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Fiskeriverket har på uppdrag av Naturvårdsverket genomfört ett projekt med 
modellering av fisklarvsspridning i vattnen mellan Gotland, Öland och in mot den 
svenska fastlandskusten (Internationella havsforskningsrådets subdivision 27). En 
rapport (på engelska) från detta projekt bifogas, nedan följer en sammanfattning 
på svenska.  
 
Vi har modellerat transporten av skarpsillslarver och deras individuella tillväxt i 
subdivision 27 under åren 1996-2005 med en hydrodynamisk cirkulationsmodell 
(baserad på drivdata från SMHI) kopplad med en individ-baserad tillväxtmodell. 
Syftet var att identifiera (i) säsongs- och mellanårsvariation i skarspsillslarvers 
spridningsmönster, (ii) åldersspecifik (50 dgr) och längdspecifik (25 mm) 
utbredning av skarpsillslarver, (iii) potentiella uppväxtområden för 
skarspillslarver, samt (iv) analysera huruvida skarpsillslarvernas utbredning 
överlappar med rekryteringsområden av abborre och gädda. Dessutom har vi 
studerat torsklarvers spridning från lekområden i de tre djupbassängerna in till 
subdivision 27. 
 
Våra resultat visar att i genomsnitt 65-100 % av skarpsillslarverna som kläcks i 
djupvattnen (>40m) i subdivision 27 hålls kvar inom subdivisionen. Variationen 
är stor mellan år, men generellt driver larver som kläcks sent på säsongen i högre 
grad ut ur området jämfört med tidigt kläckta larver. Det finns en skillnad i 
utbredning av 50 dgr gamla larver och larver som är 25 mm stora (motsvarande 8-
25 dgr gamla). När larverna är större än 25 mm antas de kunna simma aktivt, och 
predikterade transportmönster är därför mindre tillförlitliga för larver >25 mm. På 
grund av den kortare spridningsperioden är de yngre larverna, som är 25 mm 
stora, inte lika utspridda som de som är 50 dgr, och de är mer koncentrerade till de 
norra delarna av västra Gotlandsbassängen. 
 
Andelen skarpsillslarver som transporteras in till grundare vatten (< 30m) längs 
kusten varierar mindre mellan år. På grund av den kortare drifttiden så når en 
lägre andel av 25 mm-larver grundare vatten än 50 dgr gamla larver. Då tillväxten 
(och därmed perioden av passiv transport) beror av temperaturen varierar andelen 
larver som når grundare vatten med säsong. Tidigt kläckta larver, som växer 
långsamt pga låga temperaturer, transporteras i högre grad in till grundområden än 
sent kläckta individer. I genomsnitt når omkring 15 % av skarpsillslarverna som 
kläcks i subdivision 27 de grundare vattnen längs kusten. 
 
Våra resultat indikerar att hela kuststräckan i subdivision 27 kan utgöra 
uppväxtområde för skarpsill, med en viss tyngdpunkt mot de nordligare delarna. 
Den genomsnittliga utbredningen av 25 mm-larver under 1996-2005 korrelerar 
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endast svagt med potentiella rekryteringsområden (<6m djup) för abborre och 
gädda. Minskad rekryteringsframgång hos dessa arter kan därför inte förklaras 
med passivt transporterade skarpsillslarver. Det bör dock påpekas att vår studie 
inte omfattar prediktioner av aktivt simmande larver, vilka har en stor möjlighet 
att sprida sig från de häri modellerade utbredningsområdena vidare in på grunda 
kustvatten. 
 
Våra prediktioner för transport och settling av torsklarver visar att endast mycket 
låga andelar av torsk som kläcks i Bornholmbassängen, och som potentiellt skulle 
kunna kläckas i Gdansk- och Gotlandsbassängen, når kustområdena i subdivision 
27. 
 
På grund av avsaknad av zooplankton data har vi antagit att födointag (och 
därmed tillväxt) begränsas enbart av temperatur. Individerna i modellen har därför 
maximal tillväxthastighet, och perioderna av passiv transport för 25 mm stora 
skarpsillslarver är därför kortast möjliga. Vårt resultat att omkring 15 % av 
skarpsillslarverna som kläcks i subdivision 27 transporteras in till de grundare 
vattnen längs kusten är därmed en konservativ skattning. Vid längre transporttider 
på grund av lägre födotillgång kan potentiellt en större andel av skarpsillslarverna 
spridas in till kusten. 
 
Projektet har visat att modellen kan generera typiska utbredningsmönster av 
skarpsill för områden från tidigare studier, och därför kan användas för att studera 
kopplingen mellan kust och utsjö på grund av larvtransport. Projektet har vidare 
visat att prediktioner av transport och utbredning av absoluta larvtätheter kräver 
data på såväl zooplankton som ägg och larver av skarpsill, liksom studier av hur 
vertikala rörelsemönster hos skarpsill påverkar dess horisontella driftmönster. 
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Linkages between the open sea pelagic ecosystem and coastal 
ecosystems in the Baltic Sea - the role of fish larval drift 
 
 
Introduction 
 
The Baltic Sea ecosystem has undergone a dramatic regime shift, from a cod dominated 
system in the 1980ies to a sprat dominated system (Köster et al. 2003). Eastern Baltic cod has 
declined from historic high stock size in early 1980’s to lowest levels on record in early 
1990’s due to climate-driven adverse hydrographic conditions affecting reproductive success 
and overfishing with no signs of recovery to date (e.g. Köster et al. 2005).  
 
After the decline of the cod stock at the end of the 1980ies, both the sprat stock abundance 
and recruitment variability increased to unprecedented levels (Baumann et al. 2006a). This 
challenged some of the existing knowledge about recruitment-determining processes and 
environmental influences on sprat growth and reproduction. Presently, Baltic sprat plays the 
most important economical and ecological role in the Baltic Sea ecosystem. The fish biomass 
in the Baltic Sea is dominated by this fish species. Sprat is an important prey species for cod, 
and also an important predator on lower trophic levels as well as able to predate on cod eggs 
(Köster and Möllmann 2000). Previous studies have found significant but weak correlations 
between recruitment strength and (i) spawning stock biomass and (ii) temperature conditions 
experienced during the egg and early larval stages of Baltic Sea sprat (Köster et al.2003; 
MacKenzie and Köster 2004). However, Köster et al. (2003) noted that estimates of egg and 
larval abundance are generally well correlated, whereas larval production poorly predicts 
recruitment levels. It has been argued, thus, that year-class strength in Baltic Sea sprat may 
rather be determined by environmental influences during the late larval and early juvenile 
stages (Voss et al.2005). 
 
Baumann et al. (2006a) correlated recruitment patterns to time series of larval drift patterns 
inferred from long-term Lagrangian particle simulations. A drift index was developed to 
reflect the variable degree of annual and seasonal larval transport from the central, deep 
spawning basins (International Council for the Exploration of the Sea, ICES, subdivisons 25, 
26 and 28) to the shallow coastal areas of the Baltic Sea. The drift index was significantly 
correlated to sprat recruitment success and explained, together with sprat spawning biomass, 
82% of the overall variability between 1979 and 2003. Years of strong larval displacement 
towards southern and eastern coasts corresponded to relative recruitment failure, while years 
of retention within the deep basins were associated with relative recruitment success. The 
results of this study advocate that new year classes of Baltic sprat are predominately 
composed of individuals born late in the season. However, the biological mechanisms 
underlying these strong correlations may need to be further resolved. Density-dependend 
processes operating during the late larval and early juvenile stages have been identified to 
substantially modify recruitment levels (Cushing 1974; Legget and Deblois 1994). For Baltic 
sprat larvae, it has been obtained from further drift model studies that during years of large-
scale coastal transport, particles were found in much denser aggregations than during retentive 
years, with particle density being significantly and inversely related to recruitment strength. 
The fact that such a relationship was only apparent throughout the last decade may be 
explained by the, on average, higher larval abundance during the 1990ies (Baumann et al. 
2006a). The strong increase of the sprat spawning stock at the end of the 1980ies may have 
increased the potential impact of transport-related, density-dependent processes. Although the 
observed range of coastward oriented transport rates or retention periods of larval sprat was 
similar, the magnitude of recruitment fluctuations almost doubled from the 1980ies to the 
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1990ies. This does not necessarily imply a greater sensitivity of recruitment to transport, since 
drift index values during the 1980ies were more closely related to recruitment variability than 
during the 1990ies. However, although the spawning stock biomass may have been the most 
important factor responsible for the shift in the drift-recruitment relationship, it co-occurred 
with a whole suite of changes in the Baltic Sea ecosystem (Alheit et al. 2005; Möllmann et al. 
2008). Particularly, the unknown effects of pronounced shifts in Baltic zooplankton 
compositions and dynamics (Möllmann et al. 2000) could have increased unexplained 
variability around the drift-recruitment relationship. The situation of the presently observed 
sprat dominated system is unlikely to reverse in the foreseeable future because of the top-
down control of sprat on zooplankton species that are essential sources of food for cod 
offsprings (Hinrichsen et al. 2003) and the predation on cod eggs by sprat (Köster and 
Möllmann 2000).. 
 
Similar to the shift in the offshore Baltic Sea ecosystem, the recruitment of the dominating 
coastal predators perch and pike have declined markedly along the Baltic coasts, most likely 
due to by larval starvation (Nilsson et al. 2004; Ljunggren et al. 2005). It has been suggested 
that that the food limitation of larval coastal predators may be caused by top-down control 
from sprat on the zooplankton community (Ljunggren et al., in prep.), linking the changes in 
the coastal ecosystem to the regime shift observed in the open sea.  
 
As mentioned above, recruitment patterns of Baltic Sea sprat originating from ICES 
subdivisions 25, 26 and 28 were highly correlated with time series data of larval drift patterns 
inferred from long-term Lagrangian particle simualtions (Baumann et al. 2006a). Due to the 
lack of spatially-explicit recruitment data of Baltic sprat from ICES subdivision 27, a similar 
analysis could not be performed for this subdivision. However, larval sprat displacement 
towards coastal areas may be an important link between the open sea and coastal ecosystems 
through its competition with the coastal piscivore larvae and juveniles, potentially explaining 
their recruitment decline in this area. 
 
In this study, we have investigated long-term (1996-2005) average horizontal distributions of 
the juvenile sprat population in ICES subdivision 27, that is, the western Gotland Basin. The 
present modeling approach focused on generalized larval drift patterns on the spatial scale of 
the entire basin rather than individual particle trajectories. First, the results of this exercise 
were used to identify potential nursery grounds for sprat originating from the western Gotland 
Basin spawning ground. Secondly, we study the seasonal and interannual variability in the 
sprat larval drift patterns. Thirdly, these results were used to estimate the overlap between 
larval sprat from this spawning ground with the potential horizontal distributions of larvae and 
juveniles of pike and perch. Furthermore, we also determined the potential for cod larval 
transport towards the coast of the western Gotland Basin, initially spawned as eggs in the three 
different central deep spawning areas of Baltic cod. 
 
 
Material and methods 
 
Hydrodynamic circulation model 
A comprehensive description of the hydrodynamic model and the Lagrangian particle-
tracking technique is published by Lehmann (1995). The model used in this study is based on 
the free surface Bryan-Cox-Semtner model (Killworth et al. 1991). The model domain 
encompasses the entire Baltic Sea, including the Gulf of Bothnia, Gulf of Riga, the Belt Seas, 
Kattegat, and the Skagerrak, with a realistic bottom topography. The horizontal resolution is 5 
km, and vertically 60 levels were specified, with a thickness chosen to best represent the 
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different sill depths in the Baltic Sea. The Baltic Sea model is driven by atmospheric data 
provided by the Swedish Meteorological and Hydrological Institute (SMHI, Norrköping). The 
data are provided on a 1°x1° grid (i.e. geostrophic wind, 2 m air temperature, 2 m relative 
humidity, surface pressure, cloudiness, and precipitation). River runoff was taken from a 
mean runoff database (Bergstrøm and Carlsson 1994). Three-dimensional velocity fields, 
extracted from the circulation model were used to predict the trajectories of passive 
Lagrangian drifters using a 4th order Runge-Kutta scheme (Hinrichsen et al. 1997), which 
allowed particles to be tracked independently from the resolution of the hydrodynamic 
circulation model. The positions of the drifter varied over time as a result of the three-
dimensional velocities that they experienced. Furthermore, along the tracks, the temporal 
evolution of the corresponding bottom depths as well as the hydrographic property fields 
(temperature and salinity) were stored in 6 h intervals. In order to provide a database for the 
Lagrangian drift calculations for larval fish, the model was run for a time series of 10 years 
(1996-2005). 
 
Lagrangian drift calculations  
i) sprat 
The hydrodynamic model has been utilized to simulate Baltic sprat larvae in the ICES 
subdivision 27 (western Gotland Basin) for the time period 1996 to 2005 to obtain horizontal 
distributions of Baltic sprat juveniles and their corresponding transport patterns. Although the 
particles could have been transported as egg and yolk-sac larvae before, as a proxy for the 
spatial distribution of first-feeding sprat larvae, the particles were released inside the 40 m 
isobath (A. Makarchouk, Latvian Fisheries Research Institute, pers. comm.) of the subdivision 
(Fig. 1). Because of the lack of detailed biological knowledge on stock specific parameters, 
we used collected data on spawning location, vertical distribution and the timing of spawning 
from the other, central deep basins as input to a particle tracking model (Köster 1994; A. 
Makarchouk, unpublished data). All drifters were seeded and forced to remain within the 5-10 
m depth layer, because feeding sprat larvae predominately occur in near surface waters and 
appear not to exhibit clear vertical migration patterns (Voss et al. 2005). For every year during 
the whole observational period, particle cohorts representing batches of first-feeding, 
passively drifting sprat larvae were released on 21 April (day 111) and then every 10 days 
until 10 July (day 191) to cover the average spawning season of Baltic sprat (Köster and 
Möllmann 2000; Karasiova 2002). Each of these nine larval pulses per year consisted of 778 
particles.  
 
Two different approaches were utilized regarding the end of the simulations. First, particles 
were tracked through the model domain for a drift period of 50 days. In a second approach, 
we examined the drift and growth of virtual larval sprat released into the simulated flow fields 
at a size of 10 mm standard length (SL). By releasing 10-mm larvae, we attempted to model 
individuals which have finished endogenous feeding and already started exogenous feeding as 
established feeders (Peck et al. 2008). Secondly, this life stage can be seen as a very critical 
one, because these larvae respond most dynamically (compared to smaller and larger larvae) 
to variability in prey population demographics.  
 
The onset of active movement can be used to demarcate the end of the period when larval 
drift models can be used reliably. Larval swimming speed is positively related to body length 
(Miller et al. 1988), thus in dependency on prevailing current velocities in the investigation 
area, the potential larval swimming speed could reach an order of magnitude which might 
substantially alter their drift routes. In our approach, we have therefore only tracked 
individual larvae through the model domains until they reached a size of 25 mm SL.   We 
assume that individual larvae <25 mm SL will only conduct random small-scale movements 
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in order to catch prey, which does not have a significant influence on the overall drift pattern. 
This length was chosen to compromise sufficient drift times i) covering the critical first 
feeding period of larvae while ii) avoiding too long drift periods for older larvae, for which 
active swimming and schooling becomes likely. Based on changes in sprat morphometrics 
(specifically, mass per unit length) at different body sizes, the following life stages or life 
history events can be identified: i) 5 to 14 mm SL = exogenously feeding but non-schooling 
larvae, ii) 14 to 18 mm SL = onset of schooling behaviour, iii) 18 to 35 mm SL = post-larvae 
life stage in which sprat have a relatively low mass-at-length compared to later juveniles and 
adults, iv) 35 to 55 mm SL = period of metamorphosis of post-larvae into juveniles having the 
adult body form, v) 55 to 95 mm SL = juvenile growth phase characterized by energy 
partitioning and preparation for overwintering, and vi) ≥100 mm SL = mature fish, seasonal 
partitioning between gonadal and somatic growth evident (Peck et al. 2008). 
 
Trophodynamic model  
In order to calculate larval growth, we have coupled an individual based model (IBM) on 
early life stages of sprat to the hydrodynamic model. The model we used consists of two 
submodels that can be run either separately or in a coupled mode. The first one is our 
Lagrangian transport model that allows calculation of forward or backward trajectories of 
particles like larval fish. The second submodel is an IBM designed to describe the foraging 
proccess, growth and mortality (due to starvation) of larval sprat. Additionally, the coupled 
model is capable to track individuals through the egg and early larval phases, finally 
distinguishing four stages: eggs, yolk-sac larvae (> 6 mm), first-feeding larvae (7-9 mm), and 
well established feeders (10-25 mm) Within the model, which is similar to other general 
models (Letcher et al. 1996), the encounter of prey, foraging, growth, and survival of 
individual sprat larvae is simulated by specific submodels.  

The IBM used in this study is described in detail by Peck and Daewel (2007) and Daewel et 
al. (2008). Most of the parameter estimates were derived from laboratory studies on larval 
Atlantic herring (metabolism and functional forms of prey capture success) and field data on 
larval sprat (growth rates and gut contents). Only the main features of the foraging and growth 
are presented here. Larval growth rate (G, µg DW d-1) was calculated as the difference 
between net dry weight (DW) of consumed food and metabolic losses: 

   (1) RRAECG SDA −−= )1(** , 

where the rate of consumed prey (C, µg DW d-1) was reduced by an assimilation efficiency 
(AE, %) and metabolic losses (R, µg DW d-1) which were divided into several components to 
account for standard (RS), feeding (specific dynamic action, RSDA) and active (RA) rates of 
energy loss. In Eq. 1, R represented RS at night and RA during daylight foraging hours. Effects 
of larval DW and temperature on R were taken from experimental laboratory work on larval 
herring (Almatar, 1984; Kiørboe et al., 1987). The amount of prey consumed was calculated 
as a function of encounter rate, prey mass, capture success, and handling time (Letcher et al., 
1996). Prey encounter depends on a larva’s search volume and its prey concentration, while 
capture success depends upon prey length and larval standard length and was calculated using 
a formula reported by Munk (1992). The handling time was calculated following an 
empirically derived equation from Walton et al. (1992) but re-parameterised using field data 
on larval sprat gut contents (Dickmann, 2006). Overfeeding by larvae was eliminated by 
employing a CMAX function: 

   (2) 
⎥⎦
⎤

⎢⎣
⎡ −

= 10
)15(

83.0 872.2**315.1
T

MAX DWC , 
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yielding larval DW- and temperature (T, °C)- specific limits to food consumption rate (µg dry 
weight of prey d-1) that balanced in situ estimates of DW- and T-specific sprat growth (Munk, 
1993; Ré and Gonçalves, 1993; Huwer, 2004; Baumann et al., 2006b). In the model, G was 
partitioned between DW (µg) and SL (mm) depending upon the condition factor (φ): 

   (3) 022.5*1000
SL
DW

=Φ  . 

If growth in DW was positive and if φ ≥ 1.0, SL increased according to equations provided by 
Peck et al. (2005). If growth in DW was continuously negative, the larva died (was removed 
from the simulation) when φ < 0.75. 
 
Because of the lack of data on prey concentrations of larval sprat, in our modeling approach, 
prey concentrations were assumed to be that high that temperature-dependent maximum larval 
growth and hence optimal survival was ensured . As a consequence, feeding was assumed to 
be at Cmax and, thus, drift durations (hence the final end positions of the 25 mm SL larvae) 
depended only on temperature. 
 
ii) Cod 
The particles are released within the historically important Baltic cod spawning grounds (Fig. 
2 ) as 6 mm-large larvae at hatching. In order to consider seasonal variability in relation to 
spatial and temporal variations in larval transport, a total of 5150 Lagrangian drifters were 
released at depth between 25 and 35 m (depths at which feeding larvae occur after vertical 
feeding migration) on regular spaced grids encompassing the main spawning areas. Drifters, 
at their release representing first feeding larvae, were inserted into the modelled flow fields at 
10-d intervals. The release dates ranged from 1 April to 20 September, thereby encompassing 
the historical as well as the present main spawning period of eastern Baltic cod (Wieland et al. 
2000).  

 
Once the larvae reached the settlement age of about 70 days (Hüssy et al. 2003), drift was 
stopped and larvae were assumed to settle at that position, regardless of the suitability of the 
substrate and other spatial characteristics (e.g. oxygen content, benthic food availability). The 
settlement probability was subsequently calculated with respect to the occurrence of suitable 
habitats. As obtained from a weight over length relationship for juvenile cod (Böttcher, pers. 
comm.), pelagic juveniles change to the demersal stage in a size range from 5 to 15 cm SL in 
length. Typically, adult cod have a minimum requirement of approximately 40% oxygen 
saturation for survival (Chabot and Dutil 1999). As there is no specific knowledge on oxygen 
tolerance of juvenile cod for settlement, as a prerequisite for the change from pelagic to 
demersal stage we have assumed the same threshold for oxygen saturation for juveniles as for 
adult cod . 
 
As a proxy for the settlement probability of juvenile cod in the different basins of the central 
Baltic Sea (Bornholm, Gdansk, Gotland), we have compiled monthly mean oxygen profiles 
from the International Council for the Exploration of the Sea (ICES) Oceanographic 
Database (http://www.ices.dk/ocean), containing two main data sets of (i) depth-specific 
CTD and (ii) bottle measurements. From the combined data, we selected all available oxygen 
concentrations between 1979 and 2004 within the major distribution area of the cod 
spawning stock. 
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Results 
 
Juvenile and post larvae distributions 
 
i) sprat 
For drifters initially released as first-feeding sprat larvae in the spawning area of the western 
Gotland Basin (see Fig. 1), mean horizontal distribution maps clearly show higher 
concentrations of post larvae or juveniles in the center part of the basin after 50 days of drift 
(Fig. 3a). Drifter end points, representing age-specific larval distributions regardless of their 
ability to actively swim over larger distances or to school (Peck et al. 2008), had 
distributional peaks in majority to the west and northwest of the island of Gotland. Only 
smaller proportions of the juveniles were found along the Swedish coastlines as well as to the 
southwest of Gotland in the central deep water areas of the basin. On average, only a small 
fraction of particles were transported out of the basin towards the northeast, while higher 
southward oriented transport rates towards the Bornholm Basin were observed. Average 
seasonally resolved horizontal distribution patterns (early, middle, late release dates) yield 
the same tendency with the final destinations of simulated drifters mainly found in the central 
area and with only less occurrence in coastal areas and only minor transport out of the basin 
towards the south (Fig. 3b-d). 
 
The coupled biophysical model has been used to consider the spatial and temporal variability 
in temperature conditions by coupling larval trophodynamic IBMs to the three-dimensional 
hydrodynamic circulation model. The seasonal average of the final larval destinations at larval 
sizes between 25 and 40 mm in length (Fig. 4a) provides a completely different pattern 
compared to the final distributions at specific larval ages of 50 days (Fig. 3a). Firstly, the size 
specific larval distributions were less widely dispersed in the basin compared to the age 
specific destinations due to shorter drift duration (cf. Fig. 5). Moreover, larvae of 25-40 mm 
length were more concentrated in the northern area of the western Gotland Basin.  
 
Within and between year variability of temperature-dependent average larval drift durations 
for larval cohorts having reached a minimum size of 25 mm SL are displayed in Fig. 5. 
Principally, the pattern revealed the inverse of the seasonal temperature pattern with high drift 
durations due to colder spring and low drift durations due to warmer summer temperatures. 
Annual differences occurred mainly in early spring with relatively high temperatures and low 
drift durations in the years 2000 and 2002. 
 
Fig. 6 displays the fraction of 50 days old post larvae or juveniles that ended up in the (a) 
shallow coastal (0-30 m water depth areas in the western parts) and (c) in the deep water (> 30 
m depth) areas of the western Gotland Basin. Fig. 6b shows the fraction of larval losses 
towards areas out of the western Gotland Basin (i.e. out of subdivision 27) at the same age. 
The seperation between shallow and deep water areas is chosen based on the swimming 
ability of juveniles to actively reach the coastlines of  subdivision27. Comparisons of within- 
and between-year variability of larval drift show large differences. Lowest variability of 
retention in the western Gotland Basin occurred from the middle to the end of he 1990ies, 
while highest variations, i.e. probabilities ranged from 50 to 100%, in larval retention were 
observed for late spawners from the 2000 onwards (Fig. 6c). Larval losses (Fig. 6b) were 
considerably larger for middle and late spawners (0-30%) than for early spawned larvae (0-
15%). The fraction of larvae which arrived at the coastline (Fig. 6b) shows lowest variations, 
with values only occasionally reaching 30%. On average, the fraction of 50 days old larvae 
which arrived in coastal areas was between 10 and 15%. 
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The length-specific probability of arrival of larvae (25- 40 mm) in coastal areas is slightly 
lower than the age-specific probabilities (Fig. 7a). In contrast to for the age-specific 
probabilities of coastal arrival (Fig. 6a), the interannual variation in the length-specific 
probabilities differs between seasons (Fig. 7a). The fractions of early hatched larvae that 
arrives in shallow waters varies between years, whereas mid and late season larvae show 
lower but more stable probabilities of coastal arrival. Similar as for the older (50 days) larvae 
(Fig. 6), the variability is highest for advective losses (Fig. 7b), with the same order of 
magnitude. Compared to the age specific larval fractions retaining in the western Gotland 
Basin, the probability of retention is much higher for 25 mm large larvae (Fig. 7c), as their 
drift period is shorter than 50 days (Fig. 5).  
 
One explanation to the difference between interannual variation in age- and size-specific 
larval distributions was that the ambient temperatures the larvae on average experienced along 
their drift routes varied throughout the spawning season. Early larval cohorts were exposed to 
relatively cold water masses (4 to 6°C). During May and June the ambient larval temperatures 
in the investigation area increased by several degrees, thus larval cohorts released during late 
May and beginning of June experienced temperatures of about 7 to 10°C, while larval cohorts 
released in late spring and early summer experienced temperatures of about 14 to 16°C. 
Generally, it therefore took longer for early released larval sprat to grow to 25 mm in size 
compared to later hatched larvae (Fig. 5). As a consequence, the drift duration is long during 
the early season, whereas it decreases later in the season (Fig. 5). Thus, more of the early 
hatched larvae reach the coast during their longer period of passive transport. Although the 
drift durations were quite different throughout the spawning seasons, the final destination of 
the drifters did not differ that much. Highest concentrations of 25 mm large larvae were found 
in deep water areas to the north of 57.5°N throughout the spawning season, while similar to 
the modeling results obtained for the final destinations of the 50 days old larvae, only small 
concentrations were found in coastal areas in water depth between 0 and 30 m (Fig. 4b-d). 
Due to longer drift durations for early spawned larvae, the transport towards the south was 
slightly higher.  
 
To estimate the potential of offsprings originating from the western Gotland Basin spawning 
ground to contribute to the juvenile sprat population in coastal areas of the basin shallower 
than 30 m, we also investigated the distribution of back-calculated hatch positions of juveniles 
in relation to larval length. Fig. 8a depicts the seasonally averaged spatial distribution of the 
back-calculated hatch positions of particles which finally destinated as 25 to 40 mm long post 
larvae or juveniles in the coastal areas of the western Gotland Basin. Generally, the larvae 
originated close to the coastal areas, with most of the trajectories started in a distance only 
between 25 and 50 km offshore. Areas further offshore were of much lower importance as 
contributors to the coastal sprat juvenile population. Fig. 8b-d show the seasonally resolved 
initial postions of coastal juveniles. On average, early spawners and cohorts which started 
their drift during the middle of the spawning period had their origin between 57.75and 
58.25°N, while fast growing larvae and juveniles originally spawned during early summer 
mainly contibuted north to this area to the juvenile population. 
 
Recruitment estimates obtained from previously performed field observations revelaed that 
highest survival probability of pike and perch juveniles could be clearly related to the shallow 
coastal areas (< 6m water depth; U. Bergström, Swedish Board of Fisheries, unpublished 
data). The overlap of juvenile sprat starting their drift as first feeding larvae in the western 
Gotland Basin spawning ground with these areas < 6m depth was relatively low (r=0.27). 
Highest numbers of particles were transported towards the southern part (Fig. 9a), while pike 
and perch recruitment probability appears to be more homogenously distributed (Fig. 9b). 
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However, on average, the larval distributions presented above indicate that it is very likely 
that larval/juvenile sprat utilize habitats along the entire coast line (56.5-59°N) of subdivision 
27 as their nursery grounds.  
 
ii) cod 
The decadal mean spatial distributions (1979-1988 vs. 1989-1998) of juvenile cod originating 
from the three major spawning grounds (Bornholm Basin, Gdansk Deep, Gotland Basin) 
after 70 days of drift duration, represent the fraction  of larvae which had the probability for 
successfull settlement (Figs. 10-12). The settlement probability is based on minimum oxygen 
requirements at the bottom (Hinrichsen et al. 2008). The environmental oxygen conditions at 
the bottom on average allow juveniles to settle only at the edges of the basin where the 
halocline hits the bottom. The settlement probability in the deeper central parts of the basin is 
low and was only possible during inflow and post-inflow periods when inflowing high-saline 
well-oxygenated water masses from the North Sea and the western Baltic enlarged the 
suitable juvenile habitat.  
 
On general, there was no strong evidence for larval transport and juvenile settlement of 
Bornholm Basin, Gdansk Deep and Gotland Basin spawners into the shallow water areas 
along the western coast line of the western Gotland Basin (subdivision 27). The horizontal 
maps of drifters initially released in the Bornholm Basin (Fig. 10) showed higher fractions of 
juveniles remaining in the basin during the first decade. On average, only a small proportion 
of larval drifters were transported out of the Bornholm Basin towards the east. Generally, 
potential nursery areas were located in both northern and southern shallower water regions 
around the Bornholm Basin. During the second decade, there was evidence for stronger east- 
and southward transport from all three basins, compared to the first decade. This resulted in 
an increase of settlement probability of juveniles in the southern and eastern shallow water 
areas of the Gdansk Deep and the Gotland Basin.  
 
Generally, potential nursery areas for the Gdansk Deep stock component were identified in 
the eastern part of the Gdansk Deep and the southeastern Gotland Basin (Fig.11). Areas with 
highest average concentrations of settling juveniles were found along Lithuanian and Latvian 
coast lines. During the later decade, due to higher transports towards the north along the 
eastern coasts, this stock component potentially contributed considerably to the eastern 
Gotland Basin population. Similar variations in the location of the potential nursery areas 
were not observed for the Gotland Basin cohorts (Fig. 12). On average, nursery areas were 
located at both the western and eastern slopes of the basin, with indications of higher 
transport rates during the second compared to the first decade. Although, the contribution of 
offsprings from the eastern to the western Gotland Basin is generally low due to 
environmentally driven lower reproductive success, the probability of Baltic cod larval and 
juveniles transport towards the SD27 appears to be highest to the north of the island of 
Gotland.  
 
 
Discussion 
 
Transport of Baltic sprat larvae spawned on different spawning grounds was investigated by 
detailed drift model simulations for the years 1996-2005. As obtained from a previous study, 
the simulated three-dimensional circulation was clearly capable of generating characteristic 
patterns of horizontal sprat 0-group distribution in the Baltic (cf. Hinrichsen et al. 2005). 
Variability in ocean circulation leading to spatio-temporal differences in larval transport may 
impact larval survival success of fish stocks, because retention or dispersion of larvae from the 
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spawning grounds to areas suitable or unsuitable for larval survival has been identified as one 
of the key processes influencing recruitment success in fish stocks (e.g. Werner et al. 1996; 
Heath and Gallego 1998; Hinrichsen et al. 2002). We have shown that larval transport also may 
form an important link between the open sea and coastal ecosystems, with on average 15% of 
the sprat larvae hatched in the western Gotland basin ending up in the shallow western waters 
of subdivision 27.  
 
The main purpose of our modelling study was to analyze potential sources of the variability in 
the relative spatial and temporal distribution of large (25 to 40 mm SL) sprat larvae in the 
Baltic Sea. Since we treated larval sprat as passive drifters, their distribution was exclusively 
determined by their drift duration. Variability in the duration of larval drift (Fig. 5) depended 
on variability of temperature and prey availability, both of which interact to govern larval 
growth rates and, in this study, the amount of time taken for 10 mm SL larvae to reach e.g. 25 
mm SL. Changes in temperature may result from several mechanisms including up- and 
downwelling events, advection of anomalously cold or warm water masses as well as 
anomalous summer heating or winter cooling. Since rates of physiological processes of 
poikilotherms are directly influenced by temperature, changes in the physical environment will 
also influence the reproduction, growth and trophic interactions. Under ad libitum feeding 
conditions, larvae in warmer environments will grow faster compared to those in colder 
environments. Variability in the abundance of suitable prey will also impact larval growth rates 
when food concentrations fall below the size- (and temperature-) specific threshold for 
successful foraging. Unfortunately, due to the lack of prey field data, for this study the impact 
of feeding conditions on larval growth could not be analysed. However, larval ages when 
reaching the size assumed to enable active movement have been identified to be in the range of 
8 to 25 days (Fig. 5) if optimal feeding was assumed. Less favourable feeding conditions result 
in slower larval growth and hence in a prolongation of drift duration and consequently alter the 
final destination of the sprat juveniles. Thus, differences in the final destinations of 25 to 40 
mm SL larvae compared to the destinations of 50 days old larvae could be seen as a measure 
for differences in the feeding conditions during larval drift. In our case, optimal feeding is 
represented by size-specific and less optimal feeding by age-specific larval distributions. Our 
assumption of maximum feeding rate, and hence minimum drift duration, also means that the 
estimate of the size-dependent probability of larvae ending up in the coast is a lower estimate. 
 
In this study, we have presented distributions of relative and not absolute numbers of larvae. A 
model that predicts spatial and temporal patterns in absolute numbers of surviving larvae and 
juveniles, finally leading the recruitment success, requires for example input in the form of 
spatially and temporally resolved egg production (Heath and Gallego 1998), which is not 
available from the studied area.  
 
A topic not investigated in this study was how specific behaviour and physiological 
differences of the larvae, such as swimming speed of the larvae or predator avoidance of prey 
(Titelman and Kiorboe 2003), influence the encounter of larvae and their prey. It has been 
reported by Munk and Kiorboe (1985) that herring larvae alter their swimming speed after 
encountering a prey patch, thus increasing the probability of retention within a patch. 
Furthermore, although an analysis on the impact of differences in the feeding success of larval 
cohorts and subsequent growth variations on the spatial distributions of larvae has been 
performed, analysis of small- to medium-scale variability of prey availability on feeding 
success has not been performed. Interestingly, growth variability of larval fish within stations 
is often high and may reflect large differences in feeding rates of larvae at small spatial scales. 
Although, observations that allow the construction and utilization of small-scale prey patches 
within larval fish IBMs are often unavailable, incorporating patch dynamics (using statistical 
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approaches) are envisaged in future, whereby models with a high spatial resolution may 
increase our knowledge of these processes in nature.  
 
We have identified potential nursery grounds for sprat originating from their spawning ground 
in the western Gotland Basin. At most 35-40% of the simulated 25 to 40 mm large 
larvae/juveniles utilised shallow habitats as nursery grounds. Larger fractions of larvae 
remained in the deeper water areas or were advected towards adjacent basins, where they 
potentially were exposed to wind-induced drift patterns. Our results are in good accordance 
with those obtained from numerical studies performed by Lehmann and Hinrichsen (2000) 
yielding clear evidence for characteristic persistant circulation patterns which comprise mostly 
within the subbasins of the Baltic Sea with little transport between the basins. The complexity 
of the flow dynamics in the Baltic Sea is well known and is mainly determined by the 
ephemeral nature of wind stress, the baroclinic field and the complicated bottom topography 
(e.g. Lehmann 1995). As obtained from a numerical study performed by Lehmann and 
Hinrichsen (2000), the most pronounced circulation structure in the central Baltic Sea is a 
cyclonic circulation cell comprising the eastern as well as the western Gotland Basin (Fig. 13). 
Most of the water is recirculating in the eastern part, but at the northern tip there is a 
bifurcation into the western part. This current branch bifurcates again with one branch flowing 
south into the Bornholm Basin and returning into the Gotland Basin by passing through the 
Stolpe Trench. The second branch closes the loop into the eastern Gotland Basin. This 
bifurcating flow patterns are potentially the cause for a low spatial overlap between larvae 
originating from the Gotland Basin and the other basins. Due to the complex basin-like bottom 
topography the main part of the water mass circulation comprising the whole Gotland Basin 
occurs above the permanent halocline (Lehmann et al. 2002). The success of the Baltic Sea 
model in simulating both the near surface and the middepth circulation of the Baltic Sea was 
crucial for the identification of basin-scale patterns of Baltic sprat larval drift. 
 
A previous drift modeling study on larval sprat released as Lagrangian drifters in the deep 
central basin (Bornholm Basin, Gdansk Deep, Gotland Basin), drift patterns were not similar 
for two different investigated model scenarios simulating larval sprat advection with and 
without daily vertical migration (Hinrichsen et al. 2005). The model output showed 
remarkable differences in the number of drifters retained in the deep basins. The number of 
particles retained in the deep basin was generally higher if the larvae were allowed to move 
vertically, because current velocities at mid-depth were lower than in the layers directly below 
or within the wind-induced mixed layer. Secondly, the lower current velocities at mid-depth 
could be of different direction compared to the higher directly wind-induced current speed 
close to surface. The transport of larvae was primarily determined by the wind-driven 
circulation of the Baltic Sea (Voss et al. 1999). Windstress acting at the sea surface results in 
Ekman transport in cross direction to the wind in the near surface layers, with coastal jets 
produced in direction of the wind along both coasts of the basin. The Ekman flow is 
compensated by a mainly topographically steered return flow in the central interior of the 
basins (Krauss and Brügge 1991), which is generally in a direction opposite to the prevailing 
winds. Due to lower current velocities at middepth, the mean final bottom depth of the larval 
cohorts was higher compared to larval cohorts, which were exclusively exposed to the higher 
driectly wind driven current speeds close to the sea surface. Thus, we encourage the 
incorporation of vertical migration behaviour in future larval drift models. 
 
Recruitment of coastal predators is generally positively regulated by temperature during the 
first growing season (Böhling 1991, Karås 1996). Despite an increase in temperature in the 
end of the 1980ies (Alheit et al. 2005), recruitment of pike and perch have failed in many 
exposed coastal areas (Ljunggren et al. 2005). Recent studies show that similar as for cod, 
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recruitment of pike and perch depend on the availability of zooplankton and that successful 
recruitment is presently limited to sheltered coastal lagoons with restricted water mass 
exchange with the open sea (Ljunggren et al., in prep.). Unsuccessful recruitment in exposed 
coastal areas therefore suggests that the ecosystem shift in the open sea may have affected 
coastal zooplankton abundance through an increased consumption by sprat and stickleback 
(Ljunggren et al., in prep.). Moreover, small-scale experiments in coastal areas of the Baltic 
Sea suggest that removal of coastal predators top-predatory fish results in a trophic cascade 
with increased production of bloom-forming filamentous macroalgae (Eriksson et al. 2008). 
 
We found a low correlation between assumed pike and perch recruitment areas (< 6 m depth) 
and the final destinations of drifting sprat larvae, suggesting that the direct impact of sprat on 
the coastal piscivore recruitment may be low. However, these results apply only to the 
distribution of passively transported 25 mm larvae. Sprat larvae starts schooling at 14-18 mm 
SL (Peck et al. 2008), and are likely to initiate active swimming >25 mm SL. Thus, although 
drift-driven sprat distributions do not overlap greatly with coastal piscivore recruitment areas, 
active swimmingly sprat may do so. Our study thus emphasizes the need for data on spatial 
distributions of sprat early life stages. Future work should also focus on the impact of an 
observed change in the vertical migration/distribution patterns of larval Baltic sprat on their 
final destinations. This change, observed for central Baltic sprat larvae at the beginning of the 
1990ies (Voss 2002), has the potential to strongly alter the larval drift patterns (Hinrichsen et 
al. 2005). Baltic sprat larvae showing diurnal vertical migration patterns, as observed before 
the 1990ies, resulted in only low larval abundance in coastal areas. One of the major topics to 
be analysed is if such a change in the vertical migration of larvae also occurred in the ICES 
subdivison 27 and if lower transport rates of larval and juvenile sprat was more beneficial for 
the juvenile stage of top-predatory coastal fish species. 
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Figures 
 
Fig. 1 Baltic sprat spawning area in the western Gotland Basin (ICES-Subdivison 27). Colour 
bars represent spawning probability in rectangles by normalised area size with water depth > 
40m 
 
Fig. 2. Baltic cod spawning areas after Bagge et al. (1994) 

Fig. 3. Final normalised mean distribution (1996-2005) of age-specific (50 days) simulated 
juveniles released in the western Gotland Basin (ICES-Subdivision 27) a) whole spawning 
season, b) early spring, c) late spring, and d) early summer spawners  
 
Fig. 4. Final normalised mean distribution (1996-2005) of length-specific (25 mm SL) 
simulated juveniles released in the western Gotland Basin (ICES-Subdivision 27) a) whole 
spawning season, b) early spring, c) late spring, and d) early summer spawners  
 
Fig.5 Long-term mean ages of 25 mm SL simulated Baltic sprat juveniles released in the 
western Gotland Basin (ICES-Subdivision 27) 
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Fig. 6 Frequency [%]  of arrival of larval/juvenile sprat at an age of 50 days after starting first 
feeding, spawned in SD27 between 1996 and 2005, in coastal areas (a), loss out of SD27 (b), 
and remains in SD27 (c) 
 
Fig. 7 Frequency [%] of arrival of larval/juvenile sprat at sizes between 25 and 40mm in 
length, spawned in SD27 between 1996 and 2005, in coastal areas (a), loss out of SD27 (b), 
and remains in SD27 (c) 
 
Fig. 8. Backcalculated hatching areas of simulated length-specific Baltic sprat juveniles (25-
40 mm SL) with final destiantions in shallow coastal areas (< 30 m water depth), a) whole 
spawning season, b) early spring,c) late spring, and d) early summer spawners. Colour bars 
represent the probabililty for rectangles to contribute to arrival of Baltic sprat juveniles along  
the Swedish coastlines in ICES-Subdivision 27 
 
Fig. 9.  a) Probability of arrival of simulated length-specific Baltic sprat juveniles (25 to 40 
mm SL) in shallow coastal areas (< 30m water depth) initially released in the western 
Gotland Basin (ICES-Subdivision 27). b) Fraction of surface water area with depths < 6 m.  
 
Fig. 10. Decadel variability of potential cod nursery areas, upper panel: 1979-1988, lower 
panel: 1989-1998, for Bornholm Basin spawners 
 
Fig. 11. Decadel variability of potential cod nursery areas, upper panel: 1979-1988, lower 
panel: 1989-1998, for Gdansk Deep spawners 
 
Fig. 12. Decadel variability of potential cod nursery areas, upper panel: 1979-1988, lower 
panel: 1989-1998, for Gotland Basin spawners 
 
Fig. 13. General circulation pattern of the Central Baltic Sea (modified after Lehmann and 
Hinrichsen 2000) 
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