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Abstract: A coupled hydrodynamic–trophodynamic individual-based model of drift and feeding was utilized to analyze
the intra- and inter-annual variability in growth and survival of cod (Gadus morhua) larvae in the central Baltic Sea.
Highly temporally and spatially resolved simulated flow fields were used to investigate the potential drift of larval cod
from the centre of spawning effort in the Bornholm Basin towards their nursery areas through temporally resolved
three-dimensional idealized prey fields. Stomach content analyses of larval cod from the Bornholm Basin revealed
calanoid copepod nauplii and early copepodite stages to be the preferred prey organisms. The results of the model runs
indicate that larval cod changed from a nonlimited to a food-limited stage because of the strong decrease in abundance
of the calanoid copepod Pseudocalanus elongatus during the last two decades. The modeling study revealed retention
and dispersal from the main spawning ground to be a key process influencing larval survival. When P. elongatus was
available in the prey fields, high cod larval survival rates occurred in spring and early summer. In contrast, when
P. elongatus was not available, hatched larvae had only high survival probabilities later in the year or if they were
transported into shallower coastal regions.

Résumé : Un modèle couplé hydrodynamique–trophodynamique basé sur l’individu qui décrit la dérive et
l’alimentation nous a permis d’analyser la variabilité intra- et inter-annuelle de la croissance et de la survie des larves
de la morue franche (Gadus morhua) dans le centre de la Baltique. Des champs à hautes résolutions temporelle et
spatiale d’écoulement simulé ont servi à étudier la dérive potentielle des larves de morue à partir du point central où se
produit l’effort maximal de fraie dans le bassin de Bornholm vers les zones de nourricerie à travers des champs
idéalisés à trois dimensions et à haute résolution de prédateurs. L’analyse des contenus stomacaux des larves de morue
du bassin de Bornholm révèle que les nauplies de copépodes calanoïdes et les premiers stades copépodites sont les
proies préférées. À cause de l’important déclin de l’abondance du copépode calanoïde Pseudocalanus elongatus au
cours des deux dernières décennies, les résultats de la modélisation indiquent que les larves de morue sont limitées par
une pénurie de nourriture, alors qu’elles ne l’étaient pas auparavant. Le modèle démontre que la rétention et la disper-
sion à partir du site principal de fraie sont les processus déterminants qui influencent la survie des larves. Quand
P. elongatus est disponible dans les champs de proies, les taux de survie des larves de morue au printemps et au début
de l’été sont élevés. En revanche, lorsque P. elongatus n’est pas disponible, les larves à l’éclosion n’ont de fortes
probabilités de survie que plus tard dans l’année et seulement si elles sont transportées vers les régions côtières moins
profondes.

[Traduit par la Rédaction] Hinrichsen et al. 1873

Introduction

Studies of recruitment processes have often focused on
correlations among environmental factors, stock characteris-
tics, and recruitment levels or, alternatively, on single pro-
cesses occurring at the level of individual organisms or single
life stages, for example, mortality or starvation (e.g., Werner
et al. 1993; Letcher et al. 1996). It is now generally accepted
that a variety of mechanisms operating on different temporal
and spatial scales may be important and that overall recruit-

ment levels are unlikely to be controlled by a single factor,
process, or life stage (e.g., Rothschild 2000).

Variability in growth and mortality is known to cause fluc-
tuations in fish stock recruitment (Houde 1989; Pepin and
Myers 1991). Mortality during pelagic larval and juvenile
stages is especially believed to be a critical mechanism influ-
encing recruitment success. This mortality may be episodic,
removing large numbers over short periods as the result of
specific events such as mass starvation or unfavourable drift
into suboptimal feeding environments, or may remove a small
percentage of the population daily as the result of predation or
starvation. The growth and mortality of marine fish larvae de-
pend on body size, food availability, temperature, and preda-
tion (e.g., Houde and Zastrow 1993; Otterlei et al. 1999).
Other studies emphasize the importance of advection into or
out of areas with optimal environmental feeding conditions
resulting in variations in recruitment success (e.g., Werner et
al. 1993).

Recent efforts to understand the causes of mortality and
survival of larval fish have focused on examining the effects
of advective and trophodynamic (feeding and growth) pro-
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cesses (e.g., Werner et al. 1993; Letcher et al. 1996). Tro-
phodynamic relationships are generally based on the contact
rates between predator and prey, usually estimated from the
relative density or changes in the relative density of predator
and prey. Theoretical work suggests that small-scale turbu-
lence enhances encounter rates between larval fish and their
prey (Rothschild and Osborn 1988) and additionally influ-
ences the probability of successful pursuit and ingestion of
prey (Dower et al. 1997). However, turbulence can have ei-
ther an overall beneficial or detrimental effect on larval fish
ingestion rate depending on the turbulence and on larval be-
haviour (MacKenzie et al. 1994).

The stock development of central Baltic cod (Gadus
morhua) size has been characterized by a pronounced de-
cline since the beginning of the 1980s. Identified reasons
were a combination of recruitment failure and concurrent
overfishing (Bagge et al. 1994). The relevance of mesoscale
ocean processes in the Baltic Sea (Fig. 1) and the climatic
conditions driving them has been increasingly in focus for
explaining recruitment variability of central Baltic cod (e.g.,
Hinrichsen et al. 2001; Köster et al. 2001). Furthermore,
ocean processes influence the physical environment condu-
cive for successful egg development (Hinrichsen et al. 2002)
as well as the feeding environment (Möllmann et al. 2000)
of early life history stages.

For Baltic cod, the main larval feeding components consist
of juvenile calanoid copepod stages (Pseudocalanus elongatus,
Acartia spp., Temora longicornis, Centropages hamatus) and
cladoceran species (Bosmina longispina maritima, Evadne
nordmanni, Podon spp.; Zuzarte et al. 1996). The long-term
biomass development of copepods in the Baltic is characterized
by a decline in standing stock of the dominant copepod P. elon-
gatus, especially in the late 1980s and early 1990s. In parallel,
the other copepod species exhibited in general positive biomass
developments, which is especially true for Acartia spp. These
trends have been explained by variations in the hydrographic
environment, for example, salinity and temperature (Möllmann
et al. 2000), ultimately controlled by climatic forcing (Dippner
et al. 2000; Hänninen et al. 2000).

The coupling of a circulation model with trophodynamic
relationships of larval fish can be utilized to examine starva-
tion mortality and growth rates at the level of individual lar-
vae as well as estimating larval losses from the system (e.g.,
Rose et al. 1993; Hinckley et al. 2001). We developed a cou-
pled hydrodynamic–trophodynamic individual-based model
(IBM) of drift and feeding designed to examine growth and
survival of Baltic larval cod. This coupled model allows an
examination of feeding success, growth, and starvation mor-
tality of larval cod in the presently most important spawning
area (Köster et al. 2001), the Bornholm Basin (Fig. 1), in the
context of their transports by utilizing trophodynamic rela-
tionships along their potential drift routes. Implementation
of the coupled model required zooplankton abundance as
well as turbulence and temperature fields as inputs to the lar-
val feeding, metabolic, and growth components. At present,
utilization of this model allows a general examination of
how habitat and environment affect survival and growth vari-
ability, however, with potential for improvement in the bio-
logical model components. The present model does not
include predation on larval cod, as it is apparently only of
minor importance for larval survival mainly because of a

limited vertical overlap between predator and prey (Köster
and Schnack 1994; Köster and Möllmann 1997).

The main purposes of this modeling exercise were (i) to
characterize temperature- and size-dependent growth of Bal-
tic cod larvae and (ii) to identify seasonal, interannual, and
spatial variability in larval survival. The sensitivity of growth
and survival was studied by modeling the fate of larvae for
various scenarios in prey fields as well as by considering the
seasonal effect and spatial differences of temperature. For
example, the impact of the observed declining standing stock
of the main prey component of larval cod in the Baltic Sea,
the calanoid copepod P. elongatus, was simulated by using
prey fields with and without this copepod species, consider-
ing as well its intraannual temporal and spatial variability.
Validation of the simulated larval survival potential has been
performed by instead considering egg production data at a
late stage close to larval hatch. Furthermore, to test for the
sensitivity and applicability of the coupled model to assess
temporal and spatial differences in larval survival, we pres-
ent a sensitivity analysis of the larval bioenergetics models
by examining the implications of parameter variation on lar-
val survival as well as a correlation analysis of larval prey
availability and recruitment of Baltic cod during the last
three decades.

Methods

Model description and design of simulations
We have combined a three-dimensional eddy-resolving hy-

drodynamic model of the Baltic Sea (Lehmann 1995) with
an IBM for larval cod. This IBM tracks individuals through
the larval phase distinguishing four stages: yolk-sac larvae
(<4.5 mm), first-feeding larvae (4.5–6 mm), well established
feeding larvae (6–9 mm), and large larvae (>9 mm). Within
the model, the encounter of prey, foraging, growth, and sur-
vival of individual cod larvae is simulated by specific sub-
models in 6-h time steps. All larvae were initially defined to
have equal length and weight at hatch. Along the drift trajec-
tories within the coupled model, the larval environment con-
sisted of the prey field, ambient temperature, and turbulence
determining both their growth and survival. Yolk-sac larvae
before reaching length-at-first-feeding (<4.5 mm) were con-
sidered passive drift particles, with growth exclusively deter-
mined by ambient temperature. To analyze the survival and
growth of larval Baltic cod, the following simulation output
variables were obtained by using the coupled model: (i) sur-
vival dependent on minimum weight growth rates, (ii) days
of starvation (when the amount of food ingested does not
cover metabolic costs), (iii) condition of larvae (weight) at
6 mm length, and (iv) growth in terms of mean length after
70 days of drift and feeding.

Hydrodynamic model
The hydrodynamic 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 circu-
lation model (Bryan 1969; Semtner 1974; Cox 1984). A de-
tailed description of the equations and modifications made,
necessary to adapt the model to the Baltic Sea, can be found
in Lehmann (1995) and Lehmann and Hinrichsen (2000).
The model domain consists of the entire Baltic Sea. The
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horizontal resolution is 5 km, with 41 vertical levels speci-
fied. The thickness of the different levels is chosen to best
account for the different sill depths in the Baltic. Fennel
(1991) determined the internal Rossby radius to be in the
range of 2–10 km for the Baltic. A horizontal resolution in
the order of the half internal Rossby radius (at least in the
order of the Rossby radius) is required to resolve the whole
spectrum of mesoscale motions. Simulated three-dimensional
velocity fields were extracted to develop a database for a
Lagrangian particle tracking exercise on larval cod. This
data set offers the possibility to derive Lagrangian drift routes
by calculating the advection of “marked” water particles
representing individual larvae. Vertical velocities were cal-
culated from the divergence of the horizontal velocity fields.
Three-dimensional trajectories of the simulated drifters were
computed using a 4th-order Runge–Kutta scheme (Press et
al. 1993). The drifters were allowed to leave the layers from
which they were initially released. The positions of the drift-
ers varied over time as a result of the three-dimensional ve-
locities that they experienced. Furthermore, the data contain
information on the temporal evolution of the hydrographic
property fields (temperature, salinity, oxygen, current veloc-
ity, etc.) along the trajectories. The initial launch positions

can be chosen independently from the vertical resolution of
the model’s grid.

Trophodynamic IBM

Encounter and turbulence submodels
Encounter rates of larval fish with their prey are functions

of both larval fish size (l) and prey size and density (Blaxter
1986). The number of prey items N(l,i) (i = 1,...,n) encoun-
tered depends on the search volume (SV) in which larvae
perceive prey and its concentration p(i) (ith prey·L–1). Cod
larvae are visual predators (Last 1978) and their main daily
feeding period can be described as the fraction of daylight
hours H (Morse 1989; Voss 2002):

(1) N(l,i) = SV(l,i)p(i)H

The search volume was defined as the product of the fish
swimming speed SS(l) and the area that a fish of length l can
scan for food (RA):

(2) SV(l,i) = SS(l)RA(l,i)

For swimming speeds of larvae, we used the summary rela-
tionship of Miller et al. (1988). This equation yields swim-
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Fig. 1. Map of the Baltic Sea, including Bornholm Basin, the area of investigation.
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ming speeds of ~1 body length·s–1. This relationship implicitly
assumes a cruising and not a pause–travel predator, although
indications exist that cod larvae belong to the latter group
(MacKenzie and Kiørboe 1996). However, given the rela-
tively low, on average, prey concentrations encountered by
larvae in the Baltic (compared with, for example, Georges
Bank; Werner et al. 1993), we assumed larvae to have spent
most of their time cruising when searching for prey. The re-
active area (RA, mm2) 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

(3) RA(l,i) = 0.5πRD(l,i)2

The search volumes (SV) increase rapidly with increases in
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

(4) N(l,i) = HA(l,i)D(l,i)

instead of eq. 1. The effect of turbulent velocities enters into
the determination of A(l,i) as the velocity of larval fish rela-
tive to its prey and to turbulent motions (Rothschild and
Osborn 1988). D(l,i) is the product of the cross-sectional
area of perception of the larvae RA and the prey concentra-
tion p(i). Turbulent velocities required for the determination
of A(l,i) can be obtained by different methods. The simpli-
fied 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 direc-
tion were obtained from the weather station Christiansø (an
island northeast of Bornholm), as well as from atmospheric
data provided by the Swedish Meteorological and Hydrolog-
ical Institute (SMHI, Norrköping, Sweden).

Foraging submodel
Larval fish typically are not able to attack all prey encoun-

tered, thus time required for feeding reduces search time. To
simulate this process, we utilized a submodel characterizing
optimal foraging dependent 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) and weight-at-
age (w):

(5) SP = 0.9�1 – 0.667e 0.004 min− −( )w w �

Growth submodel
Temperature influences metabolic processes and is the most

important factor, besides prey availability, that determines
growth in fish (Brett 1979). As obtained from rearing experi-
ments with Norwegian coastal cod (Otterlei et al. 1999),
somatic growth increased with increasing temperature for suf-
ficient food supply. Following the approach by Otterlei et al.
(1999) to model weight-specific growth rates in dependence
of temperature, we have calculated length-specific average
growth rates for Baltic cod from five cruises conducted in the
late 1980s and early 1990s. In the procedure, we computed

average length growth rates from established cruise-specific
age–length relationships and related them to the average am-
bient temperature derived from vertically resolving net sam-
pling and concurrent hydrographic measurements. This resulted
in a nonlinear relationship between age and length. Thus, if
larvae experience food levels that are not superabundant, then
higher survival could be the result of lower temperature yield-
ing lower specific larval growth rates. On the other hand, al-
though food availability is higher, survival could be lower if
larvae encounter higher ambient temperature.

Larval growth is simulated by the standard bioenergetic
supply–demand function, represented as the difference be-
tween the amount of food ingested by a larva and the meta-
bolic costs of its activities. The daily growth increment

(6) G = AEg – m

is the difference between the total food input (g) times the
assimilation efficiency (AE) and the loss resulting from the
weight-dependent metabolic costs (m) (Werner et al. 1996).
Starvation obviously occurred if the metabolic costs were
higher than the weight gained from feeding. The assimila-
tion efficiency

(7) AE = 0.8(1 – 0.25e–0.002(w–10))

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 accounting
for the energy from metabolic costs. To prevent unlimited
growth of larvae at superabundant food levels, larval growth
is limited to maximum values calculated from the length–
weight relationship as obtained from rearing experiments un-
der food saturation performed by Otterlei et al. (1999).

Starvation submodel
Length–weight relationships from Otterlei et al. (1999)

were applied to compute the expected weight under super-
abundant prey concentrations. Deviation of the simulated
weight from the bioenergetics model and this maximum
weight-at-length (Wmax) were utilized to run the starvation
model. Larvae were defined to die from starvation if the fi-
nal weight in a specific stage (Wmin) was falling below a
threshold value (a) times the maximum weight

(8) Wmin = aWmax

The threshold was set to 0.75 (Letcher et al. 1996). This
submodel also allowed determination of larval condition, i.e.,
weight-at-length, at death from starvation.

Prey fields
Zuzarte et al. (1996) revealed copepod nauplii and early

copepod stages to be the preferred prey of larval cod from
the Bornholm Basin. This is similar to what has been ob-
served for other cod stocks (Wiborg 1948). Additionally,
cladocerans contributed in small numbers to the diet of lar-
val Baltic cod (Zuzarte et al. 1996). These results are based
on larval cod gut content data determined from a total of
1324 larvae sampled of which 1000 had food particles in-
gested from 10 cruises conducted during the period April–
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September 1987 and 1988. Utilizing the same data set,
R. Voss, F.W. Köster, and M. Dickmann (unpublished data)
studied the size dependency of larval diets. Prey numbers
found in the diet were converted to wet weight using the for-
mula given by Hernroth (1985). Small larvae (4–6 mm
length) depend almost exclusively on nauplii (93% in wet
weight) as food source. In the length class 6–9 mm,
copepodite stages I–V gain importance (16% compared with
75% nauplii). Larger larvae (>9 mm) additionally feed on
adult copepods and cladocerans (25% wet weight compared
with 49% copepodites). For the present modeling approach,
we specified the potential food organisms–stages for feeding
larvae accordingly: first-feeding larvae (4.5–6.0 mm), which
exclusively feed on nauplii of calanoid copepods (95% coef-
ficient of variation (CV) of prey size 0.17–0.33 mm), and
larvae of length between 6 and 9 mm, which also feed on
copepodite stages of calanoid copepods (95% CV of prey
size 0.12–0.42 mm) in addition to nauplii. Larvae >9 mm
were found to be able to ingest all life stages of calanoid
copepods as well as cladocerans (95% CV of prey size 0.11–
0.64 mm).

Zooplankton abundance data for the central Baltic Sea
were derived from an extensive database compiled by the
Latvian Fisheries Research Institute in Riga within the Euro-
pean Union funded project “Baltic Sea System Study
(BASYS)”. Mesozooplankton abundance were sampled with
a Juday net (UNESCO Press 1968) operated vertically with
a mesh size of 160 µm and an opening diameter of 0.36 m.
Individual hauls were carried out to a maximum of 100 m
deep. Sampling was performed on various stations in vari-
able steps from 0–25, 25–50, and 50–100 m. In case of
higher vertical resolution, abundance values were averaged
to meet the two shallow water layers corresponding to the
depths in which feeding cod larvae occur (Grønkjær and
Wieland 1997). For detailed descriptions of the database as
well as sampling and analysis procedures, see Dippner et al.
(2000) and Möllmann 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.)
(Möllmann et al. 2000). Densities of copepod nauplii, cope-
podites, and adults as well as cladocerans were combined to
represent prey fields for above-larval size classes assigned to
bottom depth and day of the year.

To obtain a spatiotemporal resolution of prey, the zoo-
plankton abundances from all stations covered in the central
Baltic, i.e., originating from the Bornholm and the Gotland
Basin as well as the Gdansk Deep, were fitted to a second-
order polynomial function:

(9) F(d,t) = p d tij
i j

j

N

i

N ( ) ( )− −
== ∑∑ 1 1

11

which is determined by a multiple regression analysis using the
least-square criteria. pij is the abundance of the above-described
size-specific food organisms; d represents the bottom depth at
any location and time t is given in Julian days. Highly signifi-
cant relationships were established (P < 0.001), however, ex-
plaining only between 10 and 15% of the variance.

Model simulations
First, coupled hydrodynamic–trophodynamic IBM runs were

performed for the spawning periods of 1986 to 1999 to ob-

tain the average intra-annual variability in survival and growth.
Therefore, a total of 720 Lagrangian drifters were released at
depths between 25 and 35 m on a three-dimensional regu-
larly spaced grid enclosed by the 60-m isobath, the area
where peak egg and larval abundances were observed regu-
larly (Wieland 1995). The drifters were released into the
modeled flow fields at 10-day intervals and were tracked for
a period of 70 days. This time period approximately covers
the duration of the larval phase of cod (Fossum 1986). The
first release date was 1 April and the last was 20 September,
thereby encompassing the main spawning period of central
Baltic cod (MacKenzie et al. 1996; Wieland et al. 2000). To
investigate the effect of the strong decay in P. elongatus
abundance, 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 simu-
lations.

We next simulated the interannual variability in survival
and growth of larvae originating from peak spawning times
of years 1986–1999. Dates of peak spawning were estimated
by Wieland et al. (2000) based on ichthyoplankton survey
results. Model simulations were initialized by ignoring tur-
bulence and using prey fields without P. elongatus. In the
following we successively modified the simulations by tak-
ing into account (i) the effect of turbulence on contact rates
between predator and prey, (ii) the interannual trend in prey
availability by multiplying mean nauplii abundance by its
year-specific weights (Table 1) estimated from annual
nauplii biomass estimates including P. elongatus (Möllmann
et al. 2000), and (iii) the vertical distribution of the zoo-
plankton prey. As obtained from field investigations (Grønkjær
and Wieland 1997), the vertical distribution of the small-
sized zooplankton particles was twofold higher in the upper
part of the intermediate layer (25–37.5 m), where Baltic cod
larvae preferably dwell, compared with the lower part (37.5–
50 m). Finally, we investigated the spatial distribution of
hatching first-feeding larvae surviving during simulations with
prey fields excluding and including P. elongatus.

Validation of the biophysical model
First, sensitivity analyses have been performed for all sub-

models to examine the implications of parameter uncertainty
on larval survival. We have used individual parameter pertur-
bations (Bartell et al. 1986) to assess larval survival with
respect to each parameter. Single-parameter values were de-
creased and increased by three levels of variation (5, 10, and
25%), whereas remaining parameters remained fixed at ini-
tial values. A measure for the quality of the results is how
the uncertainty in the description of the parameter fields
translates into deviations of larval survival compared with
reference values obtained by the original runs.

Secondly, as the major validation step of the coupled bio-
physical model results, recruits of Baltic cod at age 2 ob-
tained from virtual population analyses (VPA; ICES 2001)
in relation to egg production at stage III (Köster et al. 2001)
were compared with the corresponding simulated larval sur-
vival potential. For Baltic cod, egg production at this late
stage was considered to be representative for the early larval
(hatch) stage. The simulated larval survival potential was
available for the time period from 1986 to 1997 (no data for
1992).
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In a final step, as an independent test of the validity of the
model, results have been evaluated by simply relating recruit-
ment success of Baltic cod to the availability of P. elongatus
nauplii as prey. Recruits at age 2 were taken from VPA on
an annual basis for the time period 1966 to 1998. Food
availability was defined as the product of quarterly averaged
abundances (Möllmann et al. 2000) and temperature-
dependent nauplii development times (Davis 1984). To as-
sess the dependency of residual recruitment variability on
larval food availability, long-term trends were removed from
both original time series by utilizing a 3rd-order functional
relationship.

Results

All simulations revealed optimal feeding conditions for
cod larvae >6 mm. These larvae feed on copepod nauplii,
copepodite stages, and at larval length > 9 mm also on adult
copepods and cladocerans. The specified prey distribution
and abundance was sufficient for survival and growth of
these larvae. On the contrary, for larvae between 4.5 and
6 mm long exclusively feeding on copepod nauplii, pro-
nounced differences in growth and survival were observed
that depend on food availability as well as on ambient tem-
perature.

Constructed nauplii prey fields encountered by larvae
of 4.5–6 mm

The two-dimensional (bottom depth and time-dependent)
distribution of copepod nauplii including P. elongatus revealed
a pronounced seasonal signature (Fig. 2). Peak nauplii abun-
dance of about 3000 nauplii·m–3 was observed in the upper
layer (0–25 m). Highest concentrations were found mainly
in the deeper part of the basin with mean peak nauplii abun-
dances between Julian day 100 and 150. In shallower coastal
areas, peak abundance lagged 50 days behind. The lower
layer (25–50 m) exhibited similar conditions as the near-
surface layer with the same time period of peak nauplii
abundance but overall lower concentrations (~1100
nauplii·m–3).

Mean prey fields, including Acartia spp., T. longicornis,
and C. hamatus only, showed maximum abundance within
coastal regions for both depth layers (Fig. 2). Compared
with prey fields including P. elongatus, the concentrations
were about twofold lower, with maximum abundances oc-
curring later in the year (around Julian day 300). During the
period of peak abundance, coastal areas revealed twice the
concentration observed for the deep part of the basin.

Intra-annual variability
Firstly, we simulated the intra-annual variability in sur-

vival and growth of larvae between 4.5 and 6 mm experienc-
ing prey fields described above with and without
P. elongatus. Model output parameters, as well as ambient
environmental variables of surviving larvae during the

spawning period of Baltic cod, were averaged over the whole
observational period of years 1986–1999 (see Figs. 3a, 3b).
The x axis represents the day of larval release (Julian day).
Note that the whole set of parameters exclusively describes
the state of the surviving proportion of the initially simu-
lated population.
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1986 1987 1988 1989 1990 1991 1993 1994 1995 1996 1997

Weighting factor 0.95 1.03 0.55 0.70 0.87 1.33 0.23 0.29 0.24 0.45 0.36

Table 1. Annual weighting factors for nauplii abundances derived from biomass estimates in the central Baltic Sea 1986–1997 (1992:
no data).

Fig. 2. Constructed mean prey fields of time and bottom depth
dependent nauplii distribution (a) including Pseudocalanus
elongatus 0–25 m, (b) including P. elongatus 25–50 m, and
(c) excluding P. elongatus 0–25 m, and (d) excluding
P. elongatus 25–50 m.
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The survival rate of larvae experiencing prey fields with-
out P. elongatus seldom exceeded 15% except during peri-
ods in early spring and at the end of the spawning season
when environmental conditions enabled between 15 and 20%
of the initially hatched larvae to survive. Consequently, an
opposite trend in starvation periods was observed within a
range of 0.5–2 days. Higher survival in spring was a result
of lower ambient temperatures yielding lower specific larval
growth rates (Otterlei et al. 1999). Thus a lower amount of
food is required, allowing relatively high survival with low
nauplii abundance. In contrast, survival was lower in sum-
mer, although the available amount of food was higher. This
was due to higher ambient temperatures encountered by the
larvae resulting in shorter development times and high prey
availability needed for this rapid development. Conse-
quently, the number of starvation days was high in early
summer when drift into coastal areas with enhanced prey
abundance was also less frequent (not shown) compared with
the beginning of the spawning period when temperature was

lower. The mean larval condition expressed as the weight at
6 mm length was also high in spring, reflecting favourable
environmental conditions. Finally, larval growth expressed
as length-at-age of 70 days was found to be mainly driven
by ambient temperatures. At the beginning of the spawning
period, low growth rates and hence lower demands of food
needed resulted in smaller individuals at age, but neverthe-
less the larvae reached their length of metamorphosis (12 mm).
Because of the seasonal warming, growth accelerated to-
wards summer months and early juvenile length after
70 days reached maximum values (18–20 mm) between
Julian day 200 and 260. Consequently, the average duration
of the larval stage decreased throughout the season.

To evaluate the importance of P. elongatus for growth and
survival of Baltic cod larvae, nauplii of this copepod species
were added to the mean prey fields. Survival rates were
100%, except for drift and feeding periods at the end of the
main spawning time, i.e., releases between Julian days 231
and 261. This decreased survival at the end of the season
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Fig. 3. (a) Averaged (1986–1999) seasonal model output parameters of surviving larvae obtained from simulations with (shaded bars)
and without (solid bars) Pseudocalanus elongatus: survival rate, starvation periods, mean weight at 6 mm length, length after 70 days
of drift and feeding, and the development time until the end of the first-feeding stage. (b) Averaged (1986–1999) seasonal ambient
environmental variables of surviving larvae obtained from simulations with (shaded bars) and without (solid bars) P. elongatus: ambient
temperature, bottom depth, larval depth, and nauplii abundance.
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was accompanied by an increase in days of starvation and
resulted in worse larval conditions, expressed by their low
weight at 6 mm. This bad condition was due to the high am-
bient temperature encountered by the larvae leading to insuf-
ficient food supply although the abundance of food at the
end of the spawning season was relatively high. The simula-
tions revealed that maximum survival of first-feeding cod
larvae at high specific daily growth rates (because of high tem-
perature) requires a prey density of 1200–1500 nauplii·m–3.
The encountered food resembles the spatial and horizontal
distribution of the implemented input prey fields: at the be-
ginning of the spawning period relatively high amounts are
available if P. elongatus is considered, whereas maximum
nauplii abundance occurred during autumn without P. elon-
gatus. The latter was due to potential drift routes to on aver-
age shallower waters. The drift within deeper waters as well
as on average lower ambient temperature if P. elongatus was
considered as prey is due to the higher number of surviving
larvae dwelling at greater depth.

Interannual variability
We next simulated the interannual variability in survival

and growth of larvae between 4.5 and 6 mm originating
from peak spawning times of years 1986–1999 (Wieland et
al. 2000). During the late 1980s, peak spawning took place
between the beginning of May and mid-June. A remarkable
shift in the timing of spawning to the end of July occurred in
the 1990s. Model simulations were initialized by ignoring
turbulence and using prey fields without P. elongatus
(Figs. 4a, 4b). The specified distribution and abundance of
prey was mainly unfavourable for larval cod. This is re-
flected in low survival rates between 1 and 30% and a high
number of starvation periods. Although the effect of the shift
in spawning time is clearly visible in the ambient tempera-
ture, development time, nauplii abundance, and an increas-
ing length-at-age, survival and starvation as well as weight
were highly variable. It becomes obvious that the strong
year-to-year variations do not depend on a single process but
are influenced by a combination of different factors operat-
ing on different temporal and spatial scales (e.g., seasonality
in temperature compared with transport into optimal feeding
environment).

In the following we successively modified the simulations
by (i) the effect of turbulence on contact rates between pred-
ator and prey and (ii) taking into account the vertical distri-
bution of the zooplankton prey within the layer 25–50 m
deep. Survival derived from these analyses was generally higher,
i.e., on average 9–17%.

In simulations with both modifications, larval survival in-
creased further to ~20%, whereas the days of starvation de-
creased. The unusually strong increase in survival in 1999
can be explained by the fact that larvae experienced unex-
pected low temperature for this period of the spawning sea-
son. Thus, for sustaining low growth rates, only low food
supply was needed to enhance larval survival. In turn, larval
weight at the end of the development was lower.

Finally, we incorporated the interannual trend in prey
availability in the simulations. As no highly temporally and
spatially resolving zooplankton abundance data were avail-
able, a time series (1986–1997) of prey availability to larval
cod was constructed by multiplying mean nauplii abundance

by its year-specific weights (Table 1) estimated from annual
nauplii biomass estimates (Möllmann et al. 2000). These
simulations, utilizing deviations from mean prey fields, have
been performed for prey fields including P. elongatus. Addi-
tionally, the above-mentioned simplified vertical distribution
of nauplii as well as turbulence-enhancing encounter rates
between prey and predator have been included. These model
runs illustrate optimal survival success until the beginning of
the 1990s, whereas simulations for the most recent period
resulted in relatively low survival rates (Fig. 5). The high
survival success in the late 1980s and beginning of the 1990s
was mainly due to low temperatures (low food requirement)
and high nauplii abundance at the beginning of the spawning
season. These simulations show clearly the effect of the
long-term as well as the seasonal dynamics of P. elongatus
on larval cod survival and growth. The decreasing stock of
this copepod since the late 1980s, partly compensated for by
a delay in cod peak spawning, resulted obviously in re-
stricted food availability for first-feeding larvae. Relatively
high survival success in 1996 was caused by highest wind
speeds (Fig. 4b) registered during peak spawning periods in
the covered time period and by low temperatures as well as
relatively high food availability (Table 1). Although the sur-
viving larvae seldom experienced starvation, their condition
expressed by their weights at 6 mm was relatively low. Ob-
viously, the minimum requirements for preventing starvation
were met but resulted in poorly conditioned larvae. The in-
creasing length after 70 days as a result of higher tempera-
ture reflects the shift in peak spawning time.

Spatial variability
The success of cod reproduction is dependent on certain

minimum levels of salinity and oxygen concentration for egg
fertilization and survival (>11 ppt, 2 mL·L–1, respectively)
(e.g., Wieland et al. 1994; MacKenzie et al. 2000). These
conditions are normally met only within the 60-m isobath.
Retention and dispersion from the main spawning ground
(Bornholm Basin) has been identified to be one of the key
processes influencing recruitment success of the eastern Bal-
tic cod stock (Voss et al. 1999; Hinrichsen et al. 2001).
Thus, we analyzed the average spatial distribution of sur-
vival of first-feeding larvae in years 1986–1999 (Fig. 6). If
prey fields without the copepod P. elongatus were consid-
ered, larvae initially released as Lagrangian drifters at the
outer edge of the deep Bornholm Basin area had consider-
ably higher survival rates (20%), likely because of their lower
drift distances towards the optimal feeding environments in
more shallow coastal areas. In contrast, larvae hatching within
the deep area of the Bornholm Basin during their first-
feeding stage required too much prey for survival along their
onshore-oriented drift trajectories. A similar analysis per-
formed for prey fields including P. elongatus revealed no ar-
eas within the deeper part of the Bornholm Basin leading to
significant starvation mortalities (not shown). Only a small
area within the Bornholm Deep shows slightly less than
100% survival probability.

Validation of the biophysical model
Physical properties simulated by the hydrodynamic model

agree well with known circulation features and observed
physical conditions in the Baltic (Lehmann and Hinrichsen
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2000). Similarly, simulated mesoscale distribution patterns
of larval cod were validated by field-based data (Voss et al.
1999). In contrast, because of the lack of suitable field-based
larval data during the last decades (MacKenzie et al. 1996;
STORE 2001), validating the biological component of the
coupled model seems to be more critical. Thus, to assess the
quantitative validity of the results, we tested their sensitivity
to perturbations of the model input parameters. We provide
the results of such a test (Table 2) corresponding to varia-
tions of the whole set of the submodel parameters for two
time periods characterizing different survival rates of larval
Baltic cod (September 1988 and July 1993).

Larval survival deviations derived by the performed sensitiv-
ity analyses (Table 2) indicate that linear relations between pa-
rameter perturbations and model predictions can be assigned to
the foraging, growth, and starvation models, whereas encounter
reacts nonlinearly to parameter variations. Here, search volume
(or reactive distance) is an extremely important parameter, be-

cause it is squared in the expression of the reactive area. Devi-
ations resulting from variation of parameters in the growth and
foraging model are insignificantly small. Larval survival was
mainly altered by the variance of temperature and encounter,
reflecting the strong influence of seasonal variations of atmo-
spheric warming, prey availability, and the fraction of daylight
hours. Similar effects were obtained as the result of variations
in the larval search volume as well as the result of modification
of the threshold value in the starvation model. Unfortunately,
both parameters are difficult to observe in the field. At present,
values have to be taken either from literature or from labora-
tory experiments, which necessarily might not resemble realis-
tic conditions.

Comparing the ratio of observed recruitment and egg pro-
duction at stage III of Baltic cod with the simulated larval
survival potential by utilizing a simple linear regression
model revealed a correlation coefficient of r = 0.78, which is
statistically highly significant (P < 0.02). The model was
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Fig. 4. (a) Time series (1986–1999) of model output parameters of surviving larvae for peak spawning obtained from simulations
without Pseudocalanus elongatus, without (solid bars) turbulence and including (shaded bars) turbulence and adjustment in
zooplankton vertical distribution: survival rate, starvation periods, mean weight at 6 mm length, length after 70 days of drift and
feeding, and development time. (b) Time series (1986–1999) of ambient environmental variables of surviving larvae obtained from
simulations without P. elongatus, without (solid bars) turbulence and including (shaded bars) turbulence and adjustment in zooplankton
vertical distribution: ambient temperature, bottom depth, larval depth, nauplii abundance, and wind speed.
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able to predict with a high degree of confidence relatively
high levels of recruits and egg production from 1986 to
1991 as well as the strong decay of recruitment from 1993
onwards (Fig. 7).

The validity of the coupled biophysical model results have
also been evaluated by simply relating recruitment success
of Baltic cod to the availability of P. elongatus nauplii as
prey. Both recruitment and availability of P. elongatus nauplii
showed general declining trends towards the end of the
1990s, with extraordinarily high values at the end of the
1970s (Fig. 8). The correlation coefficient between both
detrended time series was 0.6. The reason for this relatively
low association between recruitment and larval feeding po-
tential is mainly as follows. Recruitment during the last de-
cade depends on the production of late-hatched larvae as the
main spawning season has successively changed from late
spring to summer months (Wieland et al. 2000). Conse-
quently, variability in the abundance of P. elongatus has had
in this time period most likely only a limited impact on lar-
val survival, depending to a higher extent on the availability
of juvenile life stages of other copepod species. Excluding
the late 1980s and 1990s from the correlation analysis in-
creased the explained variance in Baltic cod recruitment re-
siduals to about 60%. Performing the same analysis for
copepodite as well as for adult copepod stages results in
weak relationships only, confirming that the phase from

hatch to well-established feeder is the most critical early life
stage of Baltic cod (Köster et al. 2001).

Discussion

Field studies on foraging behaviour of larval gadoids indi-
cated the dependence of feeding success on the availability
of nauplii of specific calanoid copepod species (e.g., Kendall
et al. 1987). Thus, spatial and temporal variability in avail-
ability of this prey in combination with variation in ambient
physical conditions, e.g., temperature and turbulence, might
be responsible for intra- and inter-annual fluctuations in lar-
val growth and survival. In turn, integrated measures of pri-
mary and secondary production in spawning and nursery
areas are poor measures of the prey availability and are un-
likely to aid in the prediction of fish recruitment (Campana
et al. 1989). Because local biological and physical events
may in fact explain counterintuitive early life stage growth
and survival pattern, the development and utilization of cou-
pled biophysical models became important for analyzing
these combined effects on fish recruitment. These models
considered the spatial heterogeneity in environmental condi-
tions by integrating larval trophodynamic IBMs into three-
dimensional hydrodynamic models (Rose et al. 1993;
Werner et al. 1993). As a research area presently of scien-
tific interest, several of these coupled biophysical models
have been established, e.g., for walleye pollock (Hermann et
al. 1996, 2001; Hinckley et al. 1996), haddock off Scotland
(Heath and Gallego 1998, 2000) and on Browns Bank
(Brickman and Frank 2000; Brickman et al. 2001), bay an-
chovy from Chesapeake Bay (Rose et al. 1999), and cod on
Georges Bank (Werner et al. 1996; Lynch et al. 2001).

In general, the hydrodynamic models using either
Lagrangian particle tracking (e.g., Werner et al. 1993) or
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Fig. 5. Time series (1986–1997; 1992, no data) of model output pa-
rameters of surviving larvae for peak spawning obtained from simu-
lations with weighted nauplii abundance including Pseudocalanus
elongatus, turbulence, and adjustment in zooplankton vertical distri-
bution: survival rates, starvation periods, mean weight at 6 mm
length, and length after 70 days of drift and feeding.

Fig. 6. Average (1986–1999) horizontal distribution of mean larval
survival probability in the Bornholm Basin obtained from simula-
tions without Pseudocalanus elongatus and without turbulence.
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advection–diffusion equation models (Lynch et al. 1998) re-
solve the small-scale vertical and mesoscale horizontal hy-
drodynamics quite well. Because of the ephemeral nature of
the atmospheric conditions over the Baltic Sea, in contrast to

most previous studies, we considered it necessary to apply re-
alistic atmospheric forcing conditions in our model runs. The
resulting hydrodynamic features in the central Baltic are
highly dynamic within the prolonged spawning period of cod.

The biological model components caused more problems
in previous analyses, as well as in our present analysis, with
larval growth, starvation, and related mortality being diffi-
cult to model, especially as prey fields are normally not
available in sufficient temporal and spatial resolution. This
general problem led in previous modeling approaches to the
following assumptions: (i) prey concentration do not limit
larval growth, making inclusion of prey-dependant feeding
success and growth rates redundant (Heath and Gallego 1998);
(ii) mean prey densities are uniform in space and time (e.g.,
Hermann et al. 1996); (iii) mean prey densities are variable
over season, but invariant over years (Tyler et al. 1997),
partly considering feedback by predation on prey density
(Rose et al. 1999); (iv) mean prey densities vary horizontally
as output of a quasi-static copepod population dynamic model
(Lynch et al. 2001); or (v) mean prey densities are variable in
space and time obtained from a three-dimensional nutrient–
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(a) Julian day 241, 1988

Parameter perturbations

5% 10% 25%

–7.1°C a 6.8°C –16.2°C 13.6°C –38.1°C 28.1°C
Encounter model
Prey abundance 18.3 –23.9 30.7 –49 36.4 –10.1
Search volume 18.8 –23.9 30.7 –47.3 36.4 –10.4
Daylight hours 19.9 –23.9 32.6 –49 nc nc
Foraging model
Minimum weight –6.4 4.8 –12.7 10.5 –39.2 22.3
Growth model
Weight 0.8 –0.7 0.8 –1.5 2.2 –2.9
Gained weight 0.8 –1.5 1.9 –2.2 4.2 –5.3
Metabolic costs –8.7 6.8 –17.6 15 –46.4 30.6
Starvation model
Threshold –15.3 16.9 –30.2 28.1 –64.9 36.4
(b) Julian day 201, 1993

Parameter perturbations
5% 10% 25%

–11.8°C a 6.3°C –1.8°C 11.6°C –14.3°C 26.8°C
Encounter model
Prey abundance 18.3 –7.1 25 –17 318.8 –76.8
Search volume 18.8 –7.1 25 –16.1 244.6 –64.3
Daylight hours 18.8 –8 27.7 –21.4 nc nc
Foraging model
Minimum weight –1.8 4.5 –7.1 10.7 –14.3 17.9
Growth model
Weight 0 0 0 0 1.8 –1.8
Gained weight 0 0 0 0 –1.8 1.8
Metabolic costs –8.2 6.3 –7.1 17 –16.1 31.3
Starvation model
Threshold –9.8 12.5 –10.7 23.2 –27.7 50.9

Note: nc, not calculated.
aAmbient temperature.

Table 2. Larval survival deviations (%) derived from parameter perturbations for (a) 1988, Julian day 241,
initial larval survival 73.3%, and (b) 1993, Julian day 201, initial larval survival 11.2%.

Fig. 7. Time series (1986–1997; 1992, no data) of recruitment (0
group) of Baltic cod, Gadus morhua (shifted to the year of ori-
gin), from virtual population analysis, in relation to egg produc-
tion of Baltic cod at stage III (egg production III).
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phytoplankton–zooplankton (NPZ) model (Hermann et al.
2001). Although we believe that the latter approaches are of
great potential in future modeling activities, we considered it
premature to couple copepod population models and more
complex NPZ models for the Baltic Sea into our hydrody-
namic model. Instead, our study is based on horizontally and
seasonally variable prey densities in the depths of highest
larval abundance obtained from extensive vertically and hor-
izontally resolving zooplankton monitoring, applying overall
yearly weighting factors to account for interannual variabil-
ity in integrated prey abundance. We consider this
parameterization as the best available description of the prey
field for cod larvae in the central Baltic and as one of the
first applications of a realistic prey field in a coupled
trophodynamic–hydrodynamic model of larval survival.

The approach allowed us to re-address the question of
food limitation in larval Baltic cod (for review, see MacKen-
zie et al. 1996), considering explicitly temporal and spatial
variability in prey species–stage distribution and physical en-
vironmental conditions. For modeling the trophodynamics,
we used only submodels developed and (or) parameters de-
termined for cod larvae, although mainly stemming from
other geographical locations. Exceptions are the assimilation
efficiency, reactive distance, and starvation threshold taken
from more generalized models (Breck and Gitter 1983;
Letcher et al. 1996). The established coupled biophysical
model is able to assess the overall influence of small-scale
turbulence on encounter rates but does not consider that tur-
bulence can have an overall detrimental effect on larval fish
ingestion rate if exceeding a certain level depending also on
larval behaviour (MacKenzie et al. 1994). This is justified by
the fact that wind-induced turbulence in the central Baltic
during cod spawning time in depths of larval occurrence

does not reach intensities, which are expected to result in a
decline in capture success (MacKenzie et al. 1996).

The primary aim of this study was to examine the influence
of abiotic and biotic environmental variability on the potential
larval survival success of Baltic cod. Generally, larval survival
is strongly influenced by transport into favourable feeding
environments and thus depends on hydrographic and meteoro-
logical forcing conditions. Although transport patterns of in-
termediate water layers where post-yolk-sac cod larvae
mainly occur (Grønkjær and Wieland 1997) are relatively
well known (Krauß and Brügge 1991; Voss et al. 1999;
Hinrichsen et al. 2001), validation of the results of our cou-
pled physical–biological modeling approaches is difficult.
Several processes and factors are only partly resolved and
thus parameterized in the model calculations. First, transport
patterns of larvae are influenced by the initial spawning lo-
cation assumed to be an even horizontal distribution, their
initial vertical position in the water column and their behav-
iour. A diurnal vertical migration within the intermediate
water layer, which varies with stage and size (Grønkjær and
Wieland 1997), is especially not incorporated here. Secondly,
trophodynamics are the most difficult processes to imple-
ment in models of larval growth and survival because of the
difficulties in validating such models experimentally or by
data obtained during field sampling. Besides the strong non-
linearity of trophodynamic relationships utilized, these rela-
tionships are often simplified to be computationally feasible.
Finally, tests and validation of the IBM model results can
only be performed for specific time periods and areas for
which sufficient information on spatially resolved egg and
(or) larval abundance, its prey, and physical forcing data are
available, an exercise presently conducted for the spawning
season 1999 (STORE 2001).

The present IBM approach has to cope with a relatively
sparse temporal and spatial resolution of prey fields utilizing
zooplankton data from the entire central Baltic. However,
the sensitivity study demonstrated that the coupled biophysi-
cal model is sensitive enough to show the effects of parame-
ter uncertainty and to demonstrate the impact of natural
perturbation, especially in encounter and starvation pro-
cesses. Other studies have suggested that biophysical models
of larval growth and survival should additionally include
light attenuation as well as irradiance (Fiksen et al. 1998).
As demonstrated by Grønkjær and Wieland (1997), Baltic
cod larvae concentrate in the water column just below the
thermocline, where prey availability and light conditions
during daytime are optimal for foraging. Cod larvae do not
migrate vertically into surface water layers during night, al-
though this would enhance light conditions for feeding
(Grønkjær and Wieland 1997), most likely to avoid prevail-
ing considerably higher temperatures. In consequence, feed-
ing activity ceases during nighttime (Voss 2002). Although
the latter process is included in our model formulation, we
did not include variation in light intensity within a day or
season, assuming cod larvae to adapt to changes in light inten-
sity by optimizing their vertical position in the water column.

A process not incorporated in the model is predation on
larval Baltic cod. Results from extensive literature and field
investigations revealed clupeid fish (herring and sprat) to be
important predators of cod early life history stages, mainly
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Fig. 8. Time series of recruitment of Baltic cod, Gadus morhua
(shifted to the year of origin), from (a) virtual population analysis
and (b) food availability (days·numbers·m–3) of Pseudocalanus
elongatus with corresponding long-term trends (solid lines).
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because of their high abundance in cod spawning areas dur-
ing spawning times (Köster and Schnack 1994; Köster and
Möllmann 1997). However, in contrast to cod eggs, larvae
appear to be only marginally affected by clupeid predation,
partly because of a spatial mismatch between predator and
prey and partly because of a size selection favouring other
prey (Köster and Möllmann 1997; Köster and Möllmann
2000). In future, planned IBM modeling approaches will in-
corporate the egg stage and consequently need to address the
impact of predation on egg survival considering spatially re-
solved predator and prey fields.

We computed idealized prey fields by using a multiple
nonlinear regression technique on existing zooplankton
abundance data. This procedure yielded seasonal trends in
abundance of copepod nauplii, which resemble the life-cycle
patterns of the different species. The univoltine P. elongatus
has an abundance maximum in April and May (Line 1979,
1984). In contrast, T. longicornis, Acartia spp., and
C. hamatus having multiple generations (Line 1979, 1984)
accumulate in June to produce next summer generations.
Pseudocalanus elongatus nauplii in the central Baltic are as-
sociated with the vertical distribution of adults, preferring
higher salinities (Dippner et al. 2000; Möllmann et al. 2000)
encountered in deeper parts of the water column. This ex-
plains higher nauplii concentrations in the centre of the ba-
sin. Temora longicornis and Acartia spp., not confined to
high salinities but to warmer waters (Dippner et al. 2000;
Möllmann et al. 2000), were generally found in the upper
50 m of the water column and are distributed in more shal-
low regions. Nauplii of C. hamatus were observed mainly in
the centre of the basin, which suggests a spawning in deeper
layers similar to P. elongatus. However, the overall abun-
dance of C. hamatus is low compared with other species. Al-
though the constructed prey fields are considered to be
realistic, simulating the decline in P. elongatus by excluding
the abundance of this copepod in the low food environment
scenario, underestimated the food abundance and thus prob-
ably also larval survival success.

Another parameter not well represented in our model ap-
proach is the size-specific selection of prey. Length-specific
larval gut content data have been used to specify preferred
prey organism according to species groups and stages for
feeding larvae of different size classes. First-feeding larvae
rely almost exclusively on copepod nauplii (Zuzarte et al.
1996), which we treated as one prey group, as size differ-
ences between species and stages are limited. Thus, our main
results referring to first-feeding larvae are most likely not af-
fected by a potential prey size selection process not consid-
ered in the model.

The model results suggest the necessity of the co-occurrence
of peak prey and larval abundances and favourable oceano-
graphic conditions for high survival rates. Also, inclusion of
a more realistic description of the temporal and spatial dis-
tribution of the prey fields as well as prey aggregation influ-
encing, e.g., the vertical distribution of larval fish, future
modeling activities have to consider larval survival success
with respect to mesoscale and small-scale horizontal patchi-
ness of prey. Additionally, the intraannual evolution of zoo-
plankton prey fields has to be validated by data obtained
from specifically designed field campaigns (STORE 2001).

Our modeling results indicate central Baltic cod larvae
>6 mm, feeding on all juvenile stages of copepods and later
on adults and cladocerans, to be not food-limited. In con-
trast, first-feeding larvae (4.5–6 mm length) have changed
from a nonlimited to a food-limited state, thus representing a
critical early life history stage. This food limitation was
caused by the decline in abundance of the copepod P. elon-
gatus within the last two decades (Möllmann et al. 2000).
Zooplankton distributions suggest prey concentrations to
strongly vary in time and space independent of whether
P. elongatus is considered or not. Including the abundance of
this copepod, highest survival rates occurred during spring
and early summer, whereas when neglecting P. elongatus,
only late-hatched larvae, although less in magnitude, had
higher chances to survive because of increasing abundances
of other copepod nauplii. The shift in peak spawning time of
Baltic cod (Wieland et al. 2000) obviously accounts for the
decline in P. elongatus. Larvae are now born later in the sea-
son, thus profiting from the increasing abundances of juve-
nile stages of the remaining copepod species T. longicornis
and Acartia spp. accumulating at this time of the year. It is
not clear yet if spawning in general is delayed or if late
spawners are the only surviving part of the eastern Baltic
cod stock. The spatial analysis of the model output revealed
that larvae in recent years had a high survival probability
only when advected relatively fast to the margins of the Ba-
sin. This is due to the concentration of these copepods in
more shallow areas.

In conclusion, our results show the dependence of Baltic
cod larvae on climatic forcing conditions both directly in
terms of transport and temperature and indirectly resulting
from the impact on prey population development. In a recent
study on the link between the North Atlantic Oscillation
(NAO) and the Arctic sea-ice export, Hilmer and Jung (2000)
found that the NAO underwent a secular change in the longi-
tudinal position of the two pressure centres during the last
two decades. The eastward movement of the centres of
interannual NAO variability resulted in an increasing influ-
ence of the NAO on the Baltic Sea area, which was accom-
panied by a reduced flux of saline water masses into the
deep basins of the Baltic Sea and an increased river runoff.
A result of the decreasing salinity is the decay of the
calanoid copepod P. elongatus during the last two decades
(Möllmann et al. 2000). Our results showed that sufficient
food to ensure high survival of Baltic cod larvae is strongly
dependent on the occurrence of P. elongatus in the prey
field. Thus, from this study it can be concluded that varia-
tions in prey availability on a climatic time scale might be
considered as input parameters for recruitment predictions of
fish stocks.

However, our modeling approach has not yet reached the
state where the effects of zooplankton variability on early
life stage survival can be assessed in a quantitative way,
though it is to our knowledge one of the very few attempts
to include realistic prey fields with spatial and temporal
resolution into a biophysical model on larval survival. The
modeling exercise has clearly demonstrated that traditional
sampling methodology is unable to resolve food limitation
of larvae without considering flow dynamics and the impact
of physical conditions. It has demonstrated further that re-
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tention and dispersal of early life history stages can have
detrimental as well as beneficial effects on offspring sur-
vival within a fish stock depending on seasonal specific prey
availability.
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