential for advective exchange of the early life stages between the

western and eastern Baltic basins

4.3.1 Length and age of juvenile cod in the Arkona Basin and Bornholm Basin

The 0-group cod caught in autumn in the Arkona Basin and the Bornholm Basin can
be divided into two major size classes. The length groups of cod between 3 to 7 cm
and 8 to 14 cm caught within the Arkona Basin during autumn were traced back to
spawning activities in July to August and March to May (Fig. 4.12a). Figure 4.12b

displays the distribution of birthdates of juveniles caught in the Bornholm Basin.
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Figure 4.12: Distribution of total lengths and birthdates for juvenile cod caught from 1993 to 1996 in a)

the Arkona Basin, and b) the Bornholm Basin with lines representing linear regressions.

According to data on the temporal gonad development of cod (Bleil and Oeberst,
1997), the distribution of the birthdate estimates agrees well with the observed peak
spawning periods for different areas of the Baltic Sea. The spawning season in the
Arkona Basin and the Bornholm Basin covers the same time range, from May to
July/August, therefore individuals spawned in summer months (Julian day 150 - 250)
can be assigned to these spawning regions. The spawning season in the western
Baltic had starts already in February and ends in May. Within this region the
development of the gonads started later from west to east. Individuals originating

from this group made up the majority of O-group cod caught in the Arkona Basin (Fig.
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4.12a), but were also present in the Bornholm Basin (Fig. 4.12b). The additional
fraction of juvenile cod found in the Bornholm Basin with back-calculated birthdates
from January represents individuals spawned in the Kattegat region (Borje et al.,
1985).

4.3.2 Advection of early life stages from western to eastern basins

An overview of displacements of particles launched within the western Baltic can be
obtained from Fig. 4.13, which shows the horizontally resolved but vertically
integrated cod egg and/or young larvae concentrations generated by the circulation
model. The figure shows the final locations of the arbitrarily chosen abundances after
a 25-day integration period for scenarios 1 and 2 (Julian day 6 to 31; scenario 1:
1988 with low and variable wind forcing; scenario 2: 1993 with strong westerly wind
forcing). By day 25, all particles, initially started as eggs, will have reached the stage
of young larvae. In scenario 1 (1988), only low transport rates towards the Arkona-
and Bornholm Basin were recognized (Fig. 4.13a). As a consequence, this resulted in
a relatively high fraction of larvae remaining in the area where they were spawned.
Individuals spawned in the @resund, as well as in Kiel Bay and in Mecklenburg Bay,
clustered as well near their spawning grounds. Individuals spawned in the area of the
Little and Great Belt have completely disappeared from their area of origin and were
transported mainly towards Kiel and Mecklenburg Bay. Conversely, in scenario 2,
most of the individuals were advected towards the east (Fig. 4.13b). After 25 days of
integration, the absolute maximum abundance of particles was found within the area
of the Bornholm Deep (55°30" N, 15°30" E). Furthermore, from the numerical
experiment, two intermediate maxima within the Arkona Basin were observed. The
high particle transport in scenario 2 (1993) orientated from west to east was due to
extremely high wind speeds from westerly directions (see Fig. 3.3). In contrast, wind

forcing in scenario 1 was considerably lower and more variable in direction.
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Figure 4.13: Horizontal distribution of tracers representing cod eggs and young larvae initially released
within the spawning grounds of the western Baltic cod stock on 5 January of each year at a) the
end of January 1988 (contour interval 0.1 n/m3), and b) the end of January 1993 (contour

interval 0.01 n/m3).

A more detailed comparison of the particle transport for the two considered scenarios
is given in Fig. 4.14. For scenario 1, at the beginning of the spawning period (Julian
day 7), the flow fields showed only weak northward transport, whereas a stronger
transport from Kiel Bay and Mecklenburg Bay towards the @resund region occurred
after the onset of a longer period of wind forcing from northeastern direction (Julian
day 15). However, in general, particle transport towards the Arkona Basin was of

minor importance only.
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Figure 4.14: Time series (January 1988 and 1993) of relative frequency of cod eggs and young larvae
initially released as tracers in the western Baltic ending their drift within different areas of the
Baltic.

In contrast, scenario 2 depicted a typical inflow situation often accompanied by high
wind speeds (>15 m/s) mainly from a westerly direction. The particle transport
throughout the entire simulation period was dominated by advection of water masses
from the Skagerrak/Kattegat region and the western Baltic towards the central Baltic.
Correspondingly, after the 25 day simulation period, almost 70% of the particles
representing eggs and/or young larvae left the spawning grounds of the western
Baltic and were quickly advected into the Arkona Basin and, partly, further eastward

into the Bornholm Basin. Compared to scenario 1, transport of particles from the
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Danish Straits further northward towards the Skagerrak/Kattegat region was not
detectable.

Further support for the results on annual variability of the circulation due to
meteorological forcing, can be derived from the temporal development of the final
destinations of Lagrangian drifters representing older (feeding) larvae as well as
pelagic juveniles. Such investigations were performed for both scenarios over the
entire duration of the major spawning period of the western Baltic as well as for the
Kattegat cod stock (Fig. 4.15). The number of drifters advected into a specific region
at a given time after release varies with wind forcing conditions, and thus can be
used as a tool for understanding variability of particle drift induced by variability of the
wind driven flow component. It should be noted that feeding larvae were initially
inserted into the simulated flow fields higher (0O - 20 m) in the water column and thus,
were more directly associated with the direct wind-driven component of the flow
fields.

For scenario 1, Lagrangian drifters released either at the beginning of the spawning
season or later than Julian day 40, primarily experienced moderate wind forcing from
a southerly to an easterly direction during their 45 day drift periods. This resulted in a
relatively high occurrence of particle transport towards the southern Kattegat. Drifters
inserted between Julian day 20 and 40 were influenced mainly by winds of a westerly
direction, thus, generally, particle transport towards the north decreased rapidly.
Instead, an increase of particle drift towards the east (Arkona Basin) was observed.
During the simulation period of scenario 1, no substantial transport towards the east
of larvae originally spawned in the western Baltic or in the Kattegat can be derived
from the model results. In contrast, during the major Baltic inflow (scenario 2), more
than 30% of the larvae were advected through the Arkona Basin into the Bornholm
Basin, caused by extremely high wind forcing from a westerly direction. As soon as
the influence of these winds diminished, the number of particles showing transport
towards the east decreased, whereas the number of larvae with final destinations in
the Kattegat and the Danish Straits became more numerous. Drift towards the
Bornholm Basin was not evident (Julian day 35) but occurred again afterwards,
primarily due to the influence of single wind events mainly from a western direction at
the end of March (Julian day 75 to 85).
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Figure 4.15: Time series (January to March 1988 and 1993) of relative frequency of Lagrangian
drifters (drift duration 45 days) ending their drift within the southern Kattegat, the Arkona
Basin, and the Bornholm Basin. The x-axis indicates the dates of release.
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In order to identify differences in the eastwards transport of particles, the final
destinations of drifters initially released in the western Baltic spawning grounds (area
I-1V, see Fig. 3.2) are presented in Fig. 4.16. This analysis indicates that areas Il and
Il can be identified as the main contributors of the western Baltic spawning stock to
the juvenile population of the Arkona Basin and partly also of the Bornholm Basin.
Enhanced transport from area | and IV towards the Arkona Basin was obtained only

in cases of extremely strong wind forcing from a westerly direction.
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Figure 4.16: Time series (January to March 1988 and 1993) of relative frequency of Lagrangian
drifters (drift duration 45 days) destined for the Arkona and the Bornholm Basin and initially
released (see Fig. 3.2) in the Great Belt (I); the Little Belt, Kiel Bay, Langeland Belt and
Fehmarn Belt (II); Mecklenburg Bay (lIl); and the @resund (1V).
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4.4 Model-supported estimation of mortality rates in cod larvae: the varying
impact of ‘critical periods’
4.4.1 Initial horizontal distributions
The horizontal distribution of cod egg stage IV and larval stage 5-7 as obtained from
the first survey in each field campaign is shown in Figs. 4.17 and 4.18. In May 1988
the egg stage IV is concentrated in the area >80m water depth (Fig. 4.17a).
Especially 3 stations in the north, west and south of the Bornholm Basin showed
higher concentrations. In the area outside the 80m depth contour only small numbers
of cod egg stage IV were found. The distribution of larval stages 5-7 is somewhat
wider (Fig. 4.17b), but the highest concentration are still found in the centre of the
basin. Only to the east and south-east considerable numbers of larvae were recorded
in the area < 80m depth. During the first survey in August 1991 the centre of the egg
stage IV distribution was displaced to the north-western edge of the deep basin (Fig.
4.18a). The station with the maximum abundance was located just inside the 80m
depth contour line, however, in this region eggs of developmental stage IV were also
found shallower than 80m depth. Figure 4.18b displays the distribution of the larval
stages 5-7. In contrast to egg stage IV, highest numbers were now obtained in the
central part of the deep basin. However, considerable concentrations of larvae were
also recorded in the area between 60-80m water depth, especially in the north-

eastern part of the basin.

4.4.2 Hydrodynamic model runs

Figure 4.19 shows the mean circulation (speed, direction and stability) in the depth
layer with maximum cod egg or larval abundance for May 1988. The circulation
patterns were averaged over a 5 days period, beginning with the time point of the first
survey. For the depth layer with the assumed maximum cod egg abundance (69-72
m) low transport speeds were found (Fig. 4.19a). Especially in the northern part of
the basin and along the edges a high stability of the prevailing currents could be
recognised. In the centre of the deep basin an almost circular transport regime was
established. So, only limited transport rates across the 80 m depth contour line were
to be expected. Figure 4.19b shows the mean circulation for the depth layer of
maximum cod larval abundance (30-33 m). Also in this case a circular transport
regime could be observed. However, the current speed is much higher and the

southern edge of the circular transport extends towards shallower regions.
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Figure 4.17: May 1988, first survey (19 May), horizontal distribution of cod early life stages: a) cod egg
stage IV; b) cod larval stages 5-7; contours of abundance are drawn as n/m2 with dots indicating

sampling positions.
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Figure 4.18: August 1991, first survey (11 August), horizontal distribution of cod early life stages: a)
cod egg stage IV; b) cod larval stages 5-7; contours of abundance are drawn as n/m2 with dots
indicating sampling positions.
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Figure 4.19: Mean current fields and stability averaged over 19-23 May 1988. a) depth layer 69-72m;
b) depth layer 30-33m.



