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Abstract For the first time an international acoustic sur-

vey dataset covering three decades was used to investigate

the factors shaping the spatial and temporal patterns in the

condition of sprat and herring in the Baltic Proper. Gen-

eralized additive models showed that the spatial and

temporal fluctuations in sprat density have been the main

drivers of the spatio-temporal changes of both sprat and

herring condition, evidencing intra- and inter-specific den-

sity dependence mediated by the size and distribution of the

sprat population. Salinity was also an important predictor of

herring condition, whereas temperature explained only a

minor part of sprat model deviance. Herring density was an

additional albeit weak significant predictor for herring

condition, evidencing also intra-specific density depen-

dence within the herring population. For both species,

condition was high and similar in all areas of the Baltic

Proper until the early 1990s, coincident with low sprat

densities. Afterwards, a drop in condition occurred and a

clear south–north pattern emerged. The drop in condition

after the early 1990s was stronger in the northern areas,

where sprat population increased the most. We suggest that

the increase in sprat density in the northern areas, and the

consequent spatial differentiation in clupeid condition, have

been triggered by the almost total disappearance of the

predator cod from the northern Baltic Proper. This study

provides a step forward in understanding clupeid condition

in the Baltic Sea, presenting evidence that density-depen-

dent mechanisms also operate at the spatial scale within

stock units. This stresses the importance of spatio-temporal

considerations in the management of exploited fish.

Keywords Body size � Herring Clupea harengus �
Hydro-climate � Population density �
Spatio-temporal changes � Sprat Sprattus sprattus

Introduction

Marine ecosystems are severely impacted by overfishing

and climate change. Largely restructured food webs are
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often the result of these perturbations (Cury et al. 2008)

with important implications for the goods and services

these ecosystems provide to humans (Hughes et al. 2000).

The developing concept of ecosystem-based management

requires detailed knowledge on, and integration of, the

spatial and temporal processes leading to the observed

ecosystem changes (Marasco et al. 2007).

Morphometric condition indices based on fish weight

and length are often used in fisheries science and fish

population dynamics to compare the well-being or con-

dition of individuals or populations, based on the

hypothesis that heavier fish of given length are in better

condition (Bagenal and Tesch 1978). As such, condition

is a crucial parameter for the success of fish populations,

since it may influence individual survival (Lambert and

Dutil 2000), migration patterns (Slotte 1999), reproduc-

tive output (Blanchard et al. 2003; Trippel and Neil

2004) and recruitment (Marshall and Frank 1999).

Condition may be dependent on several, often inter-

connected, factors such as density dependence (Winters

and Wheeler 1994), hydro-climatic conditions (Lloret and

Rätz 2000), parasitic infection (Bagamian et al. 2004)

and selective fishing (Vainikka et al. 2009). Therefore,

knowledge of the temporal as well as spatial variability

of condition as a response to larger ecosystem changes is

crucial for understanding and forecasting the dynamics of

fish stocks.

During the last three decades, the central Baltic Sea

(the Baltic Proper, Fig. 1) has experienced considerable

changes on all trophic levels, which show the character-

istics of ecosystem regime shifts and trophic cascades

(Casini et al. 2008, 2009; Möllmann et al. 2008, 2009). A

major component of these changes is the switch from cod

(Gadus morhua) to sprat (Sprattus sprattus) domination in

the fish community [International Council for the Explo-

ration of the Sea (ICES 2009)]. Since the early 1990s, the

release from predation by the collapsed cod stock, inter-

twined with an increase in seawater temperature, has

triggered a drastic increase in the sprat stock (MacKenzie

and Köster 2004; Casini et al. 2008). In this shifting

ecological scenario, the growth and condition of sprat and

herring (Clupea harengus), which are the main pelagic

fish species in the Baltic Sea, has also experienced

remarkable changes (Cardinale and Arrhenius 2000;

Cardinale et al. 2002; ICES 2009). These changes have

important implications not only for fish population

dynamics, e.g., fecundity and reproductive potential

(Laine et al. 1998; Laine and Rajasilta 1999; Cardinale

et al. 2009), but also for predictions and thus management

of the Baltic fisheries (ICES 2008a).

In the Baltic Proper, temporal variations in clupeid

condition have been related before to either hydro-climate

changes (i.e., salinity, Möllmann et al. 2003), density-

dependent factors and feeding competition (Möllmann

et al. 2005; Casini et al. 2006), or a combination of the two

forces prevailing in different periods (Casini et al. 2010).

However, the spatial aspect in the investigations of clupeid

condition has not been considered so far in the Baltic Sea.

Especially, the question of how area-specific ecosystem

changes have affected condition of herring and sprat in the

entire Baltic Proper has not been addressed. To our best

knowledge, large-scale spatial investigations of fish con-

dition for pelagic stocks are very scarce in literature (but

see Husebø et al. 2007).

Here we used for the fist time a unique, extensive dataset

of sprat and herring biological data collected during

international acoustic surveys in 1978–2008 by several

countries bordering the Baltic Sea. The aim of our study is

to investigate how the temporal and spatial structural

changes in the Baltic Proper ecosystem affected the con-

dition of sprat and herring. Specifically, the extensive

material allowed us (1) to model the spatio-temporal

changes in clupeid condition using spatially resolved biotic

and abiotic time series, and (2) to investigate the potential

spatial differences in clupeid condition and the underlying

causes.
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Fig. 1 Map of the Baltic Sea. The study area is marked in dark gray
(Baltic Proper) and corresponds to ICES subdivisions (SDs) 25–29.

The names of the countries surrounding the Baltic Proper are

indicated
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Table 1 Number of fish by year, ICES subdivision (SD) and country used in the analyses

ICES subdivision

SD 25 SD 26 SD 27 SD 28 SD 29

Sprat

1978 S 176 S 64 S 56 S 244 S

1979 S S S S 186 S 56

1980 S 188 S 325 S 31 S 256 S 173

1981 S 290 S 150 S S S 234

1982 S 64 S 204 S 154 S 466 S 245

1983 S 302 S 185 S 63 S 49 S 126

1984 S 587 S 167 S 339 S 282 S 292

1985 S 724 S 751 S 648 S 453 S 448

1986 G, P, S 209 G, P, S 307 S 312 G, S 219 S 299

1987 P, S 424 G, P, S 512 S 402 G, S 565 S 400

1988 G, S 645 G, L, S 935 S 368 G, L, S 695 S 65

1989 G, P, S 611 G, L, P, S 489 S 454 G, L, S 382 S 122

1990 G, P, S 419 G, P, S 59 S 543 G, S 250 S 269

1991

1992 S 581 S 311 S 164 S 72 S 141

1993 L 244 L 243

1994 P, S 530 L, P, S 584 S 287 L, S 1022 S 272

1995 P 413 L, P 603 P 343 L 1468

1996 P, S 1083 L, P, S 1108 S 538 L, S 1561 S 446

1997 P 155 L, P 877 L 1930

1998 P, S 992 L, P, S 891 S 869 L, S 2550 S 534

1999 P, S 748 L, P 1002 S 288 L, S 2530 S 222

2000 P, S 552 L, P, S 906 S 190 L, S 2489 S 74

2001 P, S 572 L, P, S 821 S 266 L, S 1927 S 169

2002 P, S 342 L, P 139 S 276 L, S 311 S 178

2003 P, S 502 L, P 637 S 313 L, S 1843 S 275

2004 P, S 805 L, P 1053 S 542 L, S 2593 S 436

2005 P, S 527 L, P 377 S 188 L, S 833 S 211

2006 P, S 447 L, P 669 S 339 L, S 960 S 179

2007 P, S 617 L, P 376 S 467 L, S 682 S 343

2008 P, S 394 L, P 281 S 312 L, S 519 S 175

Average 496 518 337 951 246

Herring

1978 S 346 S 189 S 140 S 901

1979 S 122 S 438 S 490 S 654 S 497

1980 S 749 S 429 S 683 S 953 S 630

1981 S 715 S 785 S 1094

1982 S 236 S 413

1983 S 1952 S 781 S 1266 S 280 S 660

1984 S 3247 S 506 S 1834 S 1299 S 1304

1985 S 4395 S 4071 S 3227 S 4873 S 2394

1986 G, P, S 2440 G, P, S 2586 S 2653 G, S 2640 S 1499

1987 P, S 995 G, P, S 1639 S 2301 G, S 2508 S 904

1988 G, S 3042 G, L, S 2564 S 1340 G, L, S 2260 S 221

1989 G, P, S 2305 G, L, P, S 2053 S 2817 G, L, S 1888 S 1001

1990 G, P, S 2003 G, L, P, S 1027 S 3137 G, S 1949 S 1575
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Methods

Data

Fish sampling and condition computation

Sprat and herring were collected in September–October

during the period 1978–2008 in the open areas of the Baltic

Proper [corresponding to ICES subdivisions (SD) 25–29,

Fig. 1]. The fish samples were collected by the countries

participating in the autumn Baltic International Acoustic

Surveys (BIAS), under the coordination of ICES (2008b).

Fishing was carried out using mid-water trawls in the

pelagic zone and near the bottom layers, depending on the

fish vertical distribution detected by echosounder (see

ICES 2008b for details on fishing operation and sampling

procedure). Prior to the statistical analysis, fish body

weights were rounded to the nearest 1 g and total lengths

were rounded down to the nearest 0.5 cm.

For estimation of fish condition, a year-specific regres-

sion of ln L (total length) versus ln W (total weight) was

fitted. Thereafter, the condition was estimated as the weight

at the grand mean length of the dataset, i.e., 12 cm for sprat

and 18 cm for herring. This approach is particularly

suitable when studying pelagic fish (Winters and Wheeler

1994; Tanasichuk 1997), and it has been previously used

for estimating the condition of sprat and herring in the

Baltic Sea (e.g., Cardinale et al. 2002; Möllmann et al.

2003; Casini et al. 2006). To avoid the use of age groups

consisting of only few specimens (i.e., \10 individuals),

analysis was restricted to ages 1–5 for sprat and 1–7 for

herring. The number of fish used in the condition calcu-

lation by year and SD, along with the country of origin, is

presented in Table 1.

The database we used was constituted by a mixture of

fish that had already spawned at least once (generally ages

2?) and juvenile immature fish (most of age 1 fish) (ICES

2009). The sporadic information on maturity stage in the

database did not allow us to account for it in the compu-

tation of the condition time series. To test the impact of

maturity stage on the condition time series, we compared a

time series where all the fish were used (ages 1?) with a

time series where only repeated spawners were included

(ages 2?). The time series were highly correlated (R2 in the

range 0.95–0.99 for herring, and 0.94–0.99 for sprat, in

different SDs). This indicates that the inclusion of juvenile

fish (age 1) did not have an impact on the condition time

series and further analyses.

Table 1 continued

ICES subdivision

SD 25 SD 26 SD 27 SD 28 SD 29

1991

1992 S 2279 R, S 2296 S 1939 R, S 979 S 593

1993 L, R 2162 L, R 1248

1994 P, S 1650 L, R, S 1930 S 940 L, S 1981 S 581

1995 P, S 981 P, R 2184 P 548 L 2422

1996 P, S 1980 L, P, R, S 4155 S 964 L, S 1618 S 703

1997 P, S 221 L, P, R 3314 L 1881

1998 P, S 1303 L, P, R, S 3022 S 794 L, S 2301 S 428

1999 P, S 1022 L, P, R 2239 S 524 L, S 2474 S 395

2000 P, S 1082 L, P, R, S 5036 S 380 L, S 2239 S 161

2001 P, S 1565 L, P, R, S 3078 S 638 L, S 2717 S 422

2002 P, S 766 P, R 2468 S 681 S, R 2212 S 319

2003 P, S 1309 L, P, R 2817 S 915 L, S 2627 S 684

2004 P, S 1380 L, P, R 2986 S 634 L, S 3050 S 617

2005 P, S 1252 L, P 525 S 571 L, S 1124 S 439

2006 P, S 1142 L, P 909 S 642 L, S 1465 S 254

2007 P, S 1390 L, P 702 S 643 L, S 1226 S 450

2008 P, S 859 L, P 791 S 430 L, S 1484 S 368

Average 1473 2032 1182 1851 728

The data were collected in the Baltic Proper during acoustic surveys conducted in the period 1978–2008

G Germany (German Democratic Republic and Federal Republic of Germany), L Latvia, P Poland, R Russia, S Sweden
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Previous investigations have shown that the seasonal

variations in morphometric condition indices, calculated

based on fish weight and length, of clupeids (e.g., Baltic

sprat and spring-spawning Atlantic herring) follow the

seasonal changes in the lipid content of their muscles

(Kondratjeva 1993; Winters and Wheeler 1994). These

studies strongly support that the condition computed in our

study reflects the fat and energy content of the fish.

Stock size

Time series of sprat and herring stock abundance (total

number, ages 1?) by SD were calculated based on autumn

hydroacoustic measurements regularly used as tuning

indices in stock assessment (ICES 2009). The data were

extracted from the ICES BAD1 database (ICES 2008b) and

survey reports stored at the Swedish Board of Fisheries,

Institute of Marine Research. Subsequently, sprat and

herring stock density (number 9 km-3) by SD was cal-

culated. The water volume in the different SDs was

extracted from the data assimilation system (DAS) pro-

vided by the Baltic Nest Institute of Stockholm University.

We restricted the density of sprat and herring to the

0–100 m depth according to the vertical distribution of

clupeids in the Baltic Proper (Orlowski 2005). Only for SD

25, the water volume was calculated between 0 and 80 m

due to the shallower depth of this area. Biomasses of cod

stock in SDs 25, 26 and 28 were made available by the

Study Group on Multispecies Assessment in the Baltic

(ICES 2006).

Hydro-climate

Data on summer water temperature and salinity for each

SD were extracted from the Helsinki Commission (HEL-

COM) database stored on the ICES website (http://

www.ices.dk). Water temperature (�C) and salinity (psu)

values were averaged between 0 and 100 m depth (samples

at surface and at 10 m depth intervals), reflecting the depth

distribution of the clupeids in the Baltic Proper. Only for

SD 25, the average was taken between 0 and 80 m (same

depth intervals) due to the shallower depth of this area.

Summer is the main feeding and growth season of Baltic

clupeids, and therefore is a critical period in determining

sprat and herring condition in the early autumn (Casini

et al. 2006).

Statistical analysis

Time series of annual condition of sprat and herring were

calculated for each country and SD. Successively, a gen-

eralized linear model (GLZM) was used to predict the year

effect on clupeid condition for each SD after scaling out the

country effect. Typically, during the survey each country

covers a specific area within the same SD. Therefore, this

correction allowed accounting for potential spatial differ-

ences in condition within a SD when its area was not

entirely covered by the survey. Condition data were nor-

mally distributed, and thus the normal distribution with an

identity function was used in the GLZMs.

To analyse the effect of different predictors on clupeid

condition we used generalized additive models (GAMs,

Hastie and Tibshirani 1990). The following additive for-

mulation was used:

ConditionY ;SD ¼ aþ sðViÞY ;SD þ � � � þ sðVnÞY ;SD þ e;

where a is the intercept, s is the thin-plate smoothing spline

function (Wood 2003), Vi; . . .;Vn are the predictors, and e
is the random error. Y and SD indicate year and subdivi-

sion, respectively.

As predictors for clupeid condition (response) the

following variables were employed in the full models:

top-down density-dependent forces (i.e., sprat density and

herring density) and hydrological data (summer salinity

and temperature). These predictors were selected based

on acknowledged ecological and physiological mecha-

nisms (Casini et al. 2006). Clupeid density in number,

rather than biomass, was used in the GAMs because

biomass contains already by definition a growth signal,

making response (condition) and predictor (biomass) not

independent a priori. All variables were log-transformed

and expressed as standardized anomalies prior to

analyses.

We retained only the predictors that were statistically

significant (final model) using a backward stepwise pro-

cedure. From the full model, the non-significant predictor

with the lowest significance level was excluded at each step

and the model run again. This procedure was repeated until

all the predictors were significant. We limited the maxi-

mum degrees of freedom acceptable for each term to

k = 4. A normal distribution with an identity function was

used in the GAMs. We calculated the deviance explained

by the final models and the percent explained deviance

(PED) of each predictor selected in the final models. PED

was estimated by comparing the deviance explained by the

models before and after a specific predictor was subtracted

from the final model. Residuals were inspected using

graphical methods (Cleveland 1993).

We also analysed clupeid condition applying GAMs for

each SD separately, using the same procedure as explained

above.

The statistical analyses were performed using the mgcv

library of R 2.10.0 (www.r-project.org) and Statistica 6.1.

The significance level was set to a = 0.05 for all tests.
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Results

Spatio-temporal patterns in clupeid condition, clupeid

density and hydrological factors

The temporal development of clupeid condition in the dif-

ferent SDs of the Baltic Proper is shown in Fig. 2a, b. Sprat

condition showed high values from the late 1970s up to the

early 1990s, followed by a drop which ended in 1996–1998.

Afterwards, sprat condition has oscillated, although never

reaching the values of the 1970s to 1980s (Fig. 2a). Herring

condition showed a similar trend, even though the decrease at

the beginning of the time series started earlier than for sprat

(Fig. 2b). These patterns were common for all the SDs of the

Baltic Proper. However, the decrease in the condition of both

sprat and herring in the early 1990s was more evident in the

northern SDs. In fact, condition was very similar in all SDs in

1978–1991, whereas evident spatial differences occurred

afterwards, for both species (Fig. 2a–d). Threshold general-

ized additive models (TGAMs, Ciannelli et al. 2004) con-

firmed that clear-cut differences in fish condition between

SDs became apparent only after the early 1990s [Fig. A1 in

Electronic Supplementary Material (ESM)].

Acoustic measurements revealed that sprat density fol-

lowed opposite trends to clupeid condition. Sprat density

was low in all the SDs of the Baltic Proper from the late

1970s to the early 1990s, followed by a steep rise which

culminated in the mid-late 1990s (Fig. 3a). The increase in

density was mostly evident in the northern areas (SDs

27–29) of the Baltic Proper (Fig. 3a, b). Since the mid-

1990s, sprat density has oscillated at relatively high levels.

TGAMs (Ciannelli et al. 2004) confirmed that clear-cut

differences in sprat density among SDs became apparent

only after the early 1990s (Fig. A1 in ESM).

Distribution maps were produced to visualize at higher

resolution the spatial patterns in fish condition and sprat

abundance below and above the temporal threshold

(Fig. 4). Mean condition was computed by averaging the

data from each ICES statistical rectangle (0.5� in latitude

and 1� in longitude) in the periods 1984–1991 and

1992–2008. Data prior to 1984 were not available at this

spatial resolution and thus could not be used to create the

maps. In the period 1984–1991, fish condition and sprat

abundance were spatially homogeneous, whereas in the

period 1992–2008 they were more spatially heterogeneous

and a clear south–north gradient emerged (Fig. 4).
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Herring density showed oscillations that were very

similar in all the SDs, although SD 29 presented some

isolated peaks in certain years not observed in the other SDs

(Fig. 5a). After the sprat outburst, herring density overall

has been considerably lower than sprat density in all the

SDs (Fig. 5a). Salinity decreased up to the early 1990s,

whereas an increase has been noticeable thereafter. These

patterns were generally common to all the areas, although in

SD 25 the changes in salinity were not as evident as in the

other SDs (Fig. 5b). Temperature increased throughout the

study period in all SDs (Fig. 5c). A clear south–north gra-

dient in both salinity and temperature is noticeable along the

whole time series, with higher values consistently observed

in the southern areas (Fig. 5b, c).

Modelling clupeid condition

The results of the GAMs using the whole dataset are pre-

sented in Table 2 and Fig. 6. Sprat and herring final models

explained, respectively, 71.2% and 54% of the total

deviance. Sprat density was the most important predictor

(negative effect, Fig. 6a, c) of both sprat and herring

condition, explaining 97.2% and 68.9% of the model

deviance (PED), respectively. Temperature was also a

significant predictor for sprat condition (positive effect,

Fig. 6b), although it explained only 2.8% of the model

deviance. Herring density did not have any effect on sprat

condition. Herring density and salinity were also significant

predictors for herring condition, explaining 4.4% and

26.7% of the model deviance (negative and positive

asymptotic effect, respectively, Fig. 6d, e). Overall, the

density-dependent factors (sprat ? herring densities)

explained 73.3% of the deviance of the herring condition

model (Table 2). The analyses of the residuals of the

GAMs are presented in Fig. A2 in ESM.

Considering each SD separately, sprat density was the

most important predictor of sprat condition in all the SDs,

whereas temperature was also included in the sprat final

model for SD 27 (Table A1 in ESM). Sprat density was

also the most important predictor for herring condition in

all the SDs, whereas salinity was included in the herring

final model for SD 28 (Table A1 in ESM). The analyses of

the residuals of the GAMs for each SD are presented in

Figs. A3 and A4 in ESM.

The use of interaction terms did not improve the final

models, and therefore they are not discussed further. The

use of 1-year time lag between the predictors (year t) and

clupeid condition (year t ? 1) decreased the explained

deviance of all final models.

When spring salinity and temperature data were inclu-

ded in the GAMs as additional predictors, they were dis-

carded by the backward stepwise procedure and thus

excluded from all the final models.

Discussion

We investigated the spatio-temporal patterns in condition

of sprat and herring during a period of major ecosystem

modifications in the Baltic Proper. The restructuring of the

ecosystem, characterized by a drop in the predator cod and

an outburst of the sprat stock (ICES 2009), was clearly

accompanied by drastic changes in the condition of sprat

and herring in the whole Baltic Proper. These changes

were, however, more evident in the northern areas where

the sprat density changed the most. Overall, our study

suggests that, during the past 30 years, density dependence,

mediated by the large spatial and temporal variations in

sprat stock size, has been the main regulator of the spatio-

temporal changes of both sprat and herring condition in the

Baltic Proper.

Although correlations do not prove a cause–effect link

between variables, we believe that the negative relation
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between sprat density and clupeid condition is truly

mechanistic. The large diet overlap between sprat and

herring (Casini et al. 2004; Möllmann et al. 2004) suggests

the existence of both intra- and inter-specific food com-

petition. It has been shown that sprat abundance correlates

negatively to zooplankton summer biomass and clupeid

stomach fullness in SD 28, this providing an ecological

explanation of the negative relation between sprat

abundance and clupeid condition in this area (Casini et al.

2006). Bioenergetic studies have also supported the

empirical evidence that clupeid predation can affect zoo-

plankton dynamics (e.g., Rudstam et al. 1992; Raid et al.

2010). Overall, these observations indicate that the density

dependence found in our study acts at least partly through

food competition. However, we also found that the effect

of sprat density was stronger on sprat than on herring
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condition. This is likely due to the omnivore nature of

larger herring, feeding not only on zooplankton but also on

zoobenthos (Aneer 1980; Raid and Lankov 1995; Szypuła

et al. 1997; Casini et al. 2004; Möllmann et al. 2004),

decreasing the interaction strength with sprat. Moreover,

the low density of herring, if compared with sprat, could be

the reason for the weak intra-specific density dependence

within the herring population.

Density-dependent growth and condition has been

suggested for other pelagic fish stocks around the world

(see Husebø et al. 2007 and references therein). In most

studies, the density dependence has been shown as

negative relation between fish body size and stock

abundance of a single species (e.g., herring, Winters and

Wheeler 1994; Tanasichuk 1997; Melvin and Stephenson

2007), whereas in the Baltic Proper both sprat and her-

ring condition are linked to the sprat stock, evidencing

the occurrence of intra- as well as inter-specific density

dependence. The importance of considering the dynamics

of potentially competing species in condition studies has

also been shown for other species, e.g., mackerel

(Scomber japonicus) and jack mackerel (Trachurus

symmetricus) in Southern California (Parrish and Mal-

licoate 1995).

The effects of temperature and salinity found in our

study likely act both directly on fish metabolism (Jobling

1994) and indirectly through regulation of food resources

(Möllmann et al. 2005). Temperature was positively albeit

weakly related to sprat condition, whereas salinity had a

positive effect on herring condition that reached a plateau

at high salinity values. This is in agreement with the gen-

eral understanding of the dynamics of these two species in

the Baltic Sea. Sprat is considered a thermophilic species,

with higher temperature being also favourable for sprat egg

and larval survival and therefore recruitment success

(Nissling 2004). The link between herring condition and

salinity, on the other side, could be mediated through the

availability of one of the main prey for herring, the marine

copepod Pseudocalanus spp., whose reproductive perfor-

mance is enhanced at high salinities (Möllmann et al.

2003). This plankter, however, is also under the strong

influence of sprat predation (Möllmann et al. 2008), this

explaining the strong inter-specific density dependence

found for herring condition.

Our analysis encompassing the whole Baltic Proper is a

follow-up of previous studies (Casini et al. 2006) which

have shown the density-dependent nature of clupeid con-

dition in restricted areas of the Baltic Sea. However, our

study adds a spatial dimension to the temporal one. In fact,

previous investigations lacked spatially resolved time ser-

ies of sprat and herring density, and the impact of the

different factors on fish condition in a large area of clupeid

distribution could not be investigated.

The newly available, spatially resolved data allowed us

to find that the decrease in clupeid condition has been

generally stronger in the northern than in the southern

Baltic Proper. An inverse trend was shown by sprat density,

which increased mostly in the northern SDs, shifting the

centre of distribution of the sprat stock to the northern

Baltic Proper after the early 1990s. These results lead to

two major conclusions:
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1. The permanent southwest–northeast gradient in hydro-

logical features characterizing the Baltic Proper does

not directly translate into a similar clear-cut

geographical gradient in clupeid condition, which the

use of only the most recent data would instead wrongly

suggest. A weak south–north gradient in condition was

Table 2 Results of the GAMs (final models) for sprat and herring condition

GAM Predictors R2 (adj.) Dev. expl. (%) n df F P PED (%)

Sprat condition Sprat density 2.11 146.26 \0.0001 97.18

Herring density

Temperature 1.00 11.14 0.001 2.82

Salinity

Final model 0.71 71.20 132

Herring condition Sprat density 2.34 26.02 \0.0001 68.90

Herring density 1.00 4.32 0.040 4.36

Temperature

Salinity 2.67 10.28 \0.0001 26.74

Final model 0.52 54.00 131

The deviance explained (Dev. expl.) and the number of observations (n) are indicated. For each predictor, the degrees of freedom (df), the

significance value (P) and the percent explained deviance (PED) are provided. Predictors without statistics indicate that they were excluded by

the backward stepwise model selection
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observed also in the 1970s to 1980s, but after the early

1990s the gradient became notably stronger.

2. The clear spatial pattern in clupeid condition that

occurred after the early 1990s is mainly due to the

geographical reallocation of the sprat population into

the northern SDs of the Baltic Proper. This implies that

density-dependent processes in this region are acting

not only on inter-annual basis (Casini et al. 2006;

Möllmann et al. 2005) but also at a spatial scale. We

suggest that the geographical reallocation of the sprat

population into the northern Baltic Proper was trig-

gered by the stronger decrease in the population of its

main predator, the cod, in these areas (see also ICES

2006, Fig. 7). The shift of the centre of distribution of

the sprat population to northern areas was unlikely

caused by hydro-climatic changes, since sprat is

favoured by warmer conditions (e.g., Nissling 2004;

Alheit et al. 2005; MacKenzie and Köster 2004)

encountered mainly in the southern Baltic Proper.

However, the general warming of the Baltic Sea,

intertwined with the increase in average salinity since

the mid-1990s (Fig. 5b, c), might have created less

harsh hydro-climate circumstances for sprat in the

northern SDs, and therefore facilitated the northward

expansion of its population when the cod predation

pressure became negligible in these areas.

It is noteworthy that the herring stocks inhabiting the

areas adjacent to SDs 28–29 (i.e., the Gulf of Riga and

Bothnian Sea stocks) have increased during the past dec-

ades (ICES 2009). The intra-specific density dependence

within the herring population found in our study could

therefore have been facilitated by spillover of these adja-

cent herring stocks into the northern Baltic Proper. There

are also indications that the population of three-spined

stickleback (Gasterosteus aculeatus) has increased in the

northern Baltic Proper (Ljunggren et al. 2010). The

increase of this additional planktivorous fish could have

amplified the intra-specific feeding competition (Peltonen

et al. 2004), contributing to the strong decrease in clupeid

condition in these areas. The potential impact of three-

spined stickleback on sprat and herring growth is worth

further analyses. Additionally, the potential effects of size-

selective fishing pressure might be also explored in future

investigations on Baltic clupeid condition (Vainikka et al.

2009). In our study this could not be accomplished because

of the lack of spatially resolved size-selectivity data.

To our knowledge, within-stock spatial variations in

pelagic fish condition, and investigations of their potential

causes, have been presented only by Husebø et al. (2007)

for Norwegian spring-spawning herring. In Husebø et al.

(2007) it was shown that the permanent south–north gra-

dient in temperature along the Norwegian coast creates a

latitudinal pattern in the condition and growth of juvenile

herring in their nursery grounds, even though local herring

stock abundance was also found to have an effect. Com-

pared with Husebø et al. (2007), we show for the Baltic

Proper that, during the past 30 years, the direct hydro-cli-

mate effects have been of secondary importance for clupeid

condition, which has been mainly regulated by the spatial

distribution of the sprat stock. Hydro-climate, however, has

likely operated indirectly on clupeid condition, facilitating

the northern distribution of the sprat population (see dis-

cussion above), but also affecting the distribution of its

main predator, the cod. In fact, the decrease in salinity up

to the mid-1990s caused a contraction of the cod popula-

tion to the southern and more salty areas (Figs. 5b, 7; ICES

2006), where cod still encountered suitable conditions for

reproduction. After the mid-1990s, however, despite an

increase in deep-water salinity, the cod stock did not show

a geographical re-expansion, likely due to its enduring very

low population size linked to high fishing pressure (ICES

2009). Therefore, a combination of hydrological and fish-

ery-related factors have created long-lasting particularly

advantageous circumstances for sprat in the northern areas

of the Baltic Proper, where cod predation pressure has been

negligible for nearly two decades (ICES 2006). An ana-

lytical investigation of the reasons behind the changes in

spatial distribution of sprat is beyond the aim of our paper.

The timing (early 1990s) of the observed spatio-tem-

poral changes in clupeid condition and sprat stock distri-

bution coincides with other temporal shifts in ecosystem

structure and functioning revealed in the Baltic Proper by

previous investigations (Casini et al. 2008, 2009; Möll-

mann et al. 2008, 2009). Accordingly, a regime shift has

been shown for the Baltic Proper in the early 1990s

(Möllmann et al. 2009) coupled with a threshold-like

switch in specific food-web interactions (Casini et al. 2009,

2010). Our study reveals for the first time also the
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occurrence of spatial shifts within the Baltic Proper. This

highlights the fact that spatial differences in some biolog-

ical features may arise among the SDs of the Baltic Proper,

and that therefore the magnitude of the changes can be area

specific. This may have important implications for the

management of exploited fish, since in the Baltic Proper

both herring and sprat are currently assessed and managed

as single stock units without spatial considerations.

By using extensive spatially resolved biological,

acoustic and abiotic datasets we have here for the first time

provided empirical evidence that the temporal and spatial

changes in clupeid condition in the Baltic Proper are a

result of the temporal and spatial dynamics of the pelagic

fish competing for common resources. Especially we have

shown that (1) during the last 30 years, temporal fluctua-

tions in both sprat and herring condition in all areas of the

Baltic Proper can be linked to drastic variations in sprat

density, and (2) clear spatial differences in clupeid condi-

tion have arisen after the early 1990s in response to large

changes in the geographical distribution of the sprat pop-

ulation. We suggest that the spatial reallocation of the sprat

population to northern SDs occurred mainly because of the

disappearance of its main predator, the cod, from these

areas.

The spatial issue in fish population dynamics has only

started to gain attention in fisheries research very recently

(Hsieh et al. 2010). However, as shown by other investi-

gations (e.g., Kritzer and Sale 2004; Hsieh et al. 2008) and

the present study, spatial considerations are crucial for

understanding fish population dynamics and therefore for

the management of exploited stocks.
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