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ABSTRACT: The total food consumption of herring Clupea harengus L. and sprat Sprattus sprattus (L.), 
the dominant zooplanktivorous fish in the Baltic Sea, was estimated from published data on abun- 
dances, growth, mortality rates and diets uslng a bioenergetics model. The annual food consumption 
was 5.0 X 107 tonnes for herring and 2.4 X 107 tonnes for sprat. For herring ca 90 % of the food consumed 
was zooplankton and the rest n~ysids and benthos. Larvae and young-of-the-year (YOY) of sprat and 
herring accounted for 50 and 45% of the total consumption respectively. Peak consumption rates 
occurred in August-September. Our estimate for annual consumption of zooplankton by clupeids in 
the Baltic sea is 4 times higher than previous estimates. One major explanation for this is that we 
included the consumption by YOY and 1 yr old fish. Our simulations also show that a diet shift, from a 
mix of zooplankton, mysids and amphipods to only zooplankton, could have a significant effect on fish 
growth rate. At a fixed biomass consumption, the lower energy density of zooplankton would mean that 
thls shift would decrease growth by about 25 % for older age groups. This decrease is similar to that 
observed in the Baltlc Sea in the late 1980s. 

INTRODUCTION 

Two of the most important commercial fishes in the 
Baltic Sea are herring Clupea harengus L, and sprat 
Sprattus sprattus (L.). They are mainly zooplanktivores 
and may consume a considerable proportion of the 
zooplankton production. Calculations of their food 
consumption in the Baltic have been made by Thurow 
(1980, 1984), Elmgren (1984) and Lankov (1988), who 
estimated the total biomass, production and yield 
from catch statistics. More precise calculations for 
older age-classes were made by Aneer (1980) using 
total production from VPA (Virtual Population 
Analysis) and mean monthly weight at age. With 
the exception of Elmgren (1984), these production 
and consumption estimates have not taken the first 
year into account. Consumption by all dominating 
zooplanktivores, including young-of-the-year (YOY) 
clupeids, has only been estimated in restricted coastal 
areas (Arndt 1989, Hansson et al. 1990, Rudstam et al. 
1992). YOY fish must, however, be of great importance 
to the total consumption by a fish population. Hewett & 

Stewart (1989) estimated that almost 50% of the total 
population consumption by the clupeid alewife Alosa 
pseudoharengus in Lake Michigan (USA) was ac- 

counted for by larvae and YOY. Rudstam et al. (1992) 
reached a similar conclusion for a coastal area in the 
Baltic Sea. 

Direct measurements of food consumption by fish 
are difficult. Field estimates of food consumption, de- 
rived from stomach contents and evacuation rates, are 
often highly variable and require considerable effort 
(Elliott & Persson 1978). Therefore, energy budgets and 
energetics models, in combination with field data on 
fish growth and water temperature, are important tools 
for predicting food consumption (Kitchell et al. 1977, 
Rice & Cochran 1984). Combined with data on popula- 
tion size, age composition and diets, bioenergetics 
models can give estimates of the total food consump- 
tion of fish populations. 

In this study, we apply this approach by using a 
bioenergetics model for herring developed by 
Rudstam (1988), together with growth rates, diets and 
fish abundances for herring and sprat in different parts 
of the Baltic Sea. 

METHODS AND MATERIALS 

The model. A bioenergetics model of individual Baltic 
herring was developed by Rudstam (1988), using soft- 
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ware developed by Hewett & Johnson (1992). We used 
this model to simulate seasonal consumption for meta- 
morphosed fish of herring and sprat populations during 
their first 9 and 7 yr of life respectively. Consumption by 
larval stages was estimated assuming a gross conver- 
sion efficiency of 30 % (ChecMey 1984, Ki~lrboe & Munk 
1986, Houde 1989). In the bioenergetics model, sprat 
were assumed to have the same characteristics as 
equally sized herring (Rudstam et al. 1992). 

Diet. Information on seasonal- and length-depen- 
dent changes in the diet of clupeids from the Baltic Sea 
is reported by many authors (Popiel 1951, van Khanh 
et al. 1972, Aneer 1975a, Zalachowski et al. 1975, 1976, 
Hudd 1982, Raid 1985, Aro et  al. 1986, Lankov 1986, 
Franek 1988, Hansson et al. 1990, Davidyuk et al. 1992, 
Flinkman et al. 1992, Ostrowski & Mackiewicz 1992, 
Rudstam et al. 1992, Starodub et al. 1992). From these 
data, we derived diet compositions for 4 different size 
groups of herring, and for each size group, diets were 
specified for 4 seasons, winter, spring, summer and 
autumn (Table 1). Sprat were assumed to feed exclu- 
sively on zooplankton. 

The zooplankton prey were assumed to have a con- 
stant energy density of 2850 J g-' wet wt (Laurence 
1976). The energy content of mysids increased linearly 
from 2976 J g- '  wet wt in juveniles in July, reaching 
3720 J g-' wet wt for adults in October to March 
(Hakala 1979, Wiktor & Szaniawska 1988). For 
amphipods we used 3980 J g-' wet wt for the period 
when they were consumed, October to March (value 
for Pontoporeia femorata and Monoporeia affinis ac- 

cording to Hill et al. 1992). The energy content for the 
group 'Others', mainly polychaetes and fish, was set to 
3500 J g - '  (Ankar & Elmgren 1976, von Bast & von 
Ortzen 1976, Cederwall 1977). Constant individual wet 
wt was assumed for all prey. 

Temperature. Water temperature is a major factor 
in determining bioenergetics of fish. Temperatures 
experienced by herring differ between age groups 
during the summer, when young herring are found 
mainly in warmer water above the thermocline and 
older fish are found in cooler water and do not 
show pronounced die1 vertical migrations (Rudstam 
1988, Hansson et al. 1990). The temperatures occu- 
pied by young fish (0+ and l+) and by older fish are 
the average for the top 10 m and top 20 m respec- 

Fig. 1. The Baltic Sea, 
showing the subdivi- 
sions (referred to by 
numbers 22 to 32) used 
by the International 
Council for Exploration 
of the Sea (ICES). Stns 1 
to 4 were used to esti- 
mate annual tempera- 
ture cycles (see Fig 2) 

Table 1. Clupea harengus. Seasonal proportions (wet wt) of different prey Items in the dlets of hernng in the Baltic Sea, based 
on literature data. Winter: January-March; spring: Apnl-June; summer: July-September; autumn: October-December 

Size-class Season Proportion of diet 
Zooplankton Mysids Amphipods Others 

0-100 mm (0-5.9 g) W~nter 1.00 0.00 0.00 0.00 
Spring 1 .OO 0.00 0.00 0.00 
Summer 1.00 0.00 0.00 0.00 
Autumn 1.00 0.00 0.00 0.00 

100-150 mm (5.9-21.3 g ]  Winter 
Spring 
Summer 
Autumn 

150-200 mm (21.3-51.8 g) Winter 
Spring 
Summer 
Autumn 

Winter 
Spring 
Summer 
Autumn 
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Fig. 2. Clupea harengus, Sprattus sprattus. Average annual 
cycles of water temperature assumed to be occupied by vari- 
ous age-groups of herring and sprat in the Baltic Sea, based 
on 3 open sea and 1 coastal stations (1 to 4 in Fig. 1).  YOY. 
young-of-the-year; yearlings: fish of age-class 1. Sprat follow 

the yearly cycle of older herring 

tively at 4 different stations (Fig. 1) in the Baltic dur- 
ing 1980 to 1990 (Fig. 2). We assumed that all sprat 
experience the same temperature regime as older 
herring. 

Growth rates. Differentiation of Baltic herring into 
subpopulations, especially delimitation of areas occu- 
pied by different subpopulations, has always been 
problematic (Ojaveer 1989). For this study we divided 
the herring stocks into 8 units according to major 
differences in growth rates of the various populations 
(Fig. 3). The subdivisions correspond to the Inter- 
national Council for Exploration of the Sea (ICES) 
statistical rectangles (Fig. 1). 

1 2 3 4 5 6 7 8 9 1 0  

Age group 

Fig. 3. Clupea harengus. Average weight at capture (1983 to 
1990) for 8 different subpopulations of herring in the Baltic 
Sea (ICES numbering used; Anon. 1987,1991, Hagstrom et al. 

1989,1991) 

In the ICES reports, the Baltic sprat stock is divided 
into 3 management units: ICES subdivisions 22 to 25; 
26 and 28; and 27 and 29 to 32 (Anon. 1991). In our 
analysis, we merge these substocks of sprat into 1 
population (see Table 3), since differences in growth 
rate within the Baltic are small (Aps 1989, Ustinova 
1990). Data on mortality and diets are also similar for 
sprat from different parts of the Baltic, justifying this 
approach. 

Abundance and mortality. We did not include inter- 
annual variation in fish abundance in the simulations, 
but instead we used average values from 1983 to 1990 
(Tables 2 & 3) compiled from several reports (Anon. 
1987, 1991, Hagstrom et al. 1991). Abundance esti- 
mates for age-classes 2 2 (Tables 2 & 3) were used to 
calculate instantaneous daily mortality rates for each 
age-class. Abundance estimates for the first 2 yr are 
very uncertain, due to scarcity of relevant information 
for these life stages. We thus had to make several 
assumptions, and in order to evaluate effects of these 
uncertainties we ran alternative simulations, varying 
some of the parameters (Table 4). 

To calculate egg biomass and larval abundance, we 
assume that the actual spawning stock biomass (SSB) 
(Anon. 1987, 1991) is 80 % of the estimated SSB on 
1 January for herring (Parmanne & Sjoblom 1981, 
1982) and ca 70 % for sprat (Alheit 1988). Furthermore, 
it was assumed that 50% of the populations were 
females and that 20 % of their body weight was gonads 
with 90 % eggs (Parmanne & Kuttinen 1991). Each egg 
weighs about 0.53 mg wet wt for herring and ca 
0.26 mg wet wt for sprat (Hempel & Blaxter 1967, 
Blaxter & Hunter 1982, Almatar & Bailey 1989, 
Parmanne & Kuittinen 1991). All populations were as- 
sumed to mature at  age-class 3 for herring and age- 
class 2 for sprat and spawning date was set to 6 June, 
except for the 2 southernmost populations of herring 
and that in coastal areas of subdivisions 25 to 27. For 
these regions 15 April was used (Ojaveer et  al. 1981, 
Parmanne & Sjoblom 1982, Rajasilta et al. 1986, Alheit 
1988, Rajasilta 1992). For both herring and sprat, 90 % 
of the eggs were assumed to hatch (Raid 1985, 
Rajasilta et al. 1986, Aneer 1987, Oulasvirta 1987). 

During the first 5 d the larvae live on the yolk sac. 
After this period (start of exogenous feeding in Tables 2 
to 4) their length is ca 9.0 mm (0.7 mg wet wt) for herring 
and 6.0 mm (0.5 mg wet wt) for sprat (Ojaveer 1981, 
Hudd 1982, Hapette et  al. 1991). At this age, the larvae 
start to feed, and they have lost 20 % in weight (von 
Westerhagen & Rosenthal 1979, Oiestad & Moksness 
1981, Gamble et al. 1985). The larvae then increase 
exponentially in weight and approximately linearly in 
length (Gamble et al. 1985). We used a daily growth rate 
of 0.32 mm during the larval stage. Literature values for 
clupeids lie between 0.14 and 0.64 mm d-' (Aneer 1979, 
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Table 2. Clupea harengus. Herring population numbers, mean weight and biomass (in tonnes) for various age-classes of herring 
in the Baltic Sea. The values are divided into the 8 different populations according to the ICES rectangle of fishing areas (22 to 
32, see Figs. 1 & 3) Values are based on average annual estimates for each age-class from reports of working groups on assess- 
ment of pelagic stocks in the Balhc (Anon. 1987, 1991, Hagstrom et al. 1989, 1991). The numbers in these reports are presented 
as age-classes 1 to 9 which are equivalent to our age-classes 2 to 10. The estimated spawning stock biomass are based on 

average values from ICES for the different areas and periods. exo.: exogenous 

Age-class Date Population Mean Population Population Mean Population Population Mean Population 
numbers weight biomass numbers weight biomass numbers weight blomass 

( X  10" (g) (X 103 t )  ( X  106) (g) (X 103 t) (x106) (g) (x106 t )  

22 to 24a,d - 25 to 27 
Coastalaad Open sea b.c 

Spawning stock biomass 284.0 218.0 463.0 
Esbmated eggs 4.82 X 107 3.70 X 107 7.86 X 10' 
Eggs spawned 10 Aprll Jun 3.85 X 107 0.00054 20 82 2.96 X 107 0.00054 15.99 6.29 X 107 0.00054 33.96 
Eggs hatched 20 Apr/lO Jun 3.47 X 107 0.00044 15.26 2.67 X 10' 0.00044 11.73 5.66 X 107 0.00044 24.90 
Start of exo. feeding 25 Apr/l5 Jun 3.13 X 107 0.0007 21.88 2.40 X 107 0.0007 16.79 5.09 X 107 0.0007 35.65 
Metamorphosed 4 JuV24 Aug 1.37 X 10' 0.13 17.79 1.05 X 105 0.13 13.66 2.23 X 105 0.13 29.00 

0 31 Oct 3 . 0 9 ~  10' 10.5 324.61 2.40 X 10' 10.9 261.33 1.62 X 1 0 9 . 4  136.18 
1 l Jan 7039.5 12.7 89 40 5514.2 12.1 66.72 54297 10.9 59.18 
2 l Jan 3835.0 23.9 91 66 3004.0 28.6 85.91 2958.0 29.5 87.26 
3 l Jan 2278.3 48.3 110.04 1729 3 48.5 83.87 2148.0 42.2 90.65 
4 l Jan  1482.9 81.4 120.71 1196.1 68.0 81.33 1797.5 54.2 97.42 
5 l J an  599.8 110.0 65.98 676.0 84.5 57.12 1131.0 70.7 79.96 
6 l Jan  152.8 133.4 20.38 273.0 101.1 27.60 807.0 76.0 61.33 
7 1 Jan  96.7 155.0 14.99 116.0 113.6 13.18 655.0 85.5 56.00 
8 l Jan 20 2 195.8 3.96 50 0 119.0 5.95 514.0 94.8 48.73 
9 l Jan 8 6 220.0 1 89 29 8 128.0 3.81 452.0 102.9 46.51. 

10 l Jan  4.0 235.0 0.94 13.8 134.9 1.86 388.0 109.1 42.33 

L 1-10 15517.8 519.94 12602.2 427.37 16 280.2 669.38 

Spawning stock biomass 
Estimated eggs 
Eggs spawned 10 Apr/l Jun 
Eggs hatched 20 AprllO Jun  
Start of exo. feeding 25 Apr/l5 Jun  
Metamorphosed 4 JuV24 Aug 

0 31 Oct 
1 l Jan 
2 l Jan 
3 l Jan  
4 l J an  
5 l Jan  
6 l Jan  
7 1 Jan 
8 l Jan 
9 l Jan 

10 l Jan 

L 1-10 

Spawning stock b~omass 
Estimated eggs 
Eggs spawned 10 Apr/l Jun 
Eggs hatched 20 Apr/lO Jun 
Start of exo. feeding 25 Apr/l5 Jun 
Metamorphosed 4 JuV24 Aug 

0 31 Oct 
1 1 Jan 
2 l Jan  
3 l Jan 
4 l Jan  
5 l J an  
6 l Jan 
7 l Jan 
8 l Jan 
9 l Jan 

10 l Jan 

Z 1-10 

"Population spawning time: 10 April 
bPopulation spawning time: 1 June 

- Gulf of Rigab.d - 
59.0 

8 98 X 10" 
7.18 X lob  0.00054 3.88 
6.47 X 106 0.00044 2.85 
5.82 X 106 0.0007 4.07 
2.55 X 10' 0.13 3.31 
4 08 X 103 5.5 22.46 

1879.7 6.7 12.59 
1024.0 12.2 12.49 
855.0 17.2 14.71 
622.0 21.6 13.44 
346.0 28.2 9.76 
179.0 34.2 6.12 
93.0 41.4 3.85 
41.0 52.4 2.15 
17.0 58.1 0.99 
4.3 66.7 0.29 

5061.0 76.38 

CValues on age-classes 2 to 10 based on average (Anon 1987. Hagstrorn et al 1989) for years 1983 to 1986 
dValues on age-classes 2 to 10 based on average (Anon. 1991, Hagstrom et a1 1991) for yrws 1983 to 1990 
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Table 3. Sprattus sprattus. Sprat population biomass, mean weights, numbers and mortalities, for various age-classes In the Baltic 
Sea. The values are based on 1 Baltic population and average annual (1983 to 1990) estimates for each age-class, from a report 
of a working group on the assessment of pelagic stocks in the Baltic (Anon 1991). The numbers in this report are presented as 
age-class 1 to 9 which are equivalent to our age-classes 2 to 10 The numbers of younger age-groups ( S  age-class 1) were 

estimated based on the calculations presented in Table 2 The duration of young-of-the-year period is 128 d 

Age-class Date Population Mean Population Daily 
numbers weight biomass mortality 

( X  106) (g) (X l o b  t) 

Estimated eggs 274 X 108 
Eggs spawned l Jun 1.92 X 10' 0.000265 0.0 0.01054 
Eggs hatched l 0  Jun 1.73 X 10' 0.00044 0.0 0.02108 
Start of exogenous feeding 15 Jun 1.56 X 10' 0.0007 109 0 0.07758 
Metamorphosed 24 Aug 6.82 X lo5 0.13 88.7 0.01651 
1 l Jan 82441.1 4.3 354.5 0.00167 
2 1 Jan 44866.7 8.5 382.3 0.00260 
3 1 Jan 17392.9 11.9 207.3 0.00289 
4 l Jan 6052.0 13.9 84.2 0.00170 
5 1 Jan 3249.5 14.7 47.9 0.00203 
6 1 Jan 1547.5 15.9 24.7 0.00165 
7 l Jan 846.2 16.7 14.1 0.00245 
8 1 Jan 345.7 17.3 0.0 0.00154 

E 1-8 156741.8 11 20.9 

Henderson et al. 1984, Munk et al. 1986, Wespestad & 
Moksness 1989, Peltonen 1990, Urho & Hilden 1990). 
The clupeid larvae metamorphose at  ca 40 mm (Urho 
1992), and 0.13 g wet wt (Blaxter & Hunter 1982, Houde 
1989). For all populations, the mortality of larvae for the 
standard run was set to 90 % mo-' (Raid 1985, Munk et 
al. 1986) with a larval period of 70 d from first feeding to 
metamorphosis (Ojaveer 1981, Houde 1989). However, 
daily mortality and the duration of the larval period are 
very unpredictable for most fish species, including clu- 
peids. Therefore, we ran 2 alternative simulations using 

values above and below those of the standard run to test 
the importance of these assumptions on the estimated 
food consumption during these periods. In the 
alternative simulations we (1) altered the larval mor- 
tality to 85 or 95 % mo-' or (2) assumed larval periods 
of 50 or 90 d (Fig. 4). 

It is reasonable to assume that the mortality decreases 
after the larval period (Tables 2 & 4),  but there is very 
little information for Baltic herring between the age  of 
metamorphosis and recruitment into the fishery. In our 
simulations, we have not made any a p n o n  assumptions 

Table 4. Clupea harengus. Summary of the mortahty rates used for the different stocks of herring. Abundance and biomass values 
are presented in Tables 3 & 5. Values for daily mortality in age-classes 2 to 10 and metamorphosis group vary between popula- 
tions and age-class and depend on the abundances at the start and end of the period. These abundances have been denved as  
averages for each stock based on ICES data (Anon. 1987, 1991, Hagstrom et al. 1989, 1991). Different mortality between meta- 
morphosis and age-class l depends on the abundance of the stocks at hatch (estimated from spawning stock biomass and the 

fecundity) and the abundance at 1 January, age-class 2 

Age-class Date Abundance Daily mortality Remarks 
(% of estimated eggs) (fishing and natural mortality) 

Estimated number of eggs 100 
20 % mortality 

Eggs spawned l Jun 80 
0 01054 l 0  % mortality 

Eggs hatched l 0  Jun 7 2 
0.02107 l 0  % mortahty 

Start of exogenous feeding 15 Jun 65 
0.07675 90 % mortahty per month 

Metamorphosis 24 Aug 0.28 
0.0165-0.0290 Different mortality per 

month and population 
1 l Jan 0.064 0.00167 

5 % mortality per month 
2-10 1 Jan 

0.00035-0.00429 Different mortahty per 
month and population 

Sources: 
Baltic. Aneer (19791, Parmanne & Sjoblom (1981, 19821, Raid (1985), Peltonen (1990), Parmanne & Kuittinen (1991) 
Atlantic: Blaxter (1971), Blaxter & Hunter (1982), Henderson et al. (19841, Gamble et al. (1985), Munk et a1 (1986), Houde (1987, 
1989,1992) 
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a) Different length of larval stage 
. . . . . . . . . . . 50days - 70days - - - - - -  90 day5 

I oR 

larvae YOY Age l 

c) Different monthly mortality - Age 1 

larvae YOY Age I 

with regards to the mortality of metamorphosed YOY 
fish. Instead, we adjusted mortality rates for each sirnu- 
lation so YOY abundance by 31 October was ca 3000 fish 
ha-' for the standard run and ca 1500 and 4500 fish ha-' 
for the alternative runs (see below). These values are 
reahstic for at least coastal Baltic areas during that period 
(Hansson 1993). For fish of age-class 1 we ran simula- 
tions with 3 alternative monthly mortality rates, 2.5, 5.0 
(standard run) and 7.5 % (Sparholt 1990). This will cause 
the mortality rate to be higher for YOY fish when the 
mortality rate for age-class 1 is low and lower when the 
mortality rate for age-class 1 is high (Fig. 4). 

In each simulation, the different subpopulations 
started with specific numbers of yolk-sac larvae, esti- 
mated from the SSB (Tables 2 & 3). These numbers 
were then reduced by mortalities described above. 
The mortality was fixed until exogenous feeding 
started, then different alternatives were used. Assume, 
for example, that when exogenous feeding starts, the 
larval stage lasts for 70 d,  during which time the 
monthly mortality is 90 %; in this case, the mortality at 
age-class 1 is set to 5 % each month. Under these con- 
ditions, the mortality during the YOY stage is adjusted 
in such a way that their number corresponds to an 
abundance of 3000 fishes ha-' by 31 October. In all 
models, the abundance of fish at onset of age-class 2 

Fig. 4.  Clupea harengus. Comparison of abundance of herring 
in the Baltic Sea under different assumptions of (a) duration of 
larvae stage (excluding the 10 d period when the larvae live 
on the yolk-sac), (b) different monthly mortality during the 
larval stage and (c) different monthly mortality of age-class 1. 
The standard run is represented by the medium values. Note 
the log scale on the y-axis and the time scale on the x-axis 
where the first 2 yr have been divided in 3 sections: larvae, 

YOY and age-class 1 stages 

b) Different monthly mortality - larvai stage 
. . . . . . . , . . 854 - 90 8 --.--- 95 8 

I os 

(on 1 January) was fixed to the value estimated from 
the ICES data (Tables 2 & 3). 

Energy density. There are few data on energy den- 
sity of larval herring. First-feeding Pacific herring 
larvae have an energy density of ca 2800 J g-' wet wt 
(Eldndge et al. 1977). This should rise to 4550 J g-' wet 
wt at metamorphosis if water content decreases from 
89 % to about 82 % (calculated in Hewett & Stewart 
1989). We assumed a rising energy density with weight 

I o7 
0 

10" 

S 
Y 105 . - - - 
2 

10' 

1000 

Larvae . YOY I 

I 

Fig. 5. Clupea harengus. Energy density for herring in J g.' 
wet wt. A progressive rise from larvae and juvenlle to adults 

was assumed 

larvae YOY Age I 
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for larval and YOY herrings (Fig. 5 ) .  The energy 
density of adult herring varies seasonally between 
5120 and 5940 J g-' wet wt (Aneer 1975b). 

RESULTS AND DISCUSSION 

In our standard run, we estimated the annual food 
consumption to be 5.0 X 10' t for herring and 
2.4 X 107 t for sprat (Table 5) ,  corresponding to 12.4 g C 
m-2 yr-' and 6.0 g C m-' yrr' respectively [carbon con- 
tent is 10 % of the wet wt, (von Bast & von Ortzen 1976)l. 
This is at least 4 times as high as other estimates for her- 
ring (Aneer 1980, Thurow 1980, 1984, Elmgren 1984), 
and for sprat (Elmgren 1984, Lankov 1988). A closer look 
at the data by Elmgren (1984), who included all size 
groups in his analysis, shows that the biomasses of her- 
ring are similar for all populations except that in the 
Baltic proper. This difference explains to a large extent 
his lower values for food consumption of herring. The 
much higher estimates of consumption by sprat is partly 
explained by higher abundances of young age-classes 
than assumed by other authors (Elmgren 1984, Lankov 
1988). For herring about 90 % of the total food con- 
sumption consists of zooplankton, mainly mesozoo- 
plankton (Fig. 6). This value is higher than that used by 
Aneer (1980) and Elmgren (1984). We used data from 
offshol-e populations, which should be more represen- 
tative of the total Baltic herring population, while Aneer 
(1980) and Elmgren (1984) based their calculations on 

diets from coastal areas where mysids and benthos 
may be more abundant. It is also possible that there 
has been a shift in the diet of herring during the 1980s, 
and that this has influenced our data (see discussion on 
the possibility of such a shift below). 

There are few values for the average zooplankton 
production in the Baltic. Elmgren (1984) used a value 
of 23 g C m-2 yr-' and Lankov (1988) used 30 g C m-2 
yr-' in the northeastern Baltic, but these are high com- 
pared to other investigations (i.e. Aneer 1979, Hern- 
roth & Ackefors 1979). Using the above values from 
Elmgren (1984) and Lankov (1988), sprat and herring 
consume 80 % or 60 % of the zooplankton production. 
This is high considering that there are also other 
species, e .g .  mysids and larval stages of most fish 
species, that feed on zooplankton (Hansson et  al. 1990, 
Rudstam et al. 1992). Zooplankton production differs in 
different areas, decreasing from south to north. In the 
Bothnian Bay, the northernmost basin of the Baltic Sea,  
the production was estimated as only about 2.5 to 3.7 g 
C m-2 yr-' in the open sea (Kankaala 1987), and for this 
area our simulations gave a zooplankton consumption 
by herring and sprat of 3.5 g C n r 2  yr-'. 

Prey other than zooplankton constitute only about 
10 % of the estimated food consumption of herring. 
The amphipods made up 1.5 X 106 t, and mysids 4 X 

106 t annually (see Fig. 8),  corresponding to 0.4 g C m-2 
yr-' and 1.0 g C m-2 yr-' respectively. 

About 15 % of the total annual zooplankton con- 
sumption by the Baltic Sea herring and sprat may be  

Table 5 Clupea harengus, Sprattus sprattus. Comparisons of gross population, consumption, production, gamete production (all 
in tonnes), and average biomass conversion efficiency (production plus gamete production/consumption) for various age-classes 

of herring and sprat 

Age-class Clupea harengus Sprattus sprattus 

Pop Pop Gamete Conv etfic Pop Pop Gamete Conv effic (%) 
cons prod mass Pop" Ind"  cons prod mass Pop"  Ind 

(u 103 t)  (X  lo3  t) (X 1 0 ~  t] ( X  103 t) (X l o 3  t) (X  103 t) 
-- --p---p- 

Larva 73782 25086 0 34 0 30 0 3930 0 1333 0 0 33 9 30 0 
Metamorphosed 15164 8 2827 0 0 1 8 6  1 3 6  84460 1517 0 0 1 8 0  1 1 3  

1 74183 3607 0 4 9 5 2 5749 0 224 9 0 2 7 3 9 
2 5201 9 270 6 0 5 2 4 0 3399 0 45 6 0 0 8 2 4 
3 4438 3 1900 22 2 4 3 3 0 1361 0 9 4  1 1 0  0 3 1 2  
4 3368 1 92 1 26 4 2 7 2 6 696 6 1 8  5 4 0 1 0 5 
5 2442 6 62 2 18 2 2 5 1 8  372 6 0 9 3 0 0 1 0 6 
6 1692 0 38 9 13 2 2 3 1 7  200 9 0 4 1 6  0 1 0 4 
7 12729 2 4 7  9 1  1 9  1 7  96 0 0 4 0 8 0 2 0 3 
8 8866  1 9 0  7 0  2 1 1 1  49 2 0 1 0 4 0 1 0 3 
9 6863  11 4 5 4  1 7  0 9 

10 549 3 9 8  4 6  1 8  0 7 

Z all 504994 64150 243003 3133 5 

Z 1-10 (1-8) 27956 3 1079 4 106 1 119243 2835  2 2 2  

"The population conversion efficiency is expressed as the ratio between population production and population consumption 
h The individual conversion efficiency is expressed as the ratio between growth and food consumption of an individual fish from 

1 Janualy to 31 December This efficiency is different from that of the population since the latter is influenced by continuous 
mortality dunng this penod 
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Clupeo harengus 

Fig. 6. Clupea harengus, Sprattus sprattus. Total predation by herring and sprat in the Baltic Sea for all prey types by age-class. 
Duration of age-classes: larvae. 70 d; metamorphosed YOY. 128 or 173 d for different stocks 

attributed to the larval fish and together with the meta- 
morphosed YOY they account for almost 50 and 45 % 
of the total consumption of zooplankton by sprat and 
herring respectively (Fig. 6). This is similar to values 
given by Rudstam et al. (1992) for a coastal area in the 
Baltic Sea and also for alewife in Lake Michigan 
(Hewett & Stewart 1989). During the first year, sprat 
and herring may also consume plankton species with 
lower energy densities than assumed in our calcula- 
tion. Phytoplankton, rotifers and cladocerans have 
been shown to be very important especially for sprat 
larvae smaller than 30 mm (Lankov 1988). If the larvae 
feed on plankton with lower energy density than we 
have assumed, this will further increase their preda- 
tion pressure on the zooplankton community. The food 
consumption of age-class 1 fish accounted for 15 % of 
herring and 25 % of the sprat population's total con- 
sumption. Age-class 2 and older fish contributed 40 % 

Clupea harengus 
1.2 , I 

i 
Age5-l0 

Age34 

Age 1-2 

m my 

ffi b.rvx 

of the total herring consumption and 25 % of the total 
sprat consumption. The differences between herring 
and sprat in the relative consumption by different age- 
classes is explained by the shorter Me span of sprat 
(Fig. 6). If consumption values for age-class 2 and older 
for both species are compared with results presented 
by Aneer (1980), Thurow (1984) and Lankov (1988), 
who only considered these older fish, the results are 
somewhat similar. This clearly shows that the reasons 
for the large differences between our and their con- 
sumption estimates resulted mainly from our inclusion 
of young fish and that this is very important in this kind 
of study. 

Our analysis predicts that the consumption of zoo- 
plankton by the herring and sprat populations varies 
with season and peaks during July to October (Fig. 7). 
This peak was later than that found for sprat in the 
southern Baltic by van Khanh et al. (1972). Their data 
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Fig. 7 Clupea harengus. Sprattus sprattus. Total predation by herring and sprat in the Baltic Sea for all prey types by month of 
year and age-class (see legends). Duration of age-classes: larvae, 70 d; metamorphosed YOY, 128 or 173 d for different stocks 
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suggested that the most intensive feeding took place 
from April to July and that feeding was moderate from 
August to October. However, they only studied the gut 
fullness, without taking evacuation rates into account. 
Aps (1989) suggested that the highest feeding activity 
and stomach fullness of sprat occurs during the sum- 
mer in the northern part of the Baltic. High consump- 
tion of zooplankton by herring in late summer and au- 
tumn has been used to explaln the autumn decline in 
zooplankton biomass in coastal waters (Hansson et al. 
1990, Rudstam et al. 1992). During late autumn and 
winter the food consumption decreases. This is the re- 
sult of slow growth, low temperatures and partly a shift 
in diet to prey with higher energy density. 

Our results, and those presented by Hansson et al. 
(1990) and Rudstam et al. (1992), imply that the fish 
predation on zooplankton can be intensive and can 
even influence the annual dynamics of zooplankton. 
To understand these processes, more information on 
seasonal food consumption patterns of clupeids, espe- 
cially the first 2 year-classes, is needed. The most 
unpredictable data seems to be for YOY. For several 

other species extrapolation of allometric functions of 
respiration and consumption from adult fish to larvae 
and juveniles has been inappropriate (Hewett & 
Johnson 1992). The peak in zooplankton consumption 
(Fig. 8) occurs a little later than the estimated peak in 
zooplankton production (Johansson et al. 1993). This 
could be a real difference in timing, but it could also 
result, for example, from errors in monthly growth 
rates of the fish or the temperature dependence of the 
metabolism of the fish. Furthermore, the studies by 
Johansson et al. (1993) were from a coastal area in the 
northern Baltic proper, and conditions could be differ- 
ent in offshore areas and in more southern parts of the 
Baltic. In general we believe, however, that our esti- 
mates of the total annual consumption by herring and 
sprat reflect more accurately the real situation. 

Different assumptions on growth and mortality rates 
had dramatic effects on the estimated food consump- 
tion of herring and sprat, especially for yearlings (cf. 
Laurence 1990). The most dramatic effect occurred by 
changing the length of the larval-stage period. When 
we decreased this period from 70 to 50 d, but kept 

Zooplankton M y s i s  
10.0 , 1.2  1 I 

A g c ? l U  

1 0 -  
- B Age 1-2 

YOY 
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e 
Month Month 

Amphipods Others 
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Fig. 8. Clupea harengus. Comparison of monthly predation on 4 different prey types [zooplankton, Mysis sp . ,  amphlpods (mainly 
Monoporeia and/or Pontoporeia sp.)  and others] by the Baltic Sea herring population, partitioned by age-class. Note the differ- 

ent scales on the y-axis 
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the end weight and monthly mortality of 90°/0, we 
increased the number of fish entering the YOY period. 
To compensate for this increase in the YOY, the daily 
mortality during this period was increased from 
0.0236 to 0.0314. In this way, the number of fish enter- 

Different length of larval stage 
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Fig. 9. CIi~pea harengus. Comparison of food consumption by 
the average herring population in the Baltic Sea under differ- 
ent assumptions of (a) duration of larvae stage, (b) different 
monthly mortality during the larval stage, and (c) different 
monthly mortality of age-class 1 The standard run is repre- 
sented by the medium values. Difference in the populations' 
total food consumption compared with the medium values 
was: (a) 50 d, +70%, and 90 d, -14 %; (b) 95 % mortality, 
-29 %, and 85 ?h mortality, +37 %; and (c) 2.5 % mortality. 

-4 %, and 7.5 % mortality, +6 ?i 

ing age-class 1,  on 1 January, was the same irrespec- 
tive of the length of the larval period (Fig. 4a). These 
changes, and corresponding increases in the larval 
period, had strong effects on the estimated consump- 
tions (Fig. 9a). 

Another test of the sensitivity of the model for differ- 
ent assumptions was made by changing the larval 
mortality rate, but keeping the length of the larval 
period to 7 0 d.  Increasing the monthly larval mortality 
from 90 to 95 % decreased the number of fish entering 
the YOY group by 80%. To counterbalance this in- 
creased mortality, we decreased the mortality of the 
YOY, so that the number of fish entering age-class 1 
was the same in both simulations (Fig. 4b). When 
changing the length of the larval period (see above), 
changes In larval mortality had considerable effect on 
the estimated food consumption (Fig. 9b). 

Our third test of the model sensitivity was to 
change the mortality rate for age-class 1. Different 
mortality rates during this period were achieved by 
starting age-class 1 with different fish numbers, 
always ending the period with a fixed number of 
fish, as given by the ICES stock assessments. Differ- 
ent numbers entering age-class 1 were derived by 
adjusting the mortality during the YOY period 
(Fig. 4c). The results of these simulations (Fig. 9c) in- 
dicate that changes in assumptions with regard to 
the mortality of the age-class 1 fishes were less criti- 
cal to the total food consumption than the changes 
we made for the larval period. 

In the last decade the growth rate of herring has 
declined markedly in the Baltic (Hagstrom et al. 
1991, Aro et al. 1992, Parmanne 1992). This reduc- 
tion is larger for older herring than for younger (15 % 
for age-classes 2 to 4 and 25 O/O for age-class > 4), and 
Kostrichkina & Ojaveer (1982) suggested that such 
decreases in growth could be the result of decreased 
proportions of large prey organisms in the diet of 
herring. To test this, we estimated the volume of 
prey eaten by herring when the diet followed 
Table 1. We then replaced all non-zooplankton prey 
with the same biomass of zooplankton, resulting in a 
decreased energy intake due to the lower energy 
density of zooplankton. This resulted in a signifi- 
cantly decreased growth rate (Fig. 10), similar to that 
described by Hagstrom et al. (1991). One possible 
explanation of the decreased growth of herring could 
thus be that low oxygen concentrations in bottom 
waters or other factors have reduced the production 
of large benthic and epibenthic crustaceans such as 
mysids and amphipods (Kostrichkina et al. 1987). 
Long-term monitoring data (1983 to 1990) on the 
abundance of Baltic benthos do not, however, sup- 
port this explanation (Ankar 1985, Cederwall 1989). 
The mysids, which are the dominant macrocrus- 
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Growth of  herring - - 

-+%G1 
X t i s e ~  A ?er , a- 

Flg. 10. Clupea harengus. Growth of herrlng In the northern 
Baltic proper (ICES area 28-29). Field data (= mlxed diet) 
were compared to estimated growth if the diet consisted only 
of zooplankton, and the fish consumed the same weight of 

food as with mixed d ~ e t  

taceans used by herring, were unfortunately not 
sampled properly in this study. Therefore due to this 
lack of data, we cannot exclude the possibility that a 
diet shift explains this decreased growth of herring. 

CONCLUSIONS 

Our calculations show that Baltic herring and sprat 
exert a strong predation pressure on zooplankton. 
Furthermore, the results indicate that young-of-the- 
year and 1 yr old herring and sprat are very important 
zooplanktivores. Therefore, the magnitude of zoo- 
planktivory by herring and sprat is sensitive to alter- 
native, but equally reasonable, assumptions on growth 
and survival of these early life stages. Further studies 
on these life stages are thus needed to understand 
trophic interactions and the production potential of 
clupeids in the Baltic Sea. 
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